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Abstract

Materials processing applications increasingly demand compact, efticient and high
power laser systems. Long dominant in materials processing, the carbon dioxide laser has
recently undergone significant further advancement in compactness and efficiency. Use of
large area, diffusion cooled electrodes, typified by slab lasers, has enabled this important
and exciting advancement. Techniques employing excitation of multiple slab discharges
all embodied into a single unit have also brought the realm of high output power to these

new devices.

This investigation examines the feasibility of driving several slab discharge chan-
nels uniformly, and independently but all contained within & single compact laser struc-
ture. Initial experiments show that use of a coaxial resonant cavity provides an efficient
means of splitting energy from a single RF source, thereby creating a practical technique
in scaling this technology to high powers. Powcr isolation between the load and cavity,

necessary for independent RF drive to each laser channel, is also shown.

High cavity Q’s, characteristic of resonant cavities, enable extremely high power
transfer efficiencies from the source to multiple loads. Efficiencies of 95% have been mca-
sured between a single source, and four resistive loads. A theoretical design criterion has
been developed for resonant cavities emphasizing: length, loss mechanisms, coupling

measurement and techniques, efficiency, and loading effects of magnetically coupled

loops.



Power supply development and construction was necessary to drive the laser sys-
tem. Integration of a high power triode oscillator into the coaxial resonant cavity was
accomplished by using a tuned-grid, tuned-plate grid separation oscillator design. Tuned
circuitry used resonant cavities, as opposed to normal lumped inductor and capacitor ele-
ments. This unorthodox design enabled direct drive of many independent outputs from a
single RF source. In addition, this oscillator design makes the generation of a high power
RF source must less costly than traditional RF power generators or amplifiers. Output
powers of over 25 kW have been achieved thus far, at efficiencies of 65% in Class C oper-

ation, while driving 8 gas discharge loads.

Laser power of over 1,200 watts has been extracted from 8 discharge channels,
creating the highest power multi-channel slab laser currently in the world. For efficient
optical power extraction, a uniform power distribution along the entire length of the planar
electrode array was necessary. Data confirming power deposition uniformity of 95% was
provided via optical luminosity measurements. Extraction of the laser beamlets showed
that a composite beam of radial geometry exhibits circular symmetry, low divergence, and
excellent focal properties. These features were derived without benefit of corrective
optics, a feature usually necessary on other slab laser systems. The implications and
impact of this laser system are enormous as it brings forth the next generation in high
power laser development. With lasers of this geometry, the size, and cost of curreat com-
mercial laser systems will be reduced by an order of magnitude. With a truly portable laser

in the 10’s of kilowatts range, many new applications will undoubtedly be created.
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Chapter 1

1.0 Introduction

Since its invention by Patel! in 1964, the CO, laser has assumed an increasingly
important role in scientific, medical and industrial applications. Vast increases in output
power, developed over time, have permitted this laser to dominate the materials process-
ing field. Further advancement in compactness, efficiency and reliability guarantee contin-

ued dominance of the CO, laser in materials processing for the foreseeable future.

This thesis focuses on development of an even more compact high power carbon
dioxide laser that is particularly suited to industrial applications. The device features mul-
tiple gain channels, mounted in a radial array, and all separately driven from a common
RF source. Resonant cavity techniques are employed for both impedance matching and

power splitting in this multi-channel system.

A brief discussion of the historical development of the CO, laser will be presented,

followed by a description of excitation methedologies. Primary emphasis will be on radio
frequency techniques. Methods for driving large area discharge channels are discussed,
and the scaling of such discharges into multi-channe] arrays to achieve very high average

power performance is examined.

1.1 Historical Development of the Carbon Dioxide laser

The CO, laser was first developed as a continuous wave device. Ixitial anits were

of an axial geometry, with little or no gas flow. As laser excitation mechanisms became




better understood, operational efficiencies rose above 10%. Fully optimized systems with
efficiencies in excess of 20% were subsequently reported. Notwithstanding these rela-
tively high efficiencies, nearly 80% of the input energy still had to be extracted as waste
heat. In early devices, waste heat was removed via diffusion to the outer water-cooled
walls of the discharge tube. Since discharge tubes featured a relatively large internal diam-
eter, wall diffusion cooling proved ineffective, thereby yielded only relatively low power
devices. Substantial further increases in output power were attained by forced convection
cooling, achieved by fast axial flow sub-systems. Unfortunately, these units were much
more cc;stly and bulky than their lower power, diffusion cooled counterparts. These

aspects limited, in large measure, the potential growth of CO; lasers in industry.

Application of radio frequency excitation techniques to the waveguide CO, laser

developed in 19772, soon became the methodology of choice for output powers in the tens
of watts. Apart from ease of usage, the compactness of such systems provided a further
desirable operational aspect. Development of large planar RF excited electrode systems
made it possible for these simple and reliable devices to achieve much larger average

powers. Indeed, next generation devices, such as that described in this thesis, rival fast

axial flow lasers in terms of cutput power.

1.2 Methods of Excitation

Excitation of the upper energy level in a laser device maybe accomplished in sev-
eral ways, depending upon the type of laser. For solid state lasers, optical pumping is most

common. In gas lasers, direct current and radio frequency excitation are the most fre-

quently employed methods.




The CO, laser is a 4 level laser, whose energy levels are determined by quantized
molecular vibration. Figure 1.1 shows the energy level diagram for such a CO, system.
Upper and lower lasing levels involve different vibrational modes. These modes, illus-
trated in Figure 1.2, are the symmetric stretch, bending, and asymmetric stretch. Energy
levels are identified as (N 0 0), (O N 0), and (0 O N) respectively, where N is an integer rep-
resenting the degree of excitation. Lasing occurs between the upper laser level (0 0 1) and
one of two lower energy levels. The most common, or highest gain, laser transition has a
(1 0 0) lower level and radiates at 10.6 um. A lower gain transition occurs at the second
bending mode of (0 2 0) and emits 9.6 pum radiation. In a three level laser, the lower level
decays to the ground state, while a four level laser has one more transition. For the CO,
molecule this intermediate level is the lowest bending mode of (0 1 0). This level is then
depopulated by collisional relaxation to the ground state. In Figure 1.1 is also illustrated

the energy level diagram of N,. The use of this gas in the excitation of the carbon dioxide

laser is for an efficient means to excite the upper laser level. This is clearly seen from Fig-
ure 1.1 as the energy of the excited vibrati~nal state of nitrogen is nearly the same energy
of the upper carbon dioxide laser level. Energy is then transferred between the two species

by collisions.

1.2.1 RF Excitation

Radio frequency energy excitation of CO, lasers is becoming more prevalent for
high power industrial lasers of both fast axial flow*", and sealed off diffusion cooled

systems®’. Although more comiplicated and costly, compared to DC excitation, the advan-

tages of RF excitation are numerous. Some of the more important features are listed in
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Table 1.1. These advantages, in many cases, outweigh the inherent problems encountered

with RF systems, namely RFI shielding and impedance matching.

Table 1.1 Advantages with RF excitation.

The positive dynamic impedance of the RF discharge eliminates the need for
ballast resistors, improving the electrical efficiency.

The absence of a cathode fall region improves stability against glow-to-arc
transitions at high gas pressure.

Low striking voltage and low sustaining voltage of an RF discharge.
Capability of electrode-less discharge, increases the life of sealed off lasers.
Permits a uniform discharge sustained between large area parallel electrodes.

Versatility in RF supply enables beam shape profiling from modulation, and/or
pulse shaping the RF exciting voltage.

When laser gas is excited in an RF discharge, the most prominent feature observed
is formation of discharge sheaths. Figure 1.3 depicts optical luminosity of these sheaths as
well as the luminosity of the positive column, or plasma region. These RF sheaths are cre-
ated by positive ions whose positions remair stationary, due to the high oscillation fre-
quency of the RF energy. Figure 1.4 illustrates these sheath regions, with electron and ion
motion displayed as a function of time. Since the E/N, or electric field to particle number

density, ratio in the sheath region is not appropriate for efficient CO, vibrational pumping,

a lower frequency bound exists for effective RF laser excitation. In practice, this some-

what arbitrary frequency limit is defined as that for which the ion sheaths reduce the posi-

tive column region to half the electrode separation.

A more physical interpretation of the upper and lower frequency bounds for RF
excitation arises from conditions affecting onset of discharge instabilities. The two com-

mon types of discharge instabilities are alpha to gamma transitions, and thermal instabil-




133 MHz2
/

B84MH2

———= Light Intensity

.

o — Electrode Separation
(2.2%5mm)

Figure 1.3 Optical Luminosity of an RF Excited Discharge Between the Electrodes®.

4 ]
V,
2]
a : @, + |38
70 Z //// /] >
5ol
L p-da()

OELECTRONS
@ IONS

Figure 1.4 Space-Time Structure of an RF Dischargeg.




ity. An alpha discharge is characterized by sustained volumetric ionization, which depends
upon the first Townsend ionization coefficient o.. The near-electrode ionization processes
characteristic of the gamma mode of an RF discharge depend upon the third Townsend
jonization coefficient ¥. A normal o discharge features a stable positive column region
exhibiting positive impedance behavior and is capable of high efficiency CO, vibrational
excitation. Sheath regions are typically of low loss under these conditions. As the RF drive
frequency is lowered, the sheath voltage increases. At a specific threshold level there is
sufficient energy for positive ions to generate secondary emission from the metal electrode
surfaces. If the excitation frequency becomes too low, then these secondary electrons can
contribute to the plasma column region, thereby creating a vy discharge. Conditions appro-
priate for the existence of thermal instabilitics are created when the heating mechanisms
within the discharge become higher than the rate of gas cooling to the cold electrode sur-

faces.

A thermal growth analysis is unable to explain the stability of the o dischargeg.
Indeed, research has revealed that o discharge stability is a direct result of plasma sheath
- phenomena. Figure 1.5 illustrates that the positive column region of an RF discharge
exhibits a constant voltage, regardless of current flow magnitude. Sheaths, on the other
hand, have a positive voltage-current characteristic. Consequently, these sheaths act like
ballast elements placed in series with a load having a non-positive voltage-current
behavior. The fact that these sheath voltages are much greater than that of the plasma
region insures overall stability. As the frequency of the RF discharge is increased, voltage
across the increased sheath capacitance is reduced. As the sheath voltage is reduced to a

level comparable to the plasma voltage, the stabilizing feature of the sheath regions has a

7
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diminishing effect. As such, the upper frequency limit of an RF discharge, shown in

Figure 1.6, occurs at frequencies above 300 MHz.

Optimized electrode sepaiation for a given frequency of operation is also shown in
Figure 1.6. For typical electrode separations of 2 to 3 mm, sheath voltages are well below
the oy transition region, yet well above the plasma voltage. Consequently, discharge

instabilities are not of major concern with RF excitation of slab laser systems.

1.3 Waveguide Lasers.

Radio frequency excitation is ideal for extended-length narrow-gap gas devices
typical of waveguide lasers. Initial versions of these RF excited waveguide lasers used
bore sizes between 1 to 3 mm. Optical output is a single EH;; mode, determined primarily
by the quality and dimensions of the guiding channel. With these lasers, the output power

scales directly with device length. Specific output power is generally limited to values
near 0.8 W/cm for static gas fills!0. Systems featuring gas flow yield still higher powers,

with powers well into the kilowatts range having been reported".

A primary advantage of waveguide lasers is their small size. Low RF power
requirements also make it possible to integrate a transistor power supply into the laser
head. Development of turnkey laser systems featuring diffusion cooling, and sealed off

operation, is then possible. The disadvantage of these devices is that they are limited to

output powers near 100 watts. Linear!2, and hexagonal13 waveguide arrays embodying

many laser channels were investigated as a means to ¢vercome these limitations. Although




increases in power were achievable, the added beam handling complexity of these systems

has thus far precluded their use for industrial purposes.

1.3.1 Hybrid Waveguide Lasers

Hybrid waveguide lasers were developed to overcome power limitations of
conventional waveguide devices. These lasers still maintained transverse waveguide
dimensions, but the cross-sectional width has been broadened into a rectangular cross-
sectional shape. Such a shape is referred tc as a slab, because its electrodes are in effect

large area plates separated by a small gap. Figure 1.7 illustrates such a device. A hybrid

resonator is ernploye:d14 for optical energy extraction. This optical system maintains a flat
curvature in the transverse direction to sustain a waveguide mode, while an unstable
configuration is utilized in the longitudinal dimension. As such, a beam having a
rectangular shape is creuted. Beam profile is defined by the waveguide dimension in

height, and by the unstable resonator’s output coupling and electrode shape in width.
Consequently, a waveguide with a cross-sectional dimension of 100 x 2 mm?, with an

output coupling of 25%, yields a beam of cross-sectional dimensions 25 x 2 mm?. If a
confocal unstable resonator is used, then a beam with low divergence in this unstable
dimension is generated. However, divergence in the waveguide or transverse dimension is
a function of the transverse electrode separation. These factors give rise to a hybrid beam
having different divergences in its transverse and longitudinal directions. A typical slab
waveguide mode divergence is shown in Figure 1.8, where the beam waist, given by (z),
is the beam radius as it propagates away from the laser. Near and far field mode profiles

are illustrated in Figure 1.9. Because of this characteristic beam profile, correction for

10
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asymmetry then becomes necessary for many laser applications. With appropriate

asymmetry compensation, CO, lasers with good optical quality and operating in the 1 kW

category have been achieved®.

Advancement of laser output power levels into the multi-kilowatt range has been

difficult for single slab devices. Power scaling laws developed for slab waveguide

lasers'>'16 have shown that laser power scales directly with electrode area. Figure 1.10
shows the extractable output power in terms of electrode area for a specific electrode
separation. At first it may seem plausible that if the electrode area were made large

enough, then an arbitrarily powerful laser could be constructed from a single slab. To
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illustrate this point, a 5 kW slab laser should in principle be achieved with an electrode

10 x 250 cm? in area and separated by a 2 mm gap. For a large slab, significant output

coupling approaching 50% is necessary. This will result in an output beam with cross-
sectional dimensions of 50 x 2 mm?. Such a beam profile must then be heavily corrected
for astigmatism. In addition, a beam with an average power density of 5 kW/cm? will
heavily overstress the anti-refleciing coatings on ZnSe windows and thereby induce

premature failure. Because of these technological problems, multi-kilowatt single slab

lasers, though technically feasible, are not commercially viable.

13



Further difficulties encountered with single slab devices occur in establishing sta-
ble power deposition. As the area cf the electrodes increases, so does the chance of a
locally non-uniform region undergoing an alpha to gamma discharge transition. When this
happens, the total input power is deposited within this small region, resulting in electrode
failure. To reduce this occurrence it is preferable to use multiple electrodes, of smaller

area, to distribute the input power over several independent discharge regions.

1.3.2 Multi-Channel Systems.
In extending slab laser concepts into multi-channel systems two scaling
approaches are of interest, these being linear and radial arrays. In a linear array, the slabs

are stacked one upon the other in a vertical manner. A device successfully employing this

method is the triple open slab laser developed by Lapucci et al.'”. This device, shown in
Figure 1.11, uses a fork shaped electrode for the RF drive, and another, inter-digital, fork
shaped electrode as ground. Array water cooling is introduced along the outer edge. A sig-
nificant distance exists between the active discharge region of the electrode and the cooled
surfaces. Because of this fact, this geometry is restricted in slab width, since cooling effi-

ciency of the device would decrease rapidly if the slab width were much more than a few
centimeters. Success in phase locking‘s, and the potential extension of the array to 11

channels!?, may yet yield a useful device of up to 500 watts in power. A disadvantage of
the device is again beam astigmatism. Device operation in a phase locked mode is illus-
trated in Figure 1.12. As can be seen from this figure, each beam has the same profile, but
is offset by a fixed distance. The consequence of stacking several such beams in a linear

array is that the resulting composite beam has the same beam divergence asymmetry char-

14
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acteristic of a single slab device. Although unique, this laser offers no apparent advantage

over a single slab laser. In fact the device will have difficulties approaching the power lev-

els of current single slab lasers.

The other configuration mentioned employs radial arrays. Yelden et al.2% first pub-

lished details of a radial array slab geometry. This device, shown in Figure 1.13, was an 8

channel slab laser with dimensions of 5 x 35 x 500 mm?>. The unit was driven from a sin-
gle RF generator, through a PI matching network. Every second electrode was grounded,
and the resulting unbalanced circuit consisted of alternating RF driven and grounded elec-
trode pairs. Unlike the triple slab device of Lapucci et al., these electrodes were cooled by
two water channels bored directly into the electrode structure. This aspect provides a more
efficient and uniforrn method of heat extraction. As such, scaling of this device in width is
not an issue. Furthermore, in this structure, the outer edge of the electrode is exposed,

thereby enabling inductors to bs mounted along the electrode length, to reduce any stand-
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ing waves that may result. Because of this feature, scaling of the electrode in length is also

feasible.

The radial array is sufficiently compact that all discharge channels may share a

common optical resonator. This enables full flexibility in selecting resonator geometries
and output coupling features. Two common optical resonators are the toric2!, and

unstable?2 resonator. Both of these optical cavities are unstable in operation, in that a ray
will not retrace a path before being coupled out of the structure. The major difference
between these optical extraction systems lies in the manne: optical energy walks out of the
resonator. In a toric resonator, beams walk toward the center, while in an unstable resona-
tor the beams walk toward the outer edge of the electrode. The use of an unstable resona-
tor permits creation of a common core oscillator region. Consequently, a self-injection
phase locked output will be produced as the beamlets propagate outward through the mul-

tiple channels.

Once these beamlets have exited the laser structure, the question remains whether
any further optics are necessary to condition the beam for practical applications. Using the

simplest resonator, the toric, these beams were extracted through a common AR coated

ZnSe window?>. ‘The study by Yelden et al. showed that when these individual beamlets
were radially stacked, a composite beam of circular symmetry, uniform divergence, and
no net polarization was produced. Experiments with this composite output radiation
revealed that cutting performance was as good as with many commercial systems cur-

rently available. It is particularly noteworthy that this level of beam quality was achiev-
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able without any beam conditioning optics, or phase locking. With a phase locked system

superior cutting performance is expected due to the greatly reduced focal spot size.

The performance of the Zodiac laser system was compromised by the fact that the
discharge channels were connected to each other in a parallel geometry. Because of this
condition, the laser was limited to output powers of slightly greater than 200 watts, at an

input drive of 3 kW. From the slab scaling law data mentioned previously, a laser with a 5
mm electrode gap should deliver sutput powers scaling as 0.9 W/cm? of electrode area.

With the 8 channel device, total electrode area was 1,400 cmz, and consequently it should
have yielded an output power over 1,200 watts. The reduced power rating of this device
was directly related to the RF feed employed. This resulted in discharge channels collaps-
ing from 8 active regions to only one channel when operating pressure was increased
beyond 20 torr. The optimum pressure for a device with a 5 mnm gap is 30 torr. In addition,
because of the unbalanced RF feed incorporated into the initial design, corona to the vac-
uum vessel became a problem if the input RF drive exceeded 3 kW. These two construc-
tional factors limited the potential of this first Zodiac device, and prompted re-design and

development of a vastly improved version, which constitutes the primary topic of this the-

sis.

18



Chapter 2

2.0 Resonant Cavities

With the potential of the initial zodiac laser not being realized due to drive consid-
erations, this problem must be addressed if such a system is to become commercially via-
ble. By using transmission line resonant cavities between the RF generator and laser head,
an intermediate device is utilized to store and extract this energy. Due to the nature of cav-
ity resonators to store energy with low resistive losses, such a device is ideal for high effi-

ciency isolation of the RF energy, and redistribution into several independent loads.

This chapter will describe the use of a resonant cavity as a high power splitter and
impedance transformer, which in turn makes multi-channel excitation practical. Previous
work with slab lasers has been limited primarily to single channel excitation, due to diffi-

culties in RF energy deposition into multiple electrodes. Although extensive research

29,17

world wide has been done on single slabs, an effective solution to high power inde-

pendent drive to multi-channels has thus far eluded the research community.

Since transmission line cavity resonators are basic devices, only a brief description
of the structure will be given. This chapter will therefore emphasize design and opera-

tional characteristics of coaxial’ cavity resonators, and their application as high powersplit-

ters and impedance transformers.
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2.1 Half Wavelength Resonators

The design of a half wavelength cavity, shown in Figure 2.1, proceeds as follows.
A half wavelength section of transmission line is short circuited at both ends. This feature
creates a resonant cavity in which tuning may be accomplished by capacitive loading at
the midplane. The configuration can also be though of as two quarter wavelength cavities

stacked in series and sharing a common open circuited plane.

2.2 Quarter Wavelength Resonators

The design of a quarter wavelength resonator is similar to that of a half wavelength
coaxial resonator, except that the resonator length is reduced by a factor of two. Because
of this, one end is open circuited while the other is shorted. Figure 2.2 is a schematic of
this type of resonator. It is often desirable to further shorten the length of such a cavity.
This is easily accomplished by capacitively loading the open circuited end. The effect of
adding capacitive reactance, when resonated by the inductive section of the cavity, is a
resonance at lower frequency. In this design the length of the cavity, L, is given by the fol-

lowing equation.

——=Z,tan(pL) @1

o

Rearranging terms, the effective length of the cavity becomes:

L= tan”'(l/wC,Z,) where, 2.2)
B
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(2.3)

(2.4)

The equation 2.2 is derived for the case of a lossless transmission line, where the

impedance Z;, = jZ tan(BL), is inductive for lengths less than a quarter wavelength. From
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the above equations it is clear that the added lumped capacitive reactance 1/wC,, makes the

circuit resonant at a lower frequency as compared to the case of no capacitive loading.

2.3 T Resonators

Design of a coaxial T cavity is more complicated, since the effective inductive
length L has to be determined. Figure 2.3 is a schematic of such a system. The upper arm
of the T is essentially two transmission lines connected in parallel. This has the effect of
making each arm's electrical length half of its physical dimension. The effective length of
this cavity as described in equation 2.2 is L1 + L2/2. Due to its shape, it is more difficult to
change frequency by changing cavity length. This is due to the fact that two moveable
short circuit planes are needed. Changing the capacitive loading has the same effect, and is

the preferred method of tuning such 2 cavity.

2.4 Determining the Cavity Q

The Q of a coaxial cavity is given by 24,

__ 2nfVe (2.5)
2¢c(a, + ay)

Q

where f is the frequency in Hertz, € is the dielectric constant, c is the speed of light, o and

o4 are the conductor and dielectric losses in Nepers per meter given respectively by:

RVe (1. 1
o 2nln(b/a)(a + b)
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_afe Q.7

Here 7 is the impedance of free space, b is the outside radius. a the inner radius, and tand

is the loss tangent of the dielectric material. Ry is the surface resistance of the material and

is given by 24,

R = \/ oy, f (2.8)

\ O
where L is the permeability of free space and o is the conductivity in S/m.

Measurement of cavity Q is possible by examination of either transmission or
reflection characteristics. Transmission loss or insertion loss (IL) is a measure of power
loss, with respect to the input signal. When the frequency is swept off resonance the trans-
mitted power decreases. The upper and lower frequencies at which the signal has
decreased by 3 dB are specified as the half power points, which define the cavity band-

width. This bandwidth, given by Af, is used to determine the loaded Q according to the

following equation:

_f, (2.9)
Q= Af

Here f; is the center, or resonance frequency. Measuring the Q using the reflection, or
return loss (RL), signal is more complicated. For a matched case where all the energy
enters the cavity the bandwidth as given by Af is determined by measuring the frequency

between the points -3 dB down from the 0 dB reference level. If however, not all of the
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energy enters the cavity, the bandwidth is determined by measuring the frequency band-

width between the half power points represented by the following equation 25,

2
Af 15 power = 1010810(1 T IO-RL(@fo)Ilo) dB (2.10)

where the RL is measured in units of dB.

For a return loss of 3 dB, the bandwidth is then given by the frequency separation between

the -1.25 dB points of the network analyzer.

Once the loaded Q is determined experimentally, the unloaded Q can be inferred from the

relationship between the loaded and unloaded Q. This relationship is given by:

vt . (2.11)

QL Qextl Qexlz Qu

where Qgy,1» and Qg2 are circuit Q’s of the external loads connected to the cavity.

.. is thus possible to calculate the unloaded Q of a cavity from a knowledge of the
external coupling into the cavity and the loaded Q. For example, consider a one port net-
work with a return loss of 30 dB. First Af is obtained from equation 2.10 via a measurg-
ment of the -3 dB power points. With this information, the loaded Q is calculated with
equation 2.9. Using equation 2.11 and understanding that a RL of 30 dB signifies a
matched condition, it is clear that the external Q is equal to the unloaded Q, which indeed

is the requirement of a matched condition. As such, the unloaded Q is equal to twice the
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loaded Q. The value of Q, obtained in this manner is used subsequently in determining

cavity efficiency.

2.5 Coupling Loading

Coupling loading refers to cavity loading by external means. Three cases define
the possible loading of a resonant cavity, these are: undercoupled, critically coupled, or
overcoupled. An undercoupled situation arises when the exiernal load connected to the
cavity has an external Q higher than that of the cavity itself. The level of coupling to an
external circuit is easily determined from the standing wave ratio on the line. A reflection

coefficient (I") can be determined from the standing wave ratio (SWR) of a line, by:

swr =1+l

(2.12)
1-r]
and the level of coupling is related to the reflection coefficient, I 25,
1T
K=—- (2.13)
1¥T

where K is the coupling constant.

Two values are possible, one for undercoupled, and the other for an overcoupled
case. This technique for measuring coupling applies only to a one port network. If such a
network exisis, then the actual level of coupling can be determined by increasing the cou-
pling in the cavity and noting the change in the reflection coefficient. A decreasing reflec-

tion coefficient, with increasing coupling, signifies an undercoupled case. However if the

reflection coefficient increases, then an overcoupled situation exists.
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Since the level of coupling is directly related to cavity Q, the coupling constant can

also be defined as:

K = Q. (2.14)

Qexe
A matched condition implies that K = 1. Since the level of coupling is related to the
unloaded Q, the relationship between the loaded Q and the unloaded Q with respect to

coupling may be expressed as:

Q, =(1+K)Q, (2.15)

Determining the level of coupling for each port becomes more difficult in the case
of multiple ports all connected to the same cavity. Measurement is simplified when all
ports are matched and coupled by the same amount, such that there are no reflections
along the external line. Fortunately, this is the most common or desirable mode of epera-
tion in a cavity used as a power splitter, or combiner. When this situation occurs all the

external Q’s are the same and equation 2.11 becomes:

1l _ N1 (2.16)
QL Qext Qu

where N is the number of external ports coupled into the cavity. Determination of the cou-
pling level at each port requires one further relationship, that being the efficiency of power

transfer. If both input and output coupling are equal, the cavity’s insertion loss may be

expressed in terms of cavity Q’s as 27,
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IL(dB)=20 logm( (.17

1
I-QL/Qu)

Equation 2.17 permits a calculation of the unloaded Q from a knowledge of the
measured insertion loss and loaded cavity Q. Substituting these values into equation 2.16

enables determination of the external Q and hence the coupling factor K.

An equivalent way of expressing equation 2.17 in terms of efficiency is:

n=(l_QL\2 (2.18)
Q.)

Examination of this equation reveals that it is desirable to have a loaded Q very much

lower than the unloaded Q of the cavity, if efficient power transfer is to be achieved.

Once the cavity Q's relation to power transfer is known, the remaining question is
how to couple energy into and out of the coaxial structure. Historically two methods have
been employed for this purpose; capacitive or electric coupling, and inductive or magnetic
coupling. Capacitive coupling is useful in high impedance situations and is achieved by
using a probe inserted into the high electric field region of the cavity. In the case of a quar-
ter wavelength cavity this is at the open circuited region of the structure. The disadvantage
of electric coupling is that a change in load requires retuning the coupling probe’s imped-
ance. Inductive coupling uses loops to couple energy out of the high magnetic field
regions of the cavity. Magnetic coupling has two important advantages. The first stems
from the fact that a wide range of load impedances can be matched into the loop, since it

acts like a voltage source. In addition, coupling is easily adjusted by rotating the loop to
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Figure 2.4 Equivalent Circuit of a Coaxial Cavity Loaded by a Single Loop.

give a greater or lesser cross sectional area that is exposed to the circulating magnetic
field. Another advantage is that the loop presents minimal perturbation to the cavity. Con-
sequently, only a slight shift in resonant frequency is observed as the impedance of the
loop is changed. For these reasons, loops are ideal for coupling energy into and out of cav-

ities.

When extracting energy out of a resonant cavity by using loops, it is essential to
ascertain what loop size should be used to give the desired loading. Such a determination
may be made with the aid of an equivalent circuit model of a resonant structure driven by

a loop. Consider the schematic illustrated in Figure 2.4. The inductive reactance of the res-
onant cavity, X is given by 28 Z nm/4, where Z, is the characteristic impedance of the

cavity and n is the length of the cavity in units of quarter wavelengths. Since the loaded Q
is given by X /R, where R, is the equivalent resistance in series with the short-circuited

resistance of the cavity, the loaded Q can be written as:

_mZ, (2.19)
Q 4R

€
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If the loaded Q is not much lower than the unloaded Q, equation 2.19 then needs to be

expanded to account for the effects of this in the following way:

mZ,Q, /4R,
mZ,/4R, +Q,

QL=

An expression linking loop size with the equivalent resistance of the cavity is thus

required. This expression is related to Xy, the mutual reactance between the resonant cir-

cuit and the loop. For a coaxial resonant system this reactance is given by 28,

Au fcos@ (2.21)
Xy=—"20——
r
where A is the cross sectional area of the loop, f the resonant frequency, r the radial dis-
tance from the cavity of the effective center of the loop, and 0 is the angular distance the

effective center of the loop is from the short circuited plane. If Xy, and X are small with

respect to X , then the equivalent resistance, R, will be equal to (XM)leg. Now equation

2.19 can be written as:

Q, = ( mZ, ) r'R, (2.22)
4 A’uif?cos’ 6

o

If more than one loop is used in the circuit, and each loop has the same level of coupling,

then the effective series resistance will add and be equal to N times R,. Thus for a cavity

with more than one loop the expression for the loaded Q becomes:

30



140

120-4

100

8 04

60—

Loop Area in sq. cm

Number of Loops 3 Loop Impedance

48 in Ohms

Oo-20 B 20-40 W40-60 [Beo0-80 f3so-100

Bl 100-120 B8 120-140

Figure 2.5 Coupling Loop Area(cm?) vs. Number of Loops and Loop Impedance.

31



: 2
Q =(’“‘Z° )( R (2.23)
4N )\ A’uif*cos’ @

Where N is the number of loops coupled into the cavity.

Equation 2.23 can be used to determine how big a loop should be to achieve a

desired loaded Q. In Table 2.1 the size, number of loops, and their effect upon the loaded

Q is shown. Figure 2.5 is a plot of this table. Table 2.1 specifies the size of the loops that

give a loaded Q of 10 at a frequency of 100 MHz in a coaxial structure 434 mm in diame-

ter and having a characteristic impedance of 18 ohms. From this table it is evident that as

the impedance of the load decreases the loop area necessary for the same cavity loading

also decreases.

Table 2.1 Loop area(cmz) vs. load impedance and number of loops for Q; of 10 @

100 Mhz.
Number Loop Area Loop Area Loop Area Loop Area Loop Area
of Loops 3 OhmLoad 6 Ohm Load 120hm Load 25 OhmLoad 50 Ohm Load
1 31.5 44.6 63.0 90.9 129
2 223 31.5 446 64.3 90.9
4 15.8 223 315 45.5 64.3
8 11.1 15.8 223 32.2 45.5
12 9.09 12.9 18.2 26.3 37.1
24 6.43 9.09 129 18.6 26.3
48 4.55 6.43 9.09 13.1 18.6

Table 2.2 Loop area vs. frequency for Q_l =10.

Frequency in MHz  Loop Area in cm?
40.68 312
50 254
60 212
70 182
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Table 2.2 Loop area vs. frequency for Q_[ =10.

Frequency in MHz

80
90
1G0

Loop Area in cm

160
143
129

2

In Table 2.2 the effect of frequency on loop size is shown. In this case the loaded Q

is 10, there is one loop driving a 50 ohm load, and the cavity again has a diameter of

434 mm and an impedance of 18 ohms. As expected, at lower frequencies wavelengths are

larger and this in turn necessitates loops of larger cross sectional area to couple the same

amount of power out of the structure.

Experimental verification of equation 2.23 was achieved by using a small coaxial

cavity with inner and outer diameters of 4.12 cm, and 16.6 cm respectively. Two loops

were used, one of 14.6 cm? and the other of 44.4 cmz, both terminated in a HP network

analyzer of 50 ohms. In Table 2.3 the theoretical loop size is compared with actual mea-

sured loaded Q values for several different frequencies.

Table 2.3Theoretical loop area using a loop of 14.6 cm?.

Frequency in MHz
60
69.5
100
113
150
200

Loaded Q
(Measured)

124
103
80.5
69.0
60.2
49.5

Theoretical Loop Area

(cm?)
23.6
223
18.0
17.2
14.0
11.7

In Table 2.4 loop size is compared with loaded Q values, using a loop of 44.4 cm?

in area.
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Table 2.4Theoretical loop area using a loop of 44.4 cm;;

Loaded Q Theoretical Loop Area
Frequency in MHz (Measured) (cmz)
60 25.7 54.0
100 25.1 33.0
150 27 218

As can be seen from Tables 2.3 and 2.4 the agreement between actual and pre-
dicted results is not very good. This is partly due to the fact that the loop sizes are quite
large, so that the approximation that X, and Xy, are small as compared to X is no longer
correct. Also the derivation of equation 2.23 assumed no capacitive coupling. Since the
loops extended far into the cavity, and due to their rectangular shape, the assumption that
there is no electric coupling is again invalid. However, equation 2.23 does provide an

approximation to the size that loops should be, within a factor of 2, and as such is useful in

design.

2.6 Material and Dielectric Loading

The choice of materials used for constructior: also affects the cavity Q. Material
loading effects arise due to attenuation or loss of the electromagnetic wave as it propa-
gates along the coaxial structure. Materials with a large conductivity clearly reduce resis-
tive losses where currents are high. Dielectric losses arise from the fact that all insulators
have some loss when exposed to electric fields. Ohmic losses dominate near the short cir-
cuit plane of the cavity where magnetic fields and surface currents are greatest. In the con-
struction of co-axial cavities, it is usual to solder the irer and outer assemblies together.
This places an interface of solder in the current path and hence a greater loss occurs here.

This loss is greatly reduced for structures which are silver piated afterward. The electric
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fields are maximized at the open circuited plane. Thus dielectric losses have the largest
impact in this region, since electric energy is stored in the capacitive junction. Values for
the unloaded Q were calculated by applying equation 2.5 to a cavity with an outer diame-
ter of 16.6 cm, an inner diameter of 4.12 cm, operating at a frequency of 40.68 MHz.
These values illustrating the material effects upon the resonant cavity Q are shown in
Table 2.5. From the data it is evident that even a low loss dielectric like Teflon (tand of
0.0004) filling the coaxial cavity produces a much greater attenuation than the metal struc-
ture alone. As such, loading or tuning capacitors always have a negative effect on the

unloaded Q of a resonant system.

Table 2.5 Unloaded Q vs. material loading @ 40.68 MHz.

Cavity Q Cavity Q
Cavity Material no dielectric with teflon
Silver 4580 1617
Copper 4445 1600
Aluminum 3601 1476
Brass 2952 1354
Solder 1542 954

2.7 Coupling Effects upon Power Transfer

As stated in sect’sn 2.5, maximum power transfer is achieved when the rescnant
cavity is heavily coupled. Another effect is that the loading or coupling of the input and
output must be matched for the most efficient and greatest power transfer. A formula

describing the ratio of transmitted power to input power for a two port cavity at resonance

is 25;
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Power transmission through a 2 port cavity
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Figure 2.6 Power Transmission Through a 2 Port Cavity.
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where K, and K,, are coupling constants of the input and output sections of the resonator.
From inspection, it is apparent that for the largest transfer of power, K; and K, should
both be large. A plot of equation 2.24 with K, and K as variables is given in Figure 2.6.
Figure 2.6 further shows that input and output coupling factors should be equal for maxi-
mum power transfer. The question thus becomes how can this condition be modeled for
multiple outputs? Since the loaded Q is a measure of the coupling factor, input and output
loops should be designed such that each will give the same value for the loaded Q; thereby
providing a matched input and output condition. As an example, consider the case of a sin-
gle input feeding 10 outputs and an unloaded Q of 1000. For an efficient resonator, high
coupling is required so both the input and output coupling are designed with a coupling
factor of K = 20. This implies that on each side the input and output will produce a loaded
Q equal to 1/20 of Qu, or a value of 50 as given by equation 2.14. For the input side, the
size of the loop needed to give this level of coupling can be determined by equation 2.23.
For the situation of 10 identical loops coupling energy out of the cavity, how multiple
loops affect the loaded Q of the resonator must be considered. Since each loop is effec-
tively in parallel in the resonator from equation 2.16, it is apparent that if we place 10
loops, with each loop having an external Q near 500, the total loaded Q will be 50, thereby
matching the input loading. This will give a system loaded Q of 25 and an overall energy
transfer efficiency of 95%. Since each output loop has an external Q that is ten times that

of the total loaded output, power isolation with other loops is inversely proportional to the

number of loops.
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In order to verify these numbers, tests were performed on a T shaped cavity with
an unloaded Q of = 2055. This value was measured by using a network analyzer via inject-

ing a low level signal into the structure and calculating the resultant unloaded Q. The cav-

ity was loaded with four identical loops, each 15 x 4 cm? in area and terminated into 50 Q
loads. A loaded Q of 38.5 was subsequently determined from a bandwidth measurement
on a network analyzer. Extracted output power is given in Table 2.6 was measured using
Bird thruline wattmeters. Equation 2.18 predicts a theoretical efficiency of 96%. This is in

excellent agreement with the experimentally measured values of 98.6%, and 94.4% illus-

trated in Table 2.6.

Table 2.6 Power transfer into four 50 ohm loads from a resonant cavity with a loaded Q of
38.5.

Output Output Output Output
Input Power Loop#1 Loop#2 Loop#3 Loop#4  Total Output Power

1000 W 225W 271 W 260 W 230 W 986 W
2000W 460 W S07 W 480 W 40w 1887 W
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Chapter 3

3.0 Triode Gs:illator

A means of splitting a high power RF source into many independent loads was
presented in Chp. 2. The remaining task for application in high power laser generation is
to create a suitable source of high power RF energy. Traditional RF amplifiers or
generators are too costly for our presents needs, and indeed these systems provide a
linearity and frequency stability that is not essential in exciting a gas discharge. The use of

a triode oscillator as a high power RF source will be investigated in this chapter.

All high power radio frequency excited laser systems require large amoumts of
excitation power. Radio frequency energy may be generated with solid state high power
FETs, or with high power vacuum tubes. For power requirements under 1,000 watts, solid
state generators are preferable, due to their compact size. Since CO, lasers are typically
only about 10 - 20% efficient, 1,000 watts will only drive a laser to 200 watts of optical
output power. Correspondingly, multi-kilowatt lasers require excitation RF generators
considerably in excess of 10 kW. It follows that RF generators which can produce hun-
dreds of kilowatts of RF power are often required in practical hizh power CO, laser sys-
tems. Since solid state generators are not practical or economically viable in producing

these high power levels, the only logical method for RF generation at this time is to use

vacuum tubes.

Three types of high power vacuum tubes are common, namely, triodes, tetrodes,

and pentodes. Of these triodes are the least expensive and easiest to use. A typical triode,
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Figure 3.1 Eimac 3CW45,000H3 Triode.
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shown in Figure 3.1, consists of a cathode, grid, and anode. Operation of these tubes is
categorized into four classes; Class A, AB, B, and C. In addition, the devices may be
employed as amplifiers or oscillators. In Class C operation, the plate or anode current of
the tube flows for a duration of less than half a cycle, or less than 180 degrees. In order to
achieve good efficiency and output power, the plate current will typically be on for 120 to
150 degrees per cycle. Because plate current flows only when the plate supply voltage is
high, Class C amplifiers are quite efficient, typically in the 60 to 80% range. One
disadvantage of Class C operation is distortion. Distortion arises because the tui.'s ioad
line is not linear over its entire operating range. As a consequence, low !>vel arnonics
will be present in the output. Fortunately, and unlike the case of RF commn:uai:ation, low
level harmonic distortion has no adverse effect upon excitation of a laser discharge since

the power level contained within these frequencies is so low.

The operation of a triode as an amplifier is considerably more complicated and

-expensive as compared to running the triode as an oscillator. This is due to the fact that
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significant amplification is generally required to raise the low level input signal (typically
0 dBm) to the desired output power level, which is in the tens of kilowatts range. The total
amplification required may be 70 dB, and will often require several cascaded stages. In
addition, high power triodes with high mu’s or amplification factors are more scarce and
more expensive than low mu tubes. Because of these factors, an oscillator design was
selected, for reasons of reduced overall cost and simplicity, and this has been the subject

matter of this investigation.

3.1 Oscillator Design

In the design of any oscillator, the tube constants which define its electronic capa-
bilities must be carefully considered. In triodes, the amplification factor, plate resistance,
and transconductance describe in large measure the tube operation. These three parame-
ters are referred to as constants even though they may change significantly over a broad
operating range. The amplification factor, more commonly referred to as the mu of the

tube, is defined as the rate of change in plate voltage with grid voltage under conditions

where plate current remains constant. This parameter is given by26:

B =—=25

3.1

p
8|p

The effective resistance of the plate circuit of the tube is known as the dynamic plate resis-

tance and is defined by26:

3.2)

4

R, = 2
-5

E; -
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Transconductance defines the relationship between ac components of grid voltage and

plate current. Transconductance is defined by?6:

dl
A (3.3)
ElEp
These tube constants are related to each other in the following manner:
8uRp =H (34

Transconductance provides a measure of the amplification characteristics of a
tube. Plate resistance gives an indication of the desired load impedance. The mu of a tube

plays an equally important role in calculating an amplifier’s or oscillator’s operational

behavior.

Voltage and current characteristics of a Class C amplifier configured as a tuned
grid and tuned plate circuit will now be discussed. The essential difference between an
amplifier and an oscillator is that an oscillator derives its exciting energy from the output
circuit. Thus, the output power of an oscillator is reduced accordingly. Figure 3.2 shows a

series of typical waveforms. In the electrical schematic of Figure 3.2a, Ey, represents the
anode DC voltage, while E_ is the external DC grid bias. During operation, the plate voit-
age oscillates about the DC voltage level with an amplitude of E[, as shown in Figure
3.2b. It is important to note that the minimum potential on the plate, E;, is reached at a

point during the cycle at which the grid potential is maximum. Because of this, the valuc

of E; must always be greater than the maximum peak grid potential, E,,. In Figure 3.2c,

the peak driving voltage on the grid is indicated by E. This potential is either supplied by
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an external source or by feedback from the output. An important feature in this design is
that the voltage on the grid must be sufficient to drive the grid positive while being 180

degrees out of phase with the output signal. The angular period. 8,. over which the grid

current is positive is given by3°:

cos(e%) = E* 3.5

s

For good efficiency and power output, the value for 0, is usually chosen to be between
120 and 150 degrees. The plate conduction interval is related to the grid parameters in the

following manner>0:

0 1
cos( %)= WE__ +E. - (3.6)

l+ LA, S— L
ch - Eb

The only parameter not directly affected by the grid is E;,. This value is determined by
the load impedance. If the load impedanc: ~onnected across the tube is very small, it is
difficult to generate a large RF voltage. Thus, the efficiency of the tube as an RF energy
source is reduced. A further design equation can be derived from the above potentials and
current durations, that being the optimum grid bias. For conditions of external bias this

becomes30:

_Ec=_]5_b+(5m+§m)_fﬁ(ﬁ’_/_2)_ | 37)
7} 7} l—cos(GP/Z)

Peak currents and its relationship to the tube are characterized in Figures 3.2 d-f, along

with their average values. Power relationships in both grid and plate circuits are illustrated
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in Figure 3.2 g and h. These figures provide a concise picture as to what is physically hap-

pening in a triode tube under oscillation or amplification conditions.

3.2 Tank and Cavity Circuits

The most common oscillator circuit utilized for RF frequency generation is the
lumped element “tank circuit”. Discrete element inductors and capacitors are employed to
create a resonant circuit tuned to the desired operating frequency. Energy is coupled out of
this tank circuit to provide the feedback necessary for self-excited operation. Three basic
types of tank oscillator circuits are in common usage. These are: Hartley, Colpitts, and

tuned-grid tuned-plate.

A Hartley oscillator circuit, illustrated in Figure 3.3, has a single resonant circuit.
Oscillation at the desired frequency is achiéved by tuning the plate capacitor C, such that
the total system capacitance of C,, and Cg, is sufficient to resonate with the inductance of
the plate inductor L,,. Feedback necessary for oscillation is achieved by extracting a signal

from the plate inductor with proper phase and magnitude. In this manner, an exciting sig-
nal is created having an alternating voltage ratio determined by the relative reactances on

the two sides of the cathode connection.
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Figure 3.3 Hartley Oscillator Circuit.

Feedback can also be coupled back to the cathode by taking a signal from the plate

capacitance. This type of circuit, shown in Figure 3.4, is called a Colpitts oscillator.

The last type of oscillator using a tank circuit is the tuned-grid-tuned-plate. Such a

circuit, shown in Figure 3.5, is comprised of two resonant circuits; one for the cathode-
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Figure 3.5 Tuned-Grid Tuned-Plate Circuit.

grid, and the other for the cathode-plate. Under normal conditions both circuits Lg,C,, and
L,.C,, are adjusted to present an inductive reactance at the desired frequency of operation.
Magnitude of feedback is determined in the same manner as in the Hartley circuit, since
both resonant circuits can be modeled as inductors. Thus, the ratio of exciting voltage to

alternating plate-cathode voltage is determined by the relative detuning of the plate and

grid circuits.

A less familiar but equally important method of constructing an oscillator circuit

employs coaxial resonant cavities to provide output and feedback circuits®!. Figure 3.6
illustrates such a circuit utilizing two cavities. Both cavities slide over the tube, with
spring finger contacts making the electrical connections. It is meaningless to speak of a
single RFF ground point, since each resonant circuit has high and low potential planes in
common. The important aspect here is that there are two distinct cavities, and the term
grid-separation oscillator is usually emi)loyed. One cavity links the cathode and grid,
thereby driving the oscillations. The other links grid and plate, and embodies the output
energy of the oscillator. Feedback is derived by extracting energy out of the plate circuit

via a small loop, and conducting this signal into the cathode-grid circuit. Proper feedback
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Figure 3.7 Electrical Schematic of Two Cavity Grid Separation Oscillator.

phase and powes conditions must be achieved in order to initiate and sustain oscillations.
Internal feedback also exists via the tube’s internal cathode to plate capacitance. Although
grid-separation oscillators have low effective cathode-plate capacitances, the value can
still constitute several percent of the grid-plate capacitance. Under such conditions, suffi-
cient feedback voltage is generated internally within the tube to maintain oscillation.
Thus, external feedback is not required. if control over the level of feedback is desired,

then the tube must be neutralized to eliminate this inherent internal capacitance.

The electrical schematic of the two cavicy grid-separation oscillator investigated is
shown in Figure 3.7. An Eimac 3CW45,000H3 power triode vacuum tube was used. This
ceramic tube has a maximum plate dissipation of 45,000 watts, with nominal interelec-

trode capacitance values of C.g, Ccp, and Cgp, of 73 pF, 2.3 pF, and 43 pF respectively.
Operating frequency is defined by the resonant frequency of Cgplp- Because the cathode-
grid circuit is defined by the reactances of Cgype and Ly, their resonance must also coin-

cide with the operating frequency, thereby creating a two cavity coupled system. It is

49



desirable in the design of the cathode-grid cavity to have the capacitance required for res-
onance much larger than the tube’s internal cathode-grid capacitance. In this manner a
much more stable circuit is created, with a greater range of tunability. Feedback necessary
to maintain oscillations is achieved by adding an additional capacitor in parallel with the
tube’s internal cathode-plate capacitance. This capacitance has the effect of increasing

coupling between the two cavities and hence the amount of power feedback for driving the

tube.

The operating class of the oscillator is determined by the level of grid bias
employed. Auto, or self bias is the simplest method. A combination of fixed and self bias
derived from the circuitry of Figure 3.7 was used to achieve added flexibility in
determining an efficient operating regime. Indeed, it is often preferable to have some
externally applied grid bias to prevent low level oscillations. This aspect is particularly
important when driving a dynamic load such as a gas discharge. When the tube is biased
well below cutoff, operation becomes Class C. This class of operation is much preferable

over Class A, since it is inherently more efficient. Practical efficiencies in excess of 70%

are not uncomion.

Although there are several choices in oscillator circuits, only the two-cavity grid
separation oscillator under Class C operation has proven cost effective in driving a multi-
channel laser. Conventional tank circuits were climinated from consideration, due to the
need for a multi-port power splitter. Indeed, the requirement specified is for a uniform
division of 100 kW of RF power into 48 individual gas discharge loads while maintzaining

good isolation between all loads. Theory and experiment have documented that these
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stringent requirements can be satisfied by using a coaxial resonant cavity with magnetic
coupling loops. An added benefit that is derived by utilizing a resonant cavity power split-
ter is the elimination of a matching circuit in the output of the oscillator. In the usual con-
struction of tank oscillators, power is coupled out of the circuit either capacitively or
inductively, and then matched to a single load impedance, typically 50 ohms. However, by
using magnetic coupling loops to extract energy out of a resonant cavity, the oscillating
magnetic field induces an emf into each loop. The loops then act as independent voltage
sources, capable of delivering RF energy into virtually any iinpedance. This aspect
thereby eliminates the need for matching networks on each of the dynamic loads that a
multi-channel gas discharge device comprises. Because of these unique and important

advantages, only the cavity coupled oscillator is discussed in this work.

3.3 Oscillator Operational Characteristics

The optimum operating region of the coaxial cavity grid-separation oscillator
depends heavily on the internal characteristics of the triode itself. Several tube parameters
must be considered when designing an oscillator. Maximum frequency of operation, max-
imum plaie voltage, current, and dissipation, to name a few. Under normal conditions,
electron transit time within the tube is negligible compared to the period of oscillation.
However, when transit times become an appreciable fraction of a cycle, the feedback volt-
age on the control grid is no longer of proper phase, thereby causing a reduction in output
power. Another effect that limits operation at high frequency is tube inductance. With
higher frequencies, the inductance of the grid leads can cause significant loss in drive sig-

nal, as well as changing the resonant characteristics of the cavity.
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Other operational characteristics, such as maximum plate voltage and current, as
well as grid voltage and current are specified by the manufacturer. These factors, which
limit the power extractable from the tube under both low or high load conditions, are usu-
ally not significant in design unless maximum possible power is to be achieved. Tota} plate
dissipation is another significant characteristic to consider in designing for maximum
power deliverable. If tube efficiency is not high, this parameter can easily be exceeded at
reduced plate voltage and current ratings. Table 3.1 summarizes the typical operating con-

ditions for the triode as specified by the manufacturer.
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Tasice 3.1 Technical data for industrial 3CW45.,000H3 triode Class C oscillator.

i Maximum Ratings Typical Operation
' Plate Voltage 14.0kV 70kV  100kV 13.0kV
Plate Current 11.5A 7.7A 90A I15A
Grid Voltage -1.2kV -700V -850V -1000V
Grid Current 12A 053 A 0.74 A 101 A
Peak Positive Grid Voltage na 40V 550V 455V
Driving Power na 600 W 1040 W 1450 W
Plate Input Power na 54 kW 90 kW 150 kW
Piate Dissipation na 16 kW 20 kW 29 kW
Plate Output Power na 37.7kW  TOkW 120 kW
Approximate Load Impedance na 408 Q 526 Q 570 Q

3.3.1 Grid Separation Oscillator Design

In designing any oscillator a critical feature is the operating frequency. It is obvi-
ous when referring to Figure 3.7, that the anode circuit’s frequency of operation is deter-
mined by the resonance of L, with the series combination of Cy, and the DC blocking
capacitor. DC blocking capacitor design is such that it should have negligible etfect on the
circuit. This assumption is valid provided that the value of the DC blocking capacitor is at
least ten times that of Cgy,. Thus only the value of the grid to plate capacitance at the fre-
quency of interest need be considered. In Chapter 2, equation 2.2 was developed rclating
the effective length of a resonant cavity with a specific amount of capacitive loading was

developed. Consequently, equation 2.2 can be used in designing the resonant cavity to

operate at a desired frequency.

“T'he second cavity which must be constructed is the cathode-grid cavity. Equation
2.2 can again be used to determine the required cavity length and its effective impedance.

Since the effects of lead inductances on both circuits can easily change the design
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frequency, a generous amount of tuning range should be built into. * 3 sathode-grid cavity.
This feature is used to accommodate any frequency shifts that raay occur Jdue to
unspecified stray capacitance or lead inductance. Such tuning is easily achieved by
constructing a parallel plate capacitor in parallel with the internal cathode-grid
capacitance. If this tuning capacitor is of a value which is made larger than that of the tube
itself, it will dominate. Figure 3.8 depicts a cross sectional view of the two cavities, and
the cathode-grid cavity tuning capacitor. Adjusting the external cathode to grid
capacitance tunes the cathode-grid cavity to co-resonance with the grid-anode cavity.
Coarse tuning may be observed by inserting a loop or probe into the two cavities and
noting resonance on a network analyzer. Once the tube circuit begins to oscillate, fine

tuning is performed while monitoring the tube’s operating voltage and current levels.

Othcr operational parameters that must be determined are the grid bias, as well as
the amount of external feedback. If both the amplification factor of the tube and the
desired operating voltage are known, one can approximate the required grid bias from
Equation 3.7. As an example, consider a tube having a mu of 21, operating in the Class C
mode with a plate conduction angle of 120 degrees, and a plate voltage of 7 kV. Equation
3.7 predicts that the grid voltage should be approximately -820 V. This value is consistent
with the -700 V recommended by the manufacturer in Table 3.1. With a typical operating
grid current of 530 mA, this grid bias can be achieved with a grid leak resistor of about
1.5 k€2 The disadvantage of using self bias is that bias is only achieved with grid current
flow. Because of this fact, the tube cannot be biased below cutoff at start-up. A more flexi-
ble circuit was used consisting of a combination of both fixed and self bias circuitry. In

this way, a lower fixed bias applied to the tube insures that the tube will be cutoff. Hence
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oscillations will not initiate until either a small RF *tickler™ signal is introduced into the
grid cavity, or until the anode voltage is sufficiently high that the tube turns on by itself.
Once the tube is on, the self bias circuitry adds additional grid bias to bring the tube into a
more optimum operating region. Experience has shown that a good design for this hybrid
bias arrangement is to supply half, or about 400 volts, through the fixed bias supply, and

have the other half of the voltage created by the self bias resistor.

The last variable in the design of a self-excited oscillator is the amount of external
feedback required for high power operation. As explained earlier, the tube itself has suffi-
cient internal feedback to initiate oscillations. If this oscillation level is somewhat lower in
power than required, additional drive power can be obtained by coupling power out of the
anode cavity and feeding it back into the cathode. This has the effect of increasing the
average plate current, as well as increasing the grid current. The amount of external feed-

back that the tube can then tolerate is limited to the amount of grid current that the tube

can handle.

Taking all the above factors into consideration the basic procedure for optimizing
operation of a self-excited oscillator is as follows: The cathode-grid and grid-anode cavi-
ties are “cold” tuned with a network analyzer for approximate resonance with each other.
Then, while the tube is running, the cathode-grid cavity is tuned to provide maximum grid
current under minimum external feedback. Grid bias can then be adjusted to give an ade-
quate level of bias, as specified in the typical operating conditions of Table 3.1. If the level
of grid current is low, then the amount of external feedback is increased until the grid cur-

rent has risen to its typical operating value. If at that point the tube is drawing less average
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plate current it is because the tube is driving a load which is of higher impedance than the
manufacturer’s typical operating conditions. In the event that still more power is required,
the dynamic plate resistance must be reduced. This condition implies that the tube be more

heavily loaded, hence a greater amount of coupling is needed.

3.3.2 Grid Separation Oscillator Operating Conditions

The operation of a grid separation oscillator in driving a laser is complicated
because the changing gas impedance gives rise to time varying load characteristics. Such a
dynamic load in turn changes the coupling, or loaded Q of the azede-geid cavity. Since
efficiency and power transfer are related to the cavity’s unloaded and foaded Q, this varia-
tion also changes the amount of RF power that can be delivered to the gas discharge loads.
A magnified effect is seen, since as the discharge impedance drops, the cavity is more
heavily loaded, which in turn drives the tube harder. Consequently, more RF power is
deposited into the discharge loads and a concomitant lesser percentage is dissipated in the

cavity itself. Thus, high efficiency in RF energy transfer requires heavy cavity loading.

Equation 2.18 describing power transfer efficiency of a cavity circuit, does not
apply directly to the two cavity grid separation oscillator circuit. It describes the efficiency
of power transfer through a passive two port system. However, by having the tube
mounted integrally with the cavity, energy is no longer coupled into the cavity from an
external source, but rather the cavity itself now becomes the RF energy source. Becaﬁse of

this fact the equation for efficiency of power transfer now becomes:
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The reason that this equation is different from Equation 2.18 is that since the tube is now
part of the energy distribution system, it also affects the cavity Q. Indeed, the dynamic
plate resistance of the tube will change to match the output coupling of the cavity. Conse-
quently, the Q of the cavity drops to about half of what it is when the tube is off. As an
example, consider the case of a cavity that has a Q of 500 with the tube mounted inside it.
Without any power being extracted, the tube’s dynamic plate resistance will be equal to
the parallel resistance of the unloaded cavity. Hence the tube will have the same Q as the
cavity of 500. Equation 2.11 describes how the cavity Q’s affect each other and the result-
ing Q will be 250. Since this is the Q of the cavity without any power extracted, yet with
all the voltages and currents running through the tube, this now becomes the effective
unloaded Q of the cavity as per Equation 3.8. If power is extracted out of the cavity and
the loaded Q of the cavity is lowered to 25. Equation 3.8 predicts that the efficiency will
be 90%. Comparing this to the case of a two port cavity using Equation 2.18 with an
unloaded Q of 500, gives a power transfer efficiency of 90% also. So, in fact, although the
two efficiency equations are different, the cavity still operates the same once the effect of

the tube on the cavity Q is taken into consideration.

Measurement of cavity Q under operating conditions is not a simple matter. How-
ever, the unloaded Q can be measured with a network analyzer. This was found to be
around 700 for the anode-grid structure. Hence, the effective unloaded Q when the tube is
on will be only 350. Previously, cavity Q measurements of the two port T cavity gave val-

ues of the unloaded Q of around 2000. Thus, the effect of having the tube inside the cavity
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with DC blocking capacitors and coupled to another lower Q cavity, caused the unloaded
Q of the anode unit to fall quite significantly. This has a detrimental effect on the effi-

ciency of power transfer.

Measurements of both the tube’s efficiency and the cavity’s energy transfer cffi-
ciency were performed by recording power lost in heating those respective elements. In
the first instance, knowing the DC input power and subtracting power lost in anode heat-
ing, the RF output power can be inferred. Through measuring the heat absorbed in the
electrodes, an estimate of RF power delivered to the gas discharges can also be obtained.
Comparison of these two values then gives an estimate of the cavity’s power transfer effi-

ciency.

Table 3.2 represents the Class C oscillator’s operating conditions for the case

where the load consists of two 50 ohm loads coupled by loops 15 x 4 cm? in area. Tube

Table 3.2 Triode operating conditions while driving two 50 ohm loads.

Anode Freq.

Grid Grid Plate Plate Power Power Temp. in
Bias Current  Veltage Current Out 1l Out 2 Rise in °C MHz
-675V 240 mA 3kV 1.6 A 650W  800W 13/4 80.37
-530V 250 mA 3kV 1.2A 600W 800W 11/4 80.02
-690V 360 mA 4 kV 1.5A 1200W 1450w 1172 80.03
-640V 250 mA 4 kV 14A 1200W 1450W 11/2 79.79
-700V 370 mA 5kV 1.7A 1800W 2100W 2 79.82
775V 530 mA 6 kV 2.1A 2600W 3100W 23/4 79.83
-700V 370 mA 6 kV 1.8A 2500W 3000W 2172 79.94
750V 480 mA 7kV 21A 3300W 4000W 31/4 79.94

efficiencies and cavity transfer efficiencies obtained were approximately 60% and 80%

respectively. There is an uncertainty of about + 10% in both of these measurements due to
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the error in measuring water temperature and powermeter accuracy. Even with this rela-
tively large uncertainty it was still apparent that significant improvement in the tube’s effi-
ciency was achieved through proper tuning of the cathode-grid cavity. Indeed when the
cathode-grid cavity was retuned, thereby lowering the operating frequency slightly from
80.37 MHz to 80.02 MHz, plate current was reduced without any loss in RF output power.

This data, illustrated in Table 3.2 represents a significant enhancement in efficiency.

Under experimental conditions where the tube drove four 50 ohm loads coupled to

the cavity by four loops each 15 x 4 cm? in area, plate current increased, as compared to
the two load case. This observation is consistent with a heavier loaded cavity, since when
plate resistance drops, a corresponding increase is expected in plate current. Tube and cav-
ity efficiencies were not measured during this test. Table 3.3 gives the operating conditions

for this four load case with loads 3 and 4 limited to 1000 and 500 watts respectively.

Table 3.3 Operating conditions driving four 50 ohm loads.

Grid Grid Plate Plate

Bias Current Voltage Current Loadl Load 2 Load 3 Load 4
-60V 100 mA 1kV 900 mA 80w 100 W 100 W 136 W
-140V  190mA 1.3kV 1.1A 100 W 130 W 120 W 165 W
330V 340 mA 2kV 1.7A 360 W 40 W 440W 490 W
-540V 350 mA 2kV 1.6 A 400 W 420 W 480 W 433 W
-610V 470mA 25kV 2A 600 W 460 W 700 W 619 W
670V 400mA 25kV 1.8A 600 W 640 W 720 W 419 W
710V 500 mA 3kV 2.1A 800 W 860 W 940 W 535W

When the RF load was a gas discharge, power meters could not be used, as there
was no provision to install them between the cavity and electrode. Under these conditions,

power deposited into the gas was determined by measuring temperature rise of the elec-




trodes. This was accomplished by installing a flow meter and thermometer in-line with
one electrode. With this set up, cooling water flow and temperature could be monitored
simultaneously. Table 3.4 gives the operating conditions for driving two discharge chan-
nels, along with estimates of the tube’s operating efficiency, and cavity’s power transfer

efficiency. Errors in discharge power measurements are quite high at plus or minus 200

Table 3.4 Triode operating conditions while driving two discharge channels @ 80.5 MHz.

Grid Grid Plate Plate RF RF in Tube Cavity

Bias Current  Voltage Current Output Discharge Eff. Eff.
370V  80mA  44kV 33A 63kW 620 W 45% 10%
470V 310mA 4.2kV 22A 49kW 830 W 55% 17%
470V 300mA 4.5kV 24A 56kW 620 W 53% 11%
<740V 400 mA 5kV 22A 58kwW 1000W 54% 18%

watts, due to the accuracy of temperature measurement. With only two discharge channels
running, the approximate cavity efficiency drops to only 15%. The tube however, ran
above 50% efficiency. Comparing the above performance with the two 50 ohm load case,
it is clear that cavity efficiencies are much lower when driving the discharge. This is
caused by the fact that the discharge has an effective impedance much higher than 50
ohms, under the drive conditions of S00 watts per discharge channgl with 20 torr gas pres-

sure.

In order to examine the effect of increased loading on energy transport efficiency,

several additional electrodes were magnetically coupled into the cavity. Table 3.5 gives
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the operating conditions with five discharge channels operating at a gas pressure of 15 torr.

Table 3.5 Triode operating conditions while driving five discharge S

Grid Grid Plate Plate RF RF in Tube Cavity

Bias Current  Voltage Current Output Discharge Eff. Eff.
480V 300mA S53kV 3.0A 10 kW 1.9 kW 65% 19%
-690V 360mA 5.3kV 27A 9 kW 3.0kW 65% 33%
-720V 415 mA 6 kV 295A 119kW  30kW 69% 25%
-780V 515 mA 7kV 34A 148kW 24kW 64% 16%

Since it was not practical to monitor the temperature on all six electrodes, discharge power
was estimated by monitoring the heat deposited into dnly one electrode, and multiplying
this number by 5. There was a significant error in measuring the RF power deposited into
the discharge using the above procedure, at low power levels, due to the fact that nhot all
the discharge channels were uniformly excited. As an example, Table 3.5 indicates that at
7 kV plate voltage, discharge power dropped as the tube was driven harder. Visually how-
ever, the discharge appeared brighter. This apparent anomaly resulted when other dis-
charge channels started to fill, and consequently energy was taken away from the electrode

under measurement.

Table 3.6 gives the observed operating tube conditions while driving eight

discharge channels. As can be seen from the data, cavity efficiency increased from about

Table 3.6 Triode operating conditions while driving eight discharge loads @ 80.5 MHz.

Plate Plate RF RF in Tube Cavity Gas
Voltage Current  Output  Discharge Eff. Eff. Pressure
6kV 52A 18.7kW  34kW 63% 18% 15 torr
6 kV 42A 153kW  34kW 63% 22% 15 torr
6 kV 44 A 164kW 42kW 64% 26% 20 torr
7kV 5S0A 209kW 5.1 kW 62% 24% 20torr
7 kV 51A 215kW 6.7kW 63% 31% 25 torr
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Table 3.6 Triode operating conditions while driving eight discharge loads @ 80.5 MHz.

Plate Plate RF RF in Tube Cavity Gas
Voltage Current  Output Discharge Eff. Eff. Pressure
8kV 60A 277kW 7.6kW 60% 27% 25 torr
8kV 62A 275kW 7.6kW 58% 28% 30 torr
8kV 58A 262kW 84kW 59% 32% 30 torr
8kV 50A 220kW 84kW 57% 38% 30 torr
8kV 43A 20.1kW 84kW 60% 42% 30 torr
9kV 46A 249kW 93kW 62% 37% 30 torr

20% with 5 discharges, to well over 30% when driving 8 discharge loads. Tube efficiency
in both cases remained near 60%. However, close examination reveals that there was
significant change in the tube’s current-voltage characteristics. This was caused by
changes in the level of external feedback applied, and the required retuning of the cathode-

grid cavity.

Although very interesting from the standpoint of tube efficiencies, the data of
Table 3.6 was not particularly impressive with respect to cavity efficiency. This being the
case, preliminary attempts at optimization were made. Specifically, two potential loss
mechanisms were identified which detracted from system performance. One was a lossy
movable short circuit in the cathode-grid cavity, used to provide a greater range of tuning.
The second was a fully coupled loop installed into the cathode-grid cavity, used to inject a
low level RF trigger signal. The effect of removing this lossy short was a reduction in grid
current by 45%, with. no change in grid bias, or plate voltage and currenﬁ This feature
meant that additional external feedback could be applied, thereby yielding increased
overall output power, without overloading the grid. Decoupling the grid trigger loop

enhanced feedback power within the grid-cathode cavity by up to 135 watts. This design
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change further elevated grid current by 25% to 30% with a corresponding 7% decrease in

plate current.

Each of the above effects resulted in an improvement in the cavity, as is illustrated
in Table 3.7. It is apparent from the data that the tube becomes less efficient as it is driven
harder. This is to be expected, since as the cavity heats up, retuning is necessary to bring
the oscillator back into the high efficiency operation region. Comparing the cavity effi-
ciencies above with those in Table 3.6 reveals that an improvement in efficiency of about
10% was achieved by properly tuning the grid cavity to the desired frequency of opera-

tion.

Table 3.7 Triode optimized operating conditions while driving eight discharge loads

@ 80.5 MHz.

Plate Plate RF RF in Tube Cavity Gas.
Voltage Current  Output Discharge Eff. Eff. Pressure
7kV 295A 149kW 6 kW 74% 40% 15'torr
7kV 33A 16.8 kW 7.6 kW 75% 45% 24 worr
8kV 38A 209kW 8.9 kW 70% 43% 24 torr
9kV 42A 233kW 9.2 kW 63% 40% 23 torr
9kV 45A 258kW 10.1 kW 65% 39% 30 torr

It is clear from the trend illustrated in Tables 3.6, and 3.7 that energy transport effi-
ciency of the cavity improves markedly with increased discharge loading. Thus, when the
full 24 channels are magnetically coupled into the system, significantly higher cavity effi-

ciencies are anticipated.




Chapter 4

4.0 Results

Radio frequency energy was used to excite a multi-channel laser consisting of 24
electrodes, each 5 cm in width and 1 meter long. The gap separating the electrodes was
adjustable by means of support rings. For the case under consideration here, the electrode
gap was chosen to be approximately 3 mm. This electrode structure is illustrated in Figure
4.1. For efficient laser operation, uniform excitation of the gas discharge along the entire

length of the electrode is necessary. When energy is fed into the discharge channels at both

ends, multiple reflections produce a standing wave over the full electrode length2. If the
length of the electrode is a significant proportion of the excitation wavelength, the non-
uniform wave amplitude can become excessive. Under such conditions this non-uniform
voitage distribution must be corrected through the use of reactive elements Judiciously

selected and distributed along the electrode length.

In this chapter an effective technique for improving the uniformity of voltage dis-
tribution along the length of a strip-line electrode will be presented. RF power deposition
measurements confirm that a reasonably uniform discharge can indeed be achieved. Pre-
liminary optical extraction measurements, featuring up to eight discharge channels, serve
as an indicator of the usefulness of this smoothing technique and its scalability for driving

a multi-channel laser system.
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Water Cooled Extruded
Aluminum Electrode

Figure 4.1 Radial Slab Electrode Array.

Loop generated voltages sources

Figure 4.2 End Fed Electrode.

Electrodes scparated by a distance d

4.1 Discharge Uniformity

Each gain channel is enclosed by two parailel plate electrodes comprising a strip
transmission line 5 cm in width and separated by a gap of 3 mm. As RF energy propagates
along the 1 meter transmission line, reflections occur at each end due to impedance mis-
matches. Since the electrode is fed from both ends, the mismatch is between the imped-

ance of the transmission line and the feedthroughs characteristic impedance. Figure 4.2

illustrates this double end fed electrode.
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Modeling voltage uniformity along the transmission line may be accomplished by

dividing the electrode into many segments. Each segment can then be described by the fol-

lov. uig equation524:

V.(z)=A,e " +Be’™ 4.1)
L(z)=Diere 4y Bi e (4.2)
Zo, Zo,

where A;, and B, are respectively the amplitude of forward and reverse travelling wave
modes on the i'? segment, and V;, I; are respectively the voltage and currents phasors on

the i'" segment.

The propagation constsnt v, anc :he line impedance Z are given by:

¥ =+(R+jowL)(G + joC) 4.3)

Z. =. fB_:'"_J_.“_’E (4.4)
G+ jwC

Values of R, G, L, and C represent the transmission line’s resistance, shunt conductance,
inductance and capacitance tespectively, all defined per unit length. In the absence of a

discharge these parameters become”

R=__g_ L=”od G=0 C=30W 4.5)
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where w is the electrode width, d the electrode separation, o the electrical conductivity.

and § the surface resistivity of the electrode material. In the presence of a discharge, the

magnitudes of L, G, and T will be altered due to plasma resistivity and sheath capacitance.

The established method of compensating for a non-uniform transmission line volt-
age requires that the shunt resistance of the discharge be large, compared to the capacitive

reactance of the electrode, and that the capacitive loading contributed by plasma sheaths

be negligible in comparison to the electrodes’ static capacitance3*3435_ This condition is
not necessarily true, particularly at high power loading in wide electrodes. In some
instances, the condition is created by adding a distributed capacitance in parallel with the
electrode assembly. In this approach, a high dielectric material such as alumina is sand-
wiched between the parallel plates comprising the electrode. An order of magnitude
increase in the effective electrode capacitance can thus be achieved. Under this condition,

the transmission line can be modeled as a low loss line.

Capacitively loading the transmission line in this manner has two disadvantages.
The first stems from impeded gas re-circulation within the inter-electrode volume, result-
ing in degradation of laser performance. Secondly, the additional distributed electrode
capacitive loading shortens the wavelength of the exciting RF energy. A shorter RF wave-
length demands more distributed inductors to nullify standing waves along the line. More
inductors also leads *o a circuit which is more sensitive to power variations. For reasons
outlined above, no distributed capacitance is added between the electrode channels in the
Zodiac laser. Consequently, a more exact model must be used to account for discharge

effects upcn the shunt conductance, and net capacitance of the lossy transmission line.
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Figure 4.3 Discharge Uniformity Detector.
(1) Water Cooling Channel (2) Extruded Aluminum Electrode (3) Field of View
of Optical Detector (4) Ceramic Tube (5) Aluminum Support Rod (6) 1 mm
Diameter Fibre Optic Cable

Recent publication of relevant parameters characteristic of a slab discharge:"6 has
permitted the development of a computer code which predicts inductor placement to

achieve a desired voltage uniformity profile. This model, developed as part of a Ph.D.

7

dissertation®’, was verified experimentally through luminosity measurements using a fiber

optic detector array developed specifically for the purpose.

The fiber optic detector, illustrated in Figure 4.3, consists of 11 fibers, spaced
10 cm apart along an aluminum rod. Each 1 mm diameter plastic fiber, is fitted through a
ceramic tube to restrict its field of view such that only a localized portion of the discharge
is sarnpled. Discharge luminosity is then measured by a phototransistor and amplified w:th

an operational amplifier, or op amp, to give a suitable signal-to-noise ratio.

To ascertain the relationskip between discharge luminosity and input power, at

varying gas pressures, a sample discharge cell was constructed. Specifically, a small elec-
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trode segment 2 cm in width, and 5 cm long was built to eliminate length effects. Elec-
trode separation oi 3 mm was identical to that of the laser electrodes. Discharge
luminosity was also measured using an identical collecting fiber and amplifying circuit, as
used in the uniformity measurements. Figure 4.4 illustrates the results of this experiment.
From the data it is obvious that a linear correlation does indeed exist between discharge
luminosity and input power. Because of this fact, a convenient and accurate diagnostic

method was achieved for discerning uniformity of RF power deposition within the inter-

electrode volume.

The amplifying circuit used to obtain discharge luminosity data from this inter-
electrode region is illustrated in Figure 4.5. A Siemens phototransistor SHF-350 was used,
since it has a linear optical energy response. The measurement signal was further ampli-
fied thregh the use of a stable, low drift, op amp. Each fiber had its own circuit, which
was subsequently calibrated. After exploring a number of calibration procedures, the best
method involved the use of a movable fluorescent light assembly. With this apparatus,
each fiber opening viewed the same t:minous regton under the light. Each amplifying cir-

cuit was then adjusted to give the same reading.

A serigs of experiments were then performed to validate the discharge uniformity

model3’. One channel, driven by two electrcdes, was excited by an external 10 kW RF

generator operating at 82 MHz. Input power to the clectrodes was determined via calorim-
etry measurements. These were accomplished on the el--*rode’s cooling water, through
the use of an in-line flow meter, and a thermometer. Optical luminosity measurements

were performed at various power levels. The most uniform case occurred at a gas pressure
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of 20 torr, under an input RF drive power of 1700 watts. This data is shown plotted in Fig-
ure 4.6, along with a theoretical power distribution curve derived from the discharge uni-
formity tnodel’®3?. Two inductors, each 15 ohms @ 82 MHz, were used in this
experiment. The position of the inductors was 37.5 cm from the ends of the electrode, and

correspond in position to the reduced power level represented by the theoretical curve of

Figure 4.6.

Theoretical simulation and experimental data reveal that if the discharge volume is
not excited to the same level for which the smoothing inductors are chosen, then the dis-
charge will become increasingly non-uniform. In a weakly excited discharge, the dis-
charge half way down the length of the electrode becomes weaker. However, in the case of
over excitation, the discharge is more intense centrally. Figure 4.7 iilustrates the situation
where the gas is weakly excited. This case employs four inductors to smooth the voltage
standing wave. Inductor values @ 82 MHz are 17, 13, 13, and 17 ohms respectively,
placed 20, 40, 60, and 80 cm from the front of the electrode. Here it is clear that power
deposition into the discharge is indeed much weaker in the center of the electrode. Excit-
ing the gas at an optimum power level increases uniformity, as is shown in Figure 4.8. One
noticeable aspect of Figure ¢ % is the skew in the curve. An asymmetric voltage feed of 1%
between the two ends of the electrodes can give rise to such a distribution. Theoretically
this effect is more pronounced in the four inductor case, as compared to the two inductor
case. Because of this, and the fact that using only two induct~z: yields o woacd larger
dynamic range of uniformity with respect to input drive power variations, the two inductor

case will be examined in detail herein for driving multiple discharge channels.
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4.2 Laser Output Power
Once a reasonably uniform discharge had been achieved, mirrors were placed in
the vacuum vessel to extract optical power. This section of the thesis is divided into two

parts; optical extraction from a single discharge channel, followed by multi-channel opti-

cal extraction.

4.2.1 Single Channel Optical Extraction

Optical experiments were performed to ascertain the output power capability of a
single channel, and its associated optimum mirror output coupling. Output coupling of a
mirror refers to the percentage of the geometric exit aperture of the slab electrode. In this

terminology, a S0 mm wide electrode with an output coupling of 25% would have a laser




beam 12.5 mm wide. Every laser has an optimum coupling under which the maximum
amount of optical stimulated radiation can be extracted. If too little coupling is used, then
beam intensity inside the resonator (between the mirrors), becomes too large and corre-
spondingly saturates the gain medium. Conversely, if too much coupling is employed,
beam intensity never becomes sufficient to stimulate the maximum amount of photons
possible. An ideal level of coupling therefore features an intra-cavity beam whose inten-

sity is just strong enough to stimulate maximum photon emission.

Tests were performed on a single pair of electrodes to determine proper output
coupling. Power was extracted using aluminum mirrors 5.7 cm in diameter. Three sets of
optics were machizicd with curvatures giving a geometric output coupling of 13%, 25%,
and 35%. The dependence of the laser power on discharge power and pressure is shown in
Figures 4.9 to 4.11. Figure 4.12 illustrates the three different coupling factor cases by
comparing extractable laser power under the same excitation level and pressure condi-
tions. It is obvious that an output coupling factor of 25% is the best of the three cases
examined, and was subsequently chosen for extracting power from the multiple electrode

array.

In the initial phases of this study, and before a discharge computer model was

developed38'39, a first attempt at plasma uniformity was achieved largely by trial and error.
In this process, smoothing inductors were placed across the electrodes, and visual acuity
employed to identify the most uniform case. Through this iterative experimental
procedure, inductor impedances were chosen with vaiues of 45, 20, 20, and 45 ohms

@ §2 MHz to give the most visibly uniform profile. Placement of these inductors were 23,
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42, 58, and 75 cm from the front end of the electrode. Although visual inspection did
indicate a very uniform discharge, no discharge uniformity measurements were actually
performed. Figure 4.10 reveals that 350 watts of laser output was achievable with only
2.5 kW of input power. This result, corresponding to an efficiency of 14%, suggests that a
fairly uniform discharge must indeed have been established. To verify this assumption, a
newly developed theoretical model’$3? was used to predict uniformity curves for four
different input power levels, uiilizing the same i.:Inctors as in the actual experiment.
Figure 4.13 illustrates this case. It can be seer ‘r.w Figure 4. 13 that os the gas is driven
progressively harder, it assumes an optimum isziformity at a power loading of 4.6 Wicm?.
The RF drive level estimated under the conditions preseuted for 350 watts laser output
extraction was 5 W/cm? (2500 watts input in an electrode of 500 cm?). Although still not

optimal, this excitation level was nevertheless adequate to provide a rcasonable

approximation to a uniform discharge.

Driving the discharge harder makes the uniformity markedly worse. Given this
fact, it is reasonable to expect that greater optical output power may be achieved, provided

smoothing inductors are chosen to optimize discharge uniformity at higher RF drive lev-

els.

4.2.2 Multi-Channel Optical Extraction

Once the highly encouraging results outlined above had been achieved in single
channel experiments, multi-channel tests were initiated. For these experiments a radial
slab array, shown pictorially in Figure 4.1, was used. Array excitation was accomplished

via loops, coupled to the magnetic field of the resonant cavity around its short circuit
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Figure 4.13 Theoretical Discharge Uniformity with 4 Inductors at 40 torr Gas Pressure.

plane. Since this particular T cavity had an irherently non-uniform magnetic ficld, pro-
gressively larger loops were required to drive the clectzode elements, as energy was azi-
muthally extracted around the circumference of the cavity. To achieve equal drive to cach
electrode, the following loop sizes were used. The top eight loops were 23, 20, 18, 15.5,
15.5, 18, 20, and 23 cm respectively in length. Each loop had a common width of 4 cm.
The 15.5 cm long loops were located 7.5° on either side of the top centerline ¢ the cavity,
while the remaining loops were mounted at 15° intervals along the circumference of the

short circuit plane. Figure 4.14 illustrates this loop placement.

RF power was supplied from a triode oscillator described in Chapter 3. Optical

output powers of up to 1300 watts have thus far been extracted from only eight channels.
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Figure 4.14 Loop Placement along Short Circuit Plane.
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Output Power vs. Input Drive Power
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Figure 4.15 illustrates measured laser power as a function of gas pressure and drive power.
It is clear from the near linear dependence in Figure 4.15 of output power with RF input
power and gas pressure, that even better performance is achievable with this system.
Indeed, comparing these results in watts per channel with the single channel data, given in

Figure 4.16, it is evident that power extracted as a function of drive power is consistent

with single channel performance as illustrated in Figure 4.16 at the 1200 W, or 2.4 W/ecm?

level. This level is well below optimum for maximum optical extraction. Indeed, slab scal-

ing laws predict an optimum RF drive level of 9 W/cm?, at an operating pressure of 45
torr. Consequently, although the initial performance derived from this multi-channel sys-

tem was impressive, it was well below its ultimate potential.

4.3 Optical Resonance

In the previous section, laser power was observed from several independent chan-
nels lasing at the same time. This section will briefly outline the types of modes supported
within the parallel plate waveguide for the purpose of defining dimensional constraints

which may prevent selective channels from lasing.

For lasing to occur, the length of the optical resonator must be an integer number
of optical half wavelengths. This condition defines the frequency of the axial mode, and
spacing between each axial mode is determined by %L , where L, is the length between

the mirrors and c is the velocity of light. If one mode is well out of phase with respect to
this resonance condition, then lasing will not occur. Because of this, it is important to

determine if any phase shifts can occur as the beam propagates between the mirrors. In a
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parallel plate waveguide, such as the narrow gap slab electrode. three modes are sup-
ported, namely TEM, TE,. or TM,, where n is an integer greater than one. With a TEM
mode, both the phase and group velocities are the same. This implics that if the guide, or
inter-electrode gap width varies. no phase shift will occur between modes in other chan-
nels. This is however not true for TE, or TM, modes which have a cutoft’ wavelength
given by twice the electrode separation or 2d/n. Because of this fact, these waveguide
modes will have group velocities less than the velocity of light in that medium. Conse-
quently, phase shifts due to propagation delay will be experienced if cach electrode gap

does not have the same dimensions.

To examine this situation, the phase difference between two low order waveguide

modes, specifically TE; or TM,, is given in Table 4.1. These values are calculated from

the formula for group velocity of a waveguide mode given by24:

Vg = — (46)

where the propagation constant §, cutoff wavenumber k., and free space wavenumber k

are given as:

B=+k -k kc=ﬁd’—r k = w/pe 4.7)

Here d is again the gap dimension, while g and € are the gain medium permeability and

permittivity seen previously.

For this test case, the phase difference is compared to that of a waveguide witk an

electrode separation of 3 mm. Illustrated in Table 4.1, a change in electrode separation to
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2.7 mm gives rise to a total phase delay or shift of 0.0366 A within the optical resonator.
For a laser with a resonator length of 1.06 m ¢ncompassing 100,000 wavelengths, this
phase shift can be matched if the lasing mode has a frequency shift of only 11 MHz.
Considering that at gas pressures of 40 torr, the pressure broadened linewidth is 260 MHz,
this phase shift will not inhibit the lasing resonance condition. Consequently, for the
Zodiac laser, fully resonant lasing occurs in all the independent waveguide channels
simultancously without any significant phase distortion at the output coupler caused by
minor variations in electrode separation.

Table 4.1 Phase shift for TE|, or TM, mode after 1.06 m propagation with respect to a
3 mm parallel plate waveguide.

Guide dimension in mm  Phase shift in wavelengths

2.7 0.0366

2.8 0.0231

2.9 0.0109

3.0 0.0

3.1 -0.0099

3.2 -0.0189

33 -0.0271
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4.4 Beam Characteristics

The optical resonator initially selected tor extracting power freai the multi-channel
array had a toric configuration. This optical system is still classified as an unstable
resonator, since the beam does not retrace its path betore leaving the structure. Figure 4.17
is a schematic of this particular type of resonator. Beamlets start at the outer edge of the
mirror and walk toward the center, where the entire beam is extracted through a 4.8 ¢cm
diameter central aperture in the front mirror. Since the optimum geometric coupling is
25%, each electrode tip should extend 12.5 mm past the edge of the central hole in the
front mirror. In an ideai situation, the final beam pass would then be tully confined
between the waveguide electrodes. Unfortunately, in the case of the 3 mm elecirode gap
used in these experiments, the last 3 mm of the laser beamlets” final pass was not confined.

Consequently, propagation of this portion of the beam across the vacuum vessel was in a
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Figure 4.17 Toric Resonator.
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Figure 4.18 Near Field Burn Pattern In Plexiglass.
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Figure 4.19 Digitized 3-D View Of Near Field Burn Pattern.
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highly divergent free-space mode. Consequently, the beam profile was significantly

degraded by excessive non-uniform divergence in the final optical pass.

Using the unstable Toric resonator of Figure 4.17, a ncar ficld burn pattern,
illustrated Figure 4.18, was obtained in plexiglass. Figure 4.19 reconstructs a digitized, 3
dimensional view of this pattern. 1t is clear that the part of the beam that is contined
between the electrodes on the last pass through the resonator exhibits a typical waveguide
mode. However, the last 3 mm portion of the beam shows evidence of distortion. This
aspect is a particularly sensitive feature of the toric resonator, which because of its
increasingly sharp curvature near its centerline, can distort a beam in an azimuthal

direction, if not confined v-ithin a waveguide. Consequently, beam distortion, as observed

in this case wi3l ogUireE.

Notwithstanding the above situation, beidtn propagation experiments revealed that
the overall divergence of the composite beam was quite low, and that it retained its profile
exceedingly well. A picture of a burn pattern in plexiglass, taken 3.7 m from the output
mirror is shown in Figure 4.20. As can be seen from this figure, divergence of the individ-
ual beamlets has caused the beam to lose all indication of the beamlets that created it. This
azimuthal smoothing feature is expected, and is due to the much larger azimuthal diver-
gence characteristic of a waveguide mode. One benefit is that the waveguide divergence
has only a slight effect on the effective propagating divergence, since the beam is profiled
in a radial array. This aspect was verified by beam propagation over a distance of 16.5
meters. In this case, the beam diameter only increased to about twice its near field profile.

At a distance of 12 meters, the beam was focused with a 25 cm focal length lens. A typical
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Figure 4.21 Focal Burn Pattern 12 m From Laser.
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burn pattern obtained is shown in Figure 4.21. It can be seen here that the composite
Zodiac laser beam has excellent focal properties. In order to better understand the beam
quality obtained with these beamlets, a theoretical comparison between circular and asym-

metrically profiled gaussian beams of similar shape will be discussed.

4.5 Focal Beam Quality
In determining the quality of a non phase locked zodiac laser beam, we first sum-
marize the propagation characteristics of a single beam. An idcal laser beam has a gauss-

ian intensity profile given by40:

P "2'%,2 (4.8)
3 [
Tw

I(r)=

where ® is defined as the radial beam spot size, and P is the total power in the beam. The

spot size of the propagating beam is described by3:

2_272
2 .2
wu

0*(z) = 0} + (4.9)

where ®, is referred to as the beam waist, and is defined at the location where the radius of
curvature of the wavefront is infinite. When such a gaussian beam is incident upon a lens

of focal length f, a new beam waist @, will be created with a spot size given by3:

p— (4.10

" - (1/2,) -
, = T (4.i1)
°T T2




For f << z() Eq. 4.10 simplifies to:

W’ = (4.12)

For the case investigated here, we have a nearfield beam whose dimensions are
3 mm by 12 mm in cross-section, incident upon a lens with a focal length of 0.25 m. If the

beam was an ideal gaussian profiled beam with circular symmetry having @, = 6 mm, Eq.

4.12 would predict a focal spot size of @, = 0.14 mm. Due to the asymmetric nature of a

slab laser beam, an averaged radial spot size is necessary to adequately describe the focal

2

properties of the beam. With the present beam of 3 x 12 mm~ in cross-section, an aspect

ratio of 4:1 is defined As previously documented??, a beam of this aspect ratio can be
assumed to be circularly symmetric, provided the combined stacked beam has sufficient
overlapping of the individual beamlets. For the 24 channel zodiac discussed here, this is
indeed the case. One exception is that a minimum of 12 adjacent beamlets are necessary to
give a full fill factor. With the present system, there will be a small region in the focal

plane that is not adequately described by this averaging effect due to the fact that only 8

adjacent channels were lasing.
Nevertheless, if such a composite stacked beam were incident upon a lens at the

optic axis, we would have a new beam waist given by‘“:

W’ =207, (4.13)

where the primed values signify far field quantities, and G, is defined by‘“:
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- N W-\ “q !
ol = WL WL 1

The upper case W is used to distinguish the actual laser beam spot size from the wdeal

gaussian beam spot size of . With W, Wy, equal to 1.5, and 6 mm respectively we have

focal spot sizes in these transverse dimensions given by W7 = 0.606 mm, and W =

A0

0.141 mm. Consequently, the net combined beam with radial symmetry will have a spot

size of W/, =0.44 mm, or a focal beam diameter of 0.88 mm.

Tests were done where the full beam consisting of 8 channels at 1 kW of power
was propagated a distance of 12 m and then focused with a 25 c¢cm focal length lens. The
focal spot size as obtained by a hole drilled in a perspex rod at full power is shown in Fig.
4.21. Measurements of the hoie diameter at a position of constant diameter, halt way
through the rod, gave a clean hole of = 0.94 mm in diameter. For a gaussian beam, = 86%
of the total power is contained within the focal spot size. Conscquently, the focal beam
diamcter of Fig. 4.21 contains at least this amount of power. This was determined by the
fact that there was no melting around the entrance aperture, signifying that virtually all.of

the laser beam power was focused within this spot size.

Another important beam parameter which can also be used in determining the
focal spot size is the M? factor. The M? factor s defined as the product of the spatial vari-
ance and the spatial frequency variance of the beam. For an ideal symmetric gaussian this
factor is equal to one. For an asymmetric gaussian beam with an aspect ratio of a, the M?

can be derived as>’:
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(1+a%) (4.15)
2a

M? =

For a beam with an aspect ratio of 4, the stacked beam will have a radial M? =2.125 on

the optic axis. Since the effective beam spot size is defined as*! W, =24, , the M? fac-

tor can be applied to the focal spot size in the following manner>’:

w = MAAE (4.16)

Equation 4.16 is identical to Eq. 4.12 for a circular gaussian beam, with the additional M?

correction factor for a non ideal beam.

For the case studied here W,,, Wy, are 1.5, and 6 mm respectively giving a4 com-
bined spot size of W,, = 4.37 mm. Substituting this value in Eq. 4.16 gives a focal spot

size of 0.44 mm, or a focal beam diameter of 0.88 mm, identical to the previous calcula-

tion.

These results are even more impressive considering that only 8 out of the 24 chan-
nels were used. As such, the highly beneficial multiple beamlet power averaging effect

made possible through radial beam stacking23 was only partially achieved but was still

sufficient to generate a adequately uniform and symmetric beam profile.
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4.6 Radiation Safety

In all high power RF excited lasers there is a real concern of exposure to high lev-
els of RF radiation. Radio frequency interference. or RFI, is s¥4: i s-oncem for any device
operating outside the ISM radiation bands. Due to the cavity nature ::i che zodiac laser,
there will always exist a full metal jacket enclosing the high strength RF fields. Since the
skin depth of RF energy at these frequencies is only a few micrometers, a thin layer of
metal is extremely effective in attenuating the RF fields. To determine the level of field
strength around the zodiac laser, a Narda Model 8520 field strength meter was used which
has a measuring bandwidth of 50 - 220 MHz. Illustrated in Figure 4.22, and 4.23 are these

field strengths. The accepted standard for radiation exposure in the frequency range under

consideration is 1 mW/cm?. As can be seen from these figures, the radiated field strength
is quite low very close to the laser itself, with the exception of the filament power leads.
The relatively higher fields at these leads can be reduced with better RF filtering inside the

RF cavity itself, and is indeed being addressed in the next phase of the project.

The entire laser system is illustrated in Figure 4.24 and shows a photograph of the
overall T cavity configured Zodiac laser in its present form. Front and rear water mani-

folds are also apparent in this illustration, along with front mirror mount micrometers, and

a ZnSe output window.
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Chapter 5

5.0 Conclusions And Proposals For Future Research

5.1 Summary Of This Investigation

Results in this thesis have clearly documented the viability of driving multi-chan-
nel systems with resonant cavities. In addition, the scalability of this radial array configu-
ration to multi-kilowatt power levels in a compact and practical device has also been
demonstrated. Furthermore, the effective utilization of a grid-sepatation, cavity-coupled
triode oscillator has created a low cost, easy to operate source of high power RF energy

necessary for multi-kilowatt laser excitation.

Quarter and half wavelength cavities have been described in detail, including the
special case of a T shaped resonant structure. Length of these short-circuited coaxial trans-
mission lines has been reduced by capacitive loading the open circuit junction, thereby
yielding a resonant cavity of convenient length. Formulas for both loaded and unloaded
cavity Q’s have been presented. The need for heavy loading to achieve high cavity power
transfer efficiency has also been demonstrated. Output energy coupling from many paral-
lel loops, and the size of loops required for this purpose has been modeled in terms of cav-
ity loading. Maximum cavity power transfer necessitated that the level of input and output
coupling be the same. Measured efficiencies of = 95% with only four parallel 50 2 loads
have proven that resonant cavities are effective and highly efficient power splitters.
Equally important, the use of cavities as power splitters negates the need for matching net-
works, since the loops match virtually any impedance. In addition, power isolation is

inversely proportional to the number of loops used in the system For a system with N
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loops, each loop couples 1/N of the total power in the cavity. Because of all these features,

cavity resonators are ideal for driving a large radial array CO» laser.

A triode oscillator was designed and constructed using two coaxial resonant cavi-
ties. Cavity resonant circuits were necessary since the RF output must be split into many
independent sources. Traditional tank circuits cannot fulfill this essential requircment.

Consequently, a non-conventional design employing dual cavity methodology was pur-

sued.

Low mu tubes have inherently low cathode-anode isolation due to the loosely
wound grid, which gives rise to significant electrical coupling of the two resonant circuits.
This feature creates sufficient internal cathode-anode feedback that the two circuits of a
tuned-grid, tuned-plate oscillator initiate and maintain oscillations in a self excited man-
ner. Additional coupling may be added to augment feedback under high loading condi-
tions. Although self bias is sufficient for constant triode loading, such as with resistive
loads, a combination of fixed and self bias circuitry is preferred for dynamic loading con-
ditions. This approach insures that the tube will be off until there is sufficient plate voltage
to initiate oscillations. Once oscillations commence, the self bias circuitry further
increases voltage on the grid into a more optimum operating region. Integrating the RF
source into the laser head provides a self-tuned load circuit with the laser and triode oscil-
lator shareing the same output cavity. Incorporation of the tube into the laser head requires
a high circuit Q in order to achieve efficient power transfer to the discharge leads. This
desired condition was shown not to occur in the case of 16 loops driving only 8 dis-

charges. Dissipation losses of up to 60% were measured. A low operating plate current of
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3.3 A and a plate voltage of 7 kV was clear evidence of such behavior, signifying an
undercoupled circuit. Indeed, the manufacturer’s specifications for this particular tube
suggest optimum values of 7.7 A @ 7 k V. However, under a heavier plaie loading situa-
tion, as in the case of four 50 Q terminated loops coupling energy out of the cavity, effi-
ciencies near 80% have been achieved with this same triode oscillator circuit. With 8
discharge loads, efficiencies of only 40% were achieved. Notwithstanding this heavily
undercoupled situation, RF output power in excess of 25 kW has been extracted from the

tube with efficiencies of 65%.

Uniform discharges have been achieved with the help of a theoretical model to
design the size and placement of inductors, and less rigorously through experimental
observation. Extensive investigation of the number, placement, and size of inductors
revealed that a sufficiently uniform discharge, with power uniformity to within 10%
across the electrode length, could be achieved with only two inductors. Although limited
in output power, 8 discharges with acceptable uniformity were sustained at pressures up to
20 torr, under input RF drive powers of 10 kW. Optical powers in excess of 1,200 watts
were observed at these drive levels. It was further shown that independent slab laser beam-
lets exit the laser cavity, and that the composite radial beam profile so generated, produces
a beam with circular symmetry, low beam divergence, and excellent focal properties,
without need for beam conditioning optics. This feature was possible due to the unique

nature of radial beam stacking, inherently provided by the zodiac geometry.
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5.2 Proposals For Future Research

The T shaped cavity resonator initially employed for tube infegration revealed an
inherent flaw, in that uniform magnetic fields were not produced throughout the structure.
This unsatisfactory condition stemmed from the fact that there was only one RF feed point
into the cavity. Consequently, a major distortion of the circulating magnetic tield occurs in
close proximity to the T junction. To eliminate this effect, the RF source should be kept
separate from the laser head cavity. RF drive to the laser head should then be accom-
plished with at least two diametrically opposing feeds, and preferably more, in order to
establish a uniform and symmetric field distribution within the cavity. An additional bene-
fit derived from separating the RF source is that of increasing the luser hcad cavity Q.
Since loading effects on the tube are separated from the laser head cavity, the laser head
cavity Q will increase significantly. Consequently, power transfer efficiencies from the
laser head to the gas discharge will increase, while at the same time providing a means of
varying the triode plate loading. This is due to the fact that the output cavity of the triode
would be separated from the laser head cavity, so the loading of each cavity could be
adjusted independently. With such an arrangement, the tube could be operated at near opti-
mum loading, and output powers in excess of 60 kW should be possiblc. With this
increase in available RF drive power, plus syrnmetric magnetic fields established within

the laser head cavity, it should be a simple task to drive all 24 electrodes efficiently.

Once the system has been made fully operational, additional investigations of
radial beam parameters in terms of material processing applications can be undertaken.
Other significant features such as M2, beam compaction techniques, phase locking, and

resonator design can also be studied. Pulse shaping experiments could also be carried out.
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This would require circuitry for pulse modulation of the oscillator. Under pulsed output,
performance parameters with respect to peak power, and energy per pulse can be opti-

mized for applications such s paint stripping.
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