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ABSTRACT ‘!
’ This thesis describes the construction of radio frequency excit®§ carbon
. \J l
dioxide waveguide lasers. The results of this work may be divided inio three areas

where significant gccomplishments have been achieved.

.

+

Radio frequency discharge experiments were used to investigate several
potential .impedance matching’ techniques. The effect of the R.F. source

frequency, the input poWer density and the gas mixture on the d‘ischarge voltage
_yere also examined. A single pass hybrid wav'eg'uide was assembled and aligned to
operate as a single pass laser. Such parameters as dutput éouplér reflectivity,

\ |
cﬁannel 51ze and gas mxxture were examined with tms/dewce A double pa’ss

‘»hsmogéneous waveguxde was constructed and allgned for both single and double
pass operatjon. The effect of ahgnment and input power density upon the outgu‘t&‘
power and transverse mode s.tal;i'lity were tested with this device. Throdgho‘ut
this ‘work the ir'nportance of-e'fficient gas excitation together with a compact

design was emphasized.

Jas

iv ':\ .
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CHAPTER 1 . S
INTRODUCTION
The concept of a- wavegtnde gas. laser was fxrst proposed, in 1964, by .

Marcatxll and Schmeltzer (] in a paper discussing the wavegu,lding propertles of

__hollow dlelectrlc tubes. Four years later this . concept was mdependently
' remtroduced by Steffen and Kneubuhl 2] to explam anomalxes, observed by .

Schwaller et al. [3], 1n the transverse ‘mode structure of a HCN laser. In 1971,’ ’

Smith [4] demonstrated the first- operatlon of a waveg‘ulde gas laser This HeNe

.

laser was constructed with a 430-um diameter . glass capxllary tube and its

fabrication signalled the beginning of the development ' of wavegulde laser '

technology. 'In 1972, Bridges et al. [5] assembled the first COz ‘gas waveguide
laser. In this system mixtures of helium, carbon dioxide and nitrogen were flowed
through a one millimeter diameter glass capillary tube to yield a maximum ot‘_ 1.4
watts of CW laser radiation. | |

Radio frequency power sources were first used in connection with lasers

to excite HeNe gas mixtures [6,7]. In 1965, R.F. excitation was employed to °

excite a CO2 gas laser [8]. However, R.F. excited gas discharges were not new.

Francis [9] provides an excellent review of the properties of R.F. excited gas ,

'discharg‘es which were investigated for over 20 years prior to their 'applicatiOn to
lasers. 3 , . .

The specxal stabxhty of R.F. discharges was employed by Crocker and
lehs [10], who found that it was not possmle to produce a umform plasma in thelr
CW co-axial laser using-only D.C. excltatlon They combmed aD. C supply and a

R. F. power supply’, which operated at 6 36 or 90 MHz, to obtain a stable CW‘

‘dlscharge. . Pulsed, R.F. a551sted, D.C. dlscharges have also been employed to

produce high output power carbon dioxide lasers 11,12].

<a
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. Finally, inv-19763‘transverse radio- frequency excitation and waveguide
laser technolog'y were combme to produce a- RF excited carbon dioxide

.waveguxde laser _,[13 14]. Subsequent exammatlon of these RF dlscharges
. revealed that R.F. excited waveg'mde lasers were potentlally very efflcxent and '

' rellable devxces [15, 16]

v
'y

The R F dlscharge exhlblts a posmve 1mpedance characterlstlc and doesi " '
E "f-".not -inélude a cathode fall reglon. The posmve 1mpedance allows the ehm1nat1on'

of ballast resxstors These resxstors are used in conventlonal D.C. dxscharges to

b 11m1t the dxscharge current and hence, prevent arcmg' ThlS resistive ballast used -
in a conventlonal discharge consumes a great deal of power so that its ellmlnat.lon
'.leads to a. potentxally greater ‘electrical efflclency Even 'f‘urther gai.ns' m o
vefflclency are realxzable, since R F. dlscharges are sustamed by shghtly lower

)

‘el‘ectr-lc flelds [16] than comparable D.C. dlscharges. ‘This ‘lower electrlc field
' "_"_allo_ws the realization of a more \optlmum fiel.d/préSSure_.(E/ P)A‘_ratio.- o ‘
The”absence of . the cathode fall seg'_ion per’mits a trans,verSe RF
dlscharge structure to be employed. Ina D C d\ischarge such a g’eometry c-a‘n'not
l‘ '_'.be employed because the dlscharge would collapse into.a series of ares. Thes'e-
ﬁarcs localize the electron excltatlon and lead to. degradatlon of the laser

' performance.f- In addltlon,_ thxs ‘trangverse dlscharg'e can be produced by electrodes
‘-".external.to the ’discha’rge since the R.F. pov—ver can be .clapacitively‘ coupled,- v‘
"through an msulating layer, into the channel.‘ The elxmmatlon of the mternal
electrodes removes a ma]or source of contamination whlch often reduces the laser ‘
lifetime. However_, even if mternal electrodes remamed, ‘the ,laser_ rehablllty,'

" would still be e'nhanced‘becau'se the R.F.-fields,_ due to the absence of the cathode

fall, would be insufficient to produce a signiflcant amount of ‘electrode erosion.



A further advantage of a R. F exmted laser 1s that it can be scaled to_ T

'yleld hlgher CW output powers w1th greater ease than a D. C. exclted laser Under' .

‘ .‘normal operatmg condltlons a D C waveguxde laser reqmres over 1 0 kV of drlve

voltage per centlmeter of dxscharge [16] Because of the dlfflculty of handlmg' ‘

'voltages much greater than 10 kV in: non-laboratory env1ronments, lasers longer'

" "than several centxmeters requ1re two or more dxscharge segments. The negatlve
."xmpedance of such a dlscharge requlres that each dlscharge sectlon be separately-

ballasted Even w1th mdependent ballastmg, 1ndependent startmg cxrcuxtry, and

L lax‘ge gaps between dxscharge sectlons, the followmg erblems tend to occur' L <

-Tf.‘.;.a)' S nghtlng and mamtammg,separate mdependent dxscharges is dxfflcult,
b)- . There is a tendency for a dlscharge to. occur between dlscharge legs, ’
¢ . error/l‘nounts may float at hxgh voltage

v

. In- contrast, a R F exclted gas dlscharge 1s transverse and 0 1t can be

-"',"lengthened by mcreasmg only the supply current and not the supply voltage.

Therefore, a R.F. e:gcxted carbon dlox1de waveguxde laser 1s potentlally a very' :

A
)

".compact, eff1c1ent and rehable dev1ce Comcxdently these characterlstlcs are'

»

p.eclsely those requlred by a carbon d10x1de laser so that xt can be used for» —

; e
‘)

surg1ca7l apphcatlons. Presently sueh’a surglcal dev1ce 1s commermally avallable T

‘ [17] However, 1t produces only 20 watts of laser power, whlch 1s not sufflclent " '

»for all types of sug‘gery. BEEEE g‘ S ' .'f_“”

-

For example, Lobra1co [18] suggests that a maxxmum output power of 50*‘. : E -

‘ watts would ‘be. useful 1n gynecologlcal surgery whxle Nlmsakul [68] 1nd1cates that .‘

30 40 watts: of power is requ1red to perform kxdney, 11ver., lung and bram surgery o

"

At present, the largest commerclally avallable RF exc1ted carbon dloxxde‘ -

: ..wavegmde laser prov1des only 30 watts of power Therefore, the purpose of the-

work descrlbed m thlS report was to study R. F exc1ted carb8’n dloxxde wavegmde ,‘

-
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lasers SO as to'aequire.the\\nowledge and technical expertise required to build an
‘.‘@eff1clent and powerful carbon dlornde wavegmde laser. o ‘

) Thxs study, as reported in Chapters 2 and 3, included theoretxcalr
- calculatlons and numerous dlscharge experxments. These mvestlgatlons were used.
'".A_to assess such parameters as the wavegmde materlal, the. impedance matching -
‘ network, the waveg‘u1de geometry, the resonator conflguratxon and the RF.'

Asource frequency Chapter 4 examines a 20 watt wavegmde laser which’ y1e1ded-
- 1nformatlon on transverse mode stablllty, optxmum channel size and the effects of »
| ‘-__:optlcal lossés. Lastly, a folded 'geometry was employed to prbduce a cojmpact

, powerful laser. Chapter 5 con51ders this. deSIgn whm.h wielded a max1mum of 30

watts at 10%. efflclency The exper1ments also empha51zed the 1mportance of

reducmg the scattermg losses and preventmg contammatlon of the - alumma

_ wavegmde. Overall, the pro;ect prov1ded a solid base of knowledge and md1cated
'that a R F. excxted carbon. d10x1de wavegulde laser which produces more than 30

- watts of ,power can be bu1lt.} :



CHAPTER 2

- X e

o

THEORETICAL CONSIDERATIONS
This chapter examines the design of gaé waveguide lasers. ' A variety of
sources, both theoretical and experimental;, were consulted from which the para-

meters which influerice"the laser's berforma‘nce were identified. Once identified,

a sef,of optimum valdes were proposed. Subsequent experimental work (see

‘Chapters 3 to 55 was then used to assess the accuracy of these choices.

.4

. BN : :
2.1 Output Power

Gas vgavegﬁidé, lasers usually operate at gas pressures equal to or greater .

‘than 100 Torr [19]. - In t\his pressure broadened regime, Ri%grod's power equation

[20] can be used to pred’i.ct the laser output power.

T e o b L R (2-1)
Py = t + L Ig-Ag,0(1 2902) : ' -

-

' This, equation was derived by applying the simplifying assuinptipn that

~ theround trip cavity loss, t+L, is less than 25 percent. The parameter §  repre=

sents the active leng'th,-go, the -small signal gain, t the transmission loss, L the
distributed passive loss and A the cross-sectional area of the laser mode. The

parameter IS is the saturation at line center (vo) and is given by

\. hv : N .
Ig(v )= 9 | | - £2-2)
S -O \ co(tu + tl) ’ .

~.

" where h is Plank's constant, o, is the cross section for stimulated emission, while

1:1‘1 and t‘g' represent the \lifefimes of the upper and lower lasing levels. These .

+ .lifetimes can be decreased by molecule-molecule or electron-molecule collisions

,



in the gas volume, and by wall deactivation. However, at sufficiently high
pressure, volume deactivation mechanisms dominate [> 60 Torr .for a 2 mm sq.

-

channel [21]] so that the (tu+tﬂ')~1 term increases linearly with pressure. Since
the cross section pardmeter %, also increases linearly with pressure in. the

homogeneously broadened regime, the saturation parameter [S(vo) varies
' . )

| proporti‘onall‘y with the bressure squared (21, 22]. -
Returning to equ\gtion 2-1, it is evident that the gain and the distributed

: \ . .
losses determine the output power of the laser. If the gain is much greater than

f, A

the loss ' \
, - \
2g09, > t + L \
| N
\
Then ‘\\
\
p ~ —t 1 Ag\2 (2-3)
o t + L s o , .

which in the high pressure Eegimé is proportional 'to the pressure squared.
e

. On the other hand, the efficiency for extracting the gower is given by

t + L’)

(L -

and depends upon the loss, gain fraction. Therefor . efficient operation can 6nly
be achieved when the small signal gain is large compared to the losses. Clearly an
efficient high output power laser is only realized with a ;-- :ixture which

optimizes the loss gain fraction at a reasonably high gas prtsuu.

\ .

b 4 : . . \



2.2 Importance of Cooling °

The impo‘rtance of cool‘ing. the COZ' laser gas to obtain efficient laser
operation is well known [62]). Increased cooling produces gfeater depopulation of
the lower laser level whlch 1ncreases the gain an:as was prevxously dlscussed,'
generates a higher output power. However, in waveguxde lasers cooling is of even
' greater importance than it is in conventionaI'D.C.. excited carbon dioxide. lasers
because of the hlgh thermal lmpedance of the small diameter waveguide.
structures [23]. Therefore, hlghly thermally conductlng dlelectrxcs such as BeO,

2
The effect of a high thermal impedance can be clearly der'nonstrated by

BN and Al O3 are often used, instead of glass, for the optleal waveg‘unde.
considering a cylindrical bore waveguide containing a ‘uniform heet source. A
rectangular geometry would relate more ciosely .to'the transverse R.F. waveguide
built (see Chanter 4) but ,th‘e heat transfer, equations are veny complicated .z_md can
. only be solved numerlcally Therefore, the cylmdrxcal geometry shown in "Figure
2-1is used to demonstrate the basic trends. '

T‘he conductlon of heat from the gas through ‘the tube wall can be pre-

dicted by applying Fourier's law [24].

q = -2mk_&r %% /‘ ) ‘ — - (24

Integrating and applymg the approprxate boundary condltlons generates

an expressmn for the temperatur gradlent AT whlch develops across the wall of a.
S

‘hollow cylindrical discharge tub
T2 | . | T (2-5)

= g = : .
‘AT 3n2kw Ln £ .



FIGURE 2-1

Geometry used for the Temperature Gradient Calculation.
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’“AB‘LE 2-1

. A " \
Thermal Conduct1v1ty and Lmear Thermal Expansion Coeff1c1ents
of Four Potentlal Waveguxde Materials

%
Material . Thermal!? - = Linéar Reference
‘ - Conductivity 2R Expansion
. cal/em secOC h 10-6/0C
| at20°c  _ at20°C
'. . " . . & ..4 s?‘.;, ‘- )
‘BeO ;058 . 99,30 29
(High Purity) e S [
ALO, ~  0.068 80 30
273 . @ “;" : .
(99.5%) o v
. . . " . (J f;“' . ,
- LR T 3 EEE I | | 31
HBC grade - -+ 0.05 0.08 = . -0,60 0.35
e 4 5o .
Fused co . ;O S - S
‘Quartz . 00037 ;. 0.55 .30

L1 indicates orientation of ¢ axis to pressing direction.

L - |
¢ [) ' . . v
' ¥ Lo IR . S
N . o o .
.o e , TABLE2-2 '

““““ o ® o . -
+  Calculated Temperature Gradient Across the Guide Wall
“For Four Potential Waveguide-Materials With an Input
‘ Power Density of 3.3 Watts/em and r /r =5

& B

LT , Guide : . 'Ggadi‘ent '

- . Material C.
. . . 3; \
. L BeO - - 0.3
- . - 1 I
‘ BN - . 3.5 2.2

. Fused Quartz o : 58
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The_thermal conductivities_for several potential waveguide.m aterials are

4

displayed in' Table 2-1, while Table 2-2 compares some typical -results using
equaﬁon 2-5. 'Clearly BeO is potentially the best material while BN and A1203

are a close second. Fused quartz however, is a very poor choice.

2.3 Optical Losses

The output power of the lz;ser; as was discussed iry/the first secfion, is
. maximized efficiently only when the distributed loss (L) within the guide is
reduced. In a waveguide. laser the distributed losses are generated by absorption
within the guide, by scattering froh the guide walls, by finite bends in the channel
and by coupling losses a.t thé m?irror. Each effect produces a particular loss coef-.
ficient which when added tdg'ethe; yield a net loés. For example, Papayoanou [27]
deséribes the operation of a 12% efficient 'wav’e»guid\,e laser f?r which he estimates
a total round trip cavity loss of 3 percent. ) A

Sinée one of the consequences of red.ucingft,he diymensions of the laser-to
those of a waveguide is the introduction of losses due to the _v\raveguidiné action
[1],.the magnitudé of this loss must bé é%tim:ated. Equations 2-6 and- 2-7, de.rived
by Laakmann énd Stéie:_[ZB], can be used“a;:o.predic:t the guiding losses :of ‘the
lowest order EH mode zn a rectang;uléf guicfe. IJ Two separate absorbtion coeffi- .

R

"~ cients arise because of optical polarization.

_x 1, A2 L, 1, A2 1
a = - =(52)" Rel 1 - #(5%)° Rel | .
. EHﬁll a ‘,l.a ‘ (sa _ l)!’ b'4b (Eb _ 1)35
. R | ‘ (2-6)
y 3 1, A, 2 1 1, A, 2 eb
a = - =(17)" Rel ] - #(+%)° Rel ]
EH,, a’4a (e, - 1)35 b'4b (ep - l)%
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The directions of x and y and the definitions of a and b are displayed in
A : E I

Figure 2-2.

Theoretical calculations were made for homogef\eous and hybrid wave-
.guides using the relative. dielectric constants given in Table 2-3. The‘ results of
these calculations are displayed in Table 2-4. Clearly, the best guide material is
BeO which yields a loss coefficient some two orders of magnitude lower than that’
for alumina and boron nitride. The hybrid structures displayed in thellowei' half of
t‘he t~abl'é"yie.1d a factor of two improire‘ment éver their homogeneous'counterparts.
The type of metal, hdwe\}er, is not. very significant since Ag, Au, Cu and Pd all
.yielded\ similar results. Clearly for the hybrid structures the preferred polariza-
.fion correspondé to the smailest loss c‘oefficient. | |
Scattering losses are c‘lifficlilt to prediect without utilizing complicatéd
p_rdbabilistic arguments. As a WOrking;'.’criterion,'vto ensure minimum scatter, the
surface should be polished so that all pits.and seratches are less thén iO um | . ih
size. Howevgr, the most importan'é factor which reduces the scattefing loss is the
: graziné ahgle reflection _mecha_hism. In the litefature onl_y. é single attempt has
been made to assess the effect of scattering on the operation [36] of a wéveguide'

1

laser. Abrams [36] observed a three percent loss when a 002 laser beam was

4

reflec'teri at grazing inc‘idence, from a rougﬁ sandblasted piece of 'glaés. However,
- when th*e glass was‘,replaced with a polished surface the loss was effeqtively
eliminated. Therefore, 'Abpams conﬁtructed a recténg’ular wavéguide LfSing_four
ceramic blocks wr;icﬁ were polished prior to assembly; This r;lethod of assembly is
‘glso used by Laakmann Lasers Inec. [37], thch polishes its wavgguide surfaces to’
' less than 10 mi_crOinéhes rn;s. [38]. - |

B Optical loss due to finite bends in a cylindrical hollow waveguide WQS

first analyzed theoretically by Mareatili and Schmeltzer [1]. Garmire et al. _[39']



FIGURE 2-2 .3 °
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Geometry of the Hollow Rectangular Dielectric deeguide.
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13 -

Dielectric Constants Used to

Evaluate Optical Transmission Losses.
\ -

Source - -

Ag

e =-2747 - i1404

'. Material Dielectric Constant . -
BeO € = -2.25 +1.153 32
BN € = 16.25 - 11.82 33
AlLLO e = 1.32 - 10,033 " 34
273 i
35
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TABLE 2-4

Theoretxcal Absorptlon Losses for Several Homogeneous .
and Hybrid Hollow Wavegmdes

\\

. -1
Absorptlon (m 7) :
Configuration "~ 1.5 mm sq Guide =~ 2.5 mm sq Guide  {
of Guide | , y - . X y
, o Coal : a

~

3 -3

C115-107°% 1.15-107° 2484107 2.48- 10

6.79-107  6.79-1072 1.46-107 1.46-107
& -
. . ' |
i
3.76- 1072 3.96-1072  8.11¢1070 811107

e /
1.0-100  217-100 216-10% 8.36-107
|
Al.z%
N A S 1 3 =2
Ag PAg 3.87 10 2.46 10" 8.35+ 10 5.3 -°10
l//// " . o . . .
Al203 . ' _ - ) o y
~3/2 T : S , ~
Ag / /AQ -2 SRS B b3 <2
; 77 . 3.55-10 2.19 - 10 7.66- 107"  4.71-10" i
BN . S Co~ ) N .
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proposed that bendmg losses in a hybrid structure could be predlcted usmg‘

‘_‘—e’quatlon"zzs.

(2a) A R

. X
‘wher‘e o, is the loss calculated using equation 2-6 or 2-7, the dimension "a,and the
radius R are defined in Figure 2-3. Using this relation sorne 'represen'tative results
are displayed in Table 2-5. To place the results in perspective consxder that a 45
cm long laser can be machined such that the: max1mum surface’ varlatxon from one
end to the other. will be_no' greater than two thousandths'of an mch. This corre-
soonds to a"radius of 514 m, or an additional loss of onl{r point one fpe'rcent,
.Furthermore, experimental resulta~[\0] have demoqstrated that these predlctlons

: are sllghtly overestxmated. /\/
' e

Couplmg losses ‘are those losses which are mcurred when the laser'
radlation leaves the guide and propagates to .an external mirror which then images
.the bea_m' back on 1tselt‘ mto the guide. The losses arise because dxffractlon
broadens’ the beam so that all the radiation is .,‘not returned to the g'uide, «Three .
PQSSibl_e- mirror coni‘ig'urat'iOns [41] can be used for._wiaveg'uide lasers. Brewster

o angle ivj’pdow's are 'generally not used on high potver ci/v Waveguide lasers becauSe‘ o
of the.high -intraeav_'ity_ power -densities, whilch exist. The ‘simplest method, for
which no'lo_ss occurs, is realized by placing flat mirrors at the endaof the guide.
However;, it is oi‘teh imore advantageous to place thes‘e' flat r'nirrors a ‘t"ew
mlllimeters from the end of the guide to permit gas flow. Also, the mirrors ean

_ then be mounted on an mva.r frame to enhance the thermal stablllty of the cav1ty‘

In such a sxtuation, the. loss 1ncurred by placmg‘ a flat mirror a distance d from thev

—

s, .
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: ; FIGURE 2-3
Geometry Used to Calculate the Optical Loss
- Which Arises from a Finite Bend in the Guide. .
Note that the Displayed Bend is Exaggerated.
For the Purpose of Illustration. o »

'END VIEW

/7—-— metdl
4 ) ‘

. / .
2a | P/
RARE \\ ceramic
H
J . TABLE2-5 <
Radius of Curvature of a Planar Gui}de for W_h'iéh ,
.~ The Optical Absorption Loss Doubles. - :
Channel Size “- 77 Radius
2.5%2.5mim . Com
', g ‘_-'2.0415 2.0-mm 19.4 m
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guide ean be predicted using equation 2-9-[70]

§ loss = 605( ) /2 - SR Ca (2—9);

ThlS formula only strlctly applles to. cylmdrlcal guxdes. However, 1t can
still be used to estxmate the loss when ‘a rectangular guxde is employed. For .

A example, a flat mirror placed 2. 0 mm. from a 2.5 mm x 2, 5 mm gulde w1ll only

. contrlbute about 0 396 to the total optlcal loss of the system. © »

_' 2.4 Transverse Mode Dlscrlmmatlon and Stab1hty

To align the- optlcs the- m1rrors must be arranged para.llel to each other
‘and perpendlcular to the ax1s of the gmde. Garmire et al. [42] experm}entally

| determmed that the lowest order ‘mode wxll be predommantly excited so long as .

‘.‘ “‘ -

A
4a

. © ‘<
Vo ,. ,
where 9, as shown in Flgure 2 3, is 1dent1f1ed by the 1ntersectlon of the wavegulde
| axis thh a line segment drawn perpendlcular to the laser mirror. o
" When the optxcs are properly ahgned a smgle mode outpug lsgenerated
L because hlgher optlcal losses ' are’ assocxated w1th the hlgher order modes.
'However, with bore 51zes greater than 2.0. mm square, Hall.et al. [43] report that
. the hlgher order modes cannot always be easxly suppressed
| The laser output power stablhty 1s strongly controlled by thermal
‘ef'fects. Expansxon and contractlon of the reflectors and mirror mounts can alter,
" the cavity: length so as to shift the Fabry Perot résonance peak within the homo— ‘
geneously broadened linewidth..‘ This.lbehavior produces' output pOWer fluct_ua_tions

and forms a characteristie pattern known as the laser'signature [44]. This power

-
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‘variation ‘can be suppressed by mounting the opties on an invar frame.

Alternativ_ely, the;wa\ﬁeguidevcan be constructed from 'boron nitride with the
optlcs'fastene'd‘direc‘tl.y to the guide. ' | |

A ‘Instabilities can also be caused by therma_llynonhomogeneous structures
.such as‘g;uides formed by clamping together strips of Al and A1203 [37]. In this
case, as the-laser warms up, the hybrid structure expands' 'nonuniformly c)ausing
the éuide to bend. As a. result, the optical loss is inereased and t.he' mirrors 'are
nghtly mxsallgned so that a multlmode output 1s generated Fortunately, these
undesirable’ effects can be substantlally reduced by employmg a homogeneous

‘ 'wavegmde [3 71.

2.5 | PowerSupbly Operating F'requency
o “The optlmum R.F. operatlng frequency is very difficult to predlct
: .because of the large number of factors whlch affect its choice. Clearly, the best
'met_hod would mclude a valu_e chosen through experxmentatlon. However, such a
. -method requires an expensive broad‘ band RF .pOwég»supply,"‘ At..the st.art of this“’ ;
- _wtork no such source was ayailable SO an alternate ‘method "Was used tol choose the |
optimum-operating frec';u:ency".,v R B L | o
The mos"'t-‘importan‘t' characteristlc' of a R.F. gas-discharge is its ‘pos'itive .
impedanc\:ej characteris_tic.i Such a discharge' is alSo characterlzed by ,a'potential-
. which, -once breakdown"is achleVed,' fallsappreciably below ‘its’ breakdoyv'n""\'/alue
' t-due to the loading ‘of the oscillator.- This potentlal can be. further reduced by
decreasing the current until a mmlmum mamtenance potentlal is reached. A
Ifurther decrease in current \tﬂll now cause the potential across the dlscharge to

~ increase unt11 it reaches the extlnctlon potentlal at whxch time- the discharge W111

go out. “This mcrease in voltage 51g’nals the transition from a posxtlve lmpedance
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regime to a negative impedance regime [9].

The running voltage in a R.F. discharge has also been shown to be
frequency dependent (45, 15],‘ declining slightly as the operating frequency
increases. This effect has special im‘plications “for laser applications where th;
efflclent excitation of the carbon dxoxxde gas molecules depends upon the magm—

tude of the apphed field. : : 7

Exammatlon of the literature 9] reveals that 4 different- high frequency

v‘ ,discharge regimes exist depending upon the dlscharge size, the gas pressure and,

the operating frequency. For RF excited carbon dioxide waveguide lasers a gas.

discharge dominated by ionization and diffusion without secondary processes is ’

desired. Griffith [47] has calculated that for a 1.5 m'm square bore channel the

operatmg frequency must be greater than 13 MHz. In his analysis, .Griffith

i

: reasoned that during the time the applled field is orientated in a smgle dlrectlon‘

~

'the electrons and ions must not be able to drlft from- one electrode to the other.’

"Such a dl‘lft, if- permltted, would contrxbute to secondary losses and support dis-.

charge lnstabxlltles.

Experlmentally, Laakmann [15] demonstrated that a stable carbon'

dlox1de gas dlscharge in a. 2 0 mm sq bore metal—ceramlc gu1de cannot be realxzed

'-w1th a source frequency less than about 30 MHz. However, Lachambre et al [48],’

b-usmg an all ceramic gulde, produced a stable 002 gas dlscharge at 21 MHz.'

Although these results are somewhat mconcluswe, they do’ 1nd1cate that a low ’

' frequency limit exists in the range of’ 10 to 30 MHz.

~

Of equal importance,is the high frequency 'limit. As was discuSSed, the

operatmg voltage decreas\es as the source frequency xs increased. This effect is

deSIrable for efflcxent laser operatlon. However, as the operatmg frequency_"

' _ increases the R F. propagatlon veloclty in the wavegmde decreases generatmg a-

\

¢
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" voltage variation along the electrode. Clearly voltage variations are undesirable

for et."”fic‘i’ent gas excitation. Researchers, at United Technologies [49] have
‘\indicated that at 150 MHz such varlations arise w‘hile workers at Hughes Aircraft
" Co. -indicate that standing voltages are not.a problem at 150 MHi\-[SO] |
Workers at Hughes Alrcraft [50] also observed that the operating
frequency range without voltage variations could be greatly increased.by m k1 g

the side walls as thin as possible. To understand why this 1mproves the waveguide

behavior the laser discharge must be modeled as a lossy microstripline. Figure 2-

4 “indica:tes that the model is reasonably accurate although the laser structure is
certainly nonhomogeneous.
A microstripline is not an ordinary| transmission line since’ it_s‘ ‘structure
gives rise to complex fringing patterns of the .electric field lines. In turn, this
' pattern results in an effective value of the dielectric. constant which is lower.'than'
‘vvou“ld be measured by incorporating the ceramic rhaterialvﬁthln a caoacitor ,
structure In the strxphne structure, as shown in Flgure 2- 4, the ratlo w/h exerts
a strong 1nf1uence upon- the effectwe value of the relatlve dlelectrlc constant
[51] For example, vv1th‘ an alumma substrate and a w/h of 100 the effectlve
;relatlve dlelectrxc constant is 9 8. However, if the ratlo is reduced to 0.1 the '
effectlve relatiVe dlelectrlc constant drops to 6. 0. ’l‘herefore, by reducing the.
electrode W1dth and the side wall thlckness,‘ the relative di“electrlc.’const’ant is_
reduced | In turn, the source wa'velength is tincreased 'which_uitimately leads to
..mcreased R.F. propagatxon velocxtxes and decreased voltage varlatlon along the
electrodes. Examination- of the data in Table 2-6 reveals that, to reduce- the
.etffect of - voltage varlatlons, BN would be the best candldate for a wavegu1de
imaterlal. Therefore, the max1mum operating frequency depends upon the ,b

materla.l used to cons\truct the waveguxde
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—Comparison of the Waveguide Laser Geometry and
A Microstripline Cross-section. -
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: o _ \
TABLE 2-6 : N
Electrical Properties of 1 |
-Three Potential Waveguide Materials™.
- Material .  Dielectric RF Waveleng’th Loss i " - Reference .
o Constant ‘ in‘Ceramic . Tangent
| | x 1074
' BeO 67 116m 1.0 29
A1203 R 9.3 - o -[,].98 vm _ '-,\.‘0.6 | .30 ]
BN . 46 - . 140m W 31

"1 All values measured at 100 MHz.
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2.6 ~ Design Criteria

As has_vbe,e,n_disac_u"ssfed,_an‘eff__i'c,ient_wlayv,egu,ide_caanbgn-_digxid_ell,gs_er

operates best when the paSsxve'cavity losses are mirj"i,mized and-the gas tempera-"

. ‘ : / .
ture is reduced to the lowest practical value. With these requirements in mind 4

possible‘materials, beryllium oxide (BeO),'aluminum oxide (Al 03), boron nitride
(BN) and fused quartz (glass) were considered as. potentlal guxde matemals.‘ Fused

quartz was eliminated because it is a’ very poor thermal conductor.t Berylllum is

optxcally and thermally the best choxce, but because of fabmcatlon difficulties -

' assoclated w1th the tox1c1ty of alrborne BeO dust it was also re]ected.‘
Boron mtrlde-offers the lowest relatlve dxelectrxc constant and excellent

thermal stability, but-it-is extremely dlfflcult to metalllze Therefore, BN.was

not employed. Alumma was chosen because 1ts thermal and optical propertxes are"

acceptable. The materxal could be. ground and cut W1th equ1pment avaxlable at the

Umver51ty and metalhzatlon was 51mp11f1ed by the low processmg temperature
- (850 C) meta.l thlck film compounds which are commercxally avallable [52]

To de81gn a wavegu1de laser the mput power per centlmeter is an

important cha‘racterlstlc The R.F. supply whlch was used in thls development B
‘ program mcluded four separate ampllflers, each producmg 100 watts of power.

‘. . Therefore, the dxscharge length 1nto whlch 100 watts of power was to be matched‘.
:had to be est1mated Table 2 7 was consulted, then 0 3 watts of laser power p.er |

i centlmeter at 10% effxclency were adopted as de51gn speclflcatlons. ThlS choice t :

o ‘,1mplxed that a mlmmum of 100 watts of R F. power had to be dep051ted 1nto a 30' :

| cm length of channel. ‘

As theoretlcal calculatmns have shown, the optlcs had- to be mounted ,

. vwithin 2 mm of the char_mel.so that couplmg losses would be mlm_mlzed.. Z_nSe |



High.-Power CW CO Waveguide Lasers Reported in

TABLE 2-7

the therature Prior to . July 1982,

24

B

_ Teyhnologies 10-15% -

Laser Efficiency. Laser 'Power/cm Reference.
(Author) Power '
, (Watts) (Watts/cm)
Laakmann  10% 30 0.3 85
‘v>C!a'rter&A
Marcus - 39.5 0.51 67
. Papayoanou - 12% 9 . 0.36 27
‘United -~ ~15% 22,5 0.66 '
‘ . '38.0 0.52 49

‘Note' Abrams and Brldges [22] estlmate ‘that the maximum ‘available output '

power/umt length in a waveg’mde laser, neglectmg all losses, IS 09

watts/cm.

\
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output couplers were chosen because of the ability of these optvics.to.withstand

the high intradavity power densities which. exist in waveguide lasers. The‘optics

L

' Chapters 3, 4 and 5 of this report.

" were t inch diameter and were supported in metal mounts which also acted as

* heat sinks. The reflectivity of the output coqplef could not be chosen in advance

because the cavity losses were not known. As is well known, the‘optimum output

coupling (for maximum power) increases as the cavity losses increase. Therefore,

a variety of different output coupling mirrors (90, 80,' 85, 75% R, etc.) were

‘ purchased so that this operating parameter could be optimized. ‘

The R.F. power supply was chosen to opérate at 72;MHz. This value was

- chosen well above the minimum of 30 MHz, but was not too high so that the

e‘ffect of a_st'ahding voltzige could be reduced.

_ With these choices ,ﬁmade‘in adva?lgé,_ further research was conducted to-

assess the s-fanding voltage problem, impedancé matc’hing netwo_fks, channel size

and_.fabricafion techniques. ‘Thése expériments are discussed in greater det‘ail in

-

‘e



'CHAPTER 3
RADIO FREQUENCY GAS DISCHARGE EXPERIMENTS

3.1 : Constru‘ction of the Discharge Svtructure

The__R.F._discharge__ experiments “were._performed_to investigate the

potentlal 1mpedance matchmg networks, transmission line effects and to ensure
that the solid state R. F power supply was able to maintain a umform dlscharge at

gas pressures of 30 to 200 Torr for a varxety of wavegmde c_hannel sizes.

The basic discharge structure, shown in Fig'ure‘ 3-1, included a s'quare"

bore, 30 cm long, with a transverse electrode configuration The channel was

formed by g'rmdmg a groove in an alumma block usmg a dlamond grinder. . This

block was epox1ed to. the water cooled Al ground plane. The top electrode was

o

held m-place by teflon clamps. Clampmg techmques are also.used by Hughes

'A1rcraft [53] and Laakmann Electro -opties [54] to produce hybrldlwaveguxdes.,

The entlre structure was surrounded by a transparent vacuum envelope.
Connected to the. discharge structure, see Flgure 3- 2, via an 1mpedance

| 'matchmg network was a bldlrectlonal power meter capable of measurmg 250

watts of forward or reflected power and a 100 watt |R F power supply. The

matchmg network was used to transform the complex load lmpedance so that it

matched the 50 SZ co-ax1al lme 1mpedance. - The electrlcal feedthrough was‘.

.

4

'connected to the center of the upper electrode so as to reduce transmlssmn hne :

v

effects. Imtlally a 1 6 mm square bore channel was used w1th a lean gas mix
: (16 2:1, He.N COz) ThlS gas mlxture was avaxlable in a premlx form, therefore
'1t was often used. In the remamder of this report thxs mlxture will be referred to

as premlx whlle other gas mlxtures will be; speclflcally descrlbed.
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FIGURE 3-1

~ Transverse and Longitudinal View
of the Gas Discharge Structure
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FIGURE 3-2°
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Séhematic;df—the»-Expeﬁ-méntal—ljisch rge-Apparatus:
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; 32 Experiments . e

i \ R
The first set of discharge tests assessed the various matching schemes.

v

~——The- dlscharge structure was— modeled—as a—capacxtor in-parallel-with-a-resistor
The capacltance was measured to be 30 pF, while the resmtan:e depended on the‘
gas mlxture, operatmg pressure and 1nput power. All three networks, shown m..
Flgure 3- 3, contam capacxtances wh1ch are less than 150 pF and inductors rangmg‘
frdm 0 2 to 0.4 uH. As shown in Flg'ure 3 -3, networks 2- and 3 performed best, but
the thlrd network was used in subsequent te‘sts because it could be tuned most
easxly Usmg thls network and a 1.6 mm sq- bore channel, unjform dlscharges at
pressures rangmg from 20 to greater than 200 Torr were reahzed. “

‘ Prev1ous analy51s (see Chapter 2) indicates that if thxs channel were used
as‘ a laser 1t would exhlSIt about (a 7% loss for a one meter length. This loss is
excesswe, therefore the channel was enlarged to 2 .5 mm sq whlch reduced the‘
loss to less than 2% for a.one ‘meter path length. As a result of thl/s change the-
4channel capacxtance rose to 36 pF whlch correspondmgly ‘drove the Q ot‘ ‘the
: matchlng clrcult hxgher Subsequently, the 1mpedance match was more d1ffxcu1t

‘. to obtam and mamtam whlle the electracal n01se productlon rose.. A further
L -‘mcrease of the dlscharge structure capacltance to 46 pF worsened thlS sxtuatlon.
| The capacltance must also be mamtamed at a Iow value to reduce R. F
| . losses [53] Alcock and Hall [55] performed a 51mple analysxs in whlch the laser_
head Was modeled as a capac1tor C in parallel W1th a re51stor RD -They showed‘

_ that the ratlo ot‘ power PD dlssxpated in the dxscharge, to the total power PT '

v dehvered _1s gwen by

1+ 22 (L +a?.c® R
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FIGURE 3- 3
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‘ 'Some Typical Matchmg Netwqus Used to Transform the Laser

Head to a 50 Q Equivalent
(All R. F. Powers are Expressed in Watts)
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where w is the angular frequency and RS is the ohmic resistance of the matching

network which is effe'ctively in series withvthe discharge. . In principle, the
_channel capamtance and the series re51stance must be ‘maintained as low as
pos51ble to effxcxently transfer the R. F power 1nto the dlscharge. For example,

let R =05n,R —lk

S - D Q’

mput power reaches the dlscharge

Cc=30 pf and f =172 MHz. Then only 52% of the total

The example cited above indicates that a conSIderable quantlty of power -

. N
can be lost in the matchmg networl;. .ThlS result was experimentally confirmed by

the resonating inductor which became extremely hot after only a few ‘minutes of

ope“ation. Attempts were made to reduce this loss. Initially #18 gauge'wire was-

used, but 1t was soon replaced by #16 then #12 and fmally #8 gauge w1re;

However, no 81gn1f1cant 1mprovement was noted L s

These early d1scharge experlments were also hampered by unrelxablew

» .amplifler behavior. The amplifiers were found 'to quickly overheat so that a con-

stant reliable power level was not available. In addition;b rep.eated reflefctions of .

" R. F power degraded the performance of the amphfler ‘

To ehmmate the heat problem the amphfler case was. opened and air was

’ forced across ‘the prmted CII‘CUIt board as well as the heat smk. The 1mprove- 3

'

ment, documented in Flgure 3 -4, occurred because of the . lossy nature of theA

output capac1tors. . o LT .", Ny

Transmtor fallure was attrlbuted to the severe mlsmatch whlch takes

'place whlle the matchmg network is ,ad]usted-. Although the tran51stors could

“ . L v

survive open and'short circuits a' partial mismatch generated»destructlve paras1t1c A

"oscxllatlons. Experlmentatlon revealed that a*ymsmatch of greater than 20% was"

bsufflclent to produce these parasmc osc1llat10ns. ‘The R.F. tran51stor is actually '

. composed of< a large number. of smaller tran51stor_s._ The.parasitic oscillations
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“f——slowly—destroyed—thestcomponent—transistors;to~produce—'an—-observabl-eupoWer»
drop. Since 1mpedance mlsmatches were ur}avmdable the transxstors were .-
A replaced when the amplifier output power declmed to less than 75 watts. )
In an- effort to elxmmate .the problems associated W1th the channel.
| capac1tance a’ dlfferent matchmg techmque was employed.  The channel .
capacitance was resonated at 72 MHz with a parallel mductor [49, 46] ‘Heath kit
-:gdlp meter was employed to insure . that the resonance was tuned to 72 MHz.
| -»'Therefore, at the operatlng frequency, the channel appeared as a pure res'lstance. '
The loss of capacltance lowered ‘the resonant currents in the external matchmg’
network causmg a substantlal drop m the "Q" of the clrcult.__ Also, with thlS
matchmg techmque the effectlve R. F power transfer is'no longer 1nfluenced b\v‘
the channel capacltance because only the re51st1ve component of the dlscharge K
affects the resonant currents in the external matchlng network.
The dlscharge structure now mcluded a smgle, parallel .inductor
' ;;connected across the center of the structure._ Wlth thls arrangement dlscharges_ :
upto 80 torr were-realized. At'higher pressures gaps began to form in the d\ls- g
R charge. Imtlally these gaps were beheved to be: caused by the 1nab111ty of the |
| . matchlng network to: prov1de an adequate voltage step-up However, when the 1. 5 Y
“mm ceramlc spacer was removed the measured voltage across the dlscharge’-v_ '

dropped from -305 to 265 volts but the dlscharge behav1or remamed unchanged.

These gaps, therefore were- attrlbuted to voltage varlatlons along the electrode. .

3.3 v' . Modehng the DlscharL

To verxfy that these voltage varlatlons d1d exist the dlscharge was"v;'.

modeled usmg a SOlld re51st1ve materlal to represent the dlscharge [49] A low

‘\f
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I .

- meters on the standmg voltages.

The effect of the power supply frequency ’on the magmtude of the
- voltage varlatlon is shown in Table 3-1. As was expected the lower the frequency"

the smaller the standmg voltage var1atlon. The actual proflle is shown in Figure -

s

N Neitt,_ the power .supply ‘was set at 72 MHz _and ‘the‘ importance of o

. multiple inductors waS- examined. | The results in~Table 3-2 lndicate that the
.'voltage varlatlon is reduced by mcreasmg the number of mductors [46] The '
proflles for three cases are shown in Fxgure 3 6. The effect of electrode length is' .
. ‘shown m Table 3 3. As expected, the varlatlon was reduced by shortemng the
-electro’de. i N RN _ .‘ d} |
These experxments mdlcate that transmlssxon lme effects are veryJ‘
k.impOrtant in these dev1ces. Therefore, the laser must be modeled not as af'}

. resxstor and capacxtor but rather, as a lossy transmlssmn hne._ I

A3_.4 ) Hybrxd Dlscharge Structure '

Employmg the mformatmn gathered to thls pomt a new d1scharge'.f_'

S structure was constructed. Th‘is structure, as shown m Flgure 3 7, was sxmllar to

that used prev1ously except the homogeneous channel was replaced by a hybrld

; de81gn All the pleces were held in place by teflon clamps. The. channel was. 2 5'

| 'mm square bore, 30 em long thh three mductors spaced equally along 1ts length. .

For 1mpedance matchmgan network was employed smce it . IS easxer to tune
\

than a "T" network. The network in Flgure 3 3c was no longer useful because the, o

transformatxon from the 50 Q cable was now made to an xmpedance greater than‘
] : .

. ' 4
50 ohms rather than less than 50 ohms [56]



35

TABLE 3-1

Variation of the Magnitude of the Standing.Voltage
as the R.F. Source Frequency is Increased .

“electrode ) N
structure.

o

" Power Supply Frequency = . .+ .. Maximum Voltage Variation =
. (MH2) .~ -~ .- . .7 (asapercentage)

.53 L T 9.4%
o3 15.6%
109 - o 2%




Normalized” Voltage = L

FIGURE 3- 5

The Voltage Profiles Display the Effect of Reducmg the
R.F. Source Frequency. As the Frequency was Rediced From
. '109 (@ Through 73 (&) and-53 (X) to 38 (O) MHz, the
Standmg Voltage Also Declined. The Arrow Indicates
the Posmon Where the R.F. Supply was Connected

to the Electrode. -
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‘TABLE 3-2

' The -Var‘iatvion_ of the Ma‘g‘n'it‘ude. of the Stand,ing VbItage o L
. as the Number of Resonating Inductors is Increased.
A Source Frequency of 72 MHz was Used.

‘-Co'r'lfigura_t.i_‘on B A Ma_kimum"Voltage Variation =
Lo s : : . (as a percentage)

15.6%

£

©10%

T

3%
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'Normq|_ized ‘Vol't‘age

. _FIGURE-3-6....

As the Number of | ductors-Positioned Along the Electrode -

Increased, the Makximum Voltage Variation Declined. The .
.- 'Figure Below Displays the Voltage Profile for Three (a),
" Two (X) and Zero (0) Resonating Inductors. The Arrows
Indicate Where the Inductors were Connected. .
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- "TABLE 3-3
.The Varxatlon of the Magnitude of the Standlng Voltage
-as the Electrode is Shortened. A Source Frequency
-of 72 MHz was Used.

v - Configuration . S o Maxlmum Voltage Variation .
' 30 em Electrode S 15 em Electrode- ‘

15.6% &%
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: In addition to a more uniform voltage, this structure offered the further

: dvantage of runmng at'a ‘lower voltage because two series capacltors were-eli- —
K minated when -the upper and lower alumma layers were replaced by aluminum
electrodes. Also, the hybrid structure offered a.factor’ of two 1mprovement in
‘. .

'optlcal loss, an 1mportant parameter when con51dermg laser operation.

Usmg thlS structure, a. umform dlscharge was maintained in the premix
' gas at pressures up to 200 Torr. This result represented a consrderable improve-
_fment.‘ ‘The upper pressure llmlt -was now the -result, of the mablllty of the :
matching network to supply a voltage large enough to produce gas breakdown. .

Usmg the experimenta.l arrangement Just described, the: ddischarge
voltage as a functlon of gas pressure was measured for three dlfferent gas. m1x—
. tures. The correspondmg field/pressure vallxes were also calculated and are dis- - |

. played in Fxgure 3-8. Asa result of the 1nvar1ance of the voltage from 60 to 100

Torr a w1de range of field/pressure values were obtamed. At higher pressures this

ratio dechned to less than 5 V/cm-Torr whlch is qu1te low and suggests that -

: efflcient laser operation should be obtamed 1f the optlcal losses are. mmimized.
_For example, J. Lowke et a.l. [57] predlcted that an E/P value of 7. 5 V/cm—Torr R

" for a 1:2: 3 (CO .He) gas mlxture is the optimum value for effICIEIlt gas

2
:excxtation whlle -a more lean m1x favors a lower f1eld/pressure ratio such as 3 5 .‘

_viV/cm-Torr for a 4 1: 12 (CO NZ.He) gas mlxture. .' | B

To obtam further 1ns1ght 1nto the behav1or of R. F dlscharges, the B

.' »voltage_ versus power cha_racter.istic of a 2 mm( sq. bore by 30 cm ,discharge was

measured‘ Figure 3-9 dis'plays this curve “at various pressures. .Note" that as the’

1nput power is reduced the posmve 1mpedance character 1s lost. | |

As thlS character dechnes the discharge begins to fade -and flnally is. -

N extlnguished (arrow) .Thls . m,mlmum_power density, which increases with gas :
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v
v

pressure, determines the maximurh.operating pressure. The *maximum operating

pressure also declines as a richer gas mixture is used Furthermore, increasing

N\

the channel size reduces the -input power den51ty whlch, in turn, lowers thé

maxxmum op'era-tmg pressure. Therefore, to 1ncrease the maxxm\um operatmg
pressure the mput power den51ty must be mqreased elther by.increasing the input
power or reduclng the dlscharge volume The‘L‘effect of channel size was examlned | | ;
further by runnmg a 2.7 mm sg. x 30 cm dlscharge and a 2 0 mm sq x 30 cm dlS-‘
-charg‘e Flgure 3-10 demonstrates that the dlscharge voltage is a function of the
mput power den51ty, not the electrode separatlon |

Although 72 MHz was chosen as the operatmg frequency, based upon the
reasonmg' outlmed in Chapter 2, two other sources, one operating at 40 MHz and'b' |
| the other a varlable source at 30, 21 and 14 MHz, were obtamed SO that the effect .
of operatmg frequency could be analyzed. Usmg a metal ceramic sandwich
~ structure with a 2.7 mm sq bore the voltage versus power denslty characterxstm\ )
(see Figure 3-11)- was obtained at 72 MHz, 40 MHz, 30 MHz and 21 MHz The
| dlscharge ‘became unstable for frequencxes less than 30 MHz. | | ‘
The 1nstab1hty occurred because the polarlty of the alternatmg electrlcv
E fxeld, between the electrodes, did not reverSe rapidly enough to prevent the eleec-
trons from dr1ft1ng across the entlre dlscharge [47] Therefore, as the operatmg
frequency dropped the dl‘lft losses increased untxl the dlscharge became unstable. :

At the lower frequencles, however, the dlscharge stablhty was improved
by separatmg the electrodes from the channel w1th ceramic spacers. The capac:—
t1ve ballastmg effect has been used for some time to stablhze pulsed lasers (58, »i '

. 59] to produce uniform prelomzatlon of. hxgh pressure discharges [11, 60] and to

control large volume CW dlscharges [61]. More recently dielectrics have been
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FIGURE 3-10

Variation of Discharge Voltage w1th‘Input Power Density.
Two Channel Sizes 2.0.mm sq. [A] and 2.7 mm sq. [X]
are Consxdered

140 1 ’ . ) ’

‘letq'ge (Vrms)

T e : . - ’ - s . ’ *
- ‘}".v . . . . . - . : . :
120 L ol : R o B

w00 t. &

- l..\:,l.‘_ . ‘ . i . . S J—\:’
4 40 20 30 40 50 -60 .70

e Inpit Power (watts / cm’)
T iy i




FIGURE 3- 11

(V:rm"s‘) o

Voltage

- . .’D_/
- 260 | A—--#f/a

2001 o
gut 4

 |80~- /

The Discharge Voltage Versus Input Power Den51ty, Usmg
. a Variety of R.F. Supply Frequencies, is Displayed.
- X: 21 MHz; & 29 5 MHz; O: 40 MHz; O: 72 MHz. . .
The Arrows Indicate Where the Discharge Began to
Contract or Disappear T

¢

O - u'nstable o T
N I P -‘E—'——— R

280 1 unstablé ' /‘ -
1 i ﬂ»"”‘?,‘/_%/"._"'

240 ’ /a . /5

™ ‘  / 

e

Sy P

25 so 75 1100 125 150 175 200 225 250 275

o

Inpuf Power Densny (wans/c )

A



, 47"_\

employéd to stabilli.ze pulsed [25] and CW R.F. excited carbon dioxide waveguide

lasers [48].

" The 1mproved homogenelty assoclated w1th thlS dlscharge conflguratxon -
can be'traced to-perxodxc charge accumulatlon on the dlelectrxc surfaces ' Space"
charge f1elds arlsmg from charge bulldup oppose the apphed electrlc fleld servmg
as a negatlve feedback mechamsm. This charge promotes umformlty of the R.F.
current dlstrlbutlon over the dielectric. surfaoes This umform1ty of current d1s—' _
tmbutlon is then extended through the - bulk of the gas, prov1ded that the '
separatlon between the sheets is small (1 -3 mm) [25] ‘ |

At 30 MHz an alumma sheet 0. 36 mm thick was found to provxde. :
suff1c1ent ballastmg SO that umform dlscharges were achleved in premix gas at
pressures greater than 200 Torr. The channel was 2 7 mm sq by 30 em long Thls o
result was a consnderable 1mprovement over the 60 Torr maxlmum pressure that
was reahzed w1th a metal ceramlc dlscharge structure. :

For an operatmg frequency of 21 MHz, the thlckness of the ballastmg -
'} -plates had to be 1ncreased to greater than 1.8 mm before a stable dlscharge could o

'v?:be achleved to 150 Torr. Further 1ncreases in thxckness faxled to. produce an B
'1mprovement in the dlscharge stabllxty because the R F supply and the matchmg ‘
network were no- longer able to produce a. voltage large enough to break down thei'.--'
gas Obv1ously, as ‘the frequency drops, the serles voltage drop across the.
'.ballas_tmg. capacltance 1ncreases This effect places a practlcal llmltatlon upon. ‘:v
the lowe'r frequency limit. el o | |

Returmng to Fxgure 3 11, a closer exammatlon of the curves reveals that o
R the dxscharge mamtenance voltage declmes as the source frequency increases [45,
' v46]v._~ Thxs behav10r suggests that a- more efflclent fleld/pressure ratio may be

achleved for a partlcular gas mlxture by mcreasmg or decreasmg the R F source' :
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, frequency. Therefore, the ability to control th_e' discharge voltage by ch'a‘ngci,ng the -
so‘ﬁrce~~frequency—.'shduld—_enhaﬂce»’—fhe--ef-f-iciency—.of‘t-hg}carbon—d-ibkide—wa'\j/egufidei—;

laser. -



. CHAPTER 4 |
THE 20 WATT WAVEGUIDE LASER

4.1 - Constructlon Detaxls

The desxgn of the 20 watt wavegu1de laser evolved as. the dlscharge :
: experlments were conducted. The -most -'1mportant feature of this vde51gn was a
‘ hybrld metal-ceramlc dlscharge structure resonated w1th three parallel mductors.'v

‘.The actual laser 1ncluded two 30 em sectlons clamped end to end, w1th each

: ‘sectlon drxven by a 100 watt amphfler. The total system lS shown in Flgure 4- 1a.

Each external matchmg network was attached via'a 12" 50 Q coax1al cable to a.
bldlrectlonal power meter Whlch m turn was connected to a’ power amp11f1er.

The T matchlng networks empﬂoyed contamed 150 pF varlable capacxtors w1th the -

’ .-.mductor orlentated far enough away from the capacxtors to prevent f1eld‘_

“couplmg In thlS way mput powers of 100 watts ‘were achxeved w1th less than 1__

g .' '..watt of R. F. powernreflected

I

The entlre R. F electrlcal system orlgmated at a smg‘le osclllator whlch

',_”‘connected to a drwer clrcu1t. Beyond the drlver a 4 way splxtter network was

-'employed so that 4 ampllflers could be drlven.

Flg‘ure 4-1b dxsplays the laser w1th the matchmg networks removed. The e

entxre waveguxde was §prrounded by a transparent acryhc tube. The ZnSe optlcs_ o

L were mounted on a.lummum mounts, 2 mm from the g'ulde, thelr orxentatlon was S

/

o ad]ustable usmg exte%r controls., The laser radlatlon was coupled from the gu1de PRI

and propagatedwthe gas envelope via a salt wmdow Wthh was attached to,- o

the/nd flange. The entlre structure was’ "0" r1ng sealed except for the twov
) -electrlcal feedthroughs whlch were fastened in place usmg two swagelok fxttmg's

'v The waveguxde structures s shown in F]gure 4- 2. The wavegmde

’ *channel, wh1ch was 2 5 mm sg. and 60 em long, was formed by clampmg severalj o

a9
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. The 20 Watt‘W'éveg'uide"LaSer o

; 4;:.
RS & N
- FIGURE 4-1b .

- The Waveguide Laser With Matching Networks Removed ~~ .-




FIGURE 4- 2

: A Sectlon of the Waveguxde Laser
Wlth the Top Plate and Oneé Sxde 'Panel Removed




cerﬁgnc spacers between a top Al electrode and a water 'cooled Al g'round plan

: ,Both alummum electrodes were Tapped to mm1m12e opt1cal scattermg losses. :

‘ N

.52...

-

coan o

|
s

‘.‘ ) S ) .:". . o ‘ .,"\3
. J‘

'he‘

upper electrode was d1v:ded mto two segments Whl(!h we)l'e separated by 6.0 mm.
s ‘

‘_However, thls separatlon was reduced to as small as 1. 5 mm thhout producmg'.

o any R E coupllng between sectlons " The electrodes were/ covered by an A1203 '

"plate to- prevent corona of the low pressure gas near thelr surface Each sectlon
-'.‘was tuned and matched separately When both sectlons were turned on, the‘
lmpedance match for each was preserved. ThlS result mdlcates the lack ofg :

'electrlcal 1nteract10n between sectlons. L SR t .

42 .’ O@ratlon and Behav1or »

S R '
: When the laser was operated w1th a total mput power of 200 watts,

”4vhmax1mum smgle mode output of 21 watts was obtamed The power versus_ g

a ,pressure curves whxch are shown in Flgure 4- 3 were" derlved usmg a 8496 reflector‘ .

o as the output coupler Rlcher gas mlxtures were also tested but they aIl ylelded‘_'

L lower output powers. Rr '» - ST *-_ e

; ":_‘.,'mcreases can be explamed by consxdermg the effect of hellum on the gam of the.‘j e

o carbon dloxxde gas mlxtures.‘ These curves dlsplay three maln characterlstlcs.‘

The loss of power as the partlal pressure of the carbon dlox1de gas_

j'wavegmde laser. The measured galn coefflcxent as a functlon of the total gas_"f

b pressure has been recorded by Abrams [22] and Lav1gne et a.l. [26] for a varlety of"”

]

s FII‘St, the gain peaked at lower pressures for mlxtures r1cher in carbon dlox1de :

B "Therefore, 1f the dlstrlbuted losses 1n the wavég‘uxde are reasonably large, a rxch: - '

.(greater ‘than. 1096) : Secondly, the addltlon o?u He shxfts the maxlmum gam»- .
'towards hlgher pressures and lowers xts maxlmum value, and f1nally, the gam . -

-'vcoefflclent is almost mdependent of pressure at hlgh He concentratlons.,’_ o
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FIGURE 4 3

| Laser Output Power Versus Gas Pressure For leferent
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mix will not have suffncxent gam at the hxgher pressures to produce populatlon

- inversion. - This. behavxor was premsely that whlch was’ observed Lasmg could

| only be achieved in the rlch gas mixtures by lowermg the gas pressure SO that the
gam would exceed the distributed loss. . » ‘_,. 'q
Rxch gas- mlxtures were- also characterlzed by gaps whxch developed' in o
the’ discharge -at pressures greater than 100 Torr. Thls mstablllty, as was
‘ di’scussed in the previous. Chapter, arose because the lnput power den51t_y was not
sufflclent to mamtam a p051t1ve lmpedance characterlstlc.‘ | |
.

Smce the wavegmde channel was lossy, the output power versus reflec-

N

_tance, shown in Flgure 4- 4, was plotted to see if add1t10nal power could be

{ [

.__.obtamed usmg a dlfferent output. coupler - No addmonal power mcrease was
"-obtamed, however, as a lack of optlcs at 9096 R, 8096 R and 75% R prevented the
vaccurate determmatlon of thlS eurve. The laser was also found to be extremely
. | _ sensxtlve' to allgnment. Wlth .the 2.5 mm sqv.b"bore, .single_- m'ode“op‘eration' was.
- often d1ff1cult to achxeve and maintain. Thisfbehavior-was' .not_‘ir.nproved._even i
when a lossy output coupler such as a 80% reflector was used.
The channel sxze was reduced to a2 mm sq bore. ThlS change lncreased

":the dlstrlbuted loss (see Chapter 2) whlch lowered the max1mum power to 19 5‘ -

watts when an 8496 reflector was used. However, the allgnment dlfflcultxes were

reduced and the stablhty of the smgle mode output 1mproved mgmﬁcantly._ The o

: power versus pressure curves for a 2 mim sq bore x 60 em long wavegmde are
. \ A o Y X o = . R L
shown in Fxgure 4- 5. o R ;- .

Although the power dropped shghtly as the bore size decreased, the datav’v .

obtamed can Stl‘ﬂ be shown to be m agreement w1th the scalmg laws for carbon

.

| dloxxde lasers [22]. As is well known, the gas pressure correspondmg to the peak

-laser power mult1pl1ed by the tube dlameter should be constant Slnce the R. F



FIGURE 4- 4 ‘ S ,

‘Laser Output Power Versus Output Coupler Reflectance. -

A 2.5 mm sq Waveguide with a 14.8:2.1:2.1:1 [He: CO N :Xe]

Gas Mlxture was Employed
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FIGURE 4-5

. Laser Outpht Power Versus Gas Pressure For Different

He:CO,:N,:Xe Gas Mixtures; X: [14.8:2.1:2.1:1};
N 02:"[-1%‘.-6:2'.-7:2-:7:1»];»A—-:~[—-1»5;5:»1-.»7,:—1».'7—:~1~]. '

" Laser Power

(watts )-

’ The Waveguide Cross Section was 2.0 mm Square.

20 | ' ,37‘\& \
18 . : /,7/- %x \\.
. | L ._’{\
| / R SRR |
rooo N
2 . \q .
10 F ' T
8 F
60 . ‘ 100 140 . BO 220 -7 o
' Gas Pressure (ftorr) ' J o ‘



S 57
wavegmde bore was square, the 51de wall dlmenswn was used to represent the
diameter.: For a 2 mm sq. bore the max1mum power occurred at 150 Torr, there-

--Qfé—-fore,—»Pd-L3O—Torr-—c-m.—-Slmxlarly._P.d ,30 for the 2.5.-mm sq- bore since_ the powerr___,;_
peaked at 120 Torr. As expected the Pd product was constant. | |

The last characterlstlc to be exammed is’ the laser efflcxency W1th a 2.5
mm sq bore‘a maxxmu’m of 214 watts of power was reallzed at an effxclency of .
10. 596. W1th the 2.0 mm sq bore the max1murﬂ output power of. 19 1 watts was
‘ achleved at an ef'flcxency of 9%. The loss of efflcxency cah most certamly be
attrxbuted to an. 1ncrease in dxstrlbuted losses (see. Chapter 2). However, the,
questlon remaxns as to why only a. maximum efflcxency of 10 596 was reallzed :
. “when other researchers report efflclencles of 15% [49, 50] o
| The most lmportant loss mechamsm is optxcal scattermg Ide'ally the
losses in the wavegmde bore could have been measured usmg a stablllzed CO2 |
laser coupled into the g'uxde w1th a lens. Such a laser was. unavallable, however a _
. vlsual ‘examm‘atlon of the channel revealed several potentlal sources of scattermg -
For example: six ceramlc pleces were clamped together to t'orm the\ channel.,
Scattermg most certamly occurred at the diScontmultxes whlch were formed byl
shght mlsahgnment of these pleces. Secondly, ‘the channel surfaces ‘were not‘
pohshed smooth, but only lapped flat. -Fmally, the laser beam propagated through , \
a salt wmdow whlch sealed the vacuum envelope. ThlS w1ndow was not antl‘v:‘

reflecthon coated, therefore, both the mner and outer surface reflected a small .

v s - r:

percentage of the mcxdent radlatlon ‘.jd

Other potentlal loss mechamsms such -as R F radlatlon and R. F ohmlc

W :
heatmg ex1st.v A close exammatlon of these mechamsms, however, md1cated that“ '
. thelr ,contrlbut1_on was'not 51gn1f1,cant.j _ TSI R

L voe o ) C 4 L . ‘ . . . B
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As a fmal consnderatlon, the laser coohng te,ehmque was. exammed to see

| if madequate coolmg of the gas mlxture could account for the. loss of efflcxency

%’EU

y . Several observatxons 1nd1cate that thls was not the .case. Flrstly, the bottom

¥ .J'-

.electrode was water cooled. Secondly, the theoretlcal analy51s (see Chapter 2) o

-

indicates that the gas should be adequately cooled Thlrdly, the . laser was turned

’off and allowed to cwwhen xt s turned on agam the laser power remamed ‘

steady and dld not d} ecline as one wo xpec e gas was being madequately"' .

s ‘ & ’\7‘ ,‘é

S , ‘z’“

e "The r;"esultsi-?resented in’ thlS Chapter {” g‘yc'ate that a. 20 watt 1096 SN

ES
,”“? - <

‘:“eft‘lclent laser s easxly constructed., The dxscusslon also. mdlcates that the’_

‘ 1mproved.

o

" effmxéncy could be further mcreased if the optlcaI qua.hty of the channel was"

R < . R 7..:"
. - N
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CHAPTER 5

THE FOLDED CAVITY DESIGN

5..1 Constructlon Details L, N o _ o
One of the advantages of the R F. exc1ted CO2 waveg’uxde laser 1s its "
compact 51ze However, to mamtam this advantage, when a hlgh power CW_:-
output xs requxred (g’reater than 20 watts), the optlcal cav1ty must be folded. |
AFolded waveguxde structures con51stmg of yo or: more parallel channels have
..been constructed by several researchers [63,,!!4] The prlmaryvdlsadvantage of
thlS arrangement is the optlcal 1083 wh1ch ar;ses when the beam 1s steered from’ -
,one cl%annel to the other To reduce thls optlcal 1oss, the two channels are often_

orlentated in a nv" shape [49, 65). .This orlentatlon is. superlor because it only ‘ ‘_' ’

requlres a smgle turn, ‘around optlc sb that the length ot‘ the ung’ulded portion of '

- f‘the beam 1s mmlmxzed. For this reason a conflguratlon consmtmg‘ of a "v" shaped‘.-

-waveg'u1de was axlopted in the folded cawty deSIgn

>

\

r . _The remamder of the de51gn was sxmllar to the laser dlscussed in Chapter

R

"4, except for a few 1mprovements. The waveguxde Cross sect1on was mamtamed

R

) Q 2.5 mm- sq, but- the channel was a homogeneous alumma structure compared to =

e noo g - /
. the’ meta.l ceramlc sandw1ch de51g’n prev1ously employed. This” hon*logeneous g
- \ . »J" ..i’~ ’

A& _

. o Ry
' mcreased the transverse modé‘ stablhty of ﬂle output beam
g '

o




60

To*reduce“the‘optical“scatteringflosses-the—interior—surface's‘of-’the-—wave- '

,guxde were carefully pollshed prlor to assembly. ‘The b’ottom 'plates were first

Ve

"lapped using #500, #800 boron carblde abraswe and #1000 sxlxcon carblde
abrasive.’ These lapped surfaces were metalhzed using a Dupont Ag thick film
. paste [68] and polxshed usmg #600 emery paper, followed by trlpoh and red rouge
with a paraffln 011 lubrxcant The resxdues were removed by washmg the plates
for 15 mmutes in an agltated bat’h of acetone. This metal thick: f11m was ‘used to

enhance the reflect1v1ty of the surface, to lmearly polarlze the laser beam, and to

prov1de -an electrlcal ground plane for the dlscharge. Alternately, the' ground
plane could have been estabhshed on the under51de of the base plate, but ‘such a »

\

conflguratlon would have requlred a substantlal voltage drop across tﬁe series
capacltance prov1ded by the bottom plate. As was dlscussed earher (see Chapter'
3), this addltlonal voltage would raise the "Q" of the matchmg network and lead to '
greater resxstlve lossés and electrlcal mstablhty. o ' jv o s

As was mentxoned, the chamfel was form@ by fastemng the side pleces‘
on the two bottom plates. 'I}hese 51de pleces were orxgmally metalllzed and "
soldered in place, however the resulfmg metal ceramlc bonds were very weak and

- unrehable, Therefore, Torr Seal epoxy. [6% was used to glue the wavegmde 51de .

o * v s

o ua-pxeces to the base plates The channel faces of the 51de pleces were also pohshed.

“r

’;‘,_ _ After the bom and /slhcon abraswes were used, each sectlon was pohshed usmg a

EE T

.86 um and a 1 um dlalmond paste embedded in a pollshmg cloth. A hght paraffm

011 was used as'a: lubrlcant whlch enabled the pollshmg wheel to work unattended ‘

Exammatlon of the r\esultant optlcal fll'llSh with a scanmng electron mlcroscope S

|

' revealed that all the remammg p1ts~were less than 10 um-in dlameter. _

0 Thg top plate was lapped flat and clamped m place. The electrode, as . .-

hown' in Flgure 5-1b, was placed on the outside of- the top alumma plate using an
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v o
.o

FIGURE 5.

The Photograph Below Shows the Waveg‘uxde Channel w1th the
,Matchmg Networks and the Top Ceramic Plates Removed. The
' Channel Was Formed with 22 Pieces of Al,O, which were
Mounted on Two 22.9 cm by 10.2 em Pieces of Alumina.
_The Schematic Outlines the Cross-section of the

: ' Desngn in Greater Detanl

WOVéQﬁid’é:":ﬂclhq_nn\ér_' -

‘5‘
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Erom-.this _electrode _the_.R E..e:energ.y.._wasecapac l.tiuely_»_f_.

—_;'--‘Ag——\thick;f-ilm;paste; :
| coupled through the top plate w1th a dlscharge then formmg to ground Orxgmally oo
the dxscharge 51de of the plate was also coated w1th a Pd/Ag Jayer. to reduce the
i 'optlcal scattermg losses. However, subsequent dxscharge tests mdlcated that thls
‘ metal layer allowed R F. standmg voltages to develop -
| One other 1mportant desxgn 1mprovement related to the mput power ’. ’,
densxty.v ‘The laser dlscussed m Chapter 4 was drwen by two R F. ampllflers, w1th -
L f.each amphfxer dr1v1ng 30 cm of dlscharge. ”The folded cavity was drlven thh ‘,
i .‘l:‘double the power, but each ampllfler saw only 23 em of dlscharge Therefore,
prov1ded the gas mlxture was. not saturated, the laser was expected to produce o
tw1ce the output power w1thout doublmg the leng'th of the dlscharge. :
As is shown m Flgure 5- 2, the remalnder ot‘ the de31gn was unchanged‘ ,
' _from the laser prev1ogsly dlscussed. The laser was d1v1ded mto four sectlons, each'
“-_sectlon was drlven by a separate ampleler and resonated with- three mductors.
B I3
The mlrrors were mounted 2 mm from the gulde, and were externally ad]ustable (

" The laser was water cooled and an uncoated salt wmdow was used to couple the

' radxatxon out of_‘the vacuu,m envelope. RRPER S

The Laser Operatlon

Inmally only a- smgle channel of. the folded channe’l was allgned for laser
B o :
. operatlon. The Smgle channel was constructed in two ways to assess the effects*

L)

= * of a gap in the waveguxde.- The‘ upper schematlc m Frg'ure 5 3 dlsplays the gulde ‘

=

of a smgle channe& laser wh11 he lower sehematlc edlsplays the smgle g'ulde




FIGURE 5- Za '

'I‘he Folded Cavxty CO Wavegmde Laser

FIGURE 9= 2b

'An External View of the Wavegmde Laser T

~With the. Matchm ‘Networks. Removed. -
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- Two W’ayvegﬁide Geometries Which Were Alignéd and'-
’ - Used as Single Channel Waveguide Lasers - '

V4

12 7
I3

. FE




losses inthe laser.

Y

} Earlv tests with this' laser produced very» low' output' po'wers'.“ uMass_"

' spectroscopy analy51s revealed that the acetone whlch Was-. used to clean the'_

channel was: absorbed by the alumlna When the chamber was evacuated

~

'v outgassmg occurred whxch rapxdly contammated the carbon dxox1de gas mxxture.y' S

To av01d thlS contammatlon, the premlx gas was flowed through the waveguxde B

Wlth th?s arrangement the laser power rose from two to twelve watts whlle thev , “

d1scharge colour changed from gray to pmk The gas m1xture, however, could not‘ ,

‘ out at 80° C for 15 hours. Subsequent operatlon ylelded 12 watts thh backfllled

eas1ly be optlmlzed with a flowmg gas arrangement, S0 the laser head was baked B

' premlx gas. ThlS result mdlcated that the contammat1on problem had been B

A o
ehmlnated. Further 1nvest1gatlon mdicated that thIS contamlnatlon problem could .

e

have been. prevented by usmg a non-porous varlety of alumma [38]

To compare a smdle channel of the folded cav1ty, to the 20 watt laser- :

[y

T

By 5
R was requlred to mamtam the 1§cracav1ty mten51ty at 125 watts. _ ance an 8896

R output coupler was unavaxlable, an 8496 R was used.__ The effect of gas mlxture

and gas pressure upon the output power IS shown m Flgure 5= 4. -Note that a
max1mum Output power of 21 watts at’ 1096 efflc‘Fency was obtalned, Wlth a |

sllghtly lower output power of 17 5 watt’s an efflclency of 11 696 was reallzed.“

CRPO

’I‘hls result compares favorably to the smgle channel laser dlscussed in Chapter 4.‘.-

In addltlon, the output mode stablhty showed a substantxal 1mprovement.-

v

| dlscussed in Chapter 4, an 1nput power of 150 watts and an output coup}er of 8896 .
. BT L

The output power and laser eff1c1ency versus mput power are shown in -

I3 ".,

Flgure 5t»5. The curve mdlcates that the gas mlxture was not saturated, there—, :

fore, mone tham 46 watts/cm could be rea_hzed 1f more- R. F. mput power was.: o
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Laser Output Power Versus Gas Pressure For Three.
Different He:N,: :Xe Gas Mixtures; - ‘
o X: [10:1:1: 0.6 00 ¢ F14175109],0[61104]
A Smg‘le Channel Wavegmde Wlth 150 Watts of Input Power Was Used
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_ 'FIGURE 5-5
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v Laser Po&er,A(O)‘vand‘ Efficiency xy Versus
- Input Power For a Single Channel Laser
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avallable Further 1mprovements in efficiency would also be p0531ble lf the salt

—-_wmdow -was- antlreflectlon coated-and--if-. the»—lase- output~coupler_._was ~better____

L]

optlmlzed
When both channels were al1gned, w1th an mput power pf 300 lwatts an -
’ output power of 30 watts was obtamed. Flgure 5- 6 dlsplays the laser power versus |
gas pressure curve for the double channel wavegmde laser Ideally thls cav1ty
% should have produced 34 watts because a smgle channel produced 17 watts mth an
xdentlcal mtracav1ty 1nten51ty. Thxs power drop occurred because the folded
| »cav1ty was much more dlfflcult to align than the smgle pass system. To obtam a

. preclse ahg‘nment the turn around opt1c had to be preclsely located at the

'v,,mtersectlon pomt of the channel ax1$ Preallgnment procedures w1th a HeNe

od that the mlrrors Were not qulte posxtloned correctly Thxs problem &

- la-sf’%{»é.‘

.‘been corrected lmt not w1thout a substantla.l mvestment of machme
st _:vptlme. Overall hov«;ever, the performance of the folded cav1ty laser was very
"‘encouraglng -To further 1mprove the laser operatmn several changes were -
'pos51ble. The mlrror pos1t10n could have been 1mproved, the R F drxve power
| 'l-mcreased, the output coupler could have been better optxmxzed and the vacuum
1ntegr1ty of the gulde 1mproved. These 1mprovements were not 1mplemented to
thls laser because they could easuy be mcorporated along w1th other chang‘es in a. |

" new de51gn These lmprovements, alternate de51gns and 1deas for further woxc'lc are

S dlscussed in: greater detall in. the next Chapter

“-._.. 4N



CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

ThlS the51s has exammed the operatlon of wavegmde lasers in detall, :
V v

however, con51derable research remams before a hard seal long life dev1ce can be

A

constructed at the Umversxty‘.of Alberta.} The purpose of th1s chapter 1s to sum-

marlze the results presented in this work and to make suggestlons for future work.

e

,'-The materxal W1ll be dlscussed, to a large extent, in. the same order as xt was pre—v .

’. . u -

“.sented in the mam body of the the51s. ; o @» s ..'.'; SRS |

o )

- these devxces. Chapter 2 dxscussed the“theoretlcal aspects of the de51gn of wave- o : -

‘ ‘,‘gulde lasers with spec1al empha51s on laser coohng, OPtlcal 1osses and the OPtImum": R

v

"R F operatmg frequency
| Chapter 3 exammed ‘the results of the gas dlscharge exper1ments A .

standmg wave voltage was observed across the dlscharge, but gas substantlally :

. reduced by posmonmg mductors along the electrode The mductors added a -

e _""pos1t1ve phase\ contrlbutlon to cancel the negatlve phase contrlbutlon of the

channel. capamtance. The net effect was a more umform dxscharge voltage The';,'_ :

'laser dlscharge was matched to the” R F. ampllfler w1th less than 196 reflected

7 .‘R F power. The mmlmum R F. operatmg ﬁrequency to produce a stable dlscharge .

',m a 2 5 .to 2 0 mm sq bore wavegu1de was found to be about 40 MHz. More'

R efflcxent excltatlon was reallzed by runmng at’ 70 MHz The max1mum operatmg‘."."'-'"

R frequency was found to depend upon the waveg‘ulde mater1a1 and the requlred

- voltage umformlty The reallzatlon of an optlmum fleld/pressure ratlo was shown .\ '

to’ depend upon mput power densxty and laser gas mlx.A ' | - x\' o

Chapter 4 examlned the operatlon of a smgle channel hybrld carbon. ’

~

o lexxde waveg‘uxde laser. With a- 2 5 mm sq bore, the laser produced a max1mum_ s

, O Chapter 1 mtroduced wavegmde lasers and outlmed the advantages of



almost 1296 was eas:ly reahzed.» W1th 200 watts of mput poWer, the laser«stgil ]

71

of 21 watts at 1096 efflclency A smaller 2 0 mm sq bore laser ylelded 19.5 wattsr :

-‘at _a reduced efflclency but the mode stablllty was observed to 1mprove

(R
Ti2A

dramatlcally ' ‘ ‘

&

Chapter 3 discussed the operatlon of a folded cav1ty waveguxde laser.__~
Q .
: Imt1ally only a smgle pass of thls structure was ahgned A max1mum efflcxency of

\,v\ \)v

- mme the max1mum laser” power that could be extracted from the gas mxxture

As a double pass laser, W1th 300 watts of mput power, 30 watts of laser

A

| pass laser dlscussed in Chapter 4. ThlS 1mprovement was attrlbuted to several.

B power was obtamed. Clearly, the folded laser operatlon was superlor to the smgle

: factors.. - Flrst, the reflectmg surfacea of the gu1de were carefully pohshed to -

- be non porous to reduce the p0531b111ty of contammatlon, and assembled to form a’

"'_'alumma to reduce mstabxlltles l%used by therYnally 1ncompat1b1e materlals. Thef ;,"j .

\r..

1nput power den51ty was mcreased so that the gas mlxture was more effectlvely

. V.'

i that all the 1mpur1t1es were removed from the vacuum envelope Further‘gams m y

laser power and efflclency are- prOJected by 1ncorporat1ng a few changes 1n a th1rd

o de51gn In the followmg paragraphs these lmprovements are dlscussed

To obtam effxclent operatlon the wavegu:de should be constnucted w1th a N

1; mmlmum number of carefully pohshed alumma strlps. The alumma pleces should ‘

*-

. r

ot 5 mm %" bore wavegulde. To estlmate the optlcal scattermg and absorptlon

"’losses m the gulde, a dlther stabxhzed 002 laser beam could be propagated

: A"
_exclted. F1nal1y, the gulde was baked for 10 to 15 hours prxor to use to ehsure'i..

operated at over 1096 efflclencv More 1mportantly, the gas mlxture _was'not-',_‘_»v_ s

‘ saturated. Unfortunately a greater R F mput power was not avallable to deter- -

e

thro_ugh_: the guld'e.- ,‘ Thl_s. :CO_Z laser‘ .could perhaps,- even be _ estabhshed as a . ,i '



the effects of frequency upo,n'effxcxent gas excxtatlon. . More 1mportantly, the'
,.,.! AL u’»: .

If a folcled cav1ty is redulred, ,

ri

located at the 1ntersectlon of ;he axis of the two channels. . The optlcs can be % o
I . !.,, . ] ‘-
) mounted W1th ad]ustmg' screWs but 1dea1§y they‘hshould be mgldly attached n

‘_v,,..

.'g,r

farther than 2:mm from the gmﬂe. - .‘_ N e
' The precedmg dlscussxon 1s at .best on}y a brlef outlme of further work. .;’.;,. g

.,—; . ﬂ.,-

vThe author beheves, however, that these 1mprovements wxll be sufflcxent to yleld

o 3 ;;, 2
1fet1me ;tﬁdies of carbp‘n dlox1de=m
L 9__\\,-.“ RS PV
'waveguld‘e la.?egs are currenﬁﬁs bemg % rously pursued m many regarch

p ,-:‘ .»-,r: i af' . {" ";“ Vg R - 1 ‘

laboratorles wdrld-wxde._ Thls tltems has lald tgxee gr.oundwork’ 'af’ the Up“versxty of

> : '” 6 ' fkn 7 9“ 5 "A’ 414' N

E * A)berta, by establlshmg the methodology requ;red to buuo mgh ouzput power (> 30

"l..

: B ’~".x e TN =
but,.mu’ctf“w iy remamk. - Hard g

B sy W e ..» : P .
g% BN .

sealmg', refmement of cleanmg and assernbhng techmq es, combmed wrth gas and:

LY P 3 & .

- '-q‘;.

O * hfetlme studles must stlll bé' performed before 8, rehabl iaserﬁ'bprce 1s: obtamed
. - .. . . o " -4 P . . ; . ‘ . ’

L for surglcal appllcatlons. T D R L
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