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CECTI LS 1

Th TRODIIC TION

The max imum power density attainable in externally sustained molecular laser
lischarges is usually dictated by the occurrence of glow collapse and/or arcino .
The erratic and unpredictable nature of this phenomenon severely hinders the develop-
nent of large scale , high power electric laser systems. In a previous invortic- at Tx1-

the  causes of thermal instability in externally sustained discharges were anal:,’zoi
for cond it ions typical of ow , convect ion cooled 222 lasers. it was found that such
tircharges are thermally unstable and that the magnitude of the instability growth
rate is exceptionally sensitive to the nature of the electron loss process.

In the present investicatloic a similar anal~’nir is applied to high enerc’. C
electric laser iiricl~arees . The primary objectives of this stu~v are: ( 1) iden-
t i f i ca t ion  of the phys ica l  mechanisms from which instabilities arise for low
t emperat ur e—hieb pressure 25 laser operatin ~- con Iit ian s~ arid (2) f-Tect ificati on of
the  plasma p r oper t ie s  which impac~ on the le-zelcorcert of thermal :cis’-ocilY Ic: . Ti
: n o r m a t : on  so cenerated should as:ir~ 1~: I I lrc t i I ’ i c a ’ ion of m e an s  ‘ o ext en t 0 r .  I - or

M acice th e  s table  operat i : i i-  rare- c of extemnall c o ’fr o l l e- I  ‘ - laser F i s e b a r c e s .

Most , of f c  de ta i l s  of the theoretical formulation -crc-i have been rem-or c i
In Sec. 2 those  specific f~ at’:-es wh ich are  i:n i Tnc to  e1ect r~ :

lasers are  r -ca~ c - F .  part i cular ly , v i br at i on a l -t r a n : l at  loca l  eriere:: rel-ax a~ I or un er
ooc -Ii~ ions s’ :ch ~hat the  v ibra t ional  onerey Ii  s~ rib- at  ion J r  i j / -}~1-: nonPo l~ sma c’
and electron-c, o C l e o J c  caper-elas t ic  collision s wh i ci. ar e  isrortar ’- whe n a s f - c  i f T e a
f c a o ~ i -c’ of the  molecules ir e  - ,‘ihr a t i onallv ex c it  i F . A ve ry  br ief  ccvi ‘v of he
l i n e a r  St ah i l i t : iso id a s e T  i n  h i s  a n a ly s i s  is also “r - - ’ e l .  CL - -c al  i c n ’~~i ~~

- rcor~ Ii ~n ‘0 l a s e r s  a n t  the  l h o 4 or -- i nf l i r en o i n e  C F f  s p}i cino r ’rerr on ar e  nrc: ’ o F
i - t a i l Jo  -~c . 3. Th ere  it It’  r’}i oa’r! t h a t  c r a r . O o :  J r .  the n a t - c of o ]oict r -o r _ i
r o ~esc : n a t  b r  e~ ~a ± l--  T ’f luen c ’i  + he m a c r i t a  [e of ~ Le in c tah i 1 U ; ,  cr-cs~~F . r a t e .
becau : e of t h e  f mp o r 4 a r c o  of reco mbin atc ion , posit  i-ic ion cherri l str :: is f i n e ’  c- se - I
so-s e f e ’ail  in ;‘ec. ! • Ar. the basis  of available experimental Jata rela~~ei f- c

I c i t i f i c a  ion it, high pressure eases it is arg’ee’l th at  posit ive ion sped ~‘s f - t i c-C l
Ti laser con li~ j or s will be clustered , at -I t ha t  the  ion species will be io: i r a t h f

b;r :~~~~
- c l i  ies in f l i c C -arc r ixt -ore , especially wat er ciolec ’:l ’sr. In view of 4be
an e e  of t h e  electron loss process on thermal ir s t ab i l i f :: i- r ewth.  a rc F the- -c s’r f a

-s: ~ -- i c’ ~f f ’ et i c c  d ar t er ion r e c o r r i h i n a t  i c r ,  i t ,  a v i n c i ’ icr a ll’. - a C ~~ iv .- ci: • h i s

~l : i-c n Is of p a r t i c u l a r  sipor i a n o n .  T r c i r ’ e l , on he b a s i s  ~f 4 F 1 s  IH r i t ’  t h e reel
tsr  a er - ly i r r p r  c-v I c c i ,  l e r s t a i c l i r o  of c lus ter  ion pro Iu c f l o t ,  an I l c sn  rc ’- c } - n c i s : . c
i n  1 scHa ‘-c i: become : a p p a r e n t .
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SECTION 2

PLA SMA ANALYSIS

Rigorous formulation of the criteria for the occurrence of instability in gas
mixtures containing several molecular species is a formidable problem . In order to
retain a manageable analytical model it has been assumed that the only molecular
species in the discharge is CO in an atomic diluent such as He or Ar. Rotational-
translational equilibrium has been assumed to exist at the gas temperature, T. The
resulting conservat ion equations for the neutral particle number density and the
translational-rotational and vibrational energy densities for a convection discharge
are then expres sed ,1~2~~

‘1

(1)

~~.j  +f l e n (v i/fl ) kT e , (2)

~~~ fl m€ v) + fl mE vV ’U flefl (vv/fl)kTe 
~~~~~ 

‘ 
(3)

whe re D/flt = ~/et -i- U ’  T , U is the mass averag e velocity of t h e  car , n and are
the total  neutral particle number density and molecule density, respectively, K
is the  thermal  conductiv ity  of the  gas , and is the temperature dependent t ime
cni aractorizing vibrat ional-translational relaxation , i.e., ~~~ = nk T rT , with k yT
the  e f fec t ive  rat e coef f ic ien t  for V-T energy relaxat ion.  The averag e translat ional-
c ’s th . t i onca l  energy per particle , 

~T’ 
is given by,

E T (3/2 X 0 + 5/2 Xm )kT

4
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wF ’.ere X an-I Y are t i re  atom and molecule f ract ional  concentra t ions . Jr .  ci- l e t ’
f a c i l i t a t e  comparison w i t h  the fo rmu lat ion of Ref . 1, the  ave rage vibrat I onal er cer e :
per I.’- molecule , E , : , will be related to an effect ive vibrat ional  t emp e r a )  or e
0’: the  expression ,

~~~ 
kT~

H ecar  l ine  the electron properties it ,  Eqs . ( 1 l_ ( 3 ) ,  r.e is t h e  electron -ier , n i± v , C I:
th e  c e n er a l r z o  I (noc :Polt.zmancc) electron t emp eratc:r -e 2 , 3 , a n d  , c c i  v , ar e  tre -

elec’ ‘.cnc t ecspora tcc r e  leper : -lent coll i ci  on fr c’qoenci es for v ca 4 loral 00cI~ at i o n  c c i
c cci r - ac .n l a ’ fe r al F ea ’- iae , rs- c’pec 4 lviii’.’ .

‘I h-s s c -c c - -n c-p en . i c : particle concrcer -vat.Jor. ‘ ‘T a t  i on s for i c ’ coon ar - i r ,era ~ ve
t on s are  r’,’H c c , ,

+ fl eV’~~~~ ’(fl e~ e) fle flk 1 ’fl~ fl p~~ e T~~a 1 ~~ 
k32 

+n fl fl~cd + flS E ,

+ fl nV U +~~ (n~~~) ~~~~~ 
fl e fl 2 ko2 

n~n~k~ —~ fl nk d ~ II)

a o l  o a ) - ’  ice ~~~~~~~~ T o  r c F  po~~T~~I’;c I : - ’ r o t or  he ’ n i ~~io s  c c ,. = o -

n ) ,  1’ ~ r h l ’ ’ a~ - - . ‘ c c ’ s - ‘1 -c ’ cc) ’ . m c  r r e ) -a~~:v’s Io n  i r T I ’ t  ‘o-loc ’ f i e s , m l  4 i e  - I c
- ‘ 1 : : ’  i’ ” ’ ,” c c l  t ’ a ’ ’1 Co’ ’t ’ C i C i S n : ’ s a r e  f c c :  fo r  n i r c e l - :  :t ’p f c i , ’ sa~~i :n c c by i cc.:
cc -: r ‘r ice ’ r o c . c’ 

~~~ ) , l ’-c~ ron: r ’r comh i nat ,  i on  (k~~) , i i  c - n o d  a ’ T - :  ~~~ - ac ! . : r ’ n c ,  ( ;-~
1:: a ’ a~~Lrc -nr i c (k ~~ I -3o ~ ac hc c ’ i e r c f  ~~~ 

‘I , a r - F  icc — i - j r .  recombic.at i . .cn ,  H ( )  —

Th e ’ j ; a r J F~~: , r ’prc: cr : t,he - 1 - c - rotc pro h~cc~ ion na ’ : I t i e  ~-0  f I r e  n~t ’ci -rcil
- s a t-a ll’: n.n~.>> r- ,n lr 1 f o r  ‘ i s ’ ’  c o n i c - ’  f a r t’ of t o - i c - C ’c - ’  i: t ere s~

I U s c  s s i o c s c-t’ he arpr-o :’: ’- cat f c -r . s arc h f’ on ’cc: , i a ’ i o r ,  l ’ a i I ’ . - 0 5,: . ( 1 1 —
a n  ~pn1 f ‘ I  ~o fF, i~ pt - -c - c l ’” ar  p r e c - c r : c-i  el.~’ .,n h c ’ r c - .l~~ .lm , 4 h’s s p e n d  ± “ a ’ o r ’ :’

-I ’ ~ lcc c’i , q r ’ ’ ’-’ l  pa t - T u e  coil i s i s ’  pr”rn- ss-as ‘ cPl- .C s e t , t,e~I I ’ . cc .  (l ~ l ac T  ~ 1 .
nO t ,  s o c s : ’  I ’  c c c . : 1c -s r a F  i n  b~~~a ’1 i c r  °‘ t ’ :. 3 a r c h 5.

-- - - -  — — .  - ,  —- -- -~~~~~~~~~~~~ 
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2 .1 Applicat ion to CO Laser Discharges

2.1.1 Vibrat ional Energy Relaxation

Pr obably the most important feature dist inguishing CO electric discharge lasers
franci otherwise similar CO2 lasers i s  the highly nonBoltzmann vibrational energy
:Iirtn-ibutioa charact eristic of the anharmonic pumping effect.6 Although the form
of the vibrational  energy distr ibut ion changes in response to variations in any of
the variables Te~ 

m e’ T and n , V-V energy exchange processes are sufficiently fast:~ ~~~~~~~
‘ - ‘ sec)  so that the vibrational distribution can be assumed to respond to

-1,cti:rbances in plasma properties in a quasisteady fashion. This permits deter-
ca ir ca t  ion of an e f fec t ive  ra te  coefficient  for V-T energy relaxation.

‘qua.t.ion (3 )  show s that the vibrational power balance for a uniform steady
-
~~~ is plasma can be w r it t e n  in the form ,

fl e~~ L1v /~~~Te = fl co vT (Te , fl e ,T,~~~Tv ‘ 
(
~ )

u’he rc ‘he -Iependence of the  ‘ -T relaxation coeff ic ient  on Te~ 
m e ’ T , and n is in l i c a t e F .

In or h e r  to determine the  rat e coefficient  k .~T 
as d e f i n e  F by Eq.  (~I

- ) ,  steady state
CA ‘,‘ih rat i c ’ : r al  e n e rg y  Ii:’ r ib i,:t i on s ansi  em erc’ ,’ ‘ r a n s fsr  ra’ss were -let e rn inel
c :.rc ;nricallv usin - a molecular kinetics model.’ A Cf l :He  m ixture in ‘he proportions

- .1: 0. - wa s us e - ] :  arc h the ranges of variables covered w et -c - : T , 5O- lO0°K~ r e, 2 x 10ll
-

~~
‘ x io12 cr ° : I , iA-  5 ) 5  torr: and T~~, O . h_ l . 5  eV . These pi-operties corresm or:  -I to

electrical power ien:ities in the 50-2000 Mcrn 3 t-anre. For ~Fre put-pore of illustration ,
c a r s p t c t e I  vibrat ional populat ion -lictrih ut ions for conditions ‘ .‘pical of t h i s  analy s i s
a r c  presented in Fig . 1.

Tm on- icr to assess the eCfe ct sf changes in plasma properties on vibrational
:r:cn )- ’y r Claxat I orc , ac l c  of he variables ~~~ rr 0, P and n was varied in  i ’spenclerct ly
about t I r e  followirri -  h a r e  (or re fe rence)  values: Te = 5~ 5 cY (i .e., ~- /n = 1.0 x

-in :00 T ) ;  m e = 7.5 X 1011 cr cc 5
~ T0 = E5 °K art - I  n~ = 1.F4~ x l0~° Cm~ 3. h’u mer i ca l

:‘,‘n l ;a )  io n, of the  stea I~,’ st - s t e  CO vibrational energy d is t r ibu t ions  and the corres-
n or ,  hir ~ ’ vibr ad i -oral energy densi ty ,  E v , then permi~ ted Iet. ern ination of kVT as d e fi r e l
b , - 

~. 
( i l ) .  E ffect ive ‘J-T rat e coefficient dat a o b t a i n e d  on t h i s  basis are presentel

c i i ’ . 2. xamina l- ion of th i s  f igure shows that k~~ increases with both , “s and a.0.
Th - c’ reflect: he f ar  that as the amount of vibrational excitation increases , the
a r c latn c coni. C p ’r c cPirc ’ ‘sfi ’xt. bri ves energy to higher vibrational level s from which ‘:-:-T
a t ,  I V — I  rel’i.xai inn is more effect ive. As the neu t r a l  number I e n s it v  is increasel
‘ccc en cr n’ y :~ nre 1 ir c vi  b r a t  ion per molecule simply decreases with a corresponding

L . 
_ 

-— ~~- 
- .  
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— - .  
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c -5 r I  cc r ’ c- . ,c , ,, c-

~v
(Te ,Tv~~~ ‘v (Te)Ifl )o [

I_ (~~4)J ~-~
)

whe n - c  = - aS  lia r been  found  to yield -a v a ry  cod f i t  to t h e  numerical ren ce l~ c .

A .1.~ i ’ l ect r c rr - cn E c c o m b i c r a t i o n c

ic- c~ high pr e s su r e — l o w  t empera ture  u~ot i ,I i t1ons  pos i t i v e  ion s p o c i e n ’ ”cill F ’cc
Cl t ;c ’ e re l  7 ‘.‘r i t . h tic ’0 likel il coo F that no s114’le species of ion dominc ar en over ti . :’

c - !c tci r’~ t ’a: E ’e of onni  l i t - ions cr cc ount ered . fu r t h e r , the  magnitude of the rec s s -h in , a i ’io r r
- ce) ’ cf c i rca . ’  ‘cf c’la : ’’ ‘nr c - c - F ions cans ‘ca r - :  c n i c c c e i ± ’ i c a r s t l y , even ‘inc s n ’  cc cercn ec ’n of h’s

s’:c-, o ‘arr,ils- . 7F.ec’et’-r - t-rs icc - c - effect4’ ive c’ecom b inrac±  ion n , c -i 1 ’ C i C i e i ’ k °~ c h o c - c h i  be
in t h e  1 0 1 :5 ,

~ 
(Te ) ( )

s,’Iren ’ c’ f~ -is ±0”, t a-s .s1, al -n :c-r :conit rad ion of t ic- c :‘ ‘ i n n , : fc-scies “.r c] is the
at on s cc ~ 1 ic n

lePe r: I c - r~c o  cc ~~~~~~~~~~~~~~~~ cr c-is les ~~~
‘ the  5~~O~~ can c c ’ , ’ np c’c - cc i r r .a” ec b -~,’ ci:c,’

:‘c nr ’ession ,

k~ (T e ,T) k r
e (Te)(’_

) 
. c i )

Fm the r.umer- i cal analvc- n is to follow T0 has been taken as ‘5
0K an: I ‘ Ire ixpor ‘ ‘ n  F . ’ ’

been varied parametrically . .Ts ’ ’t i , ccn c 3 ars -~l ~ treat ire mad t e r  of electron t’ t’cc - r c te-
b . i n c .at  ion for c-” (an t c09) laser cr0 1 l i t  l on c  in c o r t s i e i ’ r a inlc c  ]et nn : 1L.
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2.2 Linear Atabihitv Theory

h irce ” t ’ p er t cc r h a t  ion ‘heor’: has been found to be exc pi ionaflv u c - t ” ,l as  a ‘n ,
l ot- n-evea.hic ,g tlce bar Fe causes of plasma Frc stabihit’ ,’ in rc~olecu1ai- If:cc .ar - ’5s .
Petalled li :cuec-r iosr s of this rrcethocl as applied to laser I i s ch ar i ’e s  are pre c ’er . t e i
elsevhere.~’~~ lertaim f e a t — c r e s  -of the analysis which are u n i q u e  t o  ~fe e p r e sent
t reatment  of Ac)- laser ’  I i schar€ ’e s  are br ie f ly discussed in t h e  following paracraph: .

2.2.1 Ft-act ional Deriva” ives of Fat e loefficients

It has ocec: shown tha” t h e  c en s i t~~vi t ,’ of plasma processes to small changer
in t ropert  icr  such  as elec 4’ ron t empera ture  and gas t emperature can exert a profound
influence on plasma s t a oi l i4 ’ ,’ , espe ciall ,’ i n externally sus t a ined  discharges
The nat cet - e ar,t Serlsi t ivi~ s’ of such van- i -ct ion s is con-senier.t 1:,’ expressed in ~ eros
of ‘he fractional , or l~c--ari ’- Frscic , deri’,’ah ive of electron rat e coefficient s with
respert to nl’rct t’or, f e:sperat’0t’e, i .-: .

‘~=L~.\ .~~~~ . - âink
k k /a Te a~flTe

Thus , k (or ;) is a nucchei - , the m a g n i t u d e  and sign of w h i ch  reveal the n at u r e  of
the response of a process to a small local chamge in electron t emperature.

In the present analysis kc-~ exhibit s a dependence on ne~ T and n in aci’t i’iors
to  i t s  dependence on Te’ Eq.  (7~ . It is easily shown tha’ the correspondince
f t - a c t  iomal -derivatives with respect to these variables are s irtpl~.’ ~~~, ~~~, t , r-H ‘

~~~,

respective 1~,’. .c-- i rrcilar ly , the f ract ional  derivative wit h respect ‘o car “ ec’cpet-a t ’c - r c’
of the recc’ccbination coefficient , k~ ,is ~~.

2.2 . 1  lect~ con Temperature Per turbat ions

i t
,. volume-dominated molecular gas discharges, the charact erist ic t ime for

‘rice ’ ron ’, energy relaxation is very short compared to the time required for the
c:,arge-l particle densities to change, so that electron energy kinetics respond to a
l i s turbance  in an effect ively quas ist eady manner on the t ime sc~~e of importance.
On this basis , the f irst order quasisteady form of the electron energy equat ion has
been used along w ith Poisson~ s equation to obtain a relationship coupling disturbances
inc  electron t emperature , electron density, and neutral density.1~~ In ‘h e prese nt
insec t fg- ’ntion this procedure has been modified somewhat to account approximat ely for

10

-- ‘ .— --—--—‘
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+ “k ~~~~~~~ {“~ 
(nk ~ + n2 k 02) — n~ k~.]

— - [-
~ 

n~k~ + ‘ - (nk 0 +fl2 k02)]+ ~
k. [.~i(nk~~ 0 ÷n 2k~~~0 )] (114 )

— - [ n p k
~

(I+
~~~

+nk d~~d
4 ~~ fl 2 k ]  

F

~~ ~~ 
flC~ 

— 

f lC pT 
[F v (I_ (Tv/I o 4)~) (2_ I3+x )+F

i]j

+ 
TV k f F v_JE 

(i (T v /  I o ) ~) ~ .JE ~~ fr + F a ( i_ C r~/ t o 4)
~)) ( 15)

Tv [ f l C pT fl CpT [ fl e \~~

+i~ (FT ( I+~~T) + F V~~v T (I _ T v /Io 4
~~))]

Tk [ JE F~ ( i_ (T~ /Io~ )~ ) ( 2 —  f3 + y )— Fv JT X m fl kT j

— 
Tvk F~ JE 

( I— (~~~/~O~ )c ) ~ + 
~ (Tv / I Q 4)C ] (i6)

T v X m fl kTv ( I_ ( T~,Io 4)C )  J

+ 
X rn flk Tv 

( I_ ( T ~ / Io 4
~~ )[~~~~ ( i — a ) +

‘c -c ae r e  in ’  1, i e e  growth or damping rate of coupled disturbances in 
~e’ ~n’ 

T, T~ ,and T .  ‘ In t r ee  derivation of these equations it has been assumed that f irst  order
pressure f’l’~ n ’uations are very small, a condit ion permitting replacement of
b~,’ -Tk/T. This approximation is valid as long as the characteristic time for the
‘ l i s s i p a t i r - r e  of a c ou s t i c  d i s turbances  is much less than the t ime required for evolution
c-f i i : c l c - ’n r h .a n c , ’: in thermal ari l vibrational energy density, a cDndition usually
: ‘ t i s i’i  e l  in ow c-s -j ’ ; ’u : i — c w  c o n i c - c O l o n  discharges .
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c- ’- c - c - ’ i c - n c r ,  5’ Ip -c -r ” c -  ‘ pr - ’n o c c - c , ’,s ctonr cp cc ’ ed c - p a r s ’c - t  V’l r ’ iat ,o ’ ,S c - f  ‘1 a n  I fo r  c’Ct ’-t ” c - O a ’ c l c ’ i ’ iv~c
co’ , , c i t~~o .: . - hi:  ‘ ,- .‘e c c - c c , n i e  ‘c- I c - c - o t t - o s: ‘,‘e’s rc -c- a s s so c ec - c -  ‘ 0 Ic lost, 15 . ’ c’c- ‘ccc. . i c e ’ ’

c - ,’p e’ .,: i’ , , ’ o c c l ,  a c  ‘ F , ,  “t t : ,  r ic e  t ’ c-c~~ ’, , i i ,  . r c - n , t j ’,is el , ec t r o rr  u a c c c -j t ’- , ‘c - c rc -  e F c - c -cs e,t’c” , ‘ c - n e c -Ic- c - n ”-

‘:c” c- at:i 1’:, sc - c - u ’.’ c ’ , , cc ’ -lr. of p an ’ j ars .

lIe c- - c - : u i e ” c -~: c-c- la’ct t ’ac s  col l i s i o n s  F ’ reque ’ :c~: c - c t t a  s o t -  t he ‘ - . -h e 0.1:1.
co cs r’ i uc -nr e :  i’s ‘ n i c -  ‘ c- crAp . si ce  ‘. ‘:c-c -e”c- corc c-p , , n c- c -h c u ed c l r ’C pr c-c -s ’c- rs t ,ec - i, ’ 1’ j, I

• 5 ‘c-s i l o
c- - ’c - : p a c . c J i ’ .c -~ :‘ r - c- - c ~ iorial de r iva t ives  r o t - n e c - i s  cc:1c’: t ur e ‘ c - c - c  sc ,o ’cer r in ’, 0  i~~. as . F ’ c ,e :‘ac n , c-,’r e :
,,c ,:’ lu’~rns ’ c - o n c - ,~ to,e n cs ad c , , ’ u t o  c c - c , d e lectron’  r c-c- n tc p c - cc r a t -, ”e :‘c-p ’~”snu cec ’c -  of ’ ‘ c re se 0 3 5 3  ut - u  wel l
,ctcoerstood ,tud are  :‘ ou’cc to he g e c c e r - u  L ip, sinri i F a t - t ot -  a v a r - i e t 5 .  c - f  t r c lxt  ar c-i s of icc eco r’-
‘. rc - cr c in SO Laser appl icat ioc ,sc . L t ~ is war-tb paint in:,) err ’ c-,ow’e’,’c-c- r , c l o t c- nc - ’ ,,: c-c-

i t  “ c_ s .  lat’pc -n v n u r ’ i - a t i o c i s  ira t i e  t-enio’ of ‘ t I c - c - c t  n- oc r  ‘ ec ’qcc”r , ’ run e c ot - as]
‘, i o c r n c - l  c- : . : .c - i ’,, c c r  iou is creost ‘c-l ’S ’ic t i ’- c - n t S

5.1. , I’c- c- cc tt’ o’, c-.a’s ‘Fc-cctomi l e n t ’  in_u c l a  c c i

S r’ occceces i ’r ’io Svir ig  “ L s e lf  . ‘ s o u I - ,c lead to no Sea’ 1, rse~ at lye ion pt ’O Cuct  i c ,  in :
l e t ’  - : j s c i e a i ’~~’c - :  .‘ ‘3 .,r ’, . c - .e n ’ , i’. t r u i s  ‘ c- real;. sis i’ is ‘ u ssun cc-c -c - ~l u a t  t r c - a  inccp ,r i

“ t l p F c -J~~5 ,  ‘c - t c cicl ’, Is in s c -,’a t-ia c  Lp pres ’ st ic e , c-.carr : e r e , , i r uc r c -,c - e r to a Sc- -c l c - u .’:, t r , n t
‘c- t ’ c- r n F , t ’ O ’ c- ii :csocl ’st iv’s ‘ c- ’, ’ ar ’ le nn t ’ c - c t ’ ic s ’,’oJ, v i ’ .r c ’ e (  Sc)
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With this proviso , the negative ion concentration should be relatively low in CO
lase r plasmas 

~~n
/
~e ~

< 1), with electron loss dominated l y  reco mhir ,ation. Figur e
7 provides a summary of nearly all the molecular recombinatio n coeff ic ient  data
available as a function of electron temperature (Maxwellian energy distrit’ntion).
l’hese data along with their sources , are discusse d in “lc-s~~

’ . /‘.

Recently , measurements of electron recombinat ion andes ant ieset pressur e and
tempera~ure croccditions have been carried out using 

~2 ’  -Pc~
’0, and cO~ laser mix-

trrres .
t These data were oL’-t a ine d under conditions generall~. similar to external l~:

sustaicced laser discharges , and fall within  the stracic ci region of Fig . 7. irs t i ce
FF~ and ‘0 measurements  the positive ions were assumed So be and 10”. 10 , respe c-
tivel-, , or perhaps i ,i3laer ’ order polymers. In these measur ements the e lectron, energ::

c- F i s t - c- ic ,tj c ’,’ , v - c - c c ’  - c- c- ’ ‘ -:c c -~o’c-t i l ia r . ‘lis us , in Refs . 10 , 13, and Id re comicinr atiors coef-
f i c i c - c - n t r  s are pres co r e ’ ‘c - .S ‘i s a :‘uc-iction of mean or charac te r i s t i c  electrons en erc--~. .  a

c i c ’ccn rc s t cucc ce  sc c a ’  ‘ ‘ c - - n i ,  Se ins n’a -c :ucc -c - as much as a factor of’ 2 “ at - l o t i o n s  ir s t h e  i cr fe r r ed
vc u i ’c- :c- - ’ .”,’en ,  to n’ ‘,c,e sac’ ,: ions.

-f pc -c - s ’ S  ‘a F a r  i s cp o r r n nc e  to this study are the data of P c - sf .  ID for IC w:, ich are
spesniticcull’ : i’..lic cc- ’’c- : in 5 1 c c - c -  sisa~ed reciore of Fi g . 7. d.c in f e r r e d  reco nce i n c a t i o c c
coe :’:’i: ierc t  ice 0 ‘ ‘ c c c i: it s  a 

~~~~~~~ 
var ia t ion ç i . e . ,  - -1.5~ ‘c- ns- ,: will re used as

a n’e :’eren rce ins r ile -,c r . Sc ili t~. Cc-crccputrc- ’ ions to te discu s-sad in s sc - I  re  c-~ ent ’- c-c c t i c rs s .

3. 2 ,he sma l irs s t, ’c - : j I l t-, r owte .  h a t es

F ollowing ‘ ic-c procedure descrihed ins derail in R ef .  I . Rqs . t 3 l - , tc_~ were
‘cccsr ericallp : solved ins C errcs of t ece ans t ic ipa ted  propert ies i cr t : , e nic :ce,ars’ e n’c -n c - r i C ’..

, ‘ on’  cu ll c,n o ’c d i t i o r s s exarai, n sed t i l e  plasma was found ‘o F e  nsi , erc ccal lr - src ’, s n a i  le I a >  31 ,
c ,a~ iccg a ‘scat: , rate rn . r-or :gi~: peaked in tice direct io’e  ‘eor s ’~ l t o  tise elecrric field

= ,)30F  , :,is e t c - n c - c ia” is indicat ive  of ‘c-il r a t i o  ‘ r c c - l  ‘ the rma l i r s s t c a :  i l iF  v dn ’i- ,’ecs
, :j stun ’r a:sctc - s ic e as1~~~n so’s-mo lecule v itra t ional  excitH 10cr.

.1 ;rowtce ‘-Fates

I rc-ccrentec r ins Fi,~ . c-i are conncp ’ ted t cu er r rua l i c s s t a b ili ty  g r o w t c .  rates as a e ’u,nsct 10cc
c:’ l5 /n r  corre spondireg C o  t ic -C place::,:’. conditions discussed in : p recedi r c-p  :ectiocss.  l’Isese
“ c- L c c u l n c - ’,,ic’ : ~c- n ’ ; r ’ ,’e c ’. ~C , o’c-,’ t . :,,’ut as the electrical power de’rsi ‘p icscreases in s ‘he

F 53- 1330 ‘1 ‘ -cc :’ , t ’ a c I ) u  tc , e  ‘He -,r :, ’ c - t ’ a c- ’ en i z i r a c -1 the c-s so ’c-~ ’ ic - of t:rei ’ncsal , , i i s turc  ar rces
c ’ c - ’.’ n ’ c - c - a c c -c -5 5 n - crc .  r c - p~~t ’oX in circ - ’ ,eip. 13 — c -  to sec . The rc at c .er  s i c c c - n p  in crease ice

, ‘n’ow ’h c’ u t c - c -  ice toe ‘ 30-700 :5/cm range refLects :,e orsse ’ of io ’r lcsat  ions Or e  to
low erec t - p. e lectn -o-s  impac t .  c - c - s pointed out previously , 1’ avalanche ion i : r at i o .’ c : e conc ce
,c i, ” .i S ”nca r r ’ ‘u s n ’epa t’ci s t c .e n’ n r r tn l i n s s t a ’i i li t ’,’ c-~i’owtcr when the steady state co’ .t r i r ” rc n ion s
of Lc’c-,’ ’c-’,ser~’, d e e ’ n’on ’s -c ne a l c - c - c -n e i l c - c - ionization is o:s1~, cui out  1 pence:: ’ of St e a l One t o  Sc-se
cc - x’’enn” , ’c-l source ~~

‘ I c - i c  poirs t  is indicated l v  the arrow i r e  the figure ‘1.
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‘ I c C  purpose of corcepa ni son i- ’j~~. ~ also s:,ows the gr owtk -  rate computed usirceg

a sc o r e s t , n , n s t  value of 2 x 1 3 C  ceec~~ nn n . c’ c on’ Sh e  elec t ro n s recomrsinatior ,  coe± ’ficier,t ,

~~.C .,  c- ’c-~~ = 0. Clearly , site cffect on tece ~n ’o~~~h r ’ c c - t c - c -  is very significacst resu].tic,g

ins a f”c- cs-ac’ of 5’ to 3 decrease ic e ~c- over Site n’arsge of ‘,‘rc-riat Ic: considered. P ume r-

ical exp eri :nentat  10:1 wi t :,  f l e e  c- c - : ’ :p ocee r et . s ~~~~, ~ arsd c-, :Iq . (7)), which reflect the

cee :ssitic-c-i ’c-rn: 05’ V-f relaxations so c :c - ar cge s ice 0e ’ T and ns was found to have a far
smaller effect on tice crowtls rate . In fact . ra king Pc - / T  as a constant having a mag-

rei ’t- c-,ede consicc ten et ‘ceiti . c - l i e  t ’c i’c’ren ’c - c uc - conditioces indicated in 1- 1g . 2 wa s sou red to
icc-ave a small cc -led canccpc ee’ec -ci to reasonable variation-es ire the electron recome ination
c o e f f i c i e n e ’, -

3. 2 .2 ,-,‘Lect:’oc’e leresi ’ ’: istur’c’aneces

i- or reasons discussed in detail in Ref. 1, the sensitivity of the grows:: rate

e:’:hi’c - i t e ,i F:: tc:c data of 11g . ~ so seemi ngly minor changes ins the nature of the
electrone toss proces s is readily understood i y examinations of she ciea:si,~e ins t:,e

elect roes dens i t,  c- i S~ucr ’: an-ice . F igure 9 shows the computed variat ion of the frac-
t ioc c: c - l  ci “ .: s s o n c -, .:en s.:it .~. d ic t un - -e c -ac e ce  relati’,’e to a cieace€ e in gas temperature , i . e . ,

~
::e :/:ee~~

(i :c- /S )
1 c -cc ’t’ esp or edicc g to curves a and ‘cc in Fig . :. ‘So a first approxirea-

ITo’: 5cc -C 1:55501 jIlt’: c- ”owt ’ c- n-ate is related to ‘he fractional electron density

d i, :ts,rc 0:5cC t 5’ si,e c:-cpr’ c-c- en :c ions , 1

~e /fle
flC~T 

(i + Tk/T 
~ 4~~~9O0 

, ~l7)

. c - L t e,05 . t n : e m a g c , i t e , c- c’c -  c-c-f 1:1~ ( . , ,  is small ~ir s f a c t ,  ne~ ative ) compared so
icr : value i- . a self- sec-s t minted plasma c-> 10), ti’e increase ins toe e lec t rons  derssi ’, ,
,Fj:’c - ’.cc’. o::c’: c’uu:c -d :~: a recom:in :c-Sions loss which decreases with electrons temperature

i c - ncr :; c- i , ’n s i f i c c e n ’r t .  ‘fliers ava lan che  ionization approaches 1 percent of t :ua t -  due to
11cc-c- ‘c - : :t-c ’n ’ : ’,ai c-out -Ce ~~e / ) ( T k/T F e g i c s s  to increase ~~~ rapid~~’ as is indicated

1:: c~~3.

.,
~ 

02 ‘1c~ ’c-cular lonec-

i c c - c c ”: c-c-:-:isi: c- ’o’:sj de~rc - l  ic-c- evide nce that small quantities ,~~~ 1 percent) of On,
‘c accoci to 3 laser disce arges enhances their stat iiit~ J5~~-’

~- Th eoretical1’7 ansd

‘c-XD’5ricnsen5~ al 1- - inrc-estielation of ‘ lie role of 02 in low p ressure (10 Torr ’l diffusion
cooled C -C~ laser diccoica rge s in c -c - iic e’c-tes that when 02 

is prese nt the initial clustered

positive ion -u species charge exchanges with 0 result ing in the simple molecular ion
2

Cc-., - The -a ’ e’rre iore of these findings to high pressure -‘ CO discharges is open to

~~ICS lion-: “or sc- at -on u s to i - C  discussed in Flee. 4 Nonetheless , instability growth
“ c - IS O’S suet- c computed for c-comparison wit: ‘he data in Fig. 8 by assumi ng that
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approximately 1 perce nt 02 added to the CO-He (0.1:0.9) mixture resulted in conver-
sion of all positive ions to 0+2. The electron recombination coefficient shown in
i:ig. 7 for 02~

’ was used in the calculations . Because for 02~
’ is su ’ccstantially

lower in magnitude than the recombination coefficient used here as a reference (from
Ref .  10), the magnitude of the external source function was reduced so as to yield
the same electron densitc~; (and power density ) at an electron temperature of about
0. —~ c , .

‘l i c e  resul ts  of t i c is  calculation are presented in Fig . 10. For  the lower values
of P/ne ~~~ço 2

”) is ver:; similar to curve b in Fig. 8, eve n though the magnitude of
c-~~~~ ,, o,’.

”
) is 5 to 10 times smaller than the 2 x lO~~ sec ’cm3 value used ire the gener-

a€ion s of curve ‘cc , 11g. . This reflects the fact that as long as the characteristic
-,in:ce for recombineation is short compared to the instability growth time (n~k

e >~ ~
)

t ,F .e e lecn , t ’ o c u  densit y response wil l  be quasisteady .1 When this is the case oni:; the
electro’: ec-crccper :itu,r’e dependen ce of the recombirsat ion coeff ic ient  as reflected by the
n::a, cncl tc,r,de sued ec-l , ~: or ’ 5~~ ac-’fe’,nt s thennal instability gro~~h; the rna~ situde of
F t c - c L’ c u e s ,;  little or no effect. A: Fl/n increases the data of T i c .  10 show that the
onset of a’c-’alacschc’ ionization occurs at a lowe-n Te value when for  O~ is used .
Ti:].: is  to be ex’uected :i r sce  the electron production req]J,ired by the external source
I: reftu ‘oF a: m con:e ’: uensrn e cc ’ lice 1cc-sen 1s~ (fS~) value.

ins l ic-c- . 11 t ir e computed growtec rates of Fig. 10 are presented as a function of
electn’ic power densit~-,- ’ . i- - resentation of ‘he data irs this form shows t isat  while the
Drenc :acr ’,ere onse t of a’c ’aI , an s c iue ionizat ions occurs at towe r P/n levels wlsens 02 is assumed

‘ 0 I c - c  ‘,ic - c - s doresci nca ns t  10cr . t c i c  i’-c s c a : ,ilit’; c rowt ~e rate tends to saturate at ieig:ser power
ienssitn levels ten-slide the ,“~ ‘awt c ,  rate obtained usi:sg lIce reference ls~ value . This
-:‘ a’cio” is a :‘i’:i’ e --cineeti ” ,’ effec t refleceiac-p fle e inc -ac --T i lt s  of t e ,e  electron densit:.
“o ee c-p orch to neus c’n’,l pa r t i c l e  -dis tur :  areces in a quasisteady manner , i.e.

~j .  ‘,‘5’rc-eni ‘ ceis ocean’s 10515 the nceagneitude nsns d the e l e c t r o n s  temperacrvo ’c
drc-pu ,nsci u c - e . c ’ - of i.e recoecs: iccat ioni coefl’ic ic-c-n c ’, a f f e ct  the irscta i ilil~; grow ’ h rate.

“hen ‘,h ’c -r rr c -nc - l i ’ : c - t c e ’c i lit y  growt:e rates were computed for the se t f - s ust a i c ,ea di:-
C e c a n’ge c- ,n o c : c - l t , 10 ’ u t -  t yp ical  of Fe:’ . 15 irs wc~ic

’n additions ac-es founs’ i ‘ 0 icespro’c-’e plot-n ec-
St ’t: i t] . ’’, ,  t:,e f in e i t ,e sc-c -mp ce-al  response of the etec’ ron: density was found to : e sir -
‘c i f l c ane n-, . c:sd ’c- ’c-d t:u e i c s s t n - c - Lj l i ’, , ’ ’ c’owtci rate corresponsdinsg ‘o a specifi -:  power

F d c - a c - I t ’, Cisi,~ ‘es: c - c e — ;  5’ ‘ c- p si’oxi :ccate ts ~0 percenet whe n c-’~~ for 3,~
” was ‘csed ire n b c

‘calc ’c-t’ : n  ic ’ ,c .~~~~~ :e-c co:c:peet ’: - ,i i ’ , c - ’ at i l i t - . ’; ~ ‘owtie times (~~ 1) were also found Sc -’ te
‘ car la  ereui’ ;n c- L ’ c - n s t  to pla .:ssa residence time ins t lce discha n-gc ’j ’c -  Fowever , i t  nceust
e sxc ,L ’ ,ted cu’. t Ic - a t there is little reason to expec t -  1 2 to c c the  dor: cics ar c-t ion : as

( d C  i t ,  p r e s su r e s  used in Ref .  15.

. - c - a: . erccpe ratun ’e Depende ret Recom l, in at io: e

F o r  t c~~ c - - c - c - sor es  c-]iven In “c c .  C and el,at orated upon ins ,’ec. P t:se positi’,’e io’s
p r - - c - i  of Ce c c - c u d (c - , high power discharge conditions will : e :l’,;sterrn .

‘ F  e e c - ’ ’ e t ’c - c - c  ions c,tt ’i’c- :;cac- : ic-oa t erec’rgic’s Wi di tree result- t:eat ‘ ius - tc - c -r ions es-,rili’L —

“ i ’c-L’t . ‘c- u-el ‘ c , eu” :: ’ot’ c-s “:c o n n i i - i ’ .s c - t ,  b , ,  is exceptionally sensit i- ,an n o  s’an- i a t io :s c-  ir e gas 
4
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‘1

‘ cnr:per- eet’,src . nc c r c - i c C ’  to  eva luat e  t h e  e f f ec t  o:’ a gas sennepc-ra:ure -:cpc c ,dc-c- ’ ,e re cc - --- ,-
b i n ,atic cc to::, ~c ,s’ a: :l:SF. rrc-ces ’:tc . rate:  were cot-spec-ted :‘or’ ‘.‘aricus ‘;alu’c- : cc- ’
- ‘.-ceo ’eec ,t ‘n in: c- Ic . t I c-u . , F u e  r esu l t s  of ’ ns:. ese s’ec- lr cu t a t i o n s s  are presensc-ee-i ins ic-c .

c-s an s t i : ip a ’ :e: , t e e  e ff e ct  c - c - nc t u e  i ’c st a i - i li te  a’uswth c - a t e  is pro fo ’:n-cs i w i t : .  a
m e g  ‘ c- c - - oat an , orde r of cc ,a,’n ,I,tucee as Is va r i ed  fr o m  0 ( c a s e  case ) to -I c - S .

To t:,e san-ce i c - c  of aDç n’oxicceasi or: eec-cc icr  : ier i’ ”i n ec -~ Ic . ~17 “ 1’ c-ac: c-c
‘ :,at ‘i,c - :‘n’a :n ’ ioc ,al e],c-cc ’,n ’c-n c :c - c - - r : i t .  h i t - Seer ’ :  ansc ec is r el at e d  to S c - s  ‘he  ecua ’: i c - c , .

ne k / ne 
— ; ‘ fib )

T k / T  2 
~u 

F

h, ’,es , nc - s e e c - a n t - c - c -: I ’~’: n”c - a s i rp ic-. n :e ’ga’ The ‘, c , ’c- sc-scm : in c - c - ,’ i cc ,  loss decreases mor e ci seninso
a .l i s t ej r e  cc’ ,cc r ’ c-c- ,c-ci’c l n s c -’ ins  nc -cs Icscr n’ecc -sc-c-c- in, ‘he electrc”. den ,slt-’ dicc ’t ar c -u”s c c-c- . - F
i~ presecst: Sc,e scn-.p’stc-: s’atcce: c -f  , e .,~~~/ c .~~) ç ,/ T )  as a S’uc - so t i cn s  of S ac r r - c sp c c ,el i ’ ., ’
to t::e conrsiitio’.s cc- lb at sins . ,-“ , ‘,‘a l’c-c- c- of .3 c-c t -I~~

- ’ - 1cm ’ 
~~~~~

“ ).~~5 ~
‘,‘t . c ’ s

I - ro e - e e c - s c  ins ‘ cuce -c - I’., ,c:roc’, ce ”c:j ’ , c i:’ ~re e c - e , e,cc - c- is c-~-’acc,a sic  inc -dc ’c--:. , c .ese  ret-uI’ s ‘c- -sec
those c-i:oe,sse-,i Ins fes . ~~~~

“ ‘ ‘  I I leecct n ’atc -c- the L’r t -cn ’ t ’c - c r c’c- of cc - ’  aI ’ ,i ‘:
~~~ sic-erI c--

ic’ens t ’e’; 1 c t - s c - c ’  i ::‘cc-’nnat ic’ c ocs ion. ( c - S c :  t - r c - - : ’ : ’s : c - :  ins  c , igie Sr - cc - s - c - c - c  dac -e r  c-i:’: c:ae’ ac-: -
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SECTION ‘4

i”Of It Ic-c-’1 ION C11’EMISTBY

T h e  v- nc-,’ low c ”c” ,,,”fieneal icrelec a’ ion (n /n~~ ~~/
‘rc~~ iO ’c’ — io~~ ) characterizinc

‘c-cc-’ Is CO an-cc -I CO ,, ‘sloe ’ i i e li :c lear -”a  lasers i c - a  unique feature which may impac t

cl ‘reel “ic-are l’s’ one sc -in - sc -n sa c-n ’ aF’ili’ ~:. I~ is well know n ‘hac- even with scrupulous
cioareu’n and Fs’ Tire ’ 1’ in c-,’co c -’ -, - cli f’ S”i rui~’ ‘ 0 reduc e “ h e  wee’ er molecule cc-nsc ”ns ’ ma ’ len-s
Inc ac- neso:mIs’~s’Ic ‘acreS c- cc- i c -d ec-c’s 10 nnn ’e .’~~~~~ Even the conc en’ ma’ ion cf Fe(CO)~ in CC’

can-c-not be ‘se c - I c -n r c-c - ] I ‘lear a l - c - c - c’ 1 mt-c-n”. - Ther ’:’f’oc-’ c- I ‘ i c - c clear 4-ha t ‘ Fe c-cc- c cn - e c enb c- ma—
c - l o r e  of e”ccc:i,h;ai ic-epic-r i ’ J e t - suc h as 1120 in; molecular laser neix~ur”s will alvaw:
c - x n c -” .~:l ‘ I ce -c- i- c- c’ ‘so’s - se- e sno rs ’ ‘sac- icr; by ac- loan ’ a r”ac ’c:’ Cs” “ one. Focaure of “ho
115cc-i’: irrns”ees’i’ 

~
,‘ ieva’l ans i “a:’ ion convcn’ccnicn -u J-nine 4’ics 1’ icc rc -c-c -le aIc-le ‘cat the

ic ’ ’n,’enr re c- p od ’ it-c-c lone c-menlo: i c c -  lan -n c ’s’ m d x c- l ir e :  will ne C be re lated ‘ o ‘ he cocen~ i t —
c- i,~c-n s

c- cI c- ice s”n-’.c - ’ ’es ‘an.

i c - ’ ’ e’ ‘ “ F — l i ’ ’  ic-’cniirce’ Tone .”, ” ;uc’nsn ,n

In ’, 1sF ~~~, mess ’s ’ l e , : ’ c - c c - c c - r c a ’  ions : ‘ Icc -c-  ic- re ,’ pc-c-lu c ’c- - I ire]’ iall:c-’ I’’,’ c - lee ex”c-:rneai
, ‘C’ n ” ~~ -” ’5r- ’ ” - ”] ”e, P c - I  ‘ C  c- I r e  c”af c’r nc-ne: i c - men’: o”' the ‘a:’. Ficsee’,”ce’, a: a nc’sr.” Ircenece

a1 “- Ic
c c- r ” h c - c -

~ 
‘c’ ‘cc nlna re ‘ c -n , s’ - n ,c’ c- ”c- ’s’on ” ‘‘ c -. ’ an s i . - ‘.c- 5 ’  C ’j p p c- “cc-an ’ i o n ’,, ” ‘F :’’ ‘ ‘ :e’n’-:irsal ices :’ F

eec - ’- ’ “ e~: :r: ’~’: ’] - ,’ ”c c - n n s : ‘ c i c - c -  iI. s~ .( c ) ,  s’r ,I S I c ‘I s ”  - i c - c - ’ ailed l i c c ’ r i i ’ u ’ lens le m o ns- Fi n ’.,’
ens ‘ - “n” m” - c- ’s c- c r ” ’u .”, I  5’c-’ : ” ”~’ ,~ r n , c - , e c-. c- ’ c- .i ’ ~ TIs’~ - ‘ n n ; i i c i i ’ c - ’ i nc e  -:c:s.’”’urs ’ c ’ ‘cc- ’ The

‘c-c e n ’: n - c- (~~ : ‘ ‘ e  ‘ - - ‘c- -” - c - . - - , l c - ” ' ere r ” - ’’ c . ’-, c ’, ’c - ’ I Ic- c-en” sc-H r-i ’ “Ice ‘:a.c’Fcc-;: n- c ” I - c - c ’:
c ’’ ‘h e -  , c ( e ec- r - ”- ’c c -’c ’cc- ‘ c - c - ’ ’ c- , c - ’ c - ” C ] ’ ’  ,-I , c - 4 - ’,~~. m n e c -_ l

it ‘c-”~’ n ~’n -n ’~’ lee ‘ s e a ’  cr es t nc”nc nc -’: ’ c-” e ’ ic’ns c c- F - a l ’ s - c - c - ’ i — i ’-i : ’c ’si ’ : :  I e e e ’ s. ’
u “ in c-- c- ic-n c c c ” ‘ ‘n - ’n ””e ’ ’ i c - ’ ’ ans i ii -, ~ r c - c - - ’:c”-m nr ~~. TIS, c’c ’-e c - l a ” a war ’ a c --~’ 5c-’ n ’ ”-( ens ‘ i . e

c c - I - c  i ce ’l’- c- ’r ’’e ’ i e : s s’c-’ - ’ . ’ - ’’c ’ ’ ’ I ‘i -s i lo : ’. 2’~. 
I c - n c - I c-c .  . , , ,. l . i ’ c - n e c- a ’ c” c, ’m i - c ’ n ’ F e  nccc i ’ ’ ’ c ’

i c - c 15) ‘rn- c - ’-’ H,,’t- s’c-”c- ’- ”ns ’ ‘ c - — c-” - c - c”  r c-” :c-ac -’en ’ ’.’ r i ” L~ l’~
c- l c r ” ” r’.aI c’ F 1” '’ c-~~ c- i~~c- ’ ’ c - ’ - - ’1~~ - 1-n’ ” ’ ‘5

,“ , I ’ : -ee ’ , e. ‘ .. cc > ~~. l ’o”’c’, ” c - e’ , “n- , c- e-in”'’,S ’ : . c  l ’ s  ::~~ a~ a 5c -5 ”~ , ’ ”U ’C c ” - n ’J ’’ 1 ‘ c - n-

~~~~~~~~~~~~~~~~~~ ‘ c ’ c l l, ’ :” ’:cc- - J : er ’ ’e l c - l i : } , ec - ’] ‘c, c r . . - n cn . :ea.n , c .  1 n r a e ’ c-’.’c - ’ ’, ’cic ”’ :
-c ’- - ’ ’ - cc ’- C I ‘ Ic c-c ’ c’ ‘‘- c-a, -’mn c ,ne ‘‘c-n c-me ’ c’ ‘ ‘e n ’ ~c ’ n , , - ac -- c - “‘ - ‘  - — c c ”  a: re’ ,’c-’ ~~

‘ , ‘ ‘5 ‘ cc -’
‘c ’  ~c - c . 

~~~~ 
- n .  -~~, , c - ’c- ‘ c - c - -  ‘ e ~~ ’ ,n,’ ‘~ , , c- s ’~~’cc- c ” r Is . ’ c - c c - ’’ a i ncH ’ I :  ‘ - ‘ r ’- n i “ ‘1 ‘1. cc -c - s c - c - n ’

c , , -,,, - 
~ 
c,~~ ’i 1 , - . , c n ” ’  crc n-c-”ccu”” ens ’ : leave  c-c- c -c- s  “curs I Th a c- n, ‘cc F - c -

‘- ‘-‘c-nc ’ sc-i ‘Fe “a’. ’ F c - ’ -  c c : , ’ I ‘“ ,e c”-l ccc “Ice a’,m, ] i’c-, ic - l ’ c- - ‘c ’ :’ll ’ i c -- C i t - ’ c-ens: ’ ‘e ns c - ’ c -
~~~~

c-
~• c- Ii~~ n c- c a ’’

a r c - c H ’ c - ’,”c’c- lc r c n-a .:: , “rc- c - c - c - c ’ ’ c - ” c - c - -’ F 
c ’i c- ’ ’c- , i n s c - c - ’ l  in - ‘xn ’ c- ’rc- ’ l c ’ n r ’ e i J ’ : c’ic-”arc ‘c- i c’ , , ‘ n , ’  a:: I i , ’c-

c -c ‘ c  “c-’s ” ” n - e ’ c- c-, - c-c- ” ‘ , “ c -” c - ’c -  v ’ - “ c- - ‘ 5 ’ ’ “S n-c-pr . F, ’ n ’ c-n ‘ i c - I ] ’ ’  “ t ’ e -  : re- c- c c  ‘c” ” ’ “e ,” ’n’e , ’

e i ’ ’ ’ c - i ”, ’ ”F ’ ”, “
~~~‘ - 

“ ::~ . Ie ~l t - “c,:”: c - l : ,c- n
+ (ii c) n c -c-” ’ ,~ - ’: cc’s: e’c c - r ” c c- c I”' :c’ ie s ” : s ’

i’c ‘- ‘ r ’ c - c - ’~ si “ c ” ’ ’ :. it  a’ ’i 1~ H c- s i :  “n ’, ’ ‘cc - F -a ‘c- - , , ,n,’ , cs ’ b - - c- W ” '-cnfl ‘ cf l  n c -c - ’- ’ I ‘ ‘ c- I ‘c- c F
F c- ‘ , :sc- ’-a ’ ‘‘ cn’ . —
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For Purposes of corc’narison , Fl- I .  16 shows measured’ - value: of frac ’ ic ceal ic c:

ccn eccre ’ rat ion as a ñincf ion of E/n in a CO c --c -—F~c- — 1[e (1 :2 :3)  ian’c’r c - i n c’’ re - - a’ .3N
Torr con’ ainin~ Hc-0 at iO—3 ‘tori’ (

~ 
io

6 a tm ) .  Even a’ ‘~ c - I~ low ‘r’-”’::cie- ’c’ ~Fee

h’,’drat ed—h’s’dronium series ion was found “a domina’-e. A ’r ’c- c-cn , ens Wi’ 1: ‘ho area)’.” ‘I c-s al
dat a of Fi~~. i1i Is very csood at- low 1/n values at which Tion = “

• Fc’rtnuroc-’cc-c’re ’ c7

of ion ident , i t’v In CO have also been made at vor:.’ lFw prc-e ’::”;r’c’: ,~~. t-1~ ”.’e’ ‘Ic c--u’ )

and a” relatively low residual 11,-c-Cl levels (io~—io~ Fcc-c’, < iD~~ a’ r n - ) .  Ev e n s
un der t h e s e  cene il t  ion: , ’ 4 ’ he dominant ion species a’ macc-cc c- cc -nns ’ecr at us-c and a CC ’ n -c - c - ’- - : -

sure of 5) .Ic ’ Form were found to be CO + .l~~3 and H30+. The d un ’ or Cd +~ CC sc-a:
fourc d c- - c be the tcnn sineans ’ iom s only Ir e a narrow ran 5e of rc-re ::urc’nc lc-e ” wo ers 0.1 ansi
/1 . 1 ‘F o rm.

In li t h ’  a:’ the f].ne’Iirs,~: - F i e e c u c - c -c’ner I  Ins ‘ lee p reced in - - mares ‘ranc h:  it  an-c-sc -earn
aJ,mom ’ c-or ’ air s ‘ lea ’ c i s c ’  c- ’sme’sln :-” r e t  al core .l it ions  “~c-esc-ical of  recenc’ I -,i ,Th r’r-”:,’-ure
‘seccnnlc-i:sa’ lens :cneasur c-rsene ’ :~~~ c- 1 ,~~~‘ are cc ’ eonsiH ’ en ’ Wi’ h “I -ce cccura’oc-cce of
s immlo molecular ions nne c ie c -  su d s a: Fc -

+
, CC + .CC or even Ic-ic-leer ost-ler ineerehos’s of

Isese sc’:uc-’n : cc-’ :’ . “de c11’: ‘he ‘s-c-coccI’ Inca’ icc: Ca fes  fa l line , - s-r i ‘ I In ‘ Is’: shaded me ‘d o n  ire
: IS . 7 are ‘s.”n c - ’ - c- , c c -c - re ’- n -c ’ ]- ,‘c- ’ o f  c - i c c ’  ronc c’ - c-ccnccl c i r s ’ e ” i c ns l en- ’ r e’stF c- ’c’ cc ’s l l t ’ ]cnc :  ‘- - ,‘cs ’c-’all’,’
:Inc’]las” ‘ C “hen s- c- c- I ’ . la.c - ,”s l i :n i :ac-  ‘ - c - ’ , ccc,:’- ] der ail :’  cam ’ icr’, ,‘!ccnn), I be exercl.’ec-I
w l c o ’c  I cs ’- ”c -c-’n’c-c ’ -’c- ’ i ns- ” - F’ c - i c - - n - ’ ‘c-a s i c :  ‘ . Cs’ ‘c-cu’: :, s i re ’  Ii ‘he  ic c: ‘ c c - ’ - ” ac-c ’’ i c-’c-).]5: ‘ c t h c -’ c - c - n ,:

- c-x’rc - e c - i c - ’ e ’n ns ’ all’. ’ ‘c ’s - ‘ c c  :1 c - c - s -’” - c- ’c--c-icaJ , c:’ CC’ lanon ’  i i  , cç’~~ c-,”’ “‘: ic-n sc- ’ ‘nC:’c-’i l-lc -  - C

s a c- c “laTh’: ‘ Fea ’ ‘ I n c  F : ’:-Ira ’ ‘ ‘ i — l i ’ , ’ Ire-risc-sc’. ,‘,c’- :Sc c-rc cn e cr111 ic -e cc c c - cei ’sc c r c’ . Fcc-- - “s e a n - n - c -I , - ’ ,
c-c’vc-c-’s i r e  a c ” i n c ’ ’ ,ce” ’ -n c - ” ’  ‘ a i ’ c i ’ n ’ c cl’s- Cd a’s l He (c ’s ‘sm) a:’ c--n -s -n or ncnc : ’ i c - uoce ’ s “I’ : ion s

~ c c- t a 5clu.c’n’ ’c”s: “a’: c c - c  cv a n ’cc c- ’ c- ‘ : ‘ n - ” r l - ’e- ’ ’ cc -” , sc. ’., c’c-. -c-~ c- c c ~ .\  C ,,. ,h e  ccc-r c-cc:c’csc-e ces
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SECTION 5

SJIv~vIARY

In this ire ’r e c -c t i c - ’I a’ ion t h e  causes of inst-abi1ic-~,- in Ici cle power CC lan -cs’
discharges were examined . Emphasis was diree c- ed ‘oward specific ccn-n ,Iic- Icc-n :  cC’
importance in Air Force h ic -’Is c’cc’:r-]y laser technology nro ’r sc-rsn -. TFe e rc-rincirs’:l
resul” s of ‘- I s I s -  n- c-c c-ely are c-sc-rn-sn-,arized as follows:

(1) For t.he pla:rea con 11’ ion: coona~ li ’ c- i’, ’ wi c -  h a’, era ‘I c -c - eiec ” r i cal  pc-cc-or
lean- i ’  ies in “ I cc - c - Ic- /or- 

- 
c’an ‘e , c- sx c-’crn-eail’ : sus ” as-ned CC ” laser h — clea r - ’  c-c- c-

are inJserenti~c- ’ c - n e c - c ’  a i c - i c -” .

(“) Ti ne-I c -c - c - ’ c- h e  c - c -en ’ of clc- ’n,un sn - fanc cn -  ‘he  ~ ic-c ’,o c’ h nc-r ac ” c-c’r~ ::, re - “i .e  “re-si ’ I s of
“Isorc-c’al inn ” n-c-lcili’ icc -will I c - c - c ’ on “ice on I c-c-c’ crC ~.1 n-sn-cc cc - ’ lc’:n cc- ’ ’ h, i c -
non-ic’s ,Icn c-d I ’ V II- ”,”csl.

(~~) The : ire ’ lc  c-’co:” In ’c- ’,’n cc” cc e ’  fac c- cc - c- ’ a f f c -’c-c l ie- ’ ‘ Is’c- ice ,” ’ al-ill ’- ’,- -c - -c - s c - Is s a ’
in -  ‘ I c e  elec ” ro ne locec-: rr c c c -n c -s .’ns: a cc n-snlc-nc-c Ion’c- al:c asc-’rc-licai 1” c- 0 ‘sn-c c- c-c -s-n -sail’:
c-c-n’ ainee ’] CC,-, laser iic-clcac- ’- ’ec-:

( I c )  The’ ieee ’ ‘ c-’c-ncns-c- ’c-c-’c ’ uc-”:’—i e i - — l c ps” ,’,’:’’nc’ ’c- nc - c -nec - li ’ ] “ n ’c c’ n c-cc- s e i n e  I c ’cc’ ,c- ’c- c T n i  - c - es ’ c - - i - — is
cre c-r .”:: OC’ ia:eo s ’ n” c-ra ’ i o r e , -:c n” i ’ i c s - ’- I c r i t i c  cc- “m’s-’: ic-se ’ -s-d c-c - ’ c f  “c”s . ” ’ Ic’ cs”c-l
I ccn :lc s a ’~i c n n , i c - c - f l  c-c’ ‘c ‘ nnsc b  ‘ c c -  c- ’sns ’,dc’c’ “c-,” , c- ’e c- dc- c-c -  ‘ s ’ol rnc - ”, c-: I c - ” i nca ’ “c-c-I “c lcn’c-I ‘cc’
Icl c-ni: ac- ’’ ’c-c- ‘ . .e’j’s’o’c- ’Fc ‘ ‘c . ’ ‘sc- c- ’c- :cI] l’c- c- c ‘sc -s ’ s - s-cl i - ’ a —c ns ’ c-’c Iai F’s- .
-:1cc ’ “n’s “ c c - c - s - n c - ’, “ ‘sc-c- cc - i c - c-’- ’  c- - c - ’  len-n rc-”cc-’e:: ‘ : c’s’ s’ - c-i~ ’ c -c c -nc’: ’ c-’c il - c - i  ‘icc i~c -e ’
f It - ” n c - c -  Ii’ ’ e - ”, c - ’ c -’c- 5 c - ’t 5 c “ s”c-’~” n ’’rs’  c-’c-h , c - v , c - ,~c - c - , n , . , c- , s ’ , ‘ • ‘I’: “c-c-’ ’ c- ‘ I ‘ n c - c - - c - i  —

al -ic  c - c -a ’  ‘ c - s c -  ‘:“e ’’ ’ c - - -’c- c’” ‘she ‘ ‘1- c-c ’ c--c ’s I c - ,” ’  ‘:“c ” - c- :  ‘ i s-, l c - n ” rc’ -c- I I’’: “ ‘c- ’ i - sal

( -‘c ’l c-> c --c- ’- , c- c-
~~

, -
~~-c- ’ n c-c-c- c c-” ‘h ~~ , l’ i ~~c-c- : ’~ c - c -~ ‘c - c -  ~ c - c - c -” Ic - c-c- c- n c - c - c - c- “m’ c -’ I - c’s ’ac-’ ’c - : l : l i ” i ’ : ” c - :  ‘,‘c’sUic-’-”i

‘- c- i n ’ rcc- I c-ce  ‘ I c ” ' c-~~c- ’c-’ , ” - ” of “‘o” ’ c- - c’-] c ’s --c-’ ’ - ‘ien c- rc n e Ic-c-,: s,m n ] ,,h c-

‘ I r a ’ c ’ ‘ 1 . - c- ‘c - c-c ’ c - c ”  n c- - c c- hi”” ’ I c - n c -  p c- ’cc-’c - c - ’ c- c ‘s c - - n-c I s - c -c -l ’ac-i c-” I c s ”c’ nn”s c- ions
I ’  r c - ’ c- c - - ’’s ’ I , ’ ‘ ‘i” , ’c -’ - ’ ; i l c - al c - l - ’ - . c - c - n C  13 a cci ‘cci ]~~ c-c - i -  c-c- c- ‘ c- c ’  n- n ”, c- c -~c-c ans H,rs ’

cf el ‘I ‘nr c- ” ‘ c -c -n c -”’ i on - s  i-sins ”” in: c’,’cl’- ,”c- , ’ , ‘ic ’s-c- - “ c l l I a n ” ’ c - ‘c, ns c - l , c’s c c - - cc - i rs ’ will
c - o n --c c- in -c n n ’  ‘ c- i c - c - ”  arc “c-’-s ’-c - ’- c- c-” a r c -, 1 ‘i’cn”’c-” c - lci c’’ n’c-l’l ’ cc- c- . , c sc ~c- c - c -n sc ne  ‘ c - c -  “I 1 c- c- ns -1-c - ’c- c ‘I s’c’

-

‘ 
i’ c -’r- ’c-lcn” en s ’ c ” J ’ ; c - ’ ’ c - c - :nal- ” , Ic ‘Ic c - c - n e c -c-c- ” ”: ‘ c - I c -c-n ’ “H lac-es’

.1 Fc- - ’- -’ c-”’’ c- ”- :  F ’ c ’ Ic- ’:.-

i-cs”c- .- ’ i ” c, ic”c I c - ac  -c- ” c- ’s -- ” c - J ” I  ~ ! e c - c -  :‘r ’i ’ i - ”’c ] “c-i  - - c - i a ’”H h 1: - ‘l ’ , ’- ’ ’c- ’o ’s “-‘:“c- n - F  ‘ - c - —

Ic - c -n” Ins “ l e e  “ocr ’ Fe c ‘ ‘ ‘ ~~~~ ‘“a)  I n r c - ’ ci’ - 11! ’’ .’ i n e - c--~:’ c - c -’ rea,iic- “ c - n c - c ’ ~;i c-e c-c - c -~ “ c i c -nc ; I l ac - ’  I
d c cc’ “' ‘a . Eac - ’Il , :i - ’c - ’ s ic - c - -c -- c -  c - I cc’,” I c-c c -  c - ”~~c c - ’ c - ‘ c - ’: - ‘ ‘“ ‘~~~~‘ c- ’ r i o  ‘a ’ ‘ c- ”c

141



a’ :c-,c ‘ — I, ’ c- c- c - c - c-c--c-f S c - c - c - . , - ‘ - c- c- . I i “ 1 Tlc-c--,q,s c - c -  c c - ’ in c - c - c -’ - l ’ ,c- c- c- c c - c - c c - I s’ a c - i l l  ion sc ,1 n - c - c - c - ‘c’ ’::
‘ ‘ c - i’ ’ :0’ , ’ c - i  ‘ ‘ - c - - c- i c - c -- ’ - l c - -” c- ’ c- c- ”m c- c- ,c- ’ ’ F i : ’ n c- c - :~~
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~~ 
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I c -, e -, ’n m c s ’ c c - c -’ c - c - e o ’ c - c- c-c- -, c 1 ~~, c - ’ n ’ c ,J , :, c ’ : ] , , , - c- c - c -  -: l, i c - ” c- lc ’n :’ c - )  ‘ -“ c - ’c’- - ’c-” s ’ ’ :”  .

c- i Ti c- ‘ ‘ - ‘ m” ’ c - - c - ’ - r n - ” ” ’  ‘ ‘ ‘c c - ’”- ’ cc-” i c c c c- c-I I c c  -c- “ n c - c - ” , ’ I- s - -’ ‘c--den
‘ I c n c ’ c - ’ ’ i c - c - F :‘ c’ -H c- ’l c- c- ’ ”

’ - c - c - -  - - c ’c - : ’ ’ ’ .i j ” c ’ ’ ’ ’ c - ’ ’ e ’ . :l ’e ’ l c c -, :c, I ’ c- , n c i :I F - ’’  —

‘ ‘ c r c -cl c - c - - c c - c - c - ’ - .
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~~~~~~
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~~~~~~~~~~ ~~~~
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‘ ‘ -“ ‘- ‘ — e ’ ns - 
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APPI’FPT c- i-I

CLIc- ,I-TIIR I-Oh DATA c- ’I’s’ D’ sI IA ’rT” si

Th cl  s appendix countains a summary of rat e coeff ic ients  for  the foc’ma, lc- ions ac-s I
recombinn’ c-tion of certain cls:n-ter ion ‘species which m alT be of importance in hi ( ’h ,
power CO and 002 electric discharge laser applicat i ons :. In some c a n e s  clc-:t er ~, -c r, ’l
erc-er~- i en -  and reaction t emperature dependence’s are alc - :o c-iven for purpose’s of
comparison .

It should be emphasized t hat the cluster ion formation , lat a ‘i cc- ‘cc . = s-f ‘ i s i s -
appendix were all obtained at low t emperature (< 300°K) under coa l it ions of ilcec’c-r:o-
dynamic equilibrium , i . e . ,  Te = T

~~ 
= c - 3 •  Also, in cnnn~: of tic -c measurement s lea-i ’insc-

to the recombinat ion c-Ic -atm in ‘cc. II the degree of vibrat ional c-c-xci4’-a” ’ i o c -- c- of “ic - c
ions was unknown .

c’ nfortunatel~r there are no tat,a of t h i s  
~
“T ’c- a,-,railabl’,” for  ‘ I l :ch nr c- c-c- ccrs ’hit i c- s- c - c:

represent at ive of high power CO and (c- fl l an - cc - -  I i s - c h a r c - - ’n-- . Ic-c ‘:i ’w -‘c-f the hinc -,cnnio c- :
ire .‘ecs. 3 c-c-red 14 of this  report ic- in d c -c - an’  t , l snet  f lccr ’c  c- c-x ’i:’t ,n- a n - l c - m c -i f i car: t c-np -I n ,
t h e  -1-0 3” c- - I c-c -ta base which could be of coc sc - ’l - lc r ’c -b l c -c -  inn :p on ” ac-s o” .

CLU , cTI R I - - Il  I’Rfl c- I ’.fI :cI- I, ’

C
Pcaction F’:a ” e ‘c- c -’c - f f i c i oc - s ic- Re fe rence  I:netos-

I .  Cluster Ion 1- ormat ion
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2
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(3) Co
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.(Co)2+2co~~Co~

.(Co)
3
4cn (- - . o E- ( -3 o )T  = l714°K 1 ,\

‘ . - o .
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‘CI c - ] 50’FI’IR I ON PRO CI ’Clf ‘1. n (c - Tons ± ‘a )

Reaction Rat e Coeff icient  Reference  Ilotes

(17) NO~ -c-H00+N — N0~ .H2O+M 3.6(-29)l-’i=He ,T=295°K c-ne

7.C(-29~ Ar
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i’~eact ion Rat e Coefficient Reference N otes

II. Electron-Ion Recombination

+ e
A. CO Initial Core

(1) e + C0~
’ 

3~~
S( _ 7 ) T

e T 775 0c-l 18 K c- = .58
e + CO • CO i . 0 (_ 7 ) T c-I 0 • 8 c -~~,

’ i c-’ ~ç~~=
, e f f c -  < i . O e’,T

in i t ial  Cor e

( 2 )  e + o , ( - n ) o  = 1000°K 23 k~~= - 0.5E ,T > 1000°K
2 e r e

(3)  e + O~ 3.~~(-7 )T ,, = T = 1 ~ c ’s°’.K 7

( 14 ) e + O~l•Oo 1.0(~~,)T =l3O 0~ 7

C. H,ydroniiuc-n Jc eries

(5) e + H o~~ l.o ( -c - c -)T = 5140°K 21,2.? k~~= -1 , lOU0
3 e -
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-1 . F > 5OOQ~~r e

(6) e H
3o~~ (H 2O) 2 . o ( - c - c - ) T T~~~~c-14 n
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( 7)  e ~ H 30 ” • ( H 0O) 0 1 4 • o ( - O ) T  = c-c-140
0

s- 21

1 4 .o ( - 6 ) T = 14 15  21
3 .8(-6 ) T :=  300 21 -c-

(8) e + H
30~~C - l c - I c - 9 )

3 
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:K 21

( e )  c-~ H c- T5 
• ( Fl ’ c- o ) 1 6•O(_6)7

e
205 K 21

+ 1 i 0 ’ 1F~-fl 1
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