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RESUME

Nous avons développé un tube laser CO , ~ onde ent re tenue d’ un

• d i am ~ t r e  de ~ nun , de cons t ruc t ion  robuste~ Ct en avo ns ana lyse  les

car a c tCr i st i ques . Nous avons observe que Ic gain ~ f a ib le  si gna l
at t e i g n a i t  sa va leur  op t imal e  lorsque Ia pression partielle de CO .
dams un mélange CO ,:Xc :Ile était d’env iron 15 torrs  et que cette valeur

décro issai t  avec Ia concentration de CO ,. Le remplacement d’une

• par ti e du GO , par du CO amél i o rai t  tie façon marquante le rendement

du laser. Nous avons réussi ~i produire une puissance par unite de

longueur de 0.18 W/cm a 110 torrs dams un mélange CO,:CO:Xe:uIe tie

l0:20:4:~~ dans une dCcharge de 9.5 cm dc long . Tout ind ique que

Ic rendement serait meilleur dams un tube plus long . L’util isation

d’ un rCseau comme miroir nous a permis de fixer l’ orientation du

• champ électri qu e et d’ augmcnter le domaine de synton isa t  ion tie fré-

quence grace a Ia reduction du noinbre tie raies Cmettrices . Dans

PCtat actuel du projet , nous avons fait fonctionner it’ laser en

régime st.,mi-scellé avec remp lissage aux 300 heures. (NC)

ABSTRACT

j

A rugged CW CO~ 2-mm-diameter laser tube has been developed

and i t s  per formance  analy :ed . It  has been found that  the small -signal

ga in  was opt i m um when the CO~ pa r t i a l  pressure in a CO~~:Xe : l I e  m i x t u r e

amounted to about 15 t orr  w i t h  the peaI~ va lue  decreas ing w i t h  the

CO~ propor t ion . Replacement  of part of the C0~ by CO resu l ted  in

a s i g n i f i c a n t  improvement of the laser e ff ic i e n c y .  A power e x t r a c t i o n

of 0.18 W/cm has been achieved at 110 torr with a CO~ :CO:Xe:Ue mixture

of 10: 20:4: (“b in a 9.5-cm-long discharge . There are indications

that  a better extraction is possible in longer tubes. Use of a grating

as one end m irror was sufficient to contro l the electric field orienta-

tion and led to a greater tuning range by limiting the number of

osc i l l a ti ng lines. At the presen t stage , semi-sealed-off operation

is possible with a filling period ot’ about 300 hours. (U)
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1 .0 INTRODUCTION

Heterodyne detection appears very promising in optical radar

applica tions of the CO2 laser and so has received much interest at

DREV during the past few years (Ref. 1). Such type of detect ion

requ ires the use of a stable , frequency-tunable laser source of

compact s ize as the local oscillator . Oversized waveguide structures

(Ref .  2) offer  the p o s s i b i l i t y  of constructing compact CO2 oscillators

operating at pressures sufficiently high to a l low tunab i l i ty ov er

several hundreds of megaher tz (Ref. 3).

In this repor t , we descr ibe the des ign and analyze the perfor-
mance characteristics of a CW waveguide CO . laser. Construction

methods , smal l - s i gnal gain , output power , signature and sealed-off •

l i f e t ime  have been studied to find optimizing conditions. Emphasis

has been placed in miniaturizing and ruggedizing the laser enough

to conveniently use it outside the laboratory. Even if the primary

objective of this work was to design a heterodyne local oscillator ,

the laser has been found capable of sufficient power to make it

suitable for many other types of appl icat ions .

The work done in this report was performed at DREV between

January 1977 and December 1978 under PCN 331104 , Miniaturization
of lasers .

5—
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2 .0  CONSTRUCT iON OF ThE LASER

- 
2 . 1  Laser tube

I During the experiments with CO 2 waveguide lasers , many conf i g-
• urations and assembling techniques have been tried . Figure 1 illus-

trates the design that  appears the most r e l i ab l e  and rugged . The

laser tube was fabricated from a 99~~~ 50 , pure be ry l l ium oxide ceramic
- 

roT 2.5 cm in diameter and 12.5 cm long wi th  a d r i l l ed  axial  bore
of . nun (surface finish S20 microinches ) as supplied by Consolidated

Ceramics (Ref. 4). The high therma l conductivity and the optical

• cons tants of BeO make it a good candida te for CO 2 waveguide lasers

(Refs . 5,6).

VALVE

• T~ A~ SLA~O~ PZT

FIGURE 1 - Drawing of the waveguide laser tube
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Four side holes were drilled rad ially into the bore to accept

the elec t rodes as shown in Fig. 1 . The 2 end holes were drilled

at 1 cm from the tube ends whereas the other were spaced by 1 c m

and posi t  ioned symmetrical i y about the tube center. Tb i s  pi .ov ided

a pai r  of excitation discharges tha t are electrically in p a r a l l e l

and s t a b i l i z e d  by individua l 2-~~1 b a l l a s t  r e s i s t o r s .  The tube  was

then cleaned with hvdrofluoric ac-id and baked at 1000°C for 3 Ii

befo r e as sembi v. The total discharge length amounted then to 9.

centimeters. The 90~ Pt — 101- Rh cathodes were  epox ted in th e

center  ho l es  to m i n i m i z e  s p u t t e r i n g  damage to the end mirrors.

Of the  2 anodes tha t were fixed in the end holes , one was  dr illed

to serve as gas i n l e t  from a 40 -cm~ g la s s  r e s e r v o i r .  The hitter

was sealed w i t h a m iniatur e sta in l ess  stee l  valve of spec ial des ign

( F i g .  1) to a l l o w  q u i c k  rep l acement  of the gas m i x t u r e .  A f t e r

m o u n t i n g  of the  f l anges , m i r r o r s  • electrodes  and reservoir , the

laser was pumped for ~‘0 h w i th  a diffusion pump , and he li urn—leak

t e s t ed at a s e n s i t i v i t y  of ~~~~ a tm-cm ~ / sec-ond .

E x c i t a t i o n  of t h i s  4 e lec t rode  c o n f i g u r a t i o n  can occur in

d i f f e r e n t  w ay s .  When conduc t ing  f l anges  were used as m i r r o r  ho lders .
a nega t ive  vo l t age  was a p p l i e d  to the center  cathodes through the

two ~~~ ballast resistors. Because simultaneous striking is a

random process , a major problem was to insure reliabilit y in striking

• the pair of discharges and to avoid current flow between the cathodes.

Fur thermor e , with insufficient ball ast resistors, oscillating d ischa r ge

occurred between the 2 cathodes. This  lcd to a very  rapid degradation

of the tube due presumably to some deposit on the inner w a l l  of

the intercathode spacing . In particular , it was observed that

roughly 5 unsuccess fu l  a t t empts  to s t r i ke  both d i scharges  resul ted

in a two - fold decrease in the output power of a new tube.  B a l l a s t

res i s tors  of 2 ~~ were s u f f i c i e n t  to eliminate inst abilities.

~~~~~~~~~~~~ _ _ _• .•
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Reliable striking of both discharges caii be achieved if the

in terca thode  spacing is made large enough so tha t the electric - field in

t h t s  gap never exceed s t h a t  b etween e i t h e r  cathode and i t s  cor responding

anode ( R e f .  ~) - In our c o n f i g u r a t i o n , t h i s  led to a ca thode-cathode

separation of the same order as the  cathode-anode gap and , consequent-

lv , to an i n e f f i c i e n t  use of the  volume .

Another  approach to the problem l i e s  in the use of the b a l l a s t

res i s tors  on the anode (end ) s ides  . A l t h o u g h  both  ends of the  tube

are at h i g h  po ten t i a l , t ha t  s o l u t i o n  was f i n a l l y  adopted a f t e r  d e s i g n i n g

a tube (Fi g .  1) tha t  a l lowed e l e c t r i c a l  i s o l a t i o n  of the  m i r r o r s  and

prevented any h i g h - v o l t a g e  hazard . The use of 2 cathodes t hen

becomes unnecessary and 3 electrode tubes could be used . h owever .

as only  tubes w i t h  4 holes were a v a i l a b l e,  the f o l l o w i n g  exper iments

were conducted directly connecting the 2 center electrodes to the

liv power supply and grounding the 2 end-anodes th rough 2-~i~ r e s i s tor s .

2.2 Optical cavity

Propagation characterist ics of such oversized structures hav e

been extensively studied by ~larcatil i and Schmelt:er ( R e f .  8) . They

have shown tha t when the  tube m a t e r i a l  has a r e f r a c t i v e  index s m a l l e r

than 2.02, the linearly polar i z ed , a x i a l l y  symmetr ic  hybr id  El i 11 mode

is the lowest - loss  propagat ing mode. This  mode appears v ery  a t t ra ct i v e

since over 98% of i t s  energy is conta ined in the cen ter  lobe ( R e f .  9)

• Furthermore , i t s  t ransverse  p ro f i l e  c lose ly  f i t s  the open-resonator

TEM 0 gaussian mode ( R e f .  10) w i t h  a corresponding wais t  d iamete r

of 64% the bore diameter  ( R e f .  11) .  The Eli 11 mode c o n f i g u r at i o n

has propagation losses g iven  by (Re f .  8’) :

C ~
~nm A= — — R ( v )

mm 2ir 3 e na
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where 
~ 

is  the m th  root of J~~~1 ( x ) ;  \ , the w a v e l e n g t h ;  a , t he bore

• radius and v , a function of the complex refractive index . Calculations

for data (Ref. o) based on the  s i n g l e - c r y s t a l  BeO o p t i c a l  cons tan t  g ive

a loss c o e f f i c i e n t  less than 5 .4  x l0~~ cm 1 
in a 2-nun It ) BeO capillary .

Measurements ( R e f .  10) have shown losses s m a l l e r  than  l0~~ cm ’ in a

drilled beryllia rod . In practice , howev er , the ina~ or loss sources 
F

are the camber of the tube and the lack of i n n e r - w a l l  smoothness .  For

examp le , it has been shown ( R e f .  10) t ha t  even a 75-in curvature can

double the losses of “ 30-cm-long guide. Therefore , particular care

must be taken  to avoid any c u r v a t u r e  of the rod and to insure tha t

impur i t i e s  are absent from the bore.

l io l low-wavegu ide - la se r  resonators have been stud i ed hy severa l

authors (Refs . 9-13) and it has been demonstrated that 3 types of

optical-resonator arrangements (waveguide-laser structure plus external

feedback mirrors) can lead to low-loss situations tha t  favor  the

oscillation of the Eli11 
mode (Refs . 11 , 14). These low-loss configura- P

t ions  are :

1) Mirrors with a large radius of curvature with their center of

curvature  s i tua ted  approximate ly  at the  guide en t rance

(e .g .  R = 1 n for a 2-mm-bore tube) .

2) Medium-radius-of-curvature mirrors separated by h a l f  t h e i r

radius of curvature from the guide entranc e (e.g. R = 25 cm

for a 2-mm tube) .

3) Flat mirrors close to the guide ends.

- —‘—- 
~~~~~~~~~~~~~ -
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in a p p l i c a t i o n s  where h ig h power in the Hi
11 

mode i s  requi red ,

conf igura t wn 2 appears p a r t i c u l a r l y  a t t r a c t i v e  as it inherently offers

a good mode d i s c r i m i n a t i o n  (Re f .  1 1) .  Fur thermore , the f i r s t  2 ar-

rangements  g ive  the p o s s i b i l i t y  of enhancing t h i s  s e l e c t i v i t y  by

ape r tu r ing  the  m i r r o r s .  However , a longer c a v i t y  and a narrower

t u n i n g  range represent major  drawbacks of these c a v i t i e s .

For our l o c a l - o s c i l l a t o r  app l ica t ion , the more convenient  t h i r d

c o n f i g u r a t i o n  was chosen . The 9 o % - r e f l e c t i v i t y  :nSe coup l ing  mi r ro r
was  epoxied d i r e c t l y  on the tube end . Proper ali gnment was insured by

continuously monitoring the mirror orientation with a lie-Ne laser beam

during the curing process. The other end of the tube was sealed with

a 99. 7’~ transmitting nSe window so that either a flat mirror or a

g r a t i n g  could be used as the other optical cavity element . in that •~~

conf i gura t ion , the losses of a 2-mm tube are approx imate ly  g iven S -

by ( R e f .  l1~

= l .2 d ~~~ %

where d is  the dis tance between the tube end and the m i r r o r .  T h i s

second element was mounted on a PZT translator which was f ixed to a
m irror-orienting dev ice made of isola ting material. The spac ing
between the sealing window and the grating or high-reflectivity mirror

was < ~ mm so that less than 0.4% losses were expected at the mirror-

tube interface. This assembly technique appears very rugged and allows
• electrical isolation of the tube ends. The anode can be at hi g h

potential and strik ing problems are relaxed .

1

I
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3.0 GA IN ML ASUR EME N I’S

For gain measurements , a frequency-stabilized CO , laser tuned

to the center of the P(2 0 )  lO .6 -~ m t r a n s i t i o n  was used to probe

a 1 2 . 5 - c m - l o n g  bore . The BeO cap i l l a ry  was s imi la r  to the wav e gui dL -

descr ibed in Sect ion 2 . 1  except for the end mirrors which were

replaced by NaC . windows .  The tube was water-cooled to about 1* C.
The laser beam was chopped and detected with a pyroelectric sensor coii-

nected to a lock-in amp lifier. The probe beam was coupled into the

waveguide with a focusing lens. Gain results were obtained by measurin g

the difference between the input and the transmitted power with the

amp lifier discharge on and off. Care was taken to work at sufficiently

low input power to avoid saturation effects.

The measured gain coefficient as a function of current at a tot -il

pressure of 60. torr is shown in Fi g. 2 for 3 different C01:C0:02 :Xe: Iie

mixtures. During these measurements , the proportion of CO2 + CO was S -

kept constant at 30% while 0
2 
was added in the stoichiometric ratio.

The concentration of Xe was fixed at 4~, and lie was added to complete

the mixture . The gain was found nearly independent of the discharge

current from 1.5 to 4 mA as already noticed by Abrams and Bridges

(Ref. 6) - Furthermore , the gain coefficient of the different mixtures

was identical whatever the initial [C02]/[C
0
2 

+ CO] ratio as long

as the relative pressure of CO
2 

+ CO was constant and 02 
was add ed

in half the quantity of CO. Several measurements made at different

pressures varying between 30 and 120 torr exhibited the same behavior .

This indicates that CO2 
was dissociated in the discharge (Refs . 15-18) :

CO2 i- e -+ CO + j 02 [lj

______  
-‘ ~~~~~~~~~~~~~~~~~~~~~~~
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and that an equilibrium was rap idly reached following the onset of the

current . Studies conducted in low-pressure tubes have shown that disso-

ciation increases w i t h  the current and with the reduced field strength ,

lip , (Re f .  17). The dissociation of about 60% (Refs. 15-16) of the CO2
molecules has been measured at total pressures between 10 and 20 torr

5~

and current densities around 10 mA/cm . The exact amount of disso-

ciation in our tubes was not known but it is expected to be non negli-

gibl e.

The measured gain coefficient as a function of total pressure

is shown in Fi g.  3 for 3 different C02:Xe:He mixtures . For these

measurements , the total current was maintained at S mA (2.5 mA in

each discharge channel)  and the temperature at 17°C. In all cases,

the gain coeff ic ient  rose wi th  the working pressure , reached a maximum

and began to fall. As already observed in a 1.5-mm-diameter  tube

(Refs .  6 , 19) , 3 maim features appeared from these resu l t s .  Firs t ,

the gain peaked at lower pressures for mixtures richer in CO,; se-

condly ,  the addi t ion  of He shifted the maximum gain toward higher

pressures and lowered its maximum value; and finally, the gain coef-

ficient was almost independent of pressure at a high lie concentration.

Figure 4 shows in more detail the variation of the peak-gain coeff icient
~rnax and the pressure at wh ich it occurred versus the CO 2 concentra t ion.

At CO2 conc ent rations of 40% and higher , c~~~ leveled at about

1.4% cm ”1 . It is seen that the opt imum total pressure varies

roughly as l/[CO2], 
implying that 01

rnax occurs at a constant CO2
partial pressure of 15 torr in a 2-mm bore .

The observed behavior f i t s  the prediction of the model publ ished

by Cohen ( R e f .  20) . At a to ta l  pressure lower than 50 torr , the gain

l i m e  is Doppler-broadened and the i n i t i a l  rise of the g a i n  is governed

by the increase of the number of ac t ive  mo l ecules.  At hi gher pressures ,

the gas temperature increases wi th  the power diss ipated in the

discharge , and the inversion decreases. The lower s e n s i t i v i t y  of

• -5-- -  . - 
. 
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as cu l i  u i ng t h a t  t he  w.i i st r •t d l u s  o f ’ I he g.m -~‘.i an l ’*,’am w ii i oh be st t’i t s

t he itiode am o u n ts  to  (1~ t,4 S~, ,i I ; R 1 and R - a re  t h e  o f t  o c t  i t o  re t ’ ) ec —

i v i t  i t ’s of t h e  end m i  rro r~ F , t s t h e  I r an ’— i u t  t (a i n’t’ ot t h e  outpu t

lii i i.ror a ss i tmed to be in i rror 2 1 i s  t he ga i i i  I engt  ii v i ~
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5 0
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where it i s  P t a n c k ’  s ~‘oii stant • o i s  (he c ross  sec t i t ’ll for  t h e
0

sI i unttla tt ’d t’in isstoii at  t he I m e  Ct ,’l i t t ’r and I • I , a r e the  I it ’ot i uiies
U

of I he uppe V and I o~ et. l i s  tug 1ev ol s rt ’spt ’c I t vel v . Ihese I i  let 1 I l ios

cu t i  in’ dec l’ t’a cod li t  itio I t’cii I t’— fli t )  I (‘CII h o  or e t  cc ( t’Otl— Ifltl i (‘CU t o  Ct) I i i  s I t ’ii~~

in  t h e  g a s  v o lu me  .unth ~‘V w;u I I th’, ;o t  i v a t  i o n .  At s u f f t ~’ t e n t  I - s high

r~
.’5 5 ’  (p - (0 t o r y  i n  a .‘ -- in m d t i tune te r  t ub o l  ( R e f .  241 . t i n’ s’oluin c

qu en c h i n g  rut e becomes t h e  m os t  t m p o r t u u i t  mec h a n i  sin so t h a t  ( t ~~ + t 1 
-

i n c r e a s e —  I m ean  V w I  I i i  pr essui’e .  A ” the  cross sec t t s)Ii 0 i t t  so
- 0

i n k . rca s O s  i i t i t ’. t r  Iv w i  t h p Ft ’s sli i~e i t i  t u e  h omogeneou s I v I i  t i e—bro a dened

r e g im e . t h e  sat u r a t ion p;; r~iunet el’  I va r ies  i t s  ~ (Re Cs . 24 , ~ 1
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Assuming tha t  there  are no losses other  than  coup l i n g

(R1 
= 1 , 1, = 1 - R ,), eq. 2 can be written , at the lint .’ center ,

/ tn
P(v ) = a 1 I, v ) AL I 1 + —

~~
- 1 14 ]

0 0 S 0 a
L l

From th i s equat ion , it is seen that 2 factors determine the output

power of the laser . On the one hand , there is a certa in max imum

amount of power available in the ga in  medium that depends on the

med ium inversion. If the  gain  is  assumed much greater  than  the

losses (a0L 
~~~ - tn /R,), this limit is obtained from eq. 4 by

( v )  = I
s (v0) ~~ 

AL E S]

which becomes in the high-pressure regime

~ p .  L~ J

On the other hand , the efficiency for extracting tha t power is g iven

by the factor (1 + ~n /R 1/a0L) and depends on the ratio 
i~ui

so that efficient operation can be achieved only when the small-signal

gain is sufficiently large . For given losses, a lasing mixture tha t

optimizes the product of both factors has to be found in order to

max imize the output power of the laser. 
—

4.2 Experimental

Small- si gnal—gain measurements have shown that lie rich mixtur es

have hi gher gain at h igh pressures. In order to show the v a r i a t i o n  I
of the available power with the gas mixture composition , we have

max 2 . ‘ 4plotted in 1-ig. 6 the product a~ ~~~~ versus the CO., concentration

in a CO ,:Xc:Ile mix ture . It is seen that because of a higher o p t i m u m

pressure, the available power increases with a reduction of the

CO2 concentration . h owever, as the small-signal-gain coefficient

. - - -
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H
of these mixtur es is l ower , power extract loll j s  expec t ed t o  be loss

et”fi~ lent . .‘~lthough the opt m u m  mixtur e varies wi tim the  tub e  lo sses  .

one can state as a genera l tendency that in a tube with high losses .

CO . -rich mixtures should provide maximum power wher ea s m i x t u r e s

richer n lie should be preferable in low— loss t u be s .

Laser output power versus total pressure lot” t a m ”  ious CU , : X e  : h h e

mixtur es i s  shown i n  Fi g. T’ for  5— ,iiit l 7—niA tot al d i s c h a r g e  c ui ” r e mu t

.5 and . .5 mA per di soharge arm) when a 9t’’~ r e f l e c t  ing m i r r o r i -

used as coup l ing lii i r ro r  . For t h o se  e x p e r i m en t s . ( lie lase r tube  w . i s

sat  or cooled at 1 “°C and the  di  scharge  l en gt  ii w as  9. 5  cm . I t  15 Set ’iI

that the laser output clean peaked at pressures w e l l  .uI ~t,’t v e  t he

opt m u m  pressure for a pea k gain : this demouist rates t h e  inc r euse

satura t ion 1~u ram ete r  I with pressure. (lii i ike t h e  sina i 1 —si gmi al - A Z J i l l .

.the outpu t  power increased with the d i s c h a r g e  c u r r e n t  • p a r t  i cu l . i r  1 Y

at p ressures  where  the output i s  near opt imumu . I’Ii is h it,! i c . t t  Cs

an i nc reas e  of the sat u r at i o n  parameter  w i th cur ren t  , as has a l r e a d y

been measured ( R e f .  2 4 ) .  For most m i x t u r e s , t h e  c u r r e n t  g i v i n g

the highest output power was not reached as it was beyond t lit’ 1111111 5

of the  a v a i lab l e  power supplies.

Figure 8 shows the effect of replac ing sonic of” t h e  CO .
by CO in a 30:4:’’, C07 :Xe :IIe mixture at a total current of’ S mA .

I t  is seen tha t the addit  ion of CO led to a s i g n i f i c a n t  improv t ’niont

of the output  iowe r w i t h  a d i sp lacemen t  of the max i nuun i1I. t’s~~ re
toward h-sigher values. This resulted from an in cr ease  ol’ th e sm.ul  I -

signal —ga in c o e f f i c  lent at hi gh pressure , as seeii i i i  l i g .  5, and

of the  p — v a r  i at  ion of the  a v a i l a b l e  power. ‘I iie ex a c t  opt imum

m i x t u r e  w i l l  then depend strongly on the laser cavity losses .

bu t the add it ion of CO seems to lead to a greater eft” ic it - nc>’.

___  -~~~~~~~~ -~~~~~~~~~‘~~~~~~~~ ~~~~—-~~~~~ 5’ --  ~~~~~ ‘- ~~~~~~~~
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An ou tpu t power as h igh as 1.7 W was obta ined  at  7 mA at a pressure

of 110 tor r  in a CO , :CO:X e :l l e  m i x t u r e  of ~0 : 20 : 4 :~~~, w h i c h  correspond s

to a power per u n i t  length P/L of 0.18 W/cm . This va lue  should be

compared to the unit-length power extraction of 0.2 W/cm and 0.31 W/cm

obtained by Abrams and Bridges (Ref. ~) and by h a i l et al (Ref .  7)

respec t ive ly .  Abrams t measurements were conducted in a 18-cm x 1.5-mm

tube with a hie :CO -, m ixture. For fixed losses , a longer tube allows a

better ex t rac t ion at a h i gher pressure and , as the ava i la b le power

increases as p ,  leads to a more efficient operation . lIalPs results

were also ob tained in a longer tube (20 cm x 2 mm) a t a d ischarg e
current of 11.2  mA and in a CO ,:N , :Xe : U e  gas mix tu re .

F i n a l l y ,  the add i t i on  of N 2 improved the pumping efficiency of

the upper CO , las ing level (Ref .  25) but , as discussed later , resul ted

in a shorter lifetime in sealed-off operation .

5.0 TUNING RANGE

5.1 Theoretical background

Matters of par t i cu la r  importance in systems which  use heterodyn e

detect ion are tun ing  range , frequency s t a b i l i t y  and state of polariza-

tion of the laser ou tput . The frequency domain in which  the laser

osci l lates  is obtained from eq. 2 :

/ , ~~ 1/2
2(v~-v) 

~~ 
( - ~~L _

~
-\ [ 7]

k~ ~
n (R 1R 7 ) )

where v~ is the offset frequency at which the laser oscillation
ceases. For a C0

2
:He mixture, the Loren tzian l inewid th i s g iven

by (Ref .  26) :

—  

= 7.58 ( [C0 2 J + 0.6 [lIe]) P(MlIz) 181

~ ~~~~~~~~~~~~~~~~~ ~•~•• ~I - 
. . .. 

- 

. .~~.•
.
. ~~~~~~~~~~~~~~~~~~~ ——‘~~ - S



- 

~
— -—i.•-5

~~~~

_ __

~~ 

~~~~~~~~~~~~ -

(INC L ASS I 1’• 1 Li i
15

where p is the pI”essure in toi’r and (CU 7 ]  , [li e ] are t h e  CU , and lie ‘ I
proport ion s  respec t i v e l v .  1:or a standard 30:70 m i x t u r e , t he  j~~~-ss u re

b r o a d e n i ng  r a te  amount s to about 5 .5  ~tI hz. - torr . It is seen from eq.

that the tuning range is ve ry  sens i t  ive to the  sina i i — s  i g i m a l  — ga i i i

coeffic ient and to the  m i r r o r  r e f l e c t  i v i t  m e s  ( w h i c h  Inc hide the wave—

guide losses). An exac t p r e d i c t  ion of the  t u n i n g  range of a g i v e n  la s e r

appears di ff1 c u l t  . A p h en omno no l o g i c a l  ana l ys i s by L ) e g m m a u  ( R e t ” . 22 1

has ~howii t h a t  m a x  in i : I ng the output power of a g i v e n  Lu ser by

vary ing the pressure s i n u l t a n e ou s lv  m a x i m i z e s  the tuning range .

However , mirror reflec t iv it ies that mnax ini i :e the  ou tpu t  pow~’~” t~ i l l

not opt i m i . e  t he  tuning range tha t inc reases m o n o t o n i c a l  ly u~it h R
1R

~~~. 2 E xp e r i m e n t a l

In order t o  measure the frequenc y and po la u” i zat  ion character i s —

t i c s  of ’ our laser , the c o m p l e t e l y  r e f l e c t i n g  n ir r o r  was mounted on a

P T  t ranslator. For those mea surem ents , a CU 2 : Xe :1k’ m i x t u r e  ot” 50:4:

was used and the current was held at 4 m A  - No  ~~ lan i lug c lement  ~‘us

i nc lud e d  in  t he  laser car it>’ . Lho coupling mirror u~as spec i f l e d  to

have a r e f l e c t  i v  it of 9,’ . F i g u r e  9 ( u )  i L l u s t r a t es  t h e  s i g n a t u r e  ot ”

t he laser  ou tpu t  at a pr essure  of 0 t orr  as the cat’ i t) ’  l e n g t h  is  swept

across i t s  free spec t ra l range of 1 l~1Iz F the  app l i c at  ion of .i l i n e a r

vo l t age  ramp to the  i’:’I’ t r a n s l a t o r .  As many as 10 l i n e s  os~~i i l a t ed .

Because of Las  ing ac t  ion on the  R i b  and P24 lines , the t u n i n g  range

of the P2P l i n e  icas l i m i t e d  to ihO Nil:. •-~na h-s is wit hi an externa l nSe

window mounted at the Brewst er  a n g l e  showed t h a t  t he  out put was l i n e ar  1>’

p o l a r i z e d  as expec ted from c a l c u l a t i o n s  for the  LU 11 m o de (Re t” . 51 ,

However ,  f u r t h e r  a n a l y s i s  has i n d i c a t e d  tha t  the e l e c t r i c  t’ i e l d I vector

rotated , most of the time by ~i . 2 steps,  as the laser cat’ it> - sas tuned

th rough  i t s  free spec t ra l range . I” h is  is  i l l u s t r a t e d  in Fi g. 9(1 ’ ) and

9 ( c )  where the  h o r i z o n t a l  and ver t  ica 1 compon ents of I are d i sp l ayed

versus  the cay i t > -  l eng th .  I t  is seen th at  the 1’ r o t a t i o n  can occur

anywhere in t h e t”ree spec ti-al r ange . Changes in the m u i r  m’or .11 i gnment

never led to a constant  or ientat ion of the polar i z .mt ion undem ’ a l l

cond it ions.

- k
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I 4mA

P20 P24 P22 P 60 torr

(C)

P21

FIGURE 9 - Laser output power versus PZT translator tuning at 60 torr
without dispersive and polar iz ing element in the c a v i t y .  - 

I
The C02 :Xe :hie gas mixture was 30:4:66 and the coupling
mirror had a reflectivity of 96%. ~a) total output , (b)

horizontal polarization component , (c) vertical polarization

component
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As var  iat ions of the  po l ar  u :at  iou appea r umide~ I rubl e in .~

hctorodvne r ec e iv e r ,  ex per i mnent s biut e ‘L en condac ted to determ imie

the  polarization stability after r epl . ic  t u g  th e  h u g h — r e f l e c t  iv i t > ’

mirror by- an or iginal gra t ing mounted in the Lit t row c o n f i g u r a t  iou .

In  a f i r s t  exper iment , a 7E
~—~ nu~ blazed grat ung which had a spec i fled

efficiency of 95’o was placed at about ~‘ nun from t ime  tube cud . Figure 10

shows the  s i g m u a t u r e  of t he  l aser  o u t p u t  at 3 di fferent p r e s s u r e s  . i t

is seen tha t  at ti0 t o r r ,  the number of osc i i  hit lu g i i  m m e s  was reduced

to o as compared to 10 w i t h o u t  the  g r a t i n g ,  the reby  i m p r o v i n g  the

tun ing  range. As a consequence of the much h ighe r  r e f l e c t i v i ty

of the g r a t i n g  for F perpendicul ar to the grooves , analysis with

the external  Brewster  t~indow conf i rmed a 1 m ean p o l a r i z e d  ou tpu t

all over the tuning range. At a highe r pressure , a reduction in the

number of o s c i l l a t i n g  l ines followed a decrease of the gain. in

the  maximum-ga in  pressure region ,  a h i g h e r  order linearly Po1~iniz ed

mode , p robably  the hy b r id Lit 1 1 + UI
3 ~ 

mode t,Ref. 8), was ’also

observed to osc i h a te  at proper tuning of the cat’ it> ’ length. The

relative amplitude of this mode in Fi g. 10 is misleading since it

has a doughnut  shape w i t h  a n u l l  on the a x i s  so tha t  the  cent ered

detector intercepted oni>’ a fraction of the I)o~’er. flowerer , in

our operating condi t ions , i t  was poss ib le  to e x t i n g u i s h  comple te l y

this mode by proper t u n i n g  of t i-se car i t y  On the UI1 1 
mode so that

no beat ing frequency was observed at the output .

Figure I l  i l l u s t r a t e s  the pressure dependence of the output powe r

and of the t u n i n g  range on the P20 l i n e  as measured from curves

similar to those in Fig. 10. l)uring those measurements, it has

been v e r i f i e d  ti -sat  only one l i ne  at a t ime  was o s c i l l a t  t ug . I t

is seen tha t  the maximum tun ing  range occurred at a pressure sli ghtly

higher than the maximum output power in contradiction w ith liegnan ’s

conclusions .  A closer cxan i in at iOn of F i g .  10 indicates that lasiug

of the P23 and P18 l ines prevented full coverage of the possible

tuning range and was responsible for t h i s  apparent d i s cr e p a n cy .

A tuning range of 3b0 Nil: at SO torr is caicultated from eq. ~i s s u m i m i n g

-i
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FIGURE 10 - Tuning characteristics for various total gas pressure when

the completely reflecting mirror was rep laced by a 75-L/mun
grat ing
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a s i g n a l - g a i n  coe f f i c i en t  of 0.9% cm~~ as seen in Fig. S for a sim ilar

m ixture , a coupling-mirror reflectivity of 96% and a grating efficiency

of 94% (absorption in the ZnSe sealing window was included in deter-

mining this efficiency) . This value is considerably larger than

the 230 MHz measured . Besides the limitation imposed by the lack

of dispersive power of the grating, and the oscillation of the P18

and P24 lines , the overestimation of the tuning range may he caused

by an underestimation of the tube losses. This is supported by the

observation of a decrease of the output power that followed arcing

between the center cathodes prior to the above measurements.

In conclusion , the above results indicate that a polarization

element must be included in the cavi ty  in appl icat ions  like the

heterodyne reception , where the orientation of the F vector must be

kept constant . Whi le  th is  element can be simply an internal Brewster

window , it has been found that the use of a grating determined the -:
po la r i za t ion  orientation in all conditions and improved the t un ing

range by limiting the number of oscillating lines. 1-towever , with

a discharge length of about 10 cm , a 75-i/nun grating has not enough

dispersive power to comple tely extinguish the neighboring lines
and , where tuning range is important, a grating with 135 to 150 i/inn

should be used and losses should be minimized by using either a ‘

coupling mirror with a higher reflectivity or a more efficient grating .

~~~~~~~~ 
_ . 

~~~~~~~~
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() 0 ~— l - \ I , L U — O F E  OPLRA l

In  order  to  e f t ” ect  i v e l y ex p l o i t  t i m e a d v an t a g e s  of m % a v L - g L m  i d e

lasers t u  s i z e  and fr equen c~’ cap ab i  l i t  les , i t  i s  des  i r u b l e  t o  Use

a sea 1~-d - u t ” t” sy st e m and the reby  .m~~’id bu l k y ’  gas c i r c u t a t  i u i g  apparatus

as w e l l  as t u r b u l e n c e amid t” luc t u at  i uu g pros sure t im a t Qua y ~‘.i use t” z-oqUe ncy

iuu stab iii ti e s in t” low i ug —gas s> st ems . M ec h aut  sins l”epon s lb  1 e fo r

the l i m i t e d  l i f e t ime of sea l ed—oft ” CU , l a s e r s  a re  pt” ima t” i lv t h e

di  ssoc m a t  ion of CO , according to react ion I l l fol iO We J by t h e  ab so r pt ion

of the i) , on the tube and cathode  sur i ”acos a mi d hr t h e  spiu t or iuig

products  ( R e f .  IS )  . 1)ep let ion of’ the oxy g en  results i n  .1 d i s p laceme nt

of the equi i i  hr t urn , i i i  a dec rease of the CO • con t  out  .mnd , u i t  m a t  e ly

i n the ext  in c t  ion of the  laser  usc i i  hit ion . lu  a c h i e v e  l o n g — i  i fe

operat ion , ca z-e must be taken  to m n i n i u n i ze the  d i  ssuc j u t  ion r a t e

and to use c h e m i c a l l y  ine r t  cat hode and wall mat ei’ial . Furt he rumuu re ,

cathodes mum ust h ave a very low s p u t t e r i n g  r a t e  in t he  pres eu ice  ot ”

the part  i cu l ar  m i x t u r e  used , and the  sput t or m u g  product  s must  cont a l i t

an absolute  min imum ( R e f .  2 7 )  of negat ire  io mi s  t o  mn i m i i m n l . ~ - d ep o s i t s

in the anode region .

L i f e t i m e  tes t  s have been l)e~~torml ied on tube s s m i  l a m ”  to t lie one

shown in F i g .  1. For these t e s t s , the end m i r r o r s  were  epox led on

stainless—steel holders fixed to the tube ends. Each tube  ha s been

checked to have a lie leakage rate of less  t h a n  10 ’ atm — cnf ~/secon d.

The anodes were made of sharpened ( 0 °) t un gs t  en p i u s  p r e s s  - I i t t  ed i n t o

s t a i n l e s s  steel cups.  To in in  m i  ze the di  ssoc i at  ion r a t e  t ha t  inc reases

with , the discharge current (Ref. 17 )  . i i  f et im n e t e s t s  were perfo rmed

at 2 mA per d i scha rge  arm . As the add i t  ion of s m a l l  quauit it tes of’

Xe has been found to reduce the F/p  vz m 1 uo • to d in tnt sh t h e  numn bt ’ i~
of CO , , 0 , and CO ions, to dec rease the  ox ida t  ton r a t e  and eou i sequ emt t  I ~

to increase the  sea led -ot ” t” l i f e t i m e  (R e f . 28 ) , .I~ of N e was  added

to form a CO , : Xe: 1k’ gas mii i x t u r e  of ” 30:4 : . Our lug  t hose test s • the

s t a i n l e s s — s t e e l  t u b i n g  used as t” i I I  tug port  represent  ed a gas resei”vu ii”

of about it )  cm3.
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The best results have been obtained with cathodes made of

90% Pt and 10% Ir or wi th  pure Cu (Ref .  29) as shown in F igs. 12

and 13 , respec tively. Lifetimes longer than o00 h have been achieved

in each case but results cou ld not be reproduced. Analys is of the
h istory of each tube showed no relation between the number of previous

fillings and the maximum lifetime. In the case of Pt-Ir cathodes,

the maximum lifetime was obtained with the second fill and in the

second case , (Cu cathodes) , with the first fill. In all cases ,

the output power increased during the first hours of operat ion and
then started to decrease. Usu a l ly , a faster increasing rate was
followed by a faster decreas ing rate in agreement with the hypothesis
of a faster oxidation . The time history of the power also agreed

wi th the hypothesis of a gradual deplet ion of the 02 content; replace -
ment of some of the CO

2 
by CO has been found to lead to an improvement

of the power output (Fig. 8). Attempts to get longer lifetimes

by using a larger gas reservoir have not been successful. This

was attributed to the use of Kovar anodes to join the reservoir to

the laser . Furthermore, life tests wi th mixtures containing N, have —

never resulted in lifet imes exceeding 40 h with the Cu or Pt -Ir
cathodes . Nevertheless , operat ion t imes of the order of 300 h
can be expec ted at that stage allowing semi-sealed-off operation with

filling about every month. It is also concluded that a C02
:Xe:He

mixture , even if it does not optimize the output power , will lead
to a longer tube life than the more efficient C02

:C0:Xe:He m ixture
as a result of the gradual deplet ion of the 02 and, consequent ly,

the equilibrium CO
2 

content . Att empts to increase the operational
life are in progress. 

~~~ -- -5~~~- -
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FIGURE 12 - Sealed-off lifetime of a 9.5-cm-long waveguide laser with

Pt-Jr cathodes; o, X, V represent respectively first ,

second and third fill data .
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FIGURE 13 - Sealed-off lifetime of a 9.5-cm-long waveguide laser

wi th Cu ca thodes; o V ,O represent respectivel y f i r s t ,

second and third fill data .
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7 .0 CONCLUSIONS

We have developed a convenient assembling technique that allows

const ruc ti on of rugged waveguide CO 2 laser tubes. Analysis of the

operating characteristics has shown that a specific output power of

0 .18 W/ cm was possible  in a 9.5-cm-long discharge and that larger

val ues are expected in longer discharges. Extreme care must be taken

to prevent any arcing that very rapidly deteriorates the tube and

dramatically lowers the output power . Because a polarizing element is

requir ed in the cavity to set the orientation of the electric field ,

it was found tha t the use of a gra ting determines the polarizatio n

and increases the effective tuning range. Low-loss (< 5%) and hi gh-
d ispersion (= 135 gr/mm ) gratings appear necessary to achieve all

the expected frequency-stability and tunability performances of

CO2 waveguide lasers. Long sealed-off operation requires extreme

care in the tube assembly and in the choice of the cathode material

and other tube components. Operation lifetimes of 300 h are now

pos s ible. Longer life requires fur ther ana lysis of the compl ex
dissocia t ion processes involved but an opera t ing heterodyne local
oscillator can a lready be designed . ~ :~

-
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