I T
o l* " 'National Libary - » Biblioth o nationale .
; v ofCanada ~ .~ ' duCanada

"Canadlan Theses. Service

k 'OttaWa. Canada
K1A ON4 - & :

““ . CANADIAN THESES

}

~ NOTICE

s

7%
.

The quality~of this microfiche is heavily dependent upon the -

‘quality of the original thesis submitted for microfilming. Every

. efforthas been miade to ensure the highest quality of reproduc- - :
~~__ tion-possible. ‘ _ o

' 'if biges are missing, contact the ‘university which granted the
" degree. -+ * . B :

Some pages may have indistinct print especially if the original

‘pages Were typed with a poor typewriter ribbon or if the univer-

~ sity sent us an inferior photocopy. -~
S e P

v

'P(éviou§ly' copyrighted materials. (journal anicles, ‘published

- tests, etc.) are not filmed.

Reproduction in full or in part of this film is governed by the

Canadian Copyright Act,-R.8.C. 1970, c."C-30.

~ THIS DISSERTATION
" HAS BEEN MICROFILMED
* EXACTLY AS RECEIVED

———

NL~339 (+.86/06)

. ‘ oy . . . “uo

Services de‘svtg.éses canadiennes

o \

" THESES CANADIENNES

La dualité de cette microfiche dépend grandement de la qualité
de la thése soumise au microfilmage. Nous avons tout fait pour

assurer une qualité supérieure de reproduction. -

'§'il manque des pages, veuillez communiquer avec l'univer- |

sité.qui a conferé le grade.

La qualité d'impression de certaines pages peut laisser &
désirer, surtout si les pages originales ont été actylographiées
a I'aide d'un ruban usé ou si ['université nous a fait parvenir

une*photocopie de qualité inférieure:

Les documents qui font déja I'objet d'un droit d'aliteur (articles
de revue, examens publiés, etc.) ne sont pas micydfilmés. ‘

La reproduction, meme partielle, de ce microfilm est'soumise. -
4 1a Loi canadienne sur le droit d'auteur, SRC 1970, ¢. C-30.

LA THESE A ETE
~ MICROFILMEE TELLE QUE
~ 'NOUS L'AVONS'RECUE .

.!,

N



/
/
/

. THE UNIVERSITY QF ALBERTA

S N . . R
! . *
/- . L . -

SEALED RADIO FREQUENCY- EXCITED CARBON DIOXIDE WAVEGUIDE |
.. ~LASERS /

SN
ﬂ

\-’\‘\\,\ g BY ‘,1/ " .
@ " BRUCE A‘.\'M?}cRTHUR-

: | \
; R
. / .
/"

VoA THESIS
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH

INPARTIAL FULFILMI;NT OF THE REQUIREMENTS FOR THE DEGREE
' | o? MASTER OF SCIENCE
|
.\ ;
: \\ /‘ >~
DEPARTMENT OF ELECTRICAL ENGINEERING -,
‘\\ ‘ -3 //, . $ | . T . / -(J'
” l \,\ Y , v.//./’ ) B . : .‘ B
‘\l ’ / ° t - |\ :
/ . .
Coe Lol EDMONTON, ALBERTA
— - \ F " EALL 1986
- | n \\ /’.
-
. v



- Permission has been .granted
to the National Library of
Canada to mlcrofllm this
‘thesis and to lend or sell

copies of the: film. . -

The author (copyrxght owner) -

has"reserved
publication, rights, "and
neither the thesis mor
extensive extracts/ from it

other

may be printed or otherwise

reproduced without
Wwritten’

hls/her

g

perm1551on.'

L'autorisation ‘a &t& accordde
a la Biblioth2que nationale
du Capada de microfilmer
cette th&se® et de préter ou

de vendrd des exemplalres du

£ilm. ‘ , e
L'auteur (titulaire du droit
d'auteur)- 'se, ré&serve les

. autres dr01ts de publxcatlon-

ni  la thdse ni de longs
extraits de celle-ci ne
‘doivent @&tre .imprimds .ou

autrement reproduits sans. son
autorisation &crite.

ISBN @-315-32391-4"




NE

* P

THE UNIVERSITY OF ALBEHTA .

-

RELEASE FOBM

* NAME OF AUTHOR: Bruce A. MoArthur ‘) .

| : TITLE QF THESIS Sealed RadiorFrequency-Exclted Carbon Dloxrde

‘ e Wavegurde Lasers STy o
DEGHEE Master of Science P
YEAR THIS DEGREE GRANTED 1986

Permrssion is h‘ereby granted to THE UNI\{ERSITY OF ALBERTA

copies for private, scholarly or scientific research purposes only

. The author reserves other publrcatron nghts and ‘neither the thesrs nor

author‘s written permrssron

i

Q(tenslve extracts from it may be pr;nted or otherwlse reproduced wlthout the

5

) z,,.__, ”ﬁﬂﬁ’,,__

" #207, 10655 83 Ave

EDMONTON, Ab

T6E 2E3

I

"LIBRAHY to reproduce single copres of thls thesis and to lend or sell such o

Y
B



| A THE UNIVERSITYOFALBERTA |
oo FACULTY OF GRADUATE STUDIES AND RESEARCH

. N4 ’
[ : c
w

. . . 4
The undersrgned cemfy that they have read and recommend to the
Faculty of Graduate Studies and Research for acceptance a thesis entitled
_.SEALED RADIO FREQHENCY EXCITED CA\FIBON DIOXIDE WAVEGUIDE
LASERS .
submmed by BRUCE A. MCARTHUR

in parttal fulmment of the requrrements forthe degree of MASTER OF SCIENCE .

&E

. Date: _Segt 2/

e S ]

[ES



" ABSTRACT |

. 'l'hlsthesledescripee a study of the lifetimg-ifiniting factors in sealed
radlo treouenoy-e;tclted carbon clloxlde wavegulde lasers. 'Sev‘eral slgnlﬁcant
- goals were achieved as a result of this work. First, a set of procedures
concernmg the design and constructlon of sealed CO,, lasers was established

Using these as guldelmes. a 5 watt epoxy-sealed wavegulde laser was'

B constructed and two prp’btype metal-sea"led lasers were deslgnedr Secondly,

| a high-vacuum laser processlng statlon equapped with a resudual gas analyzer

for the on- lme sampling }nd art"alysls ot laser gas’ mixtures was desugned -and | o

constructed. A series of expenments were then oarrled out to determme the -

' elfects of pressure, gas mlxture mput power,-and resldual gas oontammants on

COz dissociation and laser output power The results of these studies doth';
extend the/ range of prevrously published data on.BF-exctted CO, laser gas-

| .aisoh‘arges and are of direct applioatihon to the development of'sUrgioal CO,

laser systems at tl\e Department of Electrical Engineering’'s Medical l._aser Lab.
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"' The compact co, wavegulde laser, having a oontlnuouo output power of

" between 2 and 50 wqtta. has beoome increasingly poputar for Iow-power ;

medical, tndustrtel and military apptloettons over the past decade beoause ot its
rugged constructlon and long segled litetime. For surgical appticettone.

wavegulde laser technology is an ideal\replacentent for the. conventlenal. '

t)owlng-gas CO,, laser, which 'requlree fragile glass tubee. bulky vacuum pumpe

" and gas bottles. A eurqioal CO, taser eyetem. based on a metal»euled radio
an output pdm/of ot loast 50
ical Lagsr Lab at the University ~

frequenky-excited co, wavegulde lager wi
watts. is currently under devetopmxe\nt at the

“of Alberta. The goal of this projectNs tg/ study the litetime-limiting 1actors in

., sealed radio frequency -excited CO, Waveguide lasers in order to produce a

sealed’ high~power laser with an operating lifetime of tw

[
\\

Wavegurde lasers. were first operated usmg high-voltage DC excitatron

Reports of sealed-off operatlon were made as early as 1973 by Abrams and |
) -
Bndges1 although it was nat until 1976 that the ﬁrst studies- ot extended lifetime -

&
were made by t-lochuli2 and Laughmann3. Hochull extended his earlfer work on
cathode ‘materials m sealed conventrc)nal CO, lasers* to a study o? discharge

tubes with the dimensions (0.6 to 1.0 mm diarneter) and pressuree (100 to 200

~ torr) found in waveguide lasers. Hesults mdicated 5000 hour(ntettmes could be

expected although his initial tests with Iaser tubg were disappotntrng
Laughmann obtalned 2600 hour operation trom an epoxy: -sealed Dc-excrted
laser with a beryllnum oxide weveguide and copper electrodes

.s



"In'1977, the use of radio-frequency excitation, applied transversely to the -
wav’egulde structure, was reportedS:. SUbsequent studies,demonstrated that

RF excrtatron has a number of advantages over DC excrtatlon The RF

charge has a posutrve impedance charactenstlc whlch results m greater o

stabllrtywlgnd allows the ellmmatron of ballast resrstors thus provrdmg rncreased
’* ;‘. _1“efl|crency Th lower drscharge voltage of the FlF dlscharge also allows a more . |

optlmal excuta?lon of COz gas molecules As a result Iasers wrth both htgh
efficiencies (13%)7 and very hrgh output powers per umt length (> 0. 8 W/cm)7‘.'
have been produced Furthermore RF-excrted lasers can be scaled to higher
output powers more easlly because the transverse discharge scales by current
“rather than by voltage as is the case for. longltudmally excited DC duscharges

/f

The FlF dlscharge also can be’ drrectly modulated thus ellmlnatlng any :

o requrrement for external shutters in pulsed operation. Most sugmfucantly, for the

" .purposes of this rnvestlgatlon it has been clarmed that FtF excitation results m
sngnmcant lncreases in sealed Ilfetlme ‘The tlrst reports of sealed lrfetlme from a

7 RF-excrted 002 wavegurde laser were made by Laakmann8 who reported 3000

DC excited CO, lasers exhrbrt a number of plasma chemlcal processes :

. hour Irletlmes

| "whuch limit sealed lifetime. The most |mportant of these are the dlssocuatron of»', |
COz and cathode sputtermg The drssocratlon of 002 |s caused pnmanly by‘» )
i |mpact 'with | 7eV electrons9 (the reactlon has a cross sectlon Wthh peaks- |
strongly at 6 QeV) as descnbed by the equatlon B r'
| e+COz->C02+e->CO+O+e ‘
(the esterlsk denotes COQ |n a hrghly excrted state) Other less |mportant
wdlssoclatron mechanrsms mclude dISSOCIathG attachment10
. . .+  e+COy> (COy)->CO+0"



. / :
and molecular collisional drssociatron1° ,
l ‘ o M+C02->002 +M
| €0 »C0:+0
(Mis anothe/fr' molecule bresent in the discharge-).

¢

| w cd'ﬂ
In the DC dlscharge a large positive space charge is formed adjacent to

the cathode The hfgh electric frelds resultlng from thrs posmve space charge
‘cause suflncrent numbers of 7 eV electrons to be emltted by the cathode to

. cause a hlgh degree of drssocratron in the laser gas mrxture Drssocratron levels

of 70 to 90% in conventfonal DC exorted C02 Iasers are quute common.

Equrllbnum drssocratron levels are largely determined by the reformation .
- of COy through the reaction!!

l\ C'O+OH->002+H

'Thrs has been substantiated by mass spectroscopuc analysns of the laser gas ,

 mixture by Wftteman and Werner13 and Smith14, Hydroxyl ions are formed by

the dissociation of outgaslsed ‘water vapor or from a reaction betw en

outgassed hydrogen and the oxygen resultfng from 002 drssocratlon /As a

-

‘result, hydrogen has been wrde_ly used as an addmve in-sealed DQ-excrted
CO; laser gas mi ures'2, Smith and BroWne15 demonstrated that th"/_e’/ addition
of 0.1 to 0.5 torr’z_hydrogen to a low pressure dlscharge reduced C02
- drssocnatron levels from 87% t0. 40%. Other catalytlc agents most notably
. platrnum15 17 have also been found to reduce the level of CO,. dlssomatlon
‘ Nonetheless over longer penods of trme, oxygen is absorbed by tube and
eléctrode surfaces shrftmg the chemical equilibrium towards greater'

- dissociation, untrl eventually the COg is consumed and laser oscrllatfon ceases.



-,

Cathode sputtering results when positive‘ions,'attractedv by the high
‘electric ,fle_lds across the cathode dark space, impact the 5urface of the cathode
and cause the ejection of metal lons. This results in the deposition of thin films
‘ in the cathode region. If thi‘n‘f Im depositlon occurs on the optics, the reflectivitv

;erl be changed . and thus directly affect laser output power Metal films
B deposited in the laser bore can react with gas components and thus contnbute
.. fo gas detenoratron Cathode matenal can also be transported over -far greatery
dlstances than by sputtenng alone if gaseous complexes mvolvmg cathode

matenals are formed. These complexes are transported by dllfusioh andf break

~up on collision wrth laser tube surfaces. Cathode effects are acc !

DC- excrted waveguide laser1a relatlve t6 a conventlonal DC-e' ite

because of the small dlmensrons of the waveguude (1 5-2 Smmsdrameter vsf i e
20mm diameter), smaller numbers of gas molecules (10- 100 tlmes less) andi’-ﬂf’."“:?*f
hrgher drscharge currents (up to 10 times hrgher) Much of the recent work |n g

DC wavegurde laser desrgn has concentrated on the development of stable; . R

sputter-free cathoddmatenals19 B AR

The primary lifetite advantage of the RF Blscharge |s that nelther W

cathode nor the cathode fall reglon found in DC dlscharges are present; thus, o
- elegtrode sputtenng has been ;eyed to be negligible2°. The RF dlscharge is

'operated in the diffusion regimg?!, in which 'neither'e’l.ectrons nor ions are a_ble

to traverse the electrode gap during a half—cycle‘of the applied electric field. The
excitation frequency must then exceed vy/d, whera.d is the electrode separat‘ion
and vq4 is the electron' drift velocity For a typical 2mm waveguide this results
in a mlmmum -excitation frequency of about 30 MHz. Above thls frequency,
-electrode lnteractrons are llmrted to the dlffusmn of electrons and ions to the

| walls, In order to further reduce_.:the possibility of sputtering, electrodes in fact

ed ln the “ i

s



. SN | B
can be made completely external to the discharge and capacitively coupled
through the waveguide walls. RelatiVer few studies have been made of CO,
dissociatio‘rr in RF d‘ischarges."l‘-‘léwever. dissociafiovn levels of up to 90%,
comparable to levels in DC-excited discharges. have been reported”. 'As in,

. the DC-excited lasers, eduilibrium dissociation levels appear'to' be determined

bl by reactions wnth water vapor. Limits to sealed Metlme in RF-excited wavegunde
Iasers can be traced to one of two 1actors degradatlon of the laser gas mtxture
or optlcal damageZ3 Repons of gas degradatron have dealr pnmanly with the
effects of water vapor on sealed lasers and the long term absorptuon of oxygen

on laser tube surfaces S
/

The direct effects of hydrogen and water vapor on the excitation of CO,
have been widely mvestrgated In initial tests, ‘Witteman12 clalmed a factor of ”
two increase in output power with the addmon of water vapor and credlted this.
to increased rel(axatlo‘n of the 0110 laser. |eve|.‘ Deutsch and_‘ Harrigan24
subsequen’tly' claimed that power increases attributed to water vapor were in
fact caused by its effect on CO, dissociation. Cheo and Cooper25 demensprated
that if an optimal CO, pressure was ‘rr\aintained gain decreases monotonically
with increasing H,O and H2 gas pressure. Measurements26 of vnbratlonal /

L\~relaxatnon rates m C02 laser gas mixtures revealed that HZO and H,: botr{
severely relax the 0001 laser level (with relaxatron rates of 4.2x104 torr! /s' o
~-and 4.5x103 torr! s+t respactively). Water vapor~was also found to broduee a
bottleneck at the 01 1o level through a process such as | | "
| H20(01 0) + CO, (0090) -> H,0(000) + CO, (1090) + 207 cm-".
- Later work by Smlth and Austin® showed that the beneficial effect of hy.drogen

as a result of CO, reformation could be observed at péhiéi»-pr‘essures of up to

——

"0.2 torr. The decreases in output power observed at hugher hydrogen pamali



S : .. #6 .
pressures were however attributed to a modification of. t\he electron energy |
distrlbutlon away from the optimum value for excitatuon of. the 0001 laser level
“rather than to vibrational relaxation. Browne and Smith17 also demonstrated

_._- thatif an.alternative means of controllmg COz dissoclatlon is used (such as a
distributed platmum catalyst) hydrogen in any amount will decrease laser

output power'.

Yy

The deleterious effects of water vapor appear to be enhanced in the ‘
sealed wavegunde laser. Pace and Cruickshank27 reported a correlatlon
between the partial pressure of water vapor and a decrease in laser power
output in expenments with sealed DC-excned wavegurde lasers. Water yapor
concentratlons as low as 0.1 to 0.5% were t{und to inhibit ; lase_r abtlon |
Although outgassrng qguld not be eliminated by s)ac\um bakmg. ‘Pace and
Cruuckshank obtained lifetimes in excess of 5000 hours “from epoxy-sealed B
laser tubes using a P,05 getter to absorb water vapor. Laakm\ann as also >
stated that hydrogen and ‘water vapor outgassmg lS a pnmary cause of \as
degradatlon in FlF-exclted ‘lasers23, Their solutlons to thls problem mclude a
palladium gatter to absorb outgassed hydrogen and a cellulose getter to absorb

water vapor2s,-_ |
The specific goals of this study have been to provide a body of
knowled%e for the design of sealed CO, waveguide lasers and, in doing so,
examine-a number of the plasma chemical processes in. RF- exclted CO"'
» dlsoharges which have not bee\lnvestlgated adequately in the literature.
/\ Chapter 2 discusses lmﬁrtant factors involved in the design of a sealed laser

%

mcludrng materials, seallng echmques. and laser tube processing. These

studies were then used as guidelines for the oonstructlon of an epoxy-sealed 5

\

" watt laser and the design of two . prototype metal-sealed Iasers Chapter 3 '

..



e

_high-vacuum laser processing stetion equipped with a residual gas analyzer is
- then discussed Chapter 4 describes a number ~o,t__experlments whlch were

examines some alternative measurement techniques which can be use‘dtor gas

- analysis in sealed COzhlesers. The.design.’ccrrstructlon_. and calibration ofa

w————

_carried out to determine the effects of pressure. gas mixture. input power, as

well as hydrogen and water vapor cn COz dissocration and laser output power
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CHAPTER 2
t . \ )
SEALED LASER DESIGN '

\

The demand for C02 laser systems which are pertable, reliable, and

atfordable makes the sealed laser with lts freedom trom vacuum pumps and

gas bottles. a virtual necessity. 'Fhis chapter conslders the factors involved in the ,
design of sealed C_Oz, waveguigde lasers ‘including materials, sealing

Vtechnlques. a'nd‘ laser tube processing. A 5 watt epoxy-sealed laser, ‘used in

- the gas chemlstry experlments of Chapter 4, and the design tor two prototype

metal- sealed‘lasers are then presented S .

2.1 Design Conslc{eratl_onsf N

r

The basic .d,eslgn for an RF-excited CO, waveguide laser has been

4

discussed extensively in the literature (see for example the overview presented

by Sinclair29) and thus will be presented here only in summary form. The

~ waveguide laser differs ‘from a conyentlonal 002 laser in that thg hollew

-

[T

"y
’_’;4_' :

waveguide both contains the dlsclterée and gundes the Ilght inside the laser "

cavlty It is crucial that the wavegulde material have a high thermal conductuvuty
to allow the efficient cooling of the laser gas mixture. The waveguude laser must
also be tabrlcated wlth mlmmum dlstnbuted losses; ie. optlcal absorption
(waveguiding) losses, optical scattering losses, wavegulde bendrng losses, and
coupling losses between the  waveguide and laser. mirrors. Transverse mode
stablllty is enhanced}if the wavegulde is of hemogeneous constructlon with
symmetrical coolmg Ceramlc wavegurdes. fabricated from alumina, beryllia,
and boron nitride, have all been used successlully in laser designs. glumma
although inferior to beryllla in both thermal conductivity and optlcal absorptlon

is the most widely used wavegurde material because it is safe (beryllia dust is

U



| toxic), strong, and can be polished to an excellent surface tinish “Coupling —
' losses can be restricted to less than 0.3% per mirror by placing the optics 2 mm

or. iess from the ends of the waveguide. i

y o
v

The homogeneous deposition of RF'input power throughOut the gas
' _voiume inside the waveguude is an equally important design consideration The
| discharge structure, which can be viewed as a lossy transmission Iine will have
ﬁ sngnitucant(> ___Q%) Iongitudlnal voltage variations if its length exceeds 7% of its
 electrical. waveiength§° AN, inductors. piaced at penodic locations along the
‘length of the waveguide, have been used to reduce voltage variations to less
than 5%. Griffith31 obtained a 130% increase in output power using this
technique on a laser with a length of 0.67A.

Two basic designs have evolved in the construction of sealed CO, wave -
guude lasers. The fnrst especually popular for DC- excited waveguide lasers;
uses the waveguide as a vacuum enclosure. As shown in Figure 2-1a optical

\\nounts are attached directly to the ends-of the waveguide. In the second
design, shown in Figere 2-1b, the waveguide is placed inside a sealed metal or

glass enclosure. This allows the natural incorporation of gas ballast volume and

. ’,1‘

-

-eliminates the problem of sealing the ceramic.

A 'The requirement for Iong-term sealed operation restricts the choice of
matenals and sealing techmques to those which are compatible with accepted
high-vacuum technology. As explained in Chapter1 limits to sealed lifetime
can |r% general be traced to_ degradation of the laser gas mixture or optical

damage. Gas degradation can be divided into the two following subareas:
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(1)  Passive changes In gas composttion caused by leaks in the

' vacuum ‘anclosure and the outgassing of residual contaminants

from surfaces internal to the laser. \ 3
. ' ¥
(2) Changes in—gas composition caused by chemical rea

betweén discharge products.

These two areas can also be interrelated as is the case for wateP i

released by'outgassing. which catalyzes the reformation of Cz.in,:'

N ﬁ:‘; \" ‘} ,;«Jv 3

v,

discharge.

1

Passive factors largely determine the shelf-life of a sealed laser. Leak

rates can be reduced to negligible levels (< 10-19torr-I/s) by using high-vacuum
sealing techniques but the seals must be sufficiently rugged to allow reliable
leak-free operation of the laser in a wide range of operating conditions. Leak
rates’ rem:ain ‘qéentially constant, aSsuming no damage occurs 3}0 the vacuum

-envelope, whether or not the laser is operating.

The choice of §ealing technology is determined largely by whether the
laser design uses a metal or ceramic vacuum enclosure.Virtually all commercial
wa\}eguide laser manufacturers have rejected soft seals (O-rings or epoxies) for

hard-sealing technologies (metal-to-metal, metal-to-ceramic, and ceramic-to-

ceramic seals) which provide t'he. reliability required for long-term operation28.

Metallization and vacuum or hydrogen brazing have been widely used for the

ceramic-to-ceramic and ceramic-to-metal seals in ceramic tube lasers 1932, This

is a proven technology, used extensively for feedthroughs in high-vacuum

~ systems and electronit tubes, which results in strong, reliable seals35. Ceramic-
to{ceramic eals have also been successfully fabricated using a borosilicate

glass suspen§ion which is spray-coated onto ceramic parts and fired to produce

dtions -

*

T
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‘& permanént fused seai®s. Optical contact thermo-diffusion  bonding has bean
-+ used for joining ceramic parts33. In this technlque pdlicryetalllne alumina
surtacee which are pollshed tlat and optically oontacted are bonded together at \\
a temperature 600°C below their melting point. lnbrt~gas weldlng. a standard \ .
technique for high-vacuum eyetemconstructlon can be used tOr the eeellng of
lasers which use an external metal (prelerably stalnless steel) vacuum
enclosure. It has been rejected by eome manufacturers however because it
results in excessive thermal stress to Iaser components28, Altematlvely. a
number of advanced beam-welding technologies, such as eleotro,n-beam
welding at Hughes'Alrc'raft“ and CO, laser welding at Ferranti'®, have been
applied to‘ the fabrication of metal-to-metal seals Beam welding causes only
|ocallzed heating which allows welds to be placed close to temperature-
“sensitive components such as optics, and also alloﬁs a size reduction in the
assembled device. Hard seals have also been applied to optlcs. where the most
extensively used technique is indium soﬂ-solder sealsd3,

Outgassing occurs as a result of a number of different processes, the
most important of which are surface desosption and diffusion._ All laser tube
parts which ha\;e been exposed to the atmosphere will have layers of adsorbed -
‘gas molecules, chiefly water vapor, on their surfaces and contain ahsorbed
»,atoms of gas. which have diffused inside them. Much of this gas load will be
removed during pump-down as the trapped gases dlftuse to the surfaces and -
weakly bound surface layers are strlpped away Outgassing rates decrease with
time (desorption has a time constant of t' and diffusion has a time constant
of t-12)3¢ and increase with temperature The standard technique for reducing
outgassing ls thus to bake parts under vacuum at high temperature for extended

penods of tlme. The processmg procedure for laer tube parts used by



| 'S
Laakmann Lagsers includes a 100°C vacuum prebake for at least 72 hours,

immediate assembly, followed by another 100°C bakeodt of the assembled
laser with the optics installed?8,

1

Candidate laser tube nfterlals should thus bd nonpormoable and
-.capable of withstanding the vacuum bakeout necessary to reduce outgassing
rates.Three standard high-vacuumfmaterials stainless steel, aluminum, and
ceramic can be used to fabricate virtually all laser parts with the oxcepyon of

optics.Outgassing rates for these materials as a function of bakeout
\

temperature is shown in Table 2-1. : S . 4

G

It is possible to estimaté the leak and outgassing rates 'whiqh are con -
sistent with a six month éhélf—lifa The maximum allowe’d contamination level
over a six momh (4400 hour) period will be set at 1.0%. This is rather high but
not unreasonable as the major atmospheric gas components (mtrogen oxygen,
and carbon dioxude) are already present in the laser gas mixture Assuming a
gas pressure of 120 torr and a gas velume of 100 ém? the maximum allowed
leak rate would be 7. 6x10:9 torr Us. This requnrement could be met with any of

- the high-vacuum sealmg techniques discussed prewously

In a similar fashion it is possible to estimata the maximum allowed
outgassing rate for adsorbed gases from the internal surfaces of the lasér tube.
~ Only water vapor and hydrogen will be considered as they are the most widely
acknowledged contaminants of 002 wavegulde lasers. Assuming a maximum
contamination level of 0.1% the resulting outgassing rate is 7.6x10-10 torr.I/s. A
laser tube with a length of 15cm and a diameter of 4 cm would have an

internal suface area of at least 400 cm2 (making an allowance for the surface

areas of internal laser tube parts). This would result in a surface outgassing(

3



e Table 21

Outgaulnq Ratas asa Functlon of Bake-Out Temperature

Material and Preparation Outgassing Rate (torr-1 cm2 s°1) Ref.
Stainless steel . ' | S
- unbaked, 10hr pump-down - 1.35x{09 . 37
_ - unbaked, electropolished, . L . \ ' ’
10 hr pump-down . 4,28x10-10 37
- 30 hr bake-out at 250°C 3.0x10-12 38
- 2 hr vacuum bake-out at-800°C 2.0x1013 39
- 3 hr vacuum bake-out at 1000°C - _ 1.58x10-14 |, 40
Aluminum - ’
" - unbaked, 10 hr pump-down - 6.0x10-10 . 3¢
- 15 hr vacuum bake-out at 250°C 40x10-13 - 38
 Aumina o
- unbaked, 20 hr pump-down 8.25x10-8 : 41
- b )
S

e~ . |
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- rate of 1.9x10-12 torr V(cm? a).As shown in Table 21 a bakeout In excessof
260‘(: wouid be required to reduoe outgusing ievels to meet this requirement.

Processing temperatures for assembled iae‘ers are iimitpd to
approximately 100°C by the temperature-sensitm pature of the dislectric
coatings on the laser optics28. It is very difficult to achieve the necessary
outgassing ratee for hydrogen and water vapor by: baking alone. As a resuit
designers of seaied CO, waveguide lasers have tumed to a number&‘ot

-

materials, called getters, which adsorb hydrogen and waterwapor. The main |
Aﬁuirement for these materials is that they posseu a high sorptivtty for
\ hydrogen and/or water vapor without adsorbing or reacting with the other gases o
/)in the laser. An additional requirement is that the getter has a sorptivity which
decreases with . increasing temperature so that any previousiy adsorbed
t hydrogen and/or_water vapor is evolved during bake-out. Phosphorus
’ pentoz,tide (P20s) removes water vapor by combining with it chemically to iorm .
phosphoric acid42. Pace and Cruickishanki’7 reported 3000 hour. lifetimes in
sealed DC-excited wavegunde iasers using a P,04 getter. Cellylose
o compounds.when first _baked under vacuum, have a Iarge capacity for
‘ adsorbing'water vapor. Cellulose cotton “has been shown to have an
| adsorptivity of 0.12 mg/g at a water vapor pressure of 1u at 20°Q,‘£’ Celidiose
" getters were first used in CO, waveguide lasers by Laakmanrtes, Molecular
| sievas, synthetic alummosilicate substances wrth ‘a large capacity for water
_ vapor are not surtabie because they have been found to adsdrb oxygen as
’weii as water vapor27. 25 The most widely recognized hydrog'bn getters are the
group B metals (Ti,- \V, Zr, Cb, La, Ce, Ta, Th, and Pd) which have a high «'
k hydrogen solubiiity that decreases witlt mcreasihg temperature“ Palladium is

preferred for iasers becauss its sorptivity for hydrogen decreases markediy trom

-
[

-~
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to 33 cm3/gm betWeen 20°C and 300°C Palladrum has prevuously‘

conventronal COz lasers16 The flrst reported use of palladium in a sealed |

wavegulde laser was made by Laakmann-’*28 Powdered palladlum was. .

prepared by bakmg at 150°C ina vacuum of at least 10'4 torr for 12 hours

¥k

The most lmportant drscharge related ettects are the loss of C02 caused

© by drssocratlon and the absgrptron of laser gases by laser tube surfaces. ‘No

>~

step to- passwate nrckel coatmgs used in the therr Ia”\!ers28 Laughmann3:

o matenals commonly used for the constructlon of sealed C02 lasers have been
, reported to increase CO, dissociation. As dlscussed in Chapter 1, platlnum has

‘been reported togcatalyze the reformatlon of 002 and can thus be of direct »

benellt to laser operatron The absorptuon of laser gases |s pnmanly a problem
in DC excrted lasers where cathode fsputttenng msults in the deposrtron of
reactlve metal fllms Fleports of electrode sputtenng in RF-excited lasers have

been negatlve to date A related problem which is present in RF-excitéd lasers

is the absorptlon -of the ocx‘)ygen release
choose tube matenals Wthh have stable su a ides. ,Stamless .steels are

an excellent chonce in this regard36 Processmg te

| = -successful in enhancmg oxrde stablllty Laakmann use a nrtgc acrd processmg

’ condmoned beryllla Iaser tubes wrth an oxygen dlscharge before begrnnmg

llfetrme expenments— o ' —

. R ' " t
.

Optrcal damage is a srgnmcant problem in sealed wavegurde lasers

/ pnmartly because the hrgh power densrtles on the optics, on the order of

10kW/cm2 make them extremely sensitive to pﬁtlculate contaminatr n‘or thin

fllm deposutron23 If partlculate matter left in the laser tube lands on'an optic it

will burn a hole in the dielectric coating. The best “d_efence against optical

/-

#. . { ) } L _ o e

y disgociation. 1t is thus lmportant to.:

iques have also 'been -

BT

/been Dused as a means of controllmg the hydrogen pressure in sealed ‘



&
damage is careful cleanmg and assembly of the laser tube in a dust free

'Wm*

envrronment

2.2 The 5 Watt Epoxv-Sealed Laser’

| Although hard-seallng is a necessity for relggble Iong-term laser lifetime
an epogy sealed laser‘ was-felt to be more effactive for short-term (less than 100
. hours duratlon) measurement‘s of the plasma. chemlstry msrde sealed
wavegurde lasers The primary concern was to meet high- vacuum eons’tructlon
standards with seallng‘gchnlques (epoxy, metal gaskets, and sott i) which
.did not requnre extensive development work. As a hlghrpower laser gas not ‘
required for gas chemistry measuremerus and would have required a ‘more,

comphcated desrgn a compact 5 watt laser was constructed
_ : . v
The assembled laser shown in Flgure 2-2, was burlt around a 15 cm
~ long all- ceramic dnscharge tube with an external 100 cm?3 gas ballast tank The
~ waveguide structure shown in cross sectron in Figure 2-3, was constructed
J from two pieces of 94%: alumlna ceramla Seals between the top and bottom
plates optical flanges, and the gas ballast were made using hrgh-vacuum Torr- |
: Seal epoxy. Soft-solder was used to seal metal parts on the optrcal flanges and[\
ballast tank An.all ceramic structure wrth external electrodes was chosen for its
‘enhanced mode stabllrty and treedom from electrode sputtenng Also a hybrid
metal/cerMucture would have requured four seals between dissimilar
matenals which was consrdered too unrelrable The 225 mm- sﬂre

wavegutde was formed by cutting' a groove m the bottom ceramic plate. The

. surfaces were then pollshedmth a dtamond gnndmg wheel

Electrodes were capacitively coupled_through the. 1 mm ‘thick
waveguide walls. In addition to increasing discharge stability the extevrnal

¢

17+



Figure 2-2 .

[ ‘ .
. The 5 Watt Soft-Sealed Laser
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| electrodes also eliminated the posslbility of extraneous'breakdown The‘top
| electrode was fabricated usmg a metalllzed Pd/Ag thtck ttlm and the ground
electrode was a hollow copper block, clamped to the wavegurde structure.
through which tap water was flowed for cooling. Gas flow between the

waveguide and external gas ballast was permrtted by three 0.5 mm by 1.0 mm

" , channels. These were placed at the corner ot the wavegulde to minimize any

optical losses. Gas saénpling'was possuble tr_om two Iocatlons.‘ one on theg,kpack :

optica’l mount, the other at the entrance to the gas flow ports?_,

" " k] A

\.

The optical end'tlanges and gas ballast tank were.constructed from
stainless steel Optics were' mounted approximately 2. mm trom the ends of the
waveguide on removable flanges which could be sealed with either vrton O-
rings or copper gaskets An mdependent 1/4" diameter ZnSe output wrndow

was: used to allow easy removal of the output coupler The window was sealed
3

by a crushed lead gasket Optical allgnments were made using a thm foint .

adjustment scheme with a flexible bellows.

All laser tube parts were ultrasortfz_:ally cleaned in separate baths of

acetone methanol, and distilled water Ceramics were ‘then prebaked at

1000°C Final assembly was pertormed in a Class 100 lammar flow hood to

- minimize parttculate contammatlon of the waveguide whrch could later result in

damage to the optics.iv'_l'he assembled laser was leak tested and baked while
“under vacuum at 70°C for 72 hours. No evidence of contamination caused by

| epoxy, solder, or solder fluxes was detectable.

The Ia‘ser »was’ powered by a single 100 watt amplifier operating at

72 MHz. Connection from the amplifier to the laser‘was made through a 509"

cable to arn matchi'ng‘{network. A power connection was made to the center of , .

y

20
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This is typical of low gain operatlon because rich mixtures have gain curves

‘ input power was monitored using a palr of Bird wattmeters

o \

the top electrode on the Iaser A parellel inductor also: opnnected at this point
was used to resonate the discharge structure at 72 MHz. Forward and reflected

o V ..

- The lasersoperating characterlstics were dominated by its “low g'ai‘n
behavior, caused by the structures short length. It was necessary to mcrease the
reﬂe@y of the eutput coupler to 95% in order to achieve laser oscrllation
Nevertheless a maximum srngle-mode output power of 5.5 watts (o 37 W/cm)
was obtained using a gas mrxture of 12% COa, 12% N,, 71% He and 5% Xe at
a pressure of 120 torr Maximum efficiency was 11%. Output power versus
input power at three pressures are shown in Frgure 2-4, Output power was’

reduced m richer mixtures and ceased dltogether at pressures above 140 torr.

which drop’ off signifi cantly at hioher pressures. After a one-half hour warm-up
period the laser showed very good ‘mode stability and smgle -mode operatron
could be maintamed over extended penods of time with only mrnor opttcal

adjustments.
2.3 -Ha‘rd-Sealed Laser Design

The prototype hard -sealed Iasers are adaptations.of a 60 cm O-ring-

. ‘'sealed laser under development by Murray Paulsond4, Two versions of this

e

laser were designed. The first will be sealed using a combmation of tungsten-

inert-gas welding and soft sold_enng in order to provide immediate feedback on

~ replaced by vacuum brazed seals. That however first requires extensive tests/in

orderto producé high quality seals. The two lasers will then allow a side by

-

2»_2

"v

the viability of the basic structure. In the second3'laser, soft soldering will be

A
. ,(,{\‘;\K;H
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side comparison of the lifetime implications of soft solderlna%‘*%/ersus vacuum
brazing. . L | 7

The hard- sealed lasers have a number” of significant . design

LS

rmprovements over the soft-sealed laser: The lasers are much more compact,

belng completely contained (except for the vacuum pumping port) in a 3.8 cm

diameter, 22.9 cm long ‘stainless steel tube with 50% of the internal volume

(300 cn‘tﬁ) available for gas ballast. The discharge structure is designed{to allow

efficient ooolmg ot thelaser with an external heat sink. Shown in cross-section
“in Frgure 2-5, thevtwo L-shaped halves of the 2.25 mm square, 18 cm long .

alumina waveguide are sandwiched between alumina spacers and aluminuth

headers. Thls assembly fits snugly in the stainless steel vacuum envelope and

an external heat sink then compresses the structure together Thermal contact .

,between these components is enhanced by lapping their surtaces together. The

symmetncal cooling of the discharge structure should result in enhanced mode

stebrllty at hrgh mput power densmes

A single aneguide section is shown in closer detail in Figure 2-6. The
thick sides are‘designed to 'allow the 'conduction of heat away from the side
walls of the waveguide, mto the ceramic spacers, as well as directly through the
thin top and bottom walls. Seventeen 0. 5 mm by 1.0 mm channels are placed

at 1 .cm mtervals along the length of the wavegunde to enhance the exchange
of gases between the duscharge and the gas ballast Each channel is plated

with a platmum film thus providing a dlstnbuted catalyst which should reduce

| equrhbnum CO, dissociation levels.

The active dlscharge length of the lasers is extended to 175 cm (from

15cmin the soft-sealed laser) in order to mcrease the maximum power output

......
L
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Crogs-section through the Hard-Sealed Laser
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Figure 2-6
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This is the maximum discharge length uchlovable with a olngle resunating
JInductor which sz maintains a 5% voltage variation along the channél.\ﬁ\
- electrodes are capacitively coupled through the 1 mm thick waveguide walls.
The power electrode consists of a metallized Pd/Ag thick fiim while the ground
electrode is a 0.025 mm thick aluminum foil which wraps around its adjacent
ceramic spgcer to- make oontact with the aluminum header. The main function of
the caramlc spacers is to isolate the power electrode from the grounded
aluminum headers. The extensionson the spacers preuent breakdown between
the electrical feedthrough and the h;aders The power electrode is completely
buried except for a small tab where mmnl electrical contact ls made. The
spacer on the ground side is not nacessary electrically, but was included to
preserve the thermal symmetry of the struclure. A Ceramaseal fi fitting is used for
the electrical feedthrough, and contact with the tab- on the.vyavegui&e is

maintained by a compressed gold-plated beryllium-copper spring.
‘ o

Special attention was paid to the matenals chosen for the hard sealed
lasers. All cerami_c parts are to be fabricated from high thermal conductwlty
99.5% alumina. High-purity alumina has tlle additlonal advantag/es of low
porosity and it can be polished to a high surface finish. Aluminum was chosen -,
for the headers because of its light weight and hlgh thermal conductivity. The
external tube and optical end flanges will be fabricated from stainless steel as it

is the most suitable material for welding and brazing.

The optical flanges in tlie hard-sealed laser are much more compact |
th'an those in the soft-sealed *lasar. They use a three-point deformed metal
- adjustment with crushed indium gaskets to seal the 3/8" ZrlSe optics in place.
Interaction between the discharge and the optics is minimized by locating the

optical mounts 2 mm away from the ends of the waveguide and leaving 5 mrﬁ.



o a

of dead épac%ft each end of the wévoguldo. Efforts have also been made to

—reduce the co éctlve flow of gas past the optics by the introduction of stainless
steel baffles, butted up against each end of the waveguide, which will isolate
the optlﬂ’»mounts from the main gas ballast. N -

N
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-« DESIGN OF A LASER PROCESSING STATION
FOR LIFETIME EXPEHIMENTS '

-

The conetrpgtlon and study of. sealed coz waveguide lasers first
required the aeaembiy of experimentai apparatus. The core of this equipment ‘
‘was an integrated vacuum/gas analysis station'for the processing of assembled |
laser tubes and the analysis of laser gas composition during subsequent -
litetime experiments. The- key components .of this sys}em included a
hydrocarbon-tree cryogenic pump and a residual ga‘s' analyzer. In the following
sections techniques for measuring laser gas composition gas samplmg'
methods, and the design and calibration of the vacuum/gas anaiysis station are

all considered.

3.1 | The Measurement of. Laser Gas Composition

L

A number of different techniques can be used to analyze the gas
composition of sealed COz lasers. Those \i{Jthh have appeared most freguently
in the literature include/ n\re }bsgmt n spectroscopy. visible emission:
spectoscopy, mass spectrometry. and gas ph[omatography The technique
~ chosen for this study had to be capable of measuring tn\e ;elative concentrations
. of all gases expected to be present in a sealed CO, waveguide laser. These
included the four prlmary laser gases: carbon dioxide, mtrogen helium, and _
xenon, the dissociation products: carbon monoxide and oxygen and the'
contaminants: water vapor and hydrogen. Detection limits for trace
contaminants were set at 100ppm (or 0.01%). This was Iow enough to _measure
the presence of contaminants before laser output power was affected (water
vapor levels of 0.1% have been reported to mhrbrt laser action27) wnthout '

:requiring expensive anaiytical equipment. Gas composrtion measurements

28
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were not permitted to disturb the opemtlcn of the iﬂur Hespcnse time was not

considered to be an Important tactcr in the design.icf equipment for icng-term B
, tests Except during the first iew hours- ct opentien sip‘hlticant changes in gas |
' composition occur over a period of tens of hours. The analysis.technique iinally_
~ had to be Integrated into the laser processing station and'st a feasible cost. *

A major advantage of the two cptica'l“ technIQues is that they do not
require the removal of any gas from the iaser Thls isa very important iactor in

- sealed-waveguide iasers because oi their smaii gas bdtiast volume. r&isc an L

essentially« uniimited number of measurements can be made The response
time of optical techniques is very fast because these techniques are based on
optical processes which have submicrosecond time conspnts lnirared
absorption spectroscopy, based on the absi\arption of mtrared light by the
excntation .of molecular vnbrational and rotational states. has been used to

measure the concentrations of both C02 and CO molecules in laser gas
‘»

mixtures Gasilevitch4s has used a two- beam system in whnch a measuring

beam\(wuth a wavélength of 4.27u for the detectipn of CO, and 4 ozu for the
detecticn of CO) was passed through the gas mixture and its intensity mpared

with that of a reference beam. Measurement accuracy was quotéd at 0. 5% for

CO, and 5% for co. lnfrared abscrption spectroscopy is not weil suited to gas

compeosition analysis_in a working discharge. The presence of excited species

in the glow discharge results in infrared absorptron which is no longer

‘ proportional to gas concentration. Gasilevrtch performed the majority of his

’ e.xpenments on flowing gas Iasers vrith«gas measurements made immediately

after the gas left the diScharge tube. Measurements on seaied lasers were

made only after the drscharge was extinguished. =
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In vrslble emlssron spectroscopy the lrght emrssron from the gldw
'.dlcharge is. used to me sure the concentratrons of constrtuent gases. ‘As

‘vdlfferent atomic and | rc specles emit light at specrflc wavelengths gas

concentrations can be easured by monitoring light mtensrty using ‘a

onochromator Thrs technlque has been wrdely used in- conventlonal DC
drscharge’ COz lasers because their glass tube constructlon permits visible llght ,
 fo.be monltored from the side of the tube wrthout rnterfenng with the rnfrared‘
e‘:rttssrons along the optical axis ef the laser Most researchers have used this
_ technltque to measure only a limited number of gasgs in the discharge, most
" notably the CO bands, at 4835A10 and 5198A45 Visible emission spectroscopy

is more dlffrcult to apply to wavegurde lasers because the wavegurde is opaque

and 'is often contained i ina metal vacuum envelope.
y

The most commonly used gas analysrs technrque for COZ laser

| dr&harge chemrsty has been mass spectrometry it has been used in
investigations of DC-excrted 002 drscharges1° 47, direct samplrng of sealed and
: flowing gas DC- excrted oonventronal CO, Iasers14 12,48, 8ealed TEA CO,
' lasers49 50, sampling of DC-excited wavegurde COz lasers??: 51 19, RF excrted -
CO, discharges’2.22, and more recently-in RF- excited CO, wavegulde lasers23.
Flowing gas systems are normallyr sampled con’tihuodsly and- sealed systemsw'
) use penodrc samplmg Mass spectrometers typrcally consrst of an ionizer, a
mass separator and an ion detector. Gas molecules are first ronrzed by 70eV
,ele‘c'tﬁhnost gases have broad maxima in their total |on|zatlon cross seotrons )
in the e"nergy, rangevofv 70-100eV) after which the ions are focussed and
accelerated toward the mass separatron stage Mass separatron is based en the ,
ratlo of the tons mass to electric charge Only lons wrthm @ narrow range. of m/e

" are able to pass into the ion detector. Although almost a dozen techniques for
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“/mass separation have been developed, the two systems most commonly found -

in commercral mstruments are the magnetlc sector analyzer and the rf

quadrupole analyzer (for a drscussnon of these two techniques see

Drinkwine58). The class of mass spectrometers most surted to fhe analysns of .

CO, laser gas mixtures are referred to as residual gas analyzers (FlGAs) These

are compact relatlvely lnexpensrve msfruments capable of scannmg mass

. ranges ‘between 1 and 100 to 300 amu with a dynamlc pressure range of 5

orders of magnitude Flespohse times for mass sp'ectro'metry are largely

dependent on, gas. samplmg techmques but can vary . from mllllseconds to

. minutes. A more detalled dlSCUSSIOﬂ of gas sampling follows in the next section.

‘

.3

Gas chromatography has also been used a number of times, for the -

) analysis of TEA Jaser gas mixtures53.5¢ and RF diScharge‘s in CO,55. This'

(
-technlque |s based on the. pruncrple that- gases can be separated by passrng

them through a column packed wrth a material that has an affinity for one or
more of the gas components The more strongly a gas |sadsorbed by the
packlng the more slowly it moves through the column leferent gases can be
ldentlfled by the characteristic times it takes for them to travel through the
column. Gas chromatography has one major advantage over ‘mass
spectrometry in that the peaks for nitrogen and carbon monoxide do not overlap

Ld

these gases can be determined with greater accuracy.

\;'

After considering the four analytlcal techmques dlscussed abo%e mass
spectrometry was chosen for the followrng reasons:
«(1) Mass spectrometry is a proven technique with the capablllty of

detectrng all gases of interest in the sealed CO, laser discharge.

ll.J

' each other (as Is the case in mass spectrometry) and so the concentratlons of
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be withdrawn from the laser for analysis in the RGA‘,_.Alt must be Stressed that

13

(2) The wavegurde laser desrgn wrth an opaque alumina wavegunde

precludes the use of sidelight emlssron measurements Moreover‘

visible emission spectroscopy has not beén shiown to be capable

-~ of detectmg all of the gases of mterest v
3) Infrared absorption spectroscopy was unsuitable for long term
" lifeime measurements because measurements could not .bo' taken
* during the di‘schérge. | " |
(4) The constructio(n of sealed Iasers réqu‘i_red a vacuum station for the

evacuation, filling, and leak tedsting of lasér tubgs. The-RGA, with

' its leak detection and pressure measurement capabilities, was

essential equrpment for a Iaser processmg station. A gas

chromatograph would have been an K;tra expense

3.2 'Gas Sampling Technlq'ue&s

Sy e

Gas chemistry studies and lifeti_me tests required small _samples of gas'to

laser gas composition was determined 'indir'qctly as it was the gas composltion -
inside the RGA chamber which was being analyzed and not the gas inside the

laser itself.  Gas samplmg t@nques then became qf cntlcal importance to the

&

“accuracy of gas composmon analysis. . LI

\
4

A number of factors had to be consudered before a suntable gas samplmo

, techmque was chosen F rst, it was |mportant that gas sampling not srgmt” cantly

decrease the gas pressure |ns|de t&he laser. A maximum of 1% of the total gas

ballast was permitted to be removed by samplmg The gas samplmg system

also had to introduce a large pressyse dlﬁerentral between the laser and the

RGA chamber because the maximum operating pressure for an RGA is typically

. 32



only 10-4 torr. This could be achieved by usmg one of the two dtfferenttal

33

pumping methods shown ‘in Figure 3 1. The first method utllizes a Iow _

.

conductance aperture and a smgle vacuum~pump which mamtams a constant
flow of gas through the RGA chamber36 The second method uses two apertures
and a second pump to bypass most of the gas tlow away from the RGA
chamber. This allows the collisionféss - expansion of the gas into the RGA
chamber with mtnlmal changes in gas_cos p‘osmon ~and fast gas sampling time
constants47. Unfortunately the latter technlque consumes large quantmes of gas
and so was’ not suited to samplmg sealed lasers with small gas volumes Smgle

aperture differential pumping was thus chosen as the gas sampling method.

A simple analysis was used to»,deterrnine the gas flows in single aperture

differential pumping.as VsLjown_in the expa(ndedﬁ_sket'ch of Figure 3.2, 1t was

important to choose _c'ompo'nent values which \miv“ed any ‘m'as's .

dependencies which could result in géas_,tcomposition nges. The gas
pressure in the laser is given by pjaser p@"is'@ét presSure in the RGA chamber

and p.p is the pressure in the pump, ‘whose speed is S The two conductances

C, and C, connect the ?aser to the RGA chamber’and the.RGA chamber to the

pump. As the -gas,flow through the system.is the same in each section, the
following relation holds (assuming no outgassing in the system)

- Qieax = C1(Prager - Prga) = Cz(%f Pp) ,‘"‘ Sppp :

Eliminating py,

‘ ,prga"’ |
x : : 14CV S,

Under molecular flow conditions both conductances Cy and C, have a mass

- dependency o,t m12. Also depending on the type of pump used, there can be.

9

.
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- Pump Co‘nﬁguratioﬁs for Laser Gas Sampling

a Figure 3-1

Laser (100 torr)

»
R
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Fi,guré 3-2

Gas Flows in Single Aperture Differential Pumping

- Pressure = Paser Cq

Laser RGA

Pressure = p ..o

Volume = Vjacer ; Volume = Viga

High-vacuum
Pump

_Pressure = pp,
_ Pumping speed - Sp

4
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m ss dependencies in the pumping speed, S,. Thus single aperture gas’ |

the RGA chamber is conductance limited such that C; << S, then
Pga™ Plaser =
14+ 02/01 o 2

‘ a}wd the mass dependencies of C, and 02 will cancel each other out.The gas

iy v
PR

compositi'o_n changes induced by- single aperture sampling can thus be.

minimized.

The necessary conductance of the gas samplmg aperture, C,, was

calculated by first estlmatmg the maximum allowed quantnty of gas removed in a
ﬁ'ksmgle sample. Assuming that
(). the laser gas ballast volume = 0.1 litre,

- (i) the laser gas. pressure = 120 torr,

iy a maximum of 50 samples will be taken (This corresponds to

roughly one sample per day over a 1000 hour testing penod)
(iv) a maximum of 1% of the laser gas |gremoved durmg sampling,
- (v) - the gas sampling time is 300s.
The leak rate is then equal to |

Qi = _ (12 torr-)(0. 01) = 1.0x105 torr-Us
.(40 samples)(300s) e

Now assumlmg p,,. << plmn |

01 = Qloak 8. 3X10 8l/s
Piaser

i

As this is a very small conductance it was most easily achieved through the use

of a precision leak valve.

* System oomponeht valués also determined the gas sampling time

constant. As shown by Sullivan and Busers8, the gas sampling time constant in
* | -

ampling can causa significant gas composition changes. However if the |

36
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,Mt)he single aperture sys@em is equal to V,g./Cg (where V,,, is the vdfume of the
I gas .ahalyzer chamber). This can ‘be /mihiinized either by reducing V4, oOr by
increasing C,. However it has just been shown that C; must be minimized to
- prevent gas compositiony changes. Generally thefe. is a value of C, which will
 best satiefy both gas 'comﬁosition and time constant constraints.

3.3 Lase-@'ocesslng Station Desl

")

The rements for a vacuum/gas analysis system are best,described
. . |
by sidering the sequence of operations to be carried out when processing

and testing a sealed waveguide lasgr. The assembled laser is first tested for

leak tightness in order to meet six month shelf life requirements. Vacuum baking

at temperatures not I|kely to exceed 0°C is then used to remove resndual gas

contaminants. During this phase the residual gas composition must be -

monitored .in order‘to determme the types and relative outgassing rates of

backgroundcontaminants. This information may then point ‘to*impr‘ovements in.

‘materials or assembly techniques. After pfoCessing. the laser tube is backfilled

with a mixture of high purity gases to a total pressure of approximately 120 torr. :

The partial preSsure of each gas component should be measured with an

accuracy of *0. 1 torr. Gasesshould be mixed in the vacuum station'(rather

than by mtroducnng a premixed gas) as it will be necessary to expenment witha

variety of gas mnxtures

&

Lifetime testing, during which the laser is operated continuously for an
.extended period of time (or until the output p‘oWer has dropped below a
predetermined thteshold), can then begm At penodlc mtervals gas samples

are removed from the laser and analyzed for changes in composmon using an

ey

i
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on'line mass spectrometer. Gas sampling must not perturb the Iaser gas

pressure significantly as this can influence the laser's output power.

The vacuum/gas analysis station requirements can thus be summarised

as follows:

(1)

@)

(3)

(4)

(S

6)

4

A residual oas analyzer (RGA)'is required for leak detéction,
background contamination analysis during tube processing, and
laser gas pompositlon analysis during lifetime testing. -

Laser gas sarnples are to be introduced into'the RGA using a
variable leak valve in a single aperture dlfferentlal pumping

scheme. Component values were chosen to minimize sampling-

induced gas composition changes and perturbation of laser gas

pressure. .
ngh-punty gases are to be mixed accurately (:tO 1 torr) and in -
troduced into tne laser without contamination at total pressures 'of
80 to 150 torr. _ \t | |

N
i 2

~The vacuum station must not introduce contamination into the

laser during processing. )
Background contamination levels in the Vacuum}.,;systemxneed to

be minimized so as to allow accurate analyais of the laser gases.

‘Gas pressure in the station' may be cycled regularly between

atmospheric (700 torr) and high vacmP)but it |s desurable that the |
background contamination levels required for analysis bew

achieved with overnight baking of the system. The RGA must be

3 connected to the main system through a valve which can be

closed during high pressure operations.



(7) The above requirements must be met with a single high vacuum

pump so as to minimize system costs.

Usmg these requirements, the laser processing statlon shown in Figure

3- 3 was designed and assembled. A block diagram and list of all ma]or
components is shown in Figure 3-4. The system was designed around a 5 litre
stainless steel chamber whose main function, other than structural suppont, was
for gas mixing.. The high-vacuum pump selected for the system was a 350 Vs
cryopump (CTI-Cryogenics model Cryotorr 100). A 0.8 Us direct-drive rotary
pump (Edwards model E2M2) with an activated alumina oil-vapour trap was
connected both to the chamber and the cryopump for roughing purposes. Instru -
_mentation included a‘ﬁresidu’al gas analyzer ‘(Spectrum Scientific model
SM1OOD with dual Faraday cup/secondary electron multiplier detectors) for total
pressure measurement from 10-4 to 10-11 torr, partial pressure analysis, and
Ieak-testing; a capacitance manometer (Vacuum General model CML-1000)
with a ra'nioe of 1000 to 0.1 torr for gas mixing, and a pirani gauge (Edwards

model 14)with a useful range of 1.0 to 1'0-4 mbar for monitoring pumpdown.

The system was desrgned to provrde minimum turnaround trme between
high- pressure Iaser backfrlhng operatlons and high-vacuum gas analysis

operations. Dunng backfi Ilmg ~100 torr of high-purity gases were mtroduced

0 the gas mixing chamber through two -stage regulators (Matheson model‘

3104) and me'asured with an'accuracy of 0.1 torr usinc the capacitance
manometer. A six line gas 'manifold allowed the simultaneous connection of the
four primary laser gaSes_(heiium; carbon dioxide, nitrogen, and xenon), a
commonly used premixed gasi"i.\(6:1:1 of He:CO,:N,), and a gas mixture for
calibrattng the gas analyzer. Both the cryopump and gas analyzer were valved

off from the gas mixing chamber during this procedure.Two lasers are shown

a9



Figure 3-3
The Laser Processing Station
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¥ Figure3-4 ., o '
Block Diagram of the Laser Prooessing Station
Laser #1 ’ -Laser #2
QO
’ . Leak Y7
. » vaive X
Capacitance : R . '
Manomaeter

< ) Dq - | Residual
: —DG— Gas
" Chamber o Analyzer
Pirani gauge :

head #1 <t ' « )
Roughing _ ' »
vaive .
' ‘ Gate . Gm:t'oﬂng \
Vent . vave :
valve —D< ’ vaives
Cryopump
Roughing ’
Oil-vapor . ‘ Cryopump
Trap P som Reguiators and Gas
valve | Bottes (He.CO, N, Xe)

Roughing Pirani Gauge
Pump (0.8 is) head #2




pump into the sysiem. consequently there was aioo no neéd for a cold-trap. The"

t : .
» . ) ' -
. ) -
s
-

o -connootod to the chamber, each by a separate valvl. “This allowod one port to

be used for lifetime testing and another for backmling of lasers-during day-to~

‘day testing. .

Durlng laser gas analysis the RGA chamber was pumped down to a

base pressure of §&100 torr. This was achievable with ovemlght pumplng Gas

samples from the laser were introduced through a precision leak valve (CVT

model VML/14) at a total pressure of 5x10-7 torr.
/

The abiliity to produce clean hlgh-vacuum condltlons was one of thé main ”

criteria in the choice of specific system components slch as the cryopump,

valves, and fittings. Cryogenic pumping is exceptionally clean as it is based on

the condensation of gases on surfaces whioh are cooled to less than 10°K. The -

cryopump chosen for this system was cooled by a closed- cycie hehum

refrigerator. Beoause cryopumpmg is completely oil-free and does not requnre a.

backing pump, there was no _possnbility of hydrocgrbon backstreaming from the

only source of hydrocarbon contamination in the system was the rotary pump,.

| whloh is only required when roughing the chamber or during cryopump start-up.

| poriod.

The Cryoto.. 100 cryopump was limited to a maximum gas burst of 40 torr-1,s0
the 5 litre chamber had to be pumped down to at least 8 torr before the high-
vacuum valvo oould be opened. This is a relatively high crossover pressure (by
high-vaouum pumping standards) and thore was little chance of contamination
from the rouohing purnn, first because pumping from atmosphenc pressure (700

'ton) to 8 torr was achieved in under 10 seoonds. secondly betause the

system remained in the viscous flow regime throughout the entire roughing

47




4

i

i”

capacity for other gases can be impaired. Hellum ievele tar in excess ot the
.pymp's capaclty were tound in the. chamber tellovvlng laser becktllllng This
problem was solved by purging the ohamber with dry nitrogen after ba;:kﬂliing
The helium load introduced durlng gas sampling was dlso considered.The total
quantity of sampled gas, which is nominally 60% helium, contained 0.072 torr-|

of helium. Although there are’ no figures avallable for the Cryotorr—loa pump,
the stated capacity for a cryopdmp with similar speciticatlone (Balzers model

RKP101)-was 11.25 torr-l, thus no lems were anticipated in lq‘andling the

helium load from gas sampling.

A seeond problem concerne lity of the cryopump to withstand the
heat load from bakeout. In order to achieve hlgh-vacuum operation in an
otherwise clean, leak-free vacuum system it was necessary to bake the system

out to reduce the outgassing rate Qf ‘adsorbed gases, most notably water

vapour. For example, following a 20 hour bakeout at 150°C the water vapour' }

OWQSSS"‘Q rate of type 304 stainless stesl can be reduced from 10-10 torr-

I/(cm2 s) to 10-18 torr-V(c:m2 §)83. A study of a baked cryopumped system by
Kubiak57 demonstrated that chamber temperatures of 170°C could be tolerated
before a sigmﬂcant release of adsorbed  gas occured from the secdnd stage

cryopanel By using a thermal baffle, piaced between the pump and the

chamber, bakeout températures exceedmg 200°C were achleved Thus no .

problems were anticrpated in baking out the system to 150°C

Valves and fittings for all parts of the system except the roughing and gas
./

input sections were chosen to meet high-vacuum standards. Stainless-steel‘

4

Twe potential problems with cryopumplng wérd censldered before the _
pump wae chosen. First, a cryopump can only pump very Ilmlted quentltlee of
helium, after. whlch the coid-head terflperature wlll increase and the pumping

LRI
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bellows sealed valves with low-outgassmg vrton 0O- rlng seals were used

44

excluswely throughout the system nd all flttmgs were of stainless- steel with «
"‘:"‘xtrul_tra-high -vacuum Contlat ﬂanges d copper gasket seals The chamber,
whlch was deslgned and constructed at the Unlverslty. was of TIG-welded <
o stalnless steel constructlon with Conflat ﬂanges Inside welds whrch ellmlnate
™ virtual leaks caused by trapped gas were made wherever posslble The inside
surface of the chamber was also electropolrshed to reduce outgassrng The -
roughlng sectlon used medium-vacuum KF futtmgs and hrgh—conductance
flexible stalqless-steel lrnes _The: gas handling sectlon although not required to
meet hrgh-vacuum standards, was expected to- deliver research-grade gases to-
the Iasers with- mmrmal contamlnatlon As a resutt the six line: gas manrfold was
B -‘cOnstructed of glass because it was feit an altematlve desrgn ‘using brazed. v
jstamless tublng would have been very dlff cult to clean Stalnless-steel gas -
'regulatlng valves were used on the six gas inlet Imes and aII connectuons were

~ made _wrth starnless-steel Swagelock fittings.

T }

Atter mltlal Ieak-testlng. the assembled system was baked out for 48
hours at 120°C The capacztance manometer whrch could withstand a
 maximum temperature of only 45°C was thermally |solated by a valve and a
t' _ water-cooled clamp dunng bakeout Followrng bakeout a’ base pressure of”
4x10 -9 torr was obtarned A partlal pressure scan of the system is ;:swn ln“?
‘-Flgures -5. The Iargest peak, at mass 18, was water vapour. ngher ”
- temperature bakmg. whlch would reduce this peak was not used because the

, e 5 o
system was belng trequently cycled between atmosphe ‘ __'“nd hlgh-vacuum, S

'condltions Also discharge tests resulted in srgmt”cant quantmes of water -
' '_vapoure bemg formed insude the lasers some of whrch was \Arbsequently'
transferred ~lnto the vacuum system Other mass peaks were from a small alr"

1 " N ® M E .
. . . . + N N g .
¢ . . £ ' . . ' . e /
. . . ! <"’# we - ~ %
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Ieak(masses 28 and 32) hydrogen(mass 2) and Coz(mass 44). Total
| hydrocarbon levels, whlch can be estimated- by the mass 41 and 43 peaks -
were Iess than 0.2x10- -10 torrq and no traces of roughing pump oil at masses 55

and 57 were detectable o

3.4 . Gas Analyzer Calibration

_ ‘ Quantitative analysis of gas composltidn using a residual gas analyzer
- was°not straightforward and requlr'edr'\caretul calibration. Much of the difficulty |
resulted trom the process in which the sample'gas is ionized. As explained in
section 3 2 the gas sampling process can first atfect the analysrs by rnducrng
‘ changee ln gas composition caused by mass dependencles in conductance
~and pumplng speeds Gas molecules entering the RGA are then ionized by
collisions with gOeV electrons. This results in additional complrcatmg factors.
’ Furst |omzat|on efﬁcrency vanes strongly from gas to gas as shown in Table 3-
Moreover quoted ionization effucrencres are nomlnal values which depend on
filament type and will change as the flament ages. Secorﬁly, 708V electrons
have sufficient energy to cause dlssoc1at|ve ronlzatron and the formation of
higher ionization states47. Tf;e output fora glven gas then’ oonslsts of a series of
peaks called a craoklng pattem whrch represents the mass-to—charge ratio of' ’
each molecular fragment 1} several gases are present in the system it is not

‘; rpeakg of onb 6a?overlay the peaks of another Cracking

patterns areetazglated for a lalge number. of gases but again represent only
: ,« nommal)values The gas flow condrtions in the RGA chamber chemlcal" ,
d _ reactions between the l,onlzed specres “linearity of the mass filte( (the mass flter |
Irnearlty in an RF quadrupole RGA is highly depend@dn focus, energy, and-

resolution settlngs) and the ion detector can all mduce sugmﬁcant changes in

N

e relative peak helghts of the cracknag pattern. The problem is then to relate a



Gas

Table 3-1

lonization. Efficiency of Laser Gases5?

g 3:;'&) 'g**

Y Py

Mp™iH,0 CO N, O, CO,

" Relative Sensitivity 0.7

il i
~0.28+1.17 1.09 1.00 0.62 0.9

% . o
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series of peaks, many of which contain the contributions of more than one gas,

to the partlal pressures of gases in the laser. The accurate measurement of the

partial pressures of gases using the RGA required three oruolal steps: (i) the

meaglirement of oraoklng patterns for each gas of interest, (ii) the use of the "

~ cracking patterns to separateioverlapplng peaks, and (iii) calibration against a

.gas mlxture of known composition.

] .

Cracking patterns were measured expenmentally for three gases: N,
CO,, and CO All measurements were performed by filling the soft-sealed lasar
tube with 100 torr of ultra-high-purity gas and then pumping the system down to

a base pressure of less than 108 torr. The laser was pumped and baked

between tests. For each crackmg pgttern at least two measurements were taken

-at up to seven different sampllng pressures between 1x10-¢ and 5x10-7 tarr.

v

# _
This covered the spressure raﬁge over which the gases were observed .at tlrle

total sampling pressure of 10 7torr The results of the cracking patter
* 4

meaﬁ%/aments are summarized in Table 3- 2 All Vaﬁres are expressed as a

percentage of the pnncrpal peak helght Standard devratlons were gen‘brally |

trom 3 to. 5% which was judged to be aoceptable. Higher standard deviations

Were_ recorded at the lower sampling pressures. A pressure dependency \lvas

._ observed in the craoklng patterns as shown in Fgures 3-6 and 3-7. There was a

general trend toward a decrease in the ratlos at higher sampling pressures For
~all analyses crackmg ooeffictents were calculated by usrng a linear. mterpolatlon

of the pressure curves.

c’\”:*

lnterpretatlon of RGA. data was performed usmg the. method outlmed by

‘ "Dnnkwlne5° In this method the partlal pressure ofa gas is related only to the -

height of the largest, or principal, peak in its cracklng pattern. The use of this
method is best explained oy 'illustration with the sample analysi‘s of a typical

t .

a8 |
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Gas: N,

Principal Peak: mass 28

Cracking Coefficients for N, C({, ar;d co,

Q

Table 3-2

Peak Partialpressure of Ratio m/P

Gas: CO,

Prncipal Peak: mass 44

Peak Partial pressure of = Ratio. VP

(m)  principal peak (P) (m)  principal peak (P)

14  1.0x108 0.0757 + 65% 12 1.0x108 ~ 0.05524 + 8.0%
2.5x108 0.0801 + 1.9% . 5.0x10® = 0.04952 + 2.5%
5.0x108 0.0805 + 1.2% 1.0x107 . 0.04662 + 2.4%
7.5x108. 0.0794 + 6.8% 5.0x107  0.04575 + 4.7%
1.0x107 0.0781 + 1.8% _ : . |
2.5x10°7 0.0753 + 0.6% 16 1.0x108  0.07667 + 8.3%

. 5.0x10°7 0.0723 + 1.4% "5.0x10®  0.06806 + 2.6%
_ _ . 1.0x107  0.06409 + 2.7%
29 1.0x108 0.0114 + 17.6% 5.0x107  0.06440 + 2.4%
' : 2.5x108 0.00864 + 2.7% .
5.0x108 0.00910 + 4.6% 28 1.0x108 0180+ 14%
7.5x10-8 0.00815 + 7.1% 5.0x10® . 0.09973 £ 2.8%
- 1.0x1077 0.00802 + 1.1% 1.0x107  0.09181 £ 1.7%

2.5x107 0.00759 + 7.8% 5.0x107  0.08920 £ 2.3%
5.0x10°7 0.00817 +3.5% |

Gas: CO Principal Peak: mass 28

Peak Partial pressure of Ratio nvP

(m)  principal peak (P) -

12 1.0x108  0.03698  4.2%
5.0x108 0.03504 + 5.2%
1.0x10°7 10.03487 + 1.8%
5.0x10°7. 0.03196 +2.8%




Cracking Coefficient (mass12:CO & 14:N,)

-
i

0

. Figure 3-6

Cracking Coefficients vs Pressure for N,andCO
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Cracking Coefficient
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Figure 3-7

Cracking Coefficients vs Pressure for CQ,
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COg laser’ gas mixture. A mass scan of l ‘gas sample obtained from the 15cm
laser tollowing a 22 hour discharge test is shown in Figure 3-8 (The
background from the RGA chamber has been subtracted off). The gases of
interest on the scan are: the original laser éases (COz, Np, He, and Xe), the CO,

decomposition products (CO and O,), and trace contaminants (H, and HZO) _

The sequence of operations used to obtain the principal peak heights is shown

in Figure 3-9.This tech'nique was used for aimost all su'bsequent analyses of
CO, laser gas mixtures. First, the principal peak heights for He, H,0, O, CO,,
‘and Xe80 (at masses 4,18,32,44, and 64;5) can be measured directly. The

principal peak heights for the remaining gases are calculated using cracking

patterns. The principal peak for CO is obtained by subtracting the CO, -
contribution off the mass 12 peak, and using the resulting CO peak at mass 12 ”

to calculate the principal peak at mass 28. The nitrogen peak is obtained in

Q erther of two ways. First, the secondary peak at mass 14 can be used to
calculate the principal peak at mass 28 (the CO contribution at mass 14 is
typically so small that it can be ignored). Alternatively, the CO, contribution at

mass 28 can be calculated and along with the CO contribution at mass 28 be -

: / _ » '
subtracted off to leave the remaining.N, principal peak. The method outlined
above wnll not work in situations where there are no peaks which can be

measured directly in which case a least squares analysrs61 can be used

'~ Using the procedure for calculating principal peaks and the measured\
cracking patterns. the RGA was first calibrated against‘an analyzed five-
- component gas mixture (Matheson Primary Standard®2) containing N, CO;,
CO, O,, and He. Calibration was performed by filling the 15cm laser with
100 torr of the reference mixture. Five mass scans were recorded at a gas

: s'arnpling pressure of 55:1077 torr. Principal oeak heights for the five gas
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Figure 3-9

'Separation of Principal Peaks in a Laser Gas Sample ;

1.0 Record raw data (with RGA background already subtracted off) from Figure
3-8. Principal peaks with ne inlerference (denoted below by an asterisk) can
be recorded directly <" :

m/e Peak Height Descrlptlon

2" 1.45x109  H,

4 4.0x107 He

12 3.02x10®  CO, CO,

14 4.92x10°  CO,N,

18" 8.3x1010  Hy0

28 9.2x108 CO, COp, N
32" | 4.29x109% O, '
-44° 4.11x108  CO,

64.5' 2.79x109  Xe

2.0 Calculate CO principal peak at mass 28 Crackmg coefficients are obtamed
by interpolation of the data in Figures 3-6 and 3-7.

() Calculate CO; contribution at mass 12.
.. COp (@ mass 12) = (COp cracking coefficient at mass 12) * CO, (@ mass 44)
' =0.053 * 4. 11x10'8-218x109
(i) Caiculate CO contribution at mass 12.

~ CO (@ mass 12) = 3.02x109 - 218x1o9-a42x1o1°
(iii) Calculate CO principal peak at mass 28.
CO(@massza) -CO(@mass12)/(Cchackhgcoemciematmass 12)

= 8.42x10°10/0.036 = 2,34x10°8

i

3.0 Calculate N, principal peak at mdss 28. The CO contribution at mass 14
‘ can be neglected as it is not significant.

Np (@ mass28) = N, (@ mass14) / (N, cracking coefficient at mass 14)
= 4.92x109/0.0801 = §,14x10°8 :

ol
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components were calculated using thme‘poak sebaraﬂnn procedure. ?Inally. U
calibration factors were applied to generate ratios between the prlnq)pal peaks
which matched the reference ratlos (all partial pressuros were normallzo&*to the -
nitrogen partial pressure). Principal peak helqhts. the partial pressures and
ratios of the reference mixture, and the calibration factors are summarized iw

Table 3-3. The calibratlon factors show a standard deviation of 4-8%.

-

Calibration for hydrogen was performed sepnrately using a CO2:H, gas

mixtui’e. The gases were allowed to equilibrate for two hours before. ﬁelng
introduced ingq_ the laser. "Princfipal paaks for CO, and H, were ‘measur’ed.
directly, nnd Qhe calibration tactor for hydrogen is shown in Table 3-3. Water
vapof and xenon were not calibrated relative to the other gases thus only

relative chénges in their pressures could be accurately measured.
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Table 3-3 |

Calibration Coefficients for CO,, Np, CO, O,.and _H‘
. *
Gas Reference = Analyzed Calibration e
Composition()  Composition(") Factors
co, - 100 1.00. 100
w0 Na 0.998 £ 0.04% 1.052 £ 3.7% . 0.949 £3.7%
CO  0.794+004%  0946+7.6%  0.839%7.6%
. s X D
O, | 1.004 £ 0.04% O:§30 t 6.8% \l 594 £ 6,8%
H, () 1 0.160%3% - 0.163+53%  0.980+8.3%

T

(") Reference and analyzed composition values are relative to the partial |
pressure of CO,. N

2) H, calibration was performed using a CO,:H, gas mixture. b e
S 4 :

w.

]
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CHAPTER 4 (
LA'ssn GAS ‘cusmsrny sxesnmsms

A series of experiments, using., the equipment and gas enaiysis
techniques outlined in Chapter 3, were carried out to investigate those‘plasma

‘chemical reactions which directly affect the lifetime of seajed CO, waveguide

lasers. The majority of these experiments measured the eftect oi laser operating |

parameters on CO, dissaciation. Other tests were conducted to measure the

effects of water vapor and hydragen on CO, dissociation and laser output

power. . P
4.1 Experimental P(ocedures '(

All discharge experiments were carried out using the epoxy—sealed 5

watt Iaser described in Chapter 2. Prior to each test the laser was pumped and

| baked at 70'°C for six hours and then pumped out at room temperature tor 12 to
‘18 hours in order to maintain a constant background water ,vapor pressure of
approximately 6x10- torr. Vanatlons in wat&;{vapor levels weére restncted to

K ,Iess than i20% using this techmque Increases in background nitrogen and

% filled with the desired gas mixture and the RGA chamber was pumped down to
. a base pressure of between 5x109 and 8x10 9 torr before gas sampling was,

~ started. The turnaround time between background analysis and the first gas |

sample was typically 3 to 4 hours

o

(: : w o
Gas samples were removed from the laser at the back optical mount as

shown in Figure 2-2. The leak valve was connected to the laser by a six mch '

length of jlexuble stainless steel tubing.y Detection of changes in laser gas

A

~,,;, Pxygen Ieveis indicative of air leaks, were aiso monitored. The laser was then
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- composrtlon were thus ltmlted byw drllusron trme constant of gas molecules

o from the discharge region to the leak valve. A measurement was made of the

58

drttusron 't” me constant for CO; through a mixture of N2 and He. A 3cm3 '

chamber contarnrng 100 torr of COZ was attached to the auxrlrary gas samplrng |

'[dort (see Frgure 2-2) hnd iSOIated through a valve. The laser wgs evacuated

o allow the CO, to drl‘fuse into the laser. The partral pressure of CO,, éasured as'

"“.;,_"lrlled with 100 torr ot a 351 Hega gas mrxture fnd the valve was opened to .

a functron of time, is shown in Frgure 4-1, The drflusron trn(e constant deflned N

“ to be 95% of the tlme for the system to reach equrlrbnum was shghtly lony

e .

"than3hours 1 R R

o -

K drscharge Gas sarr?plrng was | performed at a constant total pressure of 5x107

torr ratherthan wrth a constant valve conductance because lt was not passrble
to repeatably set the gas samphrl’g valye to a grven conductance As a result,

pressure changes rnsrde the Iaser caused by heatrng, mcreases rn the amount

of gasasa result of COZ dlssoc|atlon and pressure. decreases as a result of

er, as an

-gas samplrng, ca@ser{apparent shtfts m gas composition. Co' i

example a mrxture of 50torr of COa and -50 torr of Nz If there was 5
drssocratron the total pressure would rise to J12 5torr and the percentage
nrtrochomposrtrOn@ould fall to 44 4% To counter this problem all

measurements were npfmalrzed to & constant xenon pressure, as xenon has

. hat been reported to panrcrpate in any srgnrfrcant chemrcal reactrons Although

egas sampling will gradually change the gas composrtron because of the mass

dependence ot conductance this etfect rs not srgnrt’ icant and was rgnored

Cwel *
‘?'l

“In all tests where Iaser output power was recorded the optrcs were

readjusted for maxrmum srngle mode output power at each mea‘surement Gas

. (r -~
o ;

AN ' : i . : L

: P

% coz'

‘Several additional ’factors were considered in sampling from th'e laser
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F-:igure 4-1

Measurement of the Diffusion ﬂme':‘Cp*nstant for CO, .
~ through a3:1 He:N, Gas Mixture
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analyses were made using the calibration tactors and crackmg patterns :

calculated in Chapter 3.
4.2 Prellnml'nary ‘Measurements  { ©

A prelrmmary set of measurements with. the Ob]GCthO of obs%rvmg

S

| general trends in short-term gas composrtlon was flrst completed A

,representatwe test of 68 hours duration will be discussed in more detail. The.

- laser was filled with 80 torr of a mixture of 11.9% CO,, 11.9% N, 71.2% He, and

: . , _ . \
5.0% Xe (this mixture was found ta give peak output power by Sinclairé4 and.

was subsequently used as the standard mixture for all tests) and the test was

: conducted atan RF mput power level of 40 watts The partial pressures of COz,‘ o

}_CO Nz, 02, K,0, and H, were measured using the analysrs technique of |

. Chdpter 3. As shawn in

overthe first 9 h,ours, remame constant over the next 20 hours and fell to 2.7W

“ :by the end of the test Titne vaNation
‘CQIOZ parttal pressures are shown in Figures 4-2 and 4-3 respectlvely

co, levels fellto'as 5% of their startm%lue within 4 hours ‘and then

~

L ,rose throughout the remarnder of the testto a f nal value ot 79% Water.,vapor .

s Wthh is known to srgnrf cantly reduce CO, dlssocratlon levels ‘was believed to. |

be responsrble for the decrease in CO, dissociation observed after the first 4

. hours ot the test. The mmlmum 002 level is much hrgher than reports of 10: 15% |
drssoclation by Laakmann8 20, but very close to the 72% dissociation observed

- by Williams and Srmthzz under srmllar dlscharge condltlons (30W input po\lver _

75 torr of 2 13% 002. 9% Na, and 78% He mixture). The four hour time taken to
reach a mlmmum CO, level |s very close to the dltfusmn time constant for CO,.

. Visual observatlon of Yhe time taken for the dlscharge color to change trom pink

to whlte (the dlScharge bleaches to whlte ~as the ¢d and 02 pressures burld_

I N

j
!
!

igure 4-2, laser output power rose from 2.7W to 3. 35W

in the CO, partlal pressure and in the

60
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Figure 4-3 .
Preliminary Lifetime Test
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up%4) indicated that significant CO, dissociation occurs in the discharge region

ix

within the first 10 seconds after tUrn.—on:

Oxygen loss is clearly evident in anure4 -3. Although significant"

thie end of 68 hours even though the CO,-level had risen to only 80% of its
initial value: The effect is seen more clearly’by considering the ratic of

dissociated CO, to measured O, also shown in Figure 4-3. Theoretically, given -

the dissociation reaction CO, -> CO + 1/20,, this ratio should have been 2.0.

Over the short term, ratios of 1.6 to 1.8 were.obs’e',n_/ed (the )discrepancy :
between measured and theoretical values is attributed to errors in calibration
for oxygen) however for times exceeding 24 hours the ratio fell rapidly until a
value of 0.68 was recorded at the completion of the test. Oxygen is Ilkely being
adsorbed on laser tube surtaces but the exact mechanism for this process is
unknown. The loss of oxygen did not appear to have any etfec on CO,

(4
recombnnatlon :

The Water'vapor partial pressure (see Figure 4-4) showed a sharp

- initial rige in the first 2 hours of the test followed by a linear rate of increase
~ indicative of outgassing. This can be compared with the outgassing rate for

water vapor measured at room temperature (20°C) which was lower by 29%.

Water vapor could also have been produced by the reactlon of outgassed

“ hydrogen and oxygen released by CO, dissociation. This mechanism sh%

have produced noticeable nonlinearities in the water vapor pressure (because
both the- hydrogen and oxygen pamal pressures were highly nonlmear with

respect to trme) whlch were not observey ]

' quantmes of oxygen were produced during the first 10 hours of the testasa

result of CO, dissociation, there was almost no oxygen remalnlng in the laser at
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1 Hydrogen could not be measured over the first 10 hours of the test as it
Was obscured by the large helium peak at mass 4. The only known source of
hydrogen is outgassnng from Iaser tube surlaces The hydrogen partial pressure

" rose contmuously but nonllnearly as shown in Flgure 4-4,

‘Fh‘gglrncrease in output power observed over the first few hours of
operation is attnbuted to the more-.elflolent excitation of the 0001 Ievel of CO, by
, collrslonal energy transfer from ‘excited CO85. The drop in output power is
attributed to the build up. of water vapor and hydrogen in the dlscharge As
dlscussed in Chapter 1, water vapor and/or hydrogen have been shown to be
~ the primary cause of power degradatlon in sealed waveguide lasers. These
~ waere the only gases whose concentratlon was observed to rise continyously
over the duration of the test. Water‘vapor68 and hydrogen concentrations of

0.12% and 0.3% were present when the first power decrease was obsarved.

The presence of the oxides of nitrogen, NO and NO,, whick are known to

seriously degrade the performance of sealed DC-exclted‘las‘ers87 at

concentrations of less than 0.1%, was monitored at mass peak 30 (the NO,

“principal peak at mass 46 would have been obscured by a secondary CO,

, peak) No increase in the level of this peak was detectable. To date reports of
nltrog_en oxides in RF-excited CO, waveguide I3sers have all been negative.
‘However Williams and Smith22 measured up to 20000 ppm of NO when directly
'samplmg ‘a RF- excnted CO;,:N;,:He - flowing-gas dlscharge through a
rdlfferentlally pumped 1 OOp pinhole. Levels of NO dropped to 200 ppm when

gas sampllng was moved to the discharge afterglow The failure to detect

) nitrogen’ oxrdes lrom worklng Iasers may thus be related to gas samplmg .
E technlques
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* These preliminary experiments demonstrated rhany of the important
phenomena investigated in greater detail in the following sections. These
include: COQ‘, dissociation\ and recombination, oxygen consumptiqn. and an

approximate laser lifetime of 100 hours. It is believed-that both the decreaseé‘in

laser output power and the equilibrium CO, dissociation levels are strongly "

dependent on water vapor and/or hydrogen concentration.

»

4.3 CO, Dissoclation Measurements

Y

A series of tests were made to determine the effects of 'pressdre. gas

. mixture, and RF input power on CO, dissociation levels. The effect oL H,0 avn‘d

H, on CO, dissociation and laser output power are considered separateiy in

section 4.4. The objectives of these tests were twofold. The first was to identify

a combination of operating parameters which will minimize CO, dissociation. |

This should prolong laser |if'efime byﬁreduc':ing' the influence of oxygen
~absorption. Oxygen absorption was obsﬁrved in’ preliminary tests and is a
relatively difficult problem to solve as it is often related toa specmc material or

processing step. For example Laakmann28 traced oxygen absorption in their

lasers to nickel coatings on aluminum parts and were forced to introduce a nitric

- acid passivation step intitheir laser proc'essing procedures. “ . g@ﬁ%

A second objective of these experiments was to extend and corroborate
exiéting dissociation measurements of RF-excited CO, waveguide laser dis -
charges. A set of e:'(periments by Williams and Smith22 prm§eé the most'

oomprehensive source of data at thus time. Most of these meas gﬁ;ents were,

however, performed under flowing gas oondmons in Iarge bor@‘asé dlscharge

tubes. Discharge scaling Iaws were then used to infer corﬁparable results for

éi.‘ /

66

%

c"“l.



¥ o e N

67
laser waveguides Smith admits that measurements obtained under these

"I conditions do not accurately model the wall effects in smalt-bore waveguides.

55 Measurements of CO, dtssociatron as a function of pressure were
performed at 50, 65 80, 120, and 140 torr usrng gas mixtures of 11.9% COZ.
11.9% Na, 71.2% He, and 5.0% Xe at an RF input power of 40 watts. The |
variation in CO, partial pressure with trrﬁe was as shown in Figure 4-.5 In all
cases an equihbrium was reached after 2 to 4 hours and dissociation levels tetl
again soon afterward (this was attnbuted to the effects of water vapor)
Dissociation mcreased with pressure, rangmg between 53 and 71%. For a
constant input power per unit volume, COz dtssooiatron should be proportional

to pressure-1(2), Ag shown in Flgure 4- 6 there is good agreement between tie
expenmental data pomts and the theoretical dependence. Clearly, however,
pressure effects alone will not be sufficient to. reduce CO, dlssomatron to less
than 50%.

A series of measurements were then conducted to determine the effects
of varying the proportions of helium and xenon on COz’ dissociation. éoth sets o\f.
measurements were carried out at a total pressure of 120 torr and an RF mput
power of 40W As shown in Figures 4-7 and 4-8 CO, dissociation increases as
the helrum content in the gas mixture increases and decreases as the xenon
~ content in\oreases. These results are attributed to the etfects whtch both of these:
‘gyasesvhave on the electron energy distribution in CO, discharges. Helium-rich’
"mixtures contain more high-energy 7eV electrons while xenon, with a large
momentum transfer cross-section which peaks at an energy of 9 eV, greatly
reduces the number of high-energy electrons in the discharge. Xenon levels in
excess of 5% are not expected to result in further significant decreases in CO,

dissociation. Measurements of the reduction in electron temperaturé with the
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et addrtior%t xenon68 show little addrtlonal ette when xenon levels exceed a few

‘parceht. Variatrons in helrum and xenon

‘feffect on CO;, drssocratron causrng a maxrmum shift in the equrhbrrum

-

i . ‘ drssocration Ievels of about t10%
= Discharge tests were. performed at four mput power level ; 40 50, 60

———

ad

s

‘Atent thus had a relatwely mmorm

L

and 70 watts, or expressed a@ power per unit Iength 2 7, 3 3 4. 0 and 4 7

) K | ’.'watts/cm These power levels range from 40% to 70% of the mput power\

s requured to produce 4OW of output power from a.60 cm Iaser currently under‘ :

A
drfferentral thermal expansron between the ceramic wavegurde the epoxy, ‘and
=the starnless steel optrcal mounts AIl tests were perf7rmed wrth a mixture of
11.9% COz, 11 9% No, 71 2% He and 5. 0% Xe\at a pressure of.120 torr. As

o shown "

o ':the four power levels. Thrs eftect is atnbuted w}the relatrve rnvanance of the

i }’ ot “__dnsoharge electrrc freld to pressure ratro EIP, with input power. The 002:

construotton Input power lavels in the 15 cm Iaser were Irmrtéd to 70W by _' ‘

rgure 4- 9 COz drssocratlon Ievels are vmually rdentrcal at each of

drssocratron rate constant for electron rmpact dlSSOCla!t.Lon is knOWn to be“ |

3 strongly tied to E/P Measurements of E/P in 80 torr of a He COz N2 mixture by
anﬁth31 show only a 12% vanatfon overan RF rnp power range of 10 to 7ow

A'\_' S

Oxygen and water vapor ievels were also exarnmed to determrne to what extent

.

FtF rnput p}wer rntluences oxygen absorptron and water vapor outgassmg As_
shown kL g Frgure,s 4-1b ane-4-11. tﬁere was not a well det‘ ned drfterencemn the

- rate ot oxygen absorptron but there was a 180% mcrease in the rate of water”" |

. l.\ : vapor oﬁt/g—aymg as the power tevets mcreased from 40 to 70w The most

R

g -important lifetfme‘é " t.of mcreasmg{ the input poweo le,vets wrll thus be to

. "‘:‘

O

3.
Telo! outgassmg rates: and the consequent deteno@tron in o
a ga trave used ihrs 3fteot for acoelerate;t I'gtrme* IRy

72
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H;0 Partial Pressure vs Time as a Function of RF Input Power
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to fail after 5 hours at 100°C.

4.4 -;Hydfr’oden'and Water Vapor Measurements

As discussed in Chapter 1, output power-degradation. in sealed ‘COg
waveguide lasers has been largely attnbuted to the burld up of hydrogen
" and/or water. vapor in the discharge. Hydérﬁn and water vapor are also
responsible for the.reformation of CO; ag a reslit of the reaction, = . *
ke S K |
m ot j :s‘f T 0H+co—>coz+|-|

wﬁ S ej‘;‘

| Preltmtnary examination of tgfer gas. chemnstry in section 4.2 resulteﬂwn ‘gata
whlch can be explalned by ﬂ't.e"presence of wgpr \9apor and*hydrogen in the "
dlscharge Laser outputf.bower and C02 ﬂissocta_tton ‘were both observed to:

‘decrease as Qe water vapor content in the dtscharge tncr a&d A nygtber otr &

| discharge tests were thus conducted to more cloaely e amlne the effects of

“water vapor and hydrogen in sgafed CO, wavegun e Iasers The three,

Vo R 4

tollowrng gas mixtures \

-

o) ‘ 120 torr of 119% COz, 1 9% No, 71.2% He 5% Xe, and 0.02% -

HZ0. (Tl'tts was e normal level of water vapor observed following '

the standard pumpmg and baklng procedure
qn) Identtcal to (i) except the water vapor cont‘avt was mcreased to
0.10% by elnmmatrng bake-out , -
'(iii)’. 120 torr of 11 9% COz, 11 9% N,, 69. 2% He, 5% Xe, 2% Hz, and
" N ) 12% % (The hydrogen was contaminated wrth water vapor)

" All tests were conduct

with an-RF tnput power of 40W

4

o

1 : ‘ R S

testing of their lasers. Lasers which operated for 500 hours at 20°C weresiound -
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As discussed in sectlon 4.1 the gas analyzer was not calibrated for water &
vapor. Estimat%d water vapor concentrations were calculated by taklng lhto

account the conductance and lonlzation eﬂlcrency of water vapor relatlve to

mtrogen

is responslble for decf\sased output power. As sh
mlxture wrth low w§er vapor levels output power re . i€

at 2.65W. (‘s is ln%ntrastt" aAgiboc fits, po ohmed under srntllar.
" ‘ condmons in which Iaser.outp‘ ~" "r’rs observed to rise from 10 fo 20%

over startlng values dunng the.

o, ower,is attributed t6 an increasd ‘vrty losses causéd'by the onset of optlcal |
e | ‘iatﬂage Output ppwer was also observed to>drop from 0 to 5% over the flrst 5
to 10 hours of operatlon when the laser’Was operated under low- galn «
condltrons such as wrth gas mrxtures Iacjun*bp) In the gas mlxture wrth S -
% added water vapor the turh-on power weslrlo‘\zer at 2. 5W and dropped_ :
: contmuously over-the-five hour dur@”n of the test to a frnal value of 1.7W. .
| Hydrogen |s not believed to haz;e affected output power in ‘thesé measurementsw )
Hy@gggenwvels durlng both« tests were below those in })”F'elimlnary ” ‘ .
3 measurements (see Flgure 4-4) where no drop in output power was observed . ’ 3
‘ %Laser output power |s presented as a junctron of watbr vapor concentratlon in
\4 Flgure 4-13 The thresholq@vel lor water vapor was approxlmately 0. 1% Tbls )
’ frgure was subsitlated by‘ examlnatlon _,of water vapor levels in all A

drscharge testse edlng 20 hours v o e

&

-]

Dnscharge tests usrng the gas mlxture contalnlng H2 showed that“

hydrogen concentratlons of 2% are capable ot suppresslng Iaser actlon As; A

.
. : 2 . . ? " & e
2 . . . . ' T . - u; "7:“"',,‘ ’
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Figure 4-15
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shown in Figure 4-14 hydrogen levels decreased repldly' after turn-on

(probably as a result of reactions between hydrogen and oxygen which form
water vapor) and output power was subsequently observed to rlse to a o
maximum value of 1.46W. Power was first observed at a. hydrogen ‘&
concentration of 0.75%. Ohtput power is presented as a function of hydrogen | l
concentration in Figure 4-15. This does not account for the eftects of water |

vapor whose concentr*ion was as high as 0. 26%, L S e

The three gas | lxtﬁs also demonstrated clearly that CO, dlssoelatlon
levels are controlled By the presence.ot hydrogen and water vapor in the
discharge. As shown in l-'lgure 4‘41:6 dlssociatl'on levels dropped from 50% in .\ ‘ *
the'low water vapor gas mixture to 17.5% in the mixture containing hydrogenl \
The. threshold level where water. vapor begins to affect CO, dlssoclation was .
0. 06:l:o 01%. This figure was calculated by tabulatlng the water vapor levels in \

all discharge tests in which the reformation of CO, was observed . : I
, : .7 4 L «\! PR
4.5 Optlcel Damage :' | | | PR

‘o Wl Cod
: A

Over the duratlon ol the gas chemexpenments (a total time_of 350
} \ hours)?‘le maximum output power of the laser as measurez with a fresh gas i
-~ R charge was observed to decrease by approxlmately 40%‘ This decrease was f(\
\ / httnbuted to optical damage as no other sources of degradatlon, such’ as
, j‘_ vacuum leaks,-werg,found Examination\ of the optics revealed no pa{tloulate
damage. however, there was. notlceable dlsooloration especlally in_ areas
_ dlrectly adjacent to the ends,of the wavegul}!e Under magnlﬂcatlon the surlace '
deposits were observed to havdan even but granular appearanoe The b\&
the deposlts were removed wrth methan"ol and gentle sorubblng and the re:%: Y

had a reddish- brown éolor The déposlts could be the result of mole
“ ! ! . Fd

1
!




’ waqecmde walls. This effect has been observed in conjunction with cathodo 2

9 34 ’

T e ﬁ -y
A“

~ ',(cdmplms whlch break up on collision with the surfaco of the optlcs or 5. % ;

sputtering in DC-excited CO, lasers!8 and the formation of beryllium carbonat o
deposits on the optlcs of an RF/DC-excited wavegulde Iaser89 e L4
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CQNCLUSIONS AND RECOMMENDATIONS
o This ghesis"ﬁas Involved the design and é@nstmctlon of sealed RF-
‘excited waveguide CO, lasérs‘ and a hlgtpvacugm’ laser processing station. as
well as the, study ,of the gas chemistry in RF-excited CO,  waveguide laser gas

- mi'xtures. This chapter smnmarizes the re'suké of these studies and préjs,ants‘ a.
“number of reeomrﬁqhdaﬂon_s for future work. . -

P
.

A

Chapter 1 pre’senied a summary of what is currently known about the -
lifetime-limiting factors in RF-excited CO, 'waveguide I‘asﬁrs and é'qmpared”th'e B
lifetime impiications of DC and RF exc_ité(hn. Chapter 2/ examined the fa’c’:tdré

 involved in the design of sealed"wavaguigg CO, lasers.The most impon?nt of

Lo L] S Cor .
¢ these were shown to be materfals, sealing techniques, and laser, tube .

axperi_mén-ts, was constructed, and two prototype hard-sealed lasers were

- processing. An epoxy-sealed 5§ watt laser, used in lasér: gas ch7'7mistry
designed. KT A 7 o

. . . Chapter 3 presented four measurement techniques which fave béen I
used for the aqalysis‘of'.seal_ed CO, laser gggmixtures. Mgss-spe ct/b'ls ooﬁy was |

selected and,a.high-vaéuiJ_m laser fprqdé_ssing' station with an on-line. _kasidﬁgi_ /

gas analyzer was designed and constructed. .,/ o [ o
| Chaptér 4 summarized the results of gas chemistry experiments in - |

<. sealed RF.excited CO, -!@:'gvegui&a laser gas mixtures. Recorded lifetimes were *

A\5r L r";,\"" RUE - STSC W O " - ’ | N o

E LR Iimitéél“tﬁ Ie%a"’than‘%oo‘hours by the-build-up of outgassed water vapor and '
“hydrogen in the discharge. A direct corrslation was observed between

increases in water vapor énq h’iidrqun lgvels and decreases In laser output

i
I IS

./W..l ) | ‘ . T ; B ) . /’,"l ) . »v -
! ‘ ' R . | . R 85 . . :‘ K .H v‘

. : - . ' . . B
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power. Water vapor levels o'pr__oxi“mately 0.1% were found to first affect laser

' ,output power.

\‘\
T~

The remammg expenments concerned ‘the eltect of discharge . -
parameters on CO, dlssomatlon Hydrogen and water vapor well known for
their catalytrc effect on qu reformatnon were found to stgmtlcantly reduce COg
dlssomatron levets: Thrs beneflt was of course dﬁset by their eftect on laser
output power Drssocratlon levels were also reduced by mcreased pressure

‘ decreased helrum content arzg mcreased xenon content None of these factors

“'were capable (wrthm the normally allowed range of operattng parameters) of

Jvreducrng dlssomatron to less than 40%, whlch is consrderably hrgher than
prevrouly publlshed data. Input power drd not have a dlrect eflect on

vdlssomatron but lt dld mcrease the water vapor outgassmg rate

TR The work outlrned in thrs thesis has resulted in signifi cant contnbutlons in
\

wo separate areas Flrst a set of gurdelmes for the desrgn and processmg of

, sealed 002 wavegurde lasers was establrshed The rnlormatlpn much of which
S would be considered propnetary by commercral laser manufacturers and is not |

‘ available from ~any single source in the open lrterature is'a synthesus of

__ expenmental data hrgh-vacuum technology. and CO, laser design. This: thesrs '

thus provrdes a reposntory of desrgn techmques for future‘i‘lesrgners of sealbd
002 wavegurde lasers |

7 Secondly, thls thesis fills a need for quantltatrve analysrs of gas chemustry
in sealed RF—excrted 002 waveguide lasers. Although the Irfetrme advantages

of RF excrtatron have been wrdely advertlsed little substantlve work concemlng

, laser gas chemlstry has been publrshed None of the pépers publrshed by
Laakmann the only producer of sealed RF-excnted COz wavegulde lasers to '

i

i
|

g
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- repoFt research results, is sufllclently detailed to allow mdependent venflcation
.. The RF dtscharge studles of erliams and Smith. dld ‘not always duplicate the .
cortditlons m'worklng lasers nor could they produce any data wrth respect to
' -laser output power Data concqmmg laser lifetime and gas chemlstry in. sealed
| - RF-excrtsd 002 wavegulde lésers could only be inferred from studies of Do
_excited conventronal and wayegulde CO, lasers. The research results outlined
in thrs thesis, concernmg CQz,\drssocnatlon and the effects of hydrogen and

/
water vapor on Iaser output power provude a valuable first step in the provnsron

~of detalled data which. have been lacking in the ltterature

/ ‘. .
itis obvious that a consnderable body of w0rk remams to be completed in

order to meet the 'bnglnal objectlve of producing a 1000 hour—lufetlme hard-

e

rmmedi e requlrement is to. test the effectlveness qf water vapor and/or
hydrogen ap'sorbtng getter materials such as phosphorus pentoxude cellulose,
' and palladlum It the results of exlstmg tests can be duphcated operatlng

\ Ilfettmes/m excess of 1000 hours should be attalnable
\ I .

\\\ ,-'/ q .
\ ,
‘ // Other lifetime- lrmrtmg factors whrch should be mvestigated mclude

oxygen absorptlon and optical damage Slgnr?lcant oxygen Iosses were
observed even dunng short-term dlscharge tests.” No drrect effect on CO,
/dlssc\lclation was observed and further measurements are necessary in order to |
/ establlsh a threshold for thls effect If possible the source of oxygen absorptron_
’ / should be removed from the laser Othenmse the net rate of oxygen absorptlon
‘T:m“bi lessened by reducing 002 dlssocration Ievels The use of distributed
platinum | films may be the most effective means of achtevrng that goal -

’*_.



The gradual loss in laser output power over the period of the Iaser gas |
. chemtstcy expetiments attributed to optioal damage, has not been adequately
: "Studled The composutlon of the deposits on the optics should be identllied
using surface analysis techniques. Deposntion rates may also be reduced by
modifymg the. gas flow patterns mside the laser to reduce discharge streaming -
onto the optlcs The prototype h’ard sealed lasers, havmg—ventliation of the
wavegurde through gas exchange channels and bagles which reduce the flow

- of gas around the ends of the waveguide incorporate this design

Through the development of a Iaser processmg facility and the study of -~
Iaser gas chemistry, this thesrs has provnded the neoessary framework for the
future development of hard-sealed long-life- CO, waveguide lasers at the

thersnty of Alberta The remaining challenge will be to integrate lifetime work

with the results of high-power waveguide laser development.
o : " : \ .

|
|
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