
NASA Technical Memorandum 10062 1 

Overview and Future Direction for Blackbody 

Solar-Pumped Lasers 

R. J. De Young 

bibr!:i'2i/ cup'); ~ L J E ~  
AUG 2 3 1908 

LAHGLEY RESEARCH CENTER 
LIBRARY NASA 

H ~ ~ O N .  VIRCINIA 

August 1988 

National Aeronautics and 
Space Administration 

Langley Research Center 
Harnpton, Virginia 23665-5225 



I. I n t r o d u c t i o n  

The blackbody l a s e r  i s  a  system t h a t  has been proposed t o  sca le  t o  

mult imegawatt power l e v e l s  f o r  space-to-space power t ransmiss ion f o r  

appl i cat ions  such as on-board spacecraf t  e l e c t r i c a l  o r  p ropu ls ion  

requirements. Among t he  c r i t i c a l  t echn i ca l  issues a re  t h e  s c a l a b i l i t y  t o  h i gh  

powers and t h e  l a s e r  wavelength, which impacts t h e  t ransmiss ion o p t i c s  s i z e  as 

we l l  as t h e  l a s e r - t o - e l e c t r i c  conver te r  a t  t h e  remote rece iver .  

Lasers pumped by a  blackbody heat source were f i r s t  demonstrated i n  1969 

( r e f .  1 .  Other research demonstrated h igher  1  aser powers and e f f i c i e n c e s  

( r e f .  2). A1 so, d i  r e c t  o p t i c a l  pumping of C02 and NO2 was demonstrated 

yhrough absorp t ion  of blackbody c a v i t y  r a d i a t i o n  (refs.  3, 4, and 5). System 

s tud ies  ( r e f s .  6 and 7) have i n d i c a t e d  how such l ase rs  cou ld  be sca led t o  

mu1 t imegawatt  power l e v e l s  f o r  space app l i ca t ions .  

Th is  t echn i ca l  no te  reviews t h e  solar-pumped blackbody l a s e r  concept, 

addresses i t s  present s ta tus ,  and suggests f u t u r e  research d i r ec t i ons .  A 

d i scuss ion  o f  t he  r a t i o n a l e  f o r  research on blackbody-pumped l a s e r s  i s  

f o l  lowed by a  d e t a i l e d  look a t  var ious present blackbody l a s e r  con f i gu ra t i ons  

such as N2-C02 and CO-C02. Next, t h e  t echn i ca l  m e r i t s  o f  each system 

c o n f i g u r a t i o n  a re  discussed which lead, f i n a l l y ,  t o  recommendations f o r  f u t u r e  

research on b l  ackbody-pumped 1  asers. 

11. Blackbody-Pumped Laser Concept 

From a  conceptual p o i n t  o f  view, blackbody-pumped l ase rs  appear very 

a t t r a c t i v e ,  s i nce  they  can conver t  heat energy d i r e c t l y  i n t o  l a s e r  energy. 

Th is  heat source could  no t  on ly  be generated by s o l a r  l i g h t ,  bu t  a l so  by 

nuc lear  r eac to r  heat, f o s s i  1  f u e l  combusti on, o r  any h i g h  temperature 



process. The heat  source produces thermal  r a d i a t i o n  desc r ibed  by t h e  

blackbody r a d i a t i o n  law a t  t h e  g i ven  blackbody temperature.  For i ns tance ,  a  

2 1500 K b lackbody w i l l  produce 10 W/cm a t  a  wavelength o f  2 um which can be 

used t o  pump an a p p r o p r i a t e  absorb ing gas. Thus, w i t h  a  l a r g e  area blackbody 

source, very l a r g e  r a d i a n t  powers can be generated, and i f  t h i s  power can be 

e f f i c i e n t l y  coupled t o  a  l a s a n t  m a t e r i a l  ( e i t h e r  gas, s o l i d ,  o r  l i q u i d ) ,  t hen  

s u b s t a n t i a l  l a s e r  powers can be generated. I n  general ,  t h e  h i g h e r  t h e  

blackbody temperature,  t h e  more e f f e c t i v e  t h e  l a s e r  pumping power. Two 

c o n s t r a i n t s  c o n s t r i c t  t h e  upper temperature  1 in i  t o f  b lackbod ies ,  one be ing  

t h e  thermal  l i m i t a t i o n  o f  t h e  m a t e r i a l s ,  and t h e  o t h e r  t h e  r a d i a t i o n  l osses  

o u t  o f  t h e  b lackbody c a v i t y  th rough  t h e  s o l a r  l i g h t  en t rance hole.  Such 

c o n s t r a i n t s  u s u a l l y  l i m i t  b lackbody pumping systems t o  around 2000 K and i n  

p r a c t i c a l  l a b o r a t o r y  s i t u a t i o n s  t o  1500 K, we1 1  below t h e  therrnodynamic l i m i t  

o f  app rox ima te l y  5800 K f o r  t h e  sun. 

Producing h i g h  temperature  b lackbod ies  i s  n o t  a  major  t e c h n o l o g i c a l  

cha l lenge;  these b lackbod ies  have been achieved f o r  a  number o f  yea rs  i n  s o l a r  

fu rnaces and o t h e r  dev ices  f o r  h i g h  temperature  m a t e r i a l s  processing. The 

un ique and c h a l l e n g i n g  f e a t u r e  i s  t h a t  o f  c o u p l i n g  t h e  blackbody t o  t h e  

l asan t .  Thus, most research has focussed on t h e r m a l l y  e x c i t e d  v i b r a t i o n a l  

s t a t e s  o f  gas molecu les  f o r  pumping a p p r o p r i a t e  l a s a n t  gases by c o l l  i s i o n a l  

t r a n s f e r  o f  v i b r a t i o n a l  energy. 

An advantage o f  t h e  blackhody-pumped s o l a r  l a s e r  i s  t h e  i n h e r e n t  thermal  

s to rage  c a p a c i t y  o f  t h e  blackbody. This cou ld  a l l o w  t h e  l a s e r  t o  opera te  f o r  

an extended t ime w i t h  no s o l a r  (hea t )  i n p u t .  Las ing  would con t inue  u n t i l  some 

c r i t i c a l  temperature  i s  reached where l aser  t h r e s h o l d  i s  no l onger  achieved. 



Depending on t h e  thermal storage of t h e  blackbody, t h i s  cou ld  be from minutes 

t o  hours and might enable a l a s e r  systen t o  operate on t he  dark s ide  o f  Ear th  

o r b i t .  

Also, an advantage of t h e  blackbody l a s e r  i s  t h e  use o f  r e l a t i v e l y  

i nexpensi ve, nonconsumabl e, and noncorros ive gases, whi ch might make t h e  

o v e r a l l  l a s e r  system l ess  c o s t l y  than some d i r e c t  solar-pumped systems. 

Concepts o f  two systems a re  o u t l i n e d  i n  schenat ic  form i n  f i g u r e  1. The 

f i r s t  i s  t he  " t r a n s l a t i o n a l  hea t ing"  concept i n  which t h e  blackbody heats 

molecules o f  a t r a n s f e r  gas c r e a t i n g  a Boleznan d i s t r i b u t i o n  o f  v i b r a t i o n a l  

s ta tes.  The molecu lar  t r a n s l a t i o n a l ,  v i b r a t i o n a l ,  and r o t a t i o n a l  temperatures 

come i n t o  e q u i l i b r i u m  w i t h  t h e  blackbody temperature. The second system i n  

f i g u r e  1 shows a schematic o f  t h e  " v i b r a t i o n a l  hea t ing"  systern. Here t h e  

t r a n s f e r  gas molecule absorbs a p o r t i o n  o f  t h e  blackbody spec t ra l  r a d i a t i o n  i n  

a very narrow absorpt ion band and becomes v i b r a t i o n a l l y  exc i ted,  but  t h e  gas 

t r a n s l a t i o n a l  temperature remains near room temperature. 

A l l  proposed t r a n s f e r  blackbody l a s e r  systems f a l l  i n t o  one o f  these two 

general categor ies .  The bas ic  system components a re  shown i n  f i g u r e  1 f o r  t h e  

o v e r a l l  system, but  a t  present most research has focussed on t h e  energy 

t r a n s f e r  processes 1 eadi ng t o  1 as i  ng. 

I I I. Rlackbody Laser System Conf igu ra t ions  

Wi th in  the  " t r a n s l a t i o n a l  pumping" hlackbody- laser concept, t he re  a re  a 

nurnher o f  poss ib l e  con f i gu ra t i ons  t h a t  w i l l  produce las ing.  For ease i n  

examining these con f igu ra t ions ,  we w i l l .  use t he  N2-C02 l a s e r  systern as an 

exarnpl e. 



I n  t h e  f i r s t  c o n f i g u r a t i o n ,  N2 i s  t h e r m a l l y  e x c i t e d  by con tac t  w i t h  t h e  

blackhody w a l l .  I n  t h i s  system t h e  N2 gas temperature, Tgas, i s  equal t o  t h e  

v i b r a t i o n a l  temperature, Tv i  b, which i s  equal t o  t h e  h l  ackbody c a v i t y  

temperature, TBR; t h a t  i s ,  a l l  t h r e e  temperatures come i n t o  e q u i l i b r i u m .  A 

p o p u l a t i o n  i n v e r s i o n  can o n l y  be c rea ted  i n  C02 by c o l  l i s i o n a l  l y  t r a n s f e r r i n g  

N2 v i b r a t i o n a l  energy i n t o  t h e  upper l a s e r  l e v e l  w i t h o u t  p o p u l a t i n g  t h e  C02 

lower l a s e r  l e v e l  th rough c o l l  i sions w i t h  t r a n s l  a t i o n a l  l y  "hot "  PI2 

molecules. Thus, i t  i s  necessary t o  r a p i d l y  reduce t h e  t r a n s l  a t i  onal 

temperature  o f  n i t rogen .  Th is  can be accomplished e i t h e r  by r a p i d  expansion 

o r  by con tac t  w i t h  a  coo led surface.  

Coo l ing  can be accomplished through expansion i n  a  converg ing/d iverg ing 

nozz le  assembly j u s t  b e f o r e  i n j e c t i o n  of  t h e  C02 gas, which r e q u i r e s  t h e  l a s e r  

c a v i t y  t o  operate  as a  supersonic wind tunne l .  An a l t e r n a t i v e  way o f  removing 

t h e  hea t ,  t hus  reduc ing t h e  t r a n s l a t i o n a l  temperature of  t h e  n i t rogen ,  i s  t o  

a c t i v e l y  coo l  t h e  nozz le  by f l o w i n g  l i q u i d  n i t r o g e n  through t h e  nozz le  

b lock .  As the  t r a n s l a t i o n a l l y  ho t  n i t r o g e n  passes through t h e  coo led nozzle,  

t h e  temperature i s  reduced s u b s t a n t i a l l y  w i t h o u t  adverse ly  a f f e c t i n g  t h e  

v i b r a t i o n a l  tenperature .  This has been demonstrated a t  NASA LaRC by a l i q u i d -  

n i t r o g e n - c o o l e d  aluminum p i n - h o l e  nozzle. Las ing i s  i n d i c a t e d  i n  f i g u r e  2  as 

a r e s u l t  o f  heated n i t r o g e n  a t  1400 K be ing passed through a  p i n - h o l e  n o z z l e  

b lock  coo led by l i q u i d  n i t rogen .  As t h e  h o t  gas comes i n  c o n t a c t  w i t h  t h e  

colt1 nozz le  b lock ,  t h e  t r a n s l a t i o n a l  te~npera tu re  drops, b u t  t h e  v i h r a t i o n a l  

temperature remains high.  Then, i n j e c t i o n  o f  C02 causes a t r a n s f e r  o f  

v i h r a t i o n a l  energy i n t o  t h e  C02 and produces l a s i n g ,  which i s  noted i n  f i g u r e  

2 by t h e  sp iked  l a s e r  output .  The nozzle,  o f  course, heats up ( i n a b i l i t y  t o  

c a r r y  away t h e  heat l oad)  and reaches a c r i t i c a l  temperature i n  which t h e  

n i t r o g e n  gas i s  so h o t  t h a t  i t  f i l l s  t h e  C02 l o d e r  l a s e r  l e v e l s ,  and thus  



quenches f u r t h e r  las ing,  as shown i n  t h e  f igure.  The key f ea tu re  o f  t h i s  

system i s  t h a t  i t  does no t  r e q u i r e  supersonic f low v e l o c i t i e s .  A c r i t i c a l  

ana l ys i s  o f  t h i s  system i s  g iven i n  t h e  next sect ion.  

A q u i t e  d i f f e r e n t  method o f  ach iev ing a  low t r a n s l a t i o n a l  temperature i n  

t h e  blackbody c a v i t y  i s  accomplished by no t  e x c i t i n g  t h e  t r a n s l a t i o n a l  degrees 

of freedom a t  a l l  i n i t i a l l y  as shown i n  f i g u r e  1. This  would i n v o l v e  

o p t i c a l l y  pumping t h e  CO, o r  o t he r  heteronuc lear  d ia tomic  molecules, t o  

v i b r a t i o n a l  l e v e l s  w i thou t  corresponding t r a n s l a t i o n a l  hea t ing  o f  t h e  gas. 

Here, i n  concept, we have a  nonequ i l i b r ium s i t u a t i o n  i n  which t h e  gas 

temperature remains near room temperature, bu t  t h e  v i b r a t i o n a l  temperature 

comes i n t o  e q u i l i b r i u m  w i t h  t h e  blackbody temperature. Thus, w i t h  t h i s  system 

the re  i s  no need t o  coo l  t h e  C02 gas. What emerges from the  blackbody c a v i t y  

i s  v i b r a t i o n a l  l y  e x c i t e d  CO which can t r a n s f e r  v i b r a t i o n a l  eneryy i n t o  t h e  

upper l a s e r  l e v e l  o f  C02, r e s u l t i n g  i n  l a s i n g  a t  10.6 pn. An eva lua t i on  o f  

these system concepts i s  now presented. 

I V .  M e r i t s  o f  Blackbody Systen Conf igu ra t ions  

A. Trans1 a t i o n a l  l y  Heated N2-C02 Systen 

Rlackbody-pumped l a s i n g  o f  C 0 2  by t r a n s f e r  from heated n i t r o g e n  has been 

demonstrated. A1 thouy t~  l a s i n g  can r e a d i l y  he achieved i n  t h e  labora to ry ,  i t s  

p o t e n t i a l  f o r  h i gh  power and h i gh  e f f i c i e n c y  i s  l i m i t e d  by t he  i n e f f i c i e n c y  i n  

us ing  a Rol tz l i~an d i s t r i b u t i o n  t o  c rea te  v i b r a t i o n a l  s ta tes.  The maximum 

e f f i c i e n c y  o f  t h i s  syster~l i s  g iven by t h e  equat ion 



where n i s  t h e  quantum e f f i c i e n c y  of t h e  l a s e r  ( 4 1  pe rcen t  f o r  C02) and 
OE 

" T  
i s  t h e  thermal  e f f i c i e n c y  o r  t h e  r a t i o  of energy i n  v i b r a t i o n a l  s t a t e s  t o  

a1 1 t h e  energy i n  t r a n s l a t i o n ,  v ib ra t i on , .  and r o t a t i o n  o f  t h e  molecule. The 

thermal  e f f i c i e n c y  i s  d e f i n e d  as ( r e f .  8), 

t lere R i s  t h e  s p e c i f i c  gas constant ,  O v  i s  t h e  c h a r a c t e r i s t i c  temperature  f o r  

v i b r a t i o n a l  ly e x c i t e d  n i t r o g e n  (equal  t o  3357 K), T i s  t h e  temperature  o f  t h e  

gas, and H(T) i s  t h e  gas entha lpy .  F i g u r e  3 i s  a p l o t  o f  bo th  rlT and n (T )  as 

a  f ~ r n c t i o n  o f  n i t r o g e n  gas temperature  i n  t h e  blackbody c a v i t y .  As can be 

seen, t h e  e f f i c i e n c y  r i s e s  as t h e  temperature  increases,  b u t  a t  t h e  

temperature  l i m i t  o f  app rox ima te l y  2000 K, we ach ieve an e f f i c i e n c y  o f  rough ly  

4 percent  f o r  0 (T). T h i s  i s  t h e  i d e a l  e f f i c i e n c y  o f  t h e  N2-C02 system, which 

does n o t  t a k e  i n t o  account  t h e  l a s e r  system k i n e t i c  e f f i c i e n c y ,  t h e  l o s s  o f  N2 

v i b r a t i o n a l  energy th rough  t h e  nozz le ,  t h e  b lackbody c a v i t y  e f f i c i e n c y ,  and 

any power t h a t  must be expended i n  t h e  gas cyc le .  

As mentioned e a r l  i e r ,  reduc ing  t h e  t r a n s 1  a t i o n a l  temperature  o f  t h e  

heated n i t r o g e n  can be achieved i n  two ways: e i t h e r  by r a p i d  superson ic  

expansion o f  t h e  n i t r o g e n  gas o r  by conduct ion  c o o l i n g  o f  t h e  gas th rough  a  

coo led  nozz le  a t  subsonic speeds. 

I n  t h e  f i r s t  case, superson ic  expansion demands h i g h  compressor powers t o  

m a i n t a i n  t h e  p ressu re  d i f f e r e n t i a l  r e q u i r e d  t o  ach ieve superson ic  

v e l o c i t i e s .  For example, a  good l a s e r  des iyn  would r e q u i r e  about Mach 5 

v e l o c i t i e s  a t  t h e  nozz le  e x i t .  Using s tandard  a i r  t a b l e s  f o r  compress ib le  

f l ow ,  t h e  r a t i o  o f  l a s e r  c a v i t y  t o  s t a g n a t i o n  gas temperature  would be 

0.1667. Thus, f o r  a  s t a g n a t i o n  temperature  o f  1500 K, t h e  l a s e r  c a v i t y  N2 gas 



temperature would be 250 K, a  low enough temperature t o  r e t a r d  e x c i t a t i o n  o f  

t h e  C02 lower l a s e r  l e v e l s .  L ikewise,  t h e  r a t i o  of t h e  l a s e r  c a v i t y  pressure 

t o  the  s tagna t ion  pressure i s  0.00189. Using l a s e r  c a v i t y  pressures o f  20 

t o r r  N2 would r e q u i r e  a  10,580 t o r r  (13.9 atm.) s tagna t ion  pressure t o  

m a i n t a i n  Mach 5 f l ow.  Th is  would r e q u i r e  a  h i g h  capac i ty ,  h i g h  power 

conipressor and e f f i c i e n t  d i f f u s e r  ( f o r  c losed c y c l e  cont inuous opera t ion )  t o  

rep ressur i ze  t h e  N2 frorn 20 t o  10,580 t o r r .  I n  t h e  system study o f  Kelch and 

Young ( r e f .  9), a  w e l l  designed C o p  gasdynamic 5-MW l a s e r  was presented. The 

conlpressor power requirement, w i t h  a  we1 1  designed advanced d i f f u s e r ,  was 

44.5 MW. The o v e r a l l  system e f f i c i e n c y  was o n l y  2.37 percent ,  which would 

cer t .a in ly  be lower i n  a  r e a l  system. Most o f  t h e  system power i s  absorbed i n  

c i r c u l a t i n g  t h e  gas because o f  t h e  requirement of t h e  h i g h  pressure 

d i f f e r e n t i a l  across t h e  nozz le  and t h e  h i g h  mass f low r a t e  f o r  h i g h  power 

o p e r a t i  on. 

The a l t e r n a t e  approach o f  c o o l i n g  t h e  t r a n s l a t i o n a l  n i t r o g e n  gas 

t e m p e r a t ~ ~ r e  hy conduct ion i n  an a c t i v e l y  cooled nozz le  a r r a y  has been 

derrlonstrated. The disadvantage o f  t h i s  nethod i s  t h a t  t o  achieve low 

t r a r ~ s l a t i o n a l  temperatures, t h e  ho t  n i t r o g e n  m11st come i n  con tac t  w i t h  t h e  

coo l  nozz le  wa l l s .  Cool ing then takes place,  hut  a l s o  t h e r e  i s  a  l o s s  o f  

v i b r a t i o n a l  e x c i t a t i o n  due t o  w a l l  d e a c t i v a t i o n .  Also, slow v e l o c i t i e s  and 

slna 1 1 d i a r w t e r  nozzles he lp  conduct heat away, b u t  they a l s o  inc rease  t h e  

p r o b a b i l i t y  o f  v i b r a t i o n a l  d e a c t i v a t i o n  a t  t h e  nozz le  w a l l .  Thus, one i s  

facod w i t h  t r d d e o f f s  which do not  appear t o  sca le  t o  h i g h  power l a s e r s  

r e a d i l y .  When a l l  these o t h e r . c o n s i d e r a t i o n s  a r e  taken i n t o  account, o v e r a l l  

system e f f i c i e n c y  o f  t h i s  c o n f i g u r a t i o n  w i l l  be l e s s  than  1 percent. Th is  

slcg!jests t h a t  l e t t i n g  t h e  t r a n s f e r  gas come t o  e q u i l i b r i u m  w i t h  t h e  blackbody 

ternpcrat l~re  may not  be a  des i  r a b l e  approach. 



9. O p t i c a l l y  Pumped T r a n s f e r  Laser  Systern 

As mentioned e a r l i e r ,  i n  an o p t i c a l l y  pumped t r a n s f e r  l a s e r  system, t h e  

t r a n s l a t i o n a l  temperature  remains near  room temperature,  w h i l e  t h e  v i b r a t i o n a l  

t e ~ n p e r a t ~ ~ r e  of  t h e  t r a n s f e r  gas comes i n t o  equi  1  i b r i m  w i t h  t h e  blackbody 

temperature  a t  a p p r o x i n a t e l y  1500-2000 K. The v i b r a t i o n a l  l y  e x c i t e d  t r a n s f e r  

gas i s  removed f rom t h e  blackbody c a v i t y  and i n j e c t e d  i n t o  t h e  l a s e r  c a v i t y  

where a  l a s a n t  gas i s  mixed r e s u l t i n g  i n  a  v i b r a t i o n a l  energy t r a n s f e r  f rom 

t h e  t r a n s f e r  gas i n t o  t h e  upper l a s e r  l e v e l  of t h e  l a s a n t  gas. The r e s t  o f  

t h e  system would be i d e n t i c a l  t o  t h e  t r a n s l a t i o n a l  l y  heated systems which 

r e q u i r e  bo th  a  r a d i a t o r  and gas separa tor .  Th is  system has t h e  advantage i n  

t h a t  e x c i t a t i o n  t o  t h e  f i r s t  v i b r a t i o n a l  l e v e l  of CO occurs w i t h o u t  a f f e c t i n g  

t h e  t r a n s l a t i o n a l  temperature;  thus ,  t h e r e  i s  no need t o  remove t r a n s l a t i o n a l  

energy from t h e  CO gas. I n  t h i s  case, t h e  system e f f i c i e n c y  c o u l d  approach 

t h e  quanturn e f f i c i e n c y  f o r  t h e  l a s a n t  gas. The cha l l enge  of t h i s  p a r t i c u l a r  

systern i s  t o  e f f i c i e n t l y  couple t h e  t r a n s f e r  gas t o  t h e  blackbody c a v i t y ,  i n  

which s i g n i f i c a n t  d e n s i t i e s  o f  v i b r a t i o n a l l y  e x c i t e d  gas can be created,  

w i t h o u t  t r a n s l a t i o n a l  l y  h e a t i n g  t h e  gas above arnhient temperature  and t h e n  t o  -- 

t r a n s p o r t  t h e  gas t o  t h e  l a s e r  c a v i t y  w i t h o u t  s i g n i f i c a n t  l oss .  I f  t h e  gas 

terr lperature i s  incredsed,  v i  b r a t i o n a l  - t r a n s l a t i o n a l  (V-T) re1 a x a t i o n  i nc reases  

r a p i d l y  and becomes a  s e r i o u s  l o s s  mechanism. Th is  i s  shown i n  f i g u r e  4 u s i n g  

as dn exarnplc CO, where t h e  CO* v i b r a t i o n a l  l i f e t i m e  i s  p l o t t e d  as a  f u n c t i o n  

o f  t r a n s l a t i o n a l  temperature  ( r e f .  10) .  The pressure  i s  1 atn. o f  e i t h e r  CO 

o r  A .  The CO* spontaneous l i f e t i m e  i s  30 msec. As can be seen f rom t h e  

f i g u r e ,  as t h e  CO h ~ a t s  up, t h e  V-T l i f e t i m e  decreases. A t  625 K f o r  CO* - 

CO, t h e  spontaneous and V-T l i f e t i m e s  a r e  equa l ;  thus ,  a t  gas temperatures 

above 625 K (1 atm. p ressu re ) ,  V-T r e l a x a t i o n  i s  t h e  dominant l o s s  

mechanism. The V-T l i f e t i m e  can be inc reased  s i g n i f i c a n t l y  by u s i n g  an Ar 



b u f f e r  gas as seen i n  f i g u r e  4. Under such c o n d i t i o n s ,  t h e  spontaneous 

l i f e t i m e  would be t h e  dominant l o s s  mechanism. 

The spontaneous and V-T l i f e t i m e  d i c t a t e  t h e  v e l o c i t y  w i t h  wh ich  t h e  CO 

must be d r i v e n  th rough  t h e  blackbody c a v i t y .  The t i m e  r a t e  o f  change o f  t h e  

CO v i b r a t i o n a l  d e n s i t y ,  Dl, i s  g i ven  by 

where Do i s  t h e  ground s t a t e  CO d e n s i t y ,  S i s  t h e  a b s o r p t i o n  ra te ,  KT i s  

t h e  V-T r e l a x a t i o n  r a t e ,  and AD i s  t h e  E i n s t e i n  A c o e f f i c i e n t .  Assuming 

steady s t a t e  

where 

F i g u r e  5 i s  a p l o t  o f  equa t ion  4 assurning t h e  source t e r n  (SD,) i s  equal  

t o  1. The term a = 33.9 corresponds t o  a gas temperature  o f  300 K and a CO 
0 

d e n s i t y  of 1 atmosphere, t y p i c a l  l a b o r a t o r y  o p e r a t i n g  c o n d i t i o n s .  A f t e r  

* 
60 lnsec of o p t i c a l  pumping, t h e  C O  d e n s i t y  has reached 88 pe rcen t  o f  i t s  

maximum va lue ( t  = m ) .  For a 1-m-long pumping tube, t h e  CO v e l o c i t y  would be 

16.7 m/sec, a reasonably slow v e l o c i t y  t o  ensure adequate pumping. 

There appears t o  be no d i f f i c u l t y  i n  punping CO as l o n g  as t h e  gas 

temperature  remains near  rooin temperature. The gas, once v i b r a t i o n a l l y  

e x c i t e d ,  must be q u i c k l y  rnixed w i t h  C02 o r  o t h e r  l a s a n t  gas t o  reduce b o t h  V-T 

and spontaneous r e l a x a t i o n  l osses  o f  t h e  CO v i b r a t i o n a l  s ta tes .  Th is  system 

has t h e  bes t  p o t e n t i a l  f o r  s c a l i n g  t o  h i g h  powers i f  e f f i c i e n t  ways o f  



e x c i t i n g  CO t o  h i g h  d e n s i t i e s  can be demonstrated a t  reasonable v e l o c i t i e s  and 

pumping tube geometries. More research emphasis i s  needed on t h i s  concept. 

C. Other P o t e n t i a l  Blackbody Systems 

There a r e  o t h e r  p o t e n t i a l  b lackbody l a s e r  systerns t h a t  c o u l d  have h i g h  

e f f i c i e n c y  a t  s h o r t e r  l a s e r  wavelengths. I n  p a r t i c u l a r ,  CO m igh t  be e x c i t e d  

d i r e c t l y  by t h e  blackbody c a v i t y  and r e s u l t  i n  l a s i n g .  Al though t h i s  systern 

has l ased  a t  rooln temperature,  s c a l i n g  t o  h i g h  power may r e q u i r e  gas c o o l i n g  

a t  c ryogen ic  temperatures. Th is  needs t o  be f u r t h e r  researched. An advantage 

o f  t h i s  system i s  t h a t  no gas separa to r  i s  requ i red.  Also, t h e  l a s i n g  wave- 

l e n g t h  would be approx imate ly  4-6 urn, which g i ves  a s i g n i f i c a n t  advantage i n  

terms o f  t ransmiss ion  o p t i c s  ove r  t h e  10.6 urn l a s e r  emiss ion o f  C02, b u t  has 

t h e  disadvantage o f  n o t  c o u p l i n g  w e l l  t o  p h o t o v o l t a i c  conver te rs .  

I d e a l l y ,  one would want a he te ronuc lea r  d i a t o m i c  molecu le  w i t h  l o n g  

v i b r a t i o n a l  1  i f e t i m e  absorb ing a t  t h e  fundamental wavelength near  2  Dm. 

This  v i b r a t i o n a l  e x c i t a t i o n  would t h e n  t r a n s f e r  t h rough  c o l l  i s i o n s  t o  a  l a s a n t  

molecu le  r e s u l t i n g  i n  h i g h  photon energy l as ing .  Las ing  wavelengths near  

v i s i b l e  would he i d e a l ,  s i n c e  q u a r t z  o p t i c s  c o u l d  then  be used and conven ient  

p h o t o v o l t a i c  conver te rs  e x i s t .  I s  t h e r e  p o t e n t i a l  f o r  such a  system? The 

answer i s  yes ,  one p o t e n t i a l  systern beir ig t h e  CO-NO system. 

F i g u r e  6 shows an energy l e v e l  d i a y r a ~ n  o f  t h i s  system. A so la r -hea ted  

blackbody c a v i t y  would pump CO up t h e  v i b r a t i o n a l  m a n i f o l d  t o  l e v e l s  near  

25. The v i b r a t i o n a l l y  hot ,  b u t  t r a n s l a t i o n a l l y  coo l  CO would f l o w  ou t  of t h e  

b lackbody c a v i t y ,  and then  NO would be mixed w i t h  t h e  CO. Through c o l l i s i o n a l  

t r a n s f e r ,  t h e  CO (u>25) would e x c i t e  t h e  A and B s t a t e s  of NO, t h e  upper l a s e r  

l e v e l .  Note t h a t  t r a n s i t i o n s  f rom t h e  NO A and B s t a t e s  t e r m i n a t e  



on h i g h  v i b r a t i o n a l  l e v e l s  of t h e  NO ground s t a t e ;  a t  room temperature  t h e s e  

l e v e l s  would be unpopulated. Research a t  Cal span Advanced Techno1 ogy Center  

( r e f .  11) has demonstrated f l uo rescence  f rom NO pumped by CO as shown i n  

f i g u r e  7. Here emiss ion from b o t h  t h e  A and t h e  B s t a t e s  i s  shown i n  t h e  

v i s i b l e  region.  A l o s s  mechanism produc ing CN emiss ion i s  a l s o  shown. Th is  

system has t h e  advantage o f  pumping w i t h  I R  photons b u t  l a s i n g  w i t h  UV 

photons. 

D. Advantages and Disadvantages o f  Present  Blackbody-Pumped Lasers  

Table 1 and 2 l i s t ' s o m e  o f  t h e  advantages and disadvantages o f  p resen t  

blackbody l a s e r  systems. The l o n g  l a s e r  wavelength and l a c k  o f  an e f f i c i e n t  

1 a s e r - t o - e l e c t r i c  c o n v e r t e r  impact  t h e  f u t u r e  d i r e c t i o n s  o f  t hese  systems. 

Tab le  1 

Advantages o f  Blackbody Pumped Lasers:  

- - The t o t a l  energy i n  t h e  s o l a r  spec t r t~m c o u l d  be used t o  pump t h e  

l a s e r  ( s o l a r  u t i  1 i z a t i o n  h igh ) .  

- - The pumping o f  t h e  l a s e r  tube  i s  homogeneous around t h e  c i rcumference.  

- - R l  ackbodi es have i n h e r e n t  energy s to rage  capabi 1 i t y  thus  a1 1 owing 

con t inued  l a s i n g  w i t h  no s o l a r  i n p u t  f o r  s h o r t  p e r i o d s  o f  t ime. 

- - Present  absorb ing and 1 a s i n g  gases a r e  chemical l y  i n e r t  and inexpens ive .  

- - For o p t i c a l  ly pumped systems, o v e r a l l  e f f i c i e n c y  c o u l d  be h i g h  (perhaps 

10 pe rcen t ) .  



Table 2 

Disadvantages o f  Present  Hl ackbody Pumped Lasers : 

-- The present  b lackhody C02 l a s e r  wavelength o f  10.6 ~m i s  n o t  good f o r  

l o n g  range t r a n s m i s s i o n  because o f  l a r g e  d i f f r a c t i o n  spreading,  t h u s  

r e q u i r i n g  l a r g e r  area t r a n s m i s s i o n  o p t i c s  than  f o r  v i s i b l e  lasers .  

- - For t h e  CO-C02 o r  N2-C02 system, a gas separa to r  has n o t  been w e l l  

cha rac te r i zed ,  which makes t h e  o v e r a l l  system complex. 

- - A blackbody system based on " t h e r m a l l y "  heated gas w i l l  r e s u l t  i n  system 

e f f i c i e n c i e s  o f  1 pe rcen t  o r  l ess .  

- - Present  blackbody l a s e r  wavelengths cannot make use of s imple  p h o t o v o l t a i c  

l a s e r - t o - e l e c t r i c  conver ters .  

V. Fu tu re  Di r e c t  i on 

Blackbody-pumped l a s e r s  have been demonstrated i n  terms o f  " p r o o f  o f  

p r i n c i p l e . "  The dominant i s s u e  i s  which system can most a t t r a c t i v e l y  be 

sca led  t o  h i g h  powers a t  l a s e r  wavelengths t h a t  can be e a s i l y  conver ted t o  

e l e c t r i c i t y .  No such system has emerged t o  date;  each system has c e r t a i n  

d i  sddvantages which rnake cornmi tlnent t o  scale-up d i f f i c u l t .  

Another i lnportant, i s s u e  w i t h  blackbody-pumped l a s e r s  i s  l a s e r  

wavelength. I-aser power s t a t i o n  systern s t u d i e s  ( r e f .  12) have i n d i c a t e d  t h a t  

one o f  t h e  major  subsyste~:i  components i n  t e r n s  o f  c o s t  and rmss i s  t h e  l a s e r  

t r a n s ~ n i s s i o n  o p t i c s .  Laser  wavelength i s  a de te rm in ing  f a c t o r  i n  t h e  s i z e  o f  

these o p t i c s  and suggests t h a t  l a s e r s  i n  t h e  v i s i b l e  r e g i o n  a r e  much 

p r e f e r a b l e  t o  i n f r a r e d  l a s e r  wavelengths. Also, i t  i s  very  d i f f i c u l t  t o  

conver t  l a s e r  wavelengths g r e a t e r  t han  1.3 p m  by use of  p h o t o v o l t a i c s  i n t o  

e l e c t r i c i t y .  Other techn iques such as l a s e r  magnetohydrodynamics c o u l d  be 



used, h u t  t h i s  convers ion system would be more conpl i c a t e d  and c o s t l y  t han  

photovo l  t a i  c  convers ion.  Thus, un less  b lackbody 1  asers can eventua l  l y  produce 

l a s e r  r a d i a t i o n  l e s s  than  1.5 urn, t hey  a r e  a t  a  d isadvantage w i t h  rega rd  t o  

o t h e r  s h o r t e r  wavelength solar-pumped l a s e r s  f rom an o v e r a l l  system 

s tandpo in t .  

Research on space-based s o l  ar-pumped 1  asers  has progressed t o  t h e  p o i n t  

where severa l  system c h a r a c t e r i s t i c s  a r e  beg inn ing  t o  emerge. These 

c h a r a c t e r i s t i c s  shou ld  now be a p p l i e d  t o  blackbody-pumped l a s e r s  t o  h e l p  gu ide 

f u t u r e  exper imenta l  research on these  systems. The system c h a r a c t e r i s t i c s  a r e  

l i s t e d  below. 

1. Research shou ld  concen t ra te  on blackbody l a s e r s  w i t h  wave1 engths l e s s  than  

1.3 pnl t o  min imize t r a n s m i s s i o n  o p t i c s  mass and a1 low p h o t o v o l t a i c  

convers ion  t o  e l e c t r i c i t y .  

2. The l a s e r  shou ld  opera te  w i t h  system e f f i c i e n c y  f r o a  2 t o  10 pe rcen t  t o  

min imize t h e  s i z e  of  t h e  s o l a r  c o l l e c t o r  and r a d i a t o r .  

3.  The l d s a n t  s l iou ld  ope ra te  e f f i c i e n t l y  a t  temperatures above 300 K t o  

rni nirni ze r a d i a t o r  mass and n o t  r e q u i  r e  superson ic  f 1  ow t o  produce t h e  

p o p u l a t i o n  i n v e r s i o n .  

P r e s e n t l y ,  t h e  o n l y  blackbody l a s e r  systern t h a t  c o u l d  p o t e n t i a l l y  meet t h e  

above c h a r a c t e r i s t i c s  i s  t h e  CO-NO 1 aser. Thus, research on blackbody syster~s 

shou ld  focus on t h i s  syster:? w i t h  t h e  goal  of a  cont inuous wave l a s e r  

demonst ra t ion  f o l l o w e d  by s c a l i n g  s tud ies .  Also, f u t u r e  p o t e n t i a l  b lackbody 

l a s e r  systems shou ld  meet t h e  systern c h a r a c t e r i s t i c s  as s t a t e d  above. 
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Time, 0.5 sec/d iv  

F i g .  2 T y p i c a l  C02 l a s e r  o u t p u t  f r o ~ n  1  i q u i d  n i t r o g e n  c o o l e d  n o z z l e  b l o c k  
t r a n s f e r  N2-C02 l a s e r .  
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Fig.  3 Maximun l a s e r  e f f i c i e n c y  s ( T )  f o r  t r a n s l a t i o n a l  l y  heated N2-C02 
blackbody pumped system as a  func t ion  o f  blackbody temperature. 

sT  i s  t h e  r a t i o  of energy i n  v i b r a t i o n a l  s t a tes  t o  a l l  t he  energy i n  
t rans1  a t ion ,  v i b r a t i o n  o r  r o t a t i o n  of t h e  N2 molecule. 
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F i g .  4 L i  fetirne of v i b r a t i o n a l l y  exc i t ed  CO as a  f unc t i on  o f  CO 
temperature. 





Fig. 6 Energy level diagram of the blackbody-pumped CO-NO laser system. 
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