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Rdsum6.- Des Bmissions laser infrarouge de grande puissance en rdgime d'impulsions longues ont QtE 
obtenues au moyen d'un dispositif permettant l'excitation par une dBcharge stabilisde par faisceau 
d'dlectrons d'un milieu gazeux 2 basse tempdrature et densitd dlevde en dcoulement supersonique 
(P < 2 amagats, T 60 - 150 K). Une dmission laser B A = 10,6 P a dtd obtenue lorsque une cavitB 
rdsonnante stant placde soit dans la zone d'excitation, soit B 3 cm en aval de celle-ci. Dans le cas 
de m6langes Ar/C02 , Ar/C02/H2, He/C02 et He/C02/N2 , la puissance et lrEnergie de llEmission laser 
Etaient trss notablement plus dlevdes B basse temp8rature. L'dvolution dans le temps de l'dmission 
laser Btait trSs diffdrente B basse tempdrature et 2 tempdrature ambiante. Lorsque la cavitd rEson- 
nante Btait placBe en aval, en dehors de la ddcharge, une dmission laser infrarouge dtait observEe 
pendant plusieurs dizaines de microsecondes pour des mdlanges He/C02/N2 en Ecoulement supersonique. 
Des rdsultats expdrimentaux sont prdsentds en ce qui concerne les caractEristiques de 1'Qmission la- 
ser 2 10,61.1 et la recherche d'dmissionslaser B partir de la moldcule C02 , B de plus grandes lon- 
gueurs d'onde gsndralement favorisdes par de trss basses tempdratures de translation ( 1 4 ~  (100-010), 
161.1 (020-010) ; 18 ~ ( 0 3  0-10 0)). Les implications des rdsultats de 1'I.M.F.M. pour le dcveloppement 
de sources laser infrarouges de puissance moyenne et de taux de rdpdtition Qlevds, particulisrement 
utiles en photochimie, sont discutdes. 

Abstract.- High power long pulse infrared laser emission has been achieved on C02 molecule with the 
high density and very low temperature supersonic flow-electron beam-stabilized discharge excitation 
device developped at I.M.F.M. (p < 2  amagats, T - 70 - 150 K). Laser emission at A = 10.6~ has been 
achieved for a resonant cavity set at the discharge location and also 3 cm downstream of the dischar- 
ge location. With Ar/C02, Ar/C02/H2, ~e/C02, and He/C02/N2 mixtures, lasing energy and power were se- 
vera'l times higher at low temperature when experiments were performed at the discharge location. Time 
variation of laser power was very different compared to the room temperature, no flow, case for the 
same density and excitation energy. When the resonant cavity was set 3 cm downstream, outside of the 
discharge, lasing in the infrared was observed during several tens of microseconds for He/C02/N2 mix- 
tures in supersonic flow. Experimental results are presented for both characterisation of 10.6 plaser 
emissions and research of lasing at longer wavelength on C02 molecule, on the 1 4 ~  (100-010) and 1 6 ~  
(020-010) cascade transitions and 18.4 p (03 0-10 0) transition which are generaly favored by very 
low translational temperature. Implications of I.M.F.M. results for development of high average power 
high repetition rate infrared laser sources useful for photochemistry are discussed. 

INTRODUCTION 

The CO vibrational flow lasers have shown saturation of the 100 and 020 vibrational levels 
2 

their ability to deliver high average power at following lasing at 10.61.1 and 9 . 4 ~  (')'(') and on 

10.6p and applications of these lasers are already the (030-100) tran~ition'~) respectively at A =14)~, 

numerous in particular in the Energetics field. 161.1 and 18.4~ . These wavelengths are interesting 
Fluid Dynamics Techniques associated with electri- for laser photochemistry applications and the 16)~ 

cal excitation are of high interest to achieve wavelength has been recently proposed as a coherent 

such high average power infrared laser systems. source for isotopic separation. Different methods 

Recently in several laboratories lasing has have been used to obtain population inversion 

been achieved on different other vibrational tran- including purely gas dynamics means (heating at 

sitions of CO molecule, in particular on the 
2 thermodynamic equilibrium followed by very fast 

(100-010) and (020-010) cascade transitions by adiabatic expansion)") or direct electrical 
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e x c i t a t i o n  of a  low p r e s s u r e ,  low tempera ture ,  gas 

mix tu re  w i thou t  f l ow(2 ) .  I n  a l l  t he se  expe r i -  

ments,  a c t i v e  medium was a t  very low tempera ture  

t o  ma in t a in  a  low popu la t ion  of t h e  l a s e r  t r a n s i -  

t i o n  lower l e v e l ,  and a t  low p r e s s u r e ,  t o  avoid  

v i b r a t i o n a l  d e a c t i v a t i o n .  This  l a s t  c h a r a c t e r i s t i c  

l i m i t s  s t r o n g l y  the  s p e c i f i c  l a s e r  power which may 

be e x t r a c t e d  from t h e  a c t i v e  medium. 

Recent r e g u l t s  on C02 molecule k i n e t i c s  ( 4 )  

shows t h a t  cond i t i ons  may e x i s t  where l a s i n g  could 

b e  achieved on v a r i o u s  C02 v i b r a t i o n a l  t r a n s i t i o n s  

a t  h i g h e r  p re s su re  i f  t h e  a c t i v e  medium i s  main- 

t a i n e d  a t  very low tempera ture  and e f f i c i e n t l y  and 

r a p i d l y  exc i t ed .  A pulsed  U . V .  p r e ion ized  o r  

e-beam s t a b i l i z e d  d i scha rge  would be a  p o s s i b l e  

methode o f  e x c i t a t i o n .  L a s i n g  a t  h i g h e r  p r e s s u r e  

would pe rmi t  : a )  h i g h e r  l a s e r  average  power on 

t h e  pu l sed  h igh r e p e t i t i o n  r a t e  mode and b )  h i g h e r  

t u n a b i l i t y  of t h e  l a s e r  wavelength fo l lowing pres-  

s u r e  broadening of t h e  ga in  bandwidth.  Moreover 

cond i t i ons  of very  low tempera ture  and q u i t e  h igh  

d e n s i t y  may a l s o  f a v o r ,  as p r e d i c t e d  by rough ca l -  

c u l a t i o n s ,  t h e  a l r e a d y  very e f f i c i e n t  C02 l a s e r  a t  

1 = 1 0 . 6 ~  compared t o  room tempera ture  by an 

i n c r e a s e  of g a i n  and a  dec rease  o f  d e s a c t i v a t i o n  

l o s s e s  when a  h igh d e n s i t y  medium i s  e x c i t e d  by 

an e l e c t r i c  d i scha rge .  On F ig .  1 i s  shown a  v i -  

b r a t i o n a l  energy l e v e l  diagram of t h e  CO / N  v ib ra -  
2  2  

t i o n a l  system.Various p o s s i b l e  CO v i b r a t i o n a l  l a -  
2 

s e r  t r a n s i t i o n s  a r e  i n d i c a t e d  on t h i s  f i g u r e .  

Cooling o f  t h e  gas by means of a  supe r son ic  

expansion could l ead  t o  h igh r e p e t i t i o n  r a t e  l a s e r  

systems a s  t h e  h e a t  and waste  products  a r e  ve ry  

r a p i d l y  c a r r i e d  away by the supe r son ic  flow toge- 

t h e r  w i th  t h e  aerodynamic d i s t u r b a n c e s  induced by 

energy depos i t i on .  Supersonic  flow may r e p r e s e n t  

a l s o  a  way t o  c o n t r o l  t h e  r e l a x a t i o n  of t h e  lower 

l a s e r  l e v e l  wh i l e  ma in t a in ing  n e a r l y  f rozen  t h e  

popu la t ion  of t h e  upper l e v e l  by simply s h i f t i n g  

t h e  c a v i t y  l o c a t i o n  a  few cen t ime te r s  downstream 

t h e  d i scha rge  p o s i t i o n  owing t o  t h e  va r ious  

r e l a x a t i o n  r a t e  c o n s t a n t s  

= 
- two I -'" 

F i g . 1  V i b r a t i o n a l  energy l e v e l  diagram f o r  t h e  
CO /N molecular system ( p a r t i a l )  2 2 

Associa ted  wi th  supe r son ic  flow and a d i a b a t i c  coo- 

l i n g  which permits  moreover t o  reach tempera tures  

n o t  e a s i l y  ach ievab le  w i t h  thermal  exchangers , 

t h e  u se  of an  e l e c t r o n  beam s t a b i l i z e d  d i s c h a r g e  i s  

a  very  e f f i c i e n t  method f o r  v i b r a t i o n a l  l e v e l  exci -  

t a t i o n  and could a l l ow development of h igh  average  

power h igh  e f f i c i e n c y  l a s e r  systems a t  va r ious  

i n f r a r e d  wavelengths 

The aim o f  t h i s  paper  i s  t o  p r e s e n t  r e s u l t s  

of p re l imina ry  experiments on C02 v i b r a t i o n a l  l a -  

s e r  emiss ions  performed wi th  t h e  supe r son ic  flow - 

e l e c t r o n  beam s t a b i l i z e d  d i scha rge  e x c i t a t i o n  

dev ice  developped a t  I.M.F.M. f o r  excimer l a s e r  

s t u d i e s .  This  dev ice  which h a s  pe rmi t t ed  t o  r e a l i z e  

t h e  f i r s t  s u p e r s o n i c  flow excimer l a s e r c 5 )  and t o  

d e l i v e r  l a s e r  s p e c i f i c  energy and power of 1 J / R  

and 2 M W / i  r e s p e c t i v e l y  wi th  over 2 .5  % i n t r i n s i c  

e f f i c i e n c y  from XeCR l a s e r  system a t  very  low tem- 

p e r a t u r e  i n  supe r son ic  f l ow(6 )  has  been s l i g h t l y  

modified f o r  t h e  i n f r a r e d  l a s e r  experiments 

EXPERIMENTAL SET-UP 

The b a s i c  exper imenta l  appa ra tus  which as  

been desc r ibed  i n  d e t a i l s  elsewhere") c o n s i s t s  

mainly o f  a  sma l l  Ludwieg t u b e  which f eeds  through 



a  s u p e r s o n i c  nozz l e  a  d i e l e c t r i c  cons t an t  a r e a  ch* i n  t h e  l a s t  ca se ,  t h e  t ime  o f  f l i g h t  between c e n t a s  

n e l  (16 x 3 cmL) a s s o c i a t e d  wi th  a  co ld  cathode 

e l e c t r o n  gun and f l u s h  mounted d i scha rge  e l e c t r o -  

des .  The device i s  shown schema t i ca l ly  on F ig .2 .  

F ig .2  Schematic diagram of t h e  f a c i l i t y .  

The c h a r a c t e r i s t i c s  of t h e  flow i n  t h e  t e s t  s e c t i o n  

depends on t h e  nozzle  des ign ,  and two d i f f e r e n t s .  

types  o f  nozzles  have been used. Contoured nozz l e s  

permi t  t o  o b t a i n  a  flow Mach number equal  t o  1.75,  

2 .5  o r  3 ,  t h e  tempera ture  beeing r e s p e c t i v e l y  equa l  

t o  120, 80 o r  65 K and t h e  d e n s i t y  up t o  2  amagats 

( r a r e  gases  y = 1.67) .  A s c r e e n  nozz l e  has  a l s o  

been  used p e r m i t t i n g  t o  ach ieve  t h e  fo l lowiag  con- 

d i t i o n s  i n  t h e  t e s t  s e c t i o n  : M = 2.b ,  T  " 100 K 

(Y = 1 .67 ) ,  p -- 0 . 1  - 1 amagat).  The e l e c t r o n  gun 

energized by a  Marx gene ra to r  (300 KV - 1500 J) is 

f i r e d  when t h e  flow i s  s t eady  and e x c i t e s  t h e  

s u p e r s o n i c a l l y  flowing gas mixture  through a  t i t a -  

nium f o i l .  A non s e l f - s u s t a i n e d  d i s c h a r g e  (glow) 

wi th  an  e l e c t r i c  f i e l d  up t o  E 5 KV/cm i s  added 

t o  t he  e-beam and a p p l i e d  between a  60 % t ransmis-  

s i o n  g r i d  e l e c t r o d e  nea r  t h e  e-gun f o i l  and a  fa- 

c i n g  f l a t  e l e c t r o d e .  The d e n s i t i e s  of t r a n s m i t t e d  

e l e c t r o n  beam and d i s c h a r g e  c u r r e n t  as r e s p e c t i v e -  

2  
ly Je .b  

= 3 A/cn and JD = 30 t o  200 A / C ~ ~ .  A p a i r  

o f  gold  m i r r o r s  (one wi th  a  2111: !:ole) forms a reso- 

nan t  c a v i t y  i n t e g r a t e d  i n  t h e  walls. Th i s  r e sonan t  

c a v i t y  i s  s e t  e i t h e r  a t  t h e  d i scha rge  p o s i t i o n  o r  

3  cm downstream e n t i r e l y  o u t s i d e  of t h e  d i scha rge  

of d i scha rge  l o c a t i o n  and resonant  c a v i t y  i s  equa l  

t o  20-30 11s. Experiments a r e  a l s o  performed w i t h  

t h i s  appa ra tus  w i thou t  f low, a t  room tempera ture  

wi th  t h e  same sample of gas mix tu re  a t  t h e  same 

d e n s i t y  i n  o rde r  t o  o b t a i n  a  d i r e c t  comparison bet-  

ween low tempera ture  flow and room tempera ture  no 

flow l a s e r  c h a r a c t e r i s t i c s .  

The measured parameters  c o n s i s t  mainly of : 

a)  Marx gene ra to r ,  e l e c t r o n  gun and flow time de- 

pendant c h a r a c t e r i s t i c s .  

b )  Time v a r i a t i o n  o f  l a s e r  i n t e n s i t y  by means 

o f  2  f a s t  p y r o e l e c t r i c  d e t e c t o r s  wi th  r e s p e c t i v e l y  

0 . 1  - 1000p and 7-100011 s p e c t r a l  response  rangeAn 

i n f r a r e d  long pass  f i l t e r ,  A > 1 3 . 5 ~  , was s e t  i n  

f r o n t  of one of t h e  d e t e c t o r s .  An home made i n f r a -  

r e d  monochromator coupled wi th  one o f  t h e  pyro- 

e l e c t r i c  d e t e c t o r s  allowed t o  r eco rd  l a s e r  power 

w i t h i n  a  s p e c t r a l  band of 0.5V from 5 t o  20lJ . 
c )  T o t a l  e x t r a c t e d  o p t i c a l  energy by means of 

joulemeters .  

ZXPERIYENTAL RESULTS 

The desc r ibed  device  has pe rmi t t ed  t o  o b t a i n  

t h e  fo l lowing exper imenta l  r e s u l t s  : 

- S t a b l e  e l e c t r o n  beam s u s t a i n e d  d i scha rges  have 

been achieved f o r  va r ious  medium and high d e n s i t y  

l a s e r  mixtures  i n  supe r son ic  flow a t  very  low t e q e -  

r a t u r e  even f o r  high loading cond i t i ons .  I n  F i g . 3  

i s  shown a  t y p i c a l  d i scha rge  c u r r e n t  waveform 

obta ined f o r  an  Ar/CO mixture  i n  supe r son ic  f low.  
2  

F i g . 3  Discharge c u r r e n t  time h i s t o r y  f o r  a t y p i x a l  
e-beam s u s t a i n e d  d i scha rge  expe r imen ta l .  
Ar/CO (10 /1 ) ,  M =.1.75,  T- 120K, Vc =210KV, 
v =pi<$. 
D 
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High power s h o r t  pu l se  l a s e r  emiss ion a t  A =lo .@ 

has  been achieved when r e sonan t  c a v i t y  was s e t  a t  

t h e  d i scha rge  p o s i t i o n  ( g a i n  swi t ch  mode) w i t h  

Ar/C02, A ~ / c o ~ / H ~ ,  He/C02 and He/CO /N mix tu re s .  
2  2  

For t h e  cond i t i ons  of t hese  experiments l a s i n g  

energy and power were s e v e r a l  t ime h ighe r  a t  low 

tempera ture  than a t  room tempera ture  f o r  t h e  used 

mixtures  and t h e  same e x c i t a t i o n  and d e n s i t y .  The 

t ime v a r i a t i o n  of l a s e r  power was very d i f f e r e n t  

a t  low tempera ture  compared t o  t h e  room tempera- 

t u r e  no flow case  ; i n  p a r t i c u l a r  l a s i n g  appeared 

a l l  t h e  t ime e a r l i e r  a t  low tempera ture  and s e v e r a l  

very  s h o r t  l a s e r  s p i k e s  were observed f o r  Ar/C02 

and Ar/CO / H  mixtures  a t  low tempera ture  i nd ica -  
2  2  

t i n g  a  s t r o n g  m o d i f i c a t i o n  i n  k i n e t i c s  of l a s e r  

medium. On F i g .  4,  5  and 6 a r e  shown t y p i c a l  l a s e r  

waveforms obta ined w i t h  Ar /Cq ,  Ar/C02/E2 and 

He/CO / N  mixtures  r e s p e c t i v e l y .  Upper t r a c e s  
2  2  

show room tempera ture  no flow reco rds  wh i l e  lower 

t r a c e s  show low remperature r eco rds .  I t  i s  note-  

worthy t h a t  t h e  cond i t i ons  of d e n s i t y ,  e l e c t r o n  

beam e x c i t a t i o n  and app l i ed  vo l t age  a r e  t h e  same. f o r  

- 2 
a l l  t h e s e  experiments:  p= 1 amagat, 

' e .b .  
= 3A cm 

0,+5ps,V =t?.3KV and t h a t  a t t e n u a t i o n  and detec-  
capac . 

t o r  s e n s i b i l i t y  a r e  t h e  same f o r  flow and no flow 

r e c o r d s .  

F i g . 4  Typical  CO l a s e r  waveforms (A = 10 .61~  ) f o r  
c a v i t y  cenger  a t  d i s cha rge  p o s i t i o n .  

F i g . 5  Typical  CO l a s e r  waveforms (A = 10 .61~  ) f o r  
c a v i t y  cenger a t  d i s cha rge  p o s i t i o n .  

F ig  . 6  Typical  C02 l a s e r  waveforms ( h  = 10.611) f o r  
c a v i t y  c e n t e r  a t  d i s cha rge  p o s i t i o n .  

- Laser  emiss ion s e v e r a l  t e n s  of microsecond long 

was achieved a t  A = 1 0 . 6 ~  when t h e  r e sonan t  c a v i t y  

was s e t  3  cm downstream of t h e  d i scha rge  f o r  

He/CO / N  mixtures  i n  supe r son ic  f low.  The l a s e r  2  2  

emission waveforms cons i s t ed  o f  quasi-continuous 

power and s e v e r a l  very s h o r t  l a s e r  s p i k e s  a s  i s  

shown on F ig .  7 .  

F ig .7  Typical  C02 l a s e r  waveform f o r  c a v i t y  c e n t e r  
s h i f t e d  3 cm downstream e x c i t a t i o n  zone.  
H e / C 0  / N ~  ( 3 /1 ,1 )  p 1. 0 .5  amagat, M = 2,  
T X  ~ O O K ,  je.b 3 3  A cm-', "capaci tor  = 9IiV. 

CONCLUSION AKD FUTURE RESEARCH 

S t rong  mod i f i ca t ions  o f  A = 1 0 . 6 ~  l a s e r  

c h a r a c t e r i s t i c s  have been observed when va r ious  

l a s e r  mixtures  where cooled showing impor tant  mo- 

d i f i c a t i o n s  i n  k i n e t i c s  o f  C02 l a s e r .  

Las ing a t  h = 1 4 ~  , 16p o r  1 8 . 4 ~  wavelengths 

has no t  y e t  been achieved wi th  t he  p r e s e n t  dev ice  

b u t  t h e s e  p re l imina ry  experiments seem t o  show 

t h a t  w i th  Q swi t ch  techniques  o r  w i th  u s e  of an 

e x t e r n a l  s h o r t  p u l s e  l a s e r  t o  s a t u r a t e  t h e  1 0 . 6 ~  

t r a n s i t i o n  i t  may be p o s s i b l e  t o  popu la t e  t h e  CO 2  



(100-020) vibrational levels during a short time (7) B. FORESTIER and B. FONTAINE, Rev. Sci. Ins trum. 

(100-200 ns) and to obtain lasing on C02 (100-010) 50, 421 (1979). - 
and (OZOO-010) transitions when a very high speed 

flow at low temperature and moderate density is ex- 

cited by an e-beam sustained discharge either at 

the cavity position or slighly upstream. Possibili- 

ty may also exist of short time inversion between 

(030) and (100) C02 levels in Ar/C02 mixtures 

following fast transfer between (030) and (010) 

CO vibrational levels. 
2 

Both exprimental work at I.M.F.M.(gain measu- 

rement at 10.6~ by use of laser probe technique, 

Q Switching of laser emission) and numerical mode- 

ling of C02 system kinetics at I.M.F.M. and Lebedev 

Institute of Physics will be pursued. If experimen- 

tal demonstration of "cascade" lasing on CO 2 Can 

be made for I.M.F.M. conditions it would have 

important positive implications for development of 

high average power high repeition rate infrared 

laser sources useful for I.R. photochemistry. 
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