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E N H A N C E M E N T  OF NF(h~~~~) BY I N T R A C A V I T Y  IODINE LASER P U M P I N G

It has r ecen t ly been d e m o n s t r a t e d  that l a rg e  c o n c e n t r a t i o n s  of

e l e c t r o n i c a l ly excited N F (a~~~~) f re e - r a d i c a l  spec ies  can he p r o d u c e d  by

p u r e l y chemica l  means  in  a c o n t i n u o u s subsoni c r eac t ive  flow ( R e f .  1).  It

has  also been shown that  the n e a r -  resonant  en e r g y  t r a n s fe r  be tween  these

free radicals and electronicall y excited iodine atoms I ’ produces the more

energetic NF(b~L
+) and has a gas kineti c reaction cross section

(k ~ io 14 cm 3
/mol-sec) (Ref. 2).

I( 2P1 ~~ 
+ NF(a

1
~~) I(

2
P
312

) + NF (b~~~+) + 110 cni (1)

We now report that by g en e r a t i n g  g r o u n d - s t a t e  iod ine  atom s in the above

reactive flow through the process

D + H I— H D +I  (2)

and subsequent l y ra is ing  these  atoms to the e x c i t e d  s ta te  b y i n t r a c a v i t y

iod ine  laser  pumping , we are  ab le to conver t  the N F (a t
A) r ad i ca l s  to the ’

N F (b~~~+ ) s tate and to main ta in  them in th is  excited s ta te  th roug hout  the

d u r a tion of the pump ing  iod ine  l a se r  pulse .

The e x p e r i m e n t a l  f a c i l i t y , shown s c hem a t i c a l l y in Fi g. 1 , cons i s t s

of three  basic  componen t s :  ( 1 )  the pulsed i o d i n e  l a s e r , which  ex tends  f r o m

mi rror (M
1
) down to (M

4 ) ,  p e r m i t t i n g  an i n t r a c a v i t y  s tud y to he c o n d u c t e d ;

(2) the subsonic flow d evice’ , which generates the reactive flow and intercepts

the iodin e optical cavity b e t w e e n  (M
4
) and the restrictive iris (1

3
)C and (3) the

diagnost ic  equipm ent , which simultaneously monitors the flashlaru p emission ,
iodine laser pulse , and resulting NF(b

1 +) chemiluminesccnce (\ = ~~~ r im) .

The active medium of the iodine laser is gent-rated by dischargin g

1200 3 of e n e r g y  throug h a Kemlite zZZHZO flashlamp , \vhi ch is opticall y

coup led to a 50-cm , 16-mm-diarn  l a s e r  tub e t ha t  c o n t a i n s  ~3om i na l l y

30- Tor r  p r e s s u r e .  The flashl ’smp and l a ser  tub e ’ a r t ’  in  a s t a n d a i d  co l i nea r

- ‘-I-
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c o n f i g u r a t i o n  and a r e  w rappel. ! if l  t i f l  f o i l  to improve  th~- op t i ca l  coup h n g .

In C XI . ess of 200-mJ laser energy can be extracted by use of a 4 0 ’~ d i e l e c t r i c

coated outcoup ler  in a 1 0 0_ c m-l o n g  s table cav i ty  confi g u r at i o n  w i t h

M
1 

= 563 cm.  T h i s  o u t p u t  e n e r g y  i s  r educed  to 20 mJ for  the ZOO— in . i n t r a —

cavi ty configuration shown in Fig. I for M 1 
563 cm and M4, a f l a t  d ie l e c t r i c -

coa ted  l0~ out coup ler  w i t h  a 70% t r a n s m i s s i o n  at the gr e en  (529  nm)  for

observing the N F (h~~~+ ) c h e m i l um in e s c e n c e . Since the photon f lux  pas ses

twic e through the reactive flow per reflection off the coupler , approximately

400 mi of energy art’ available’ for pumping the iodine atoms. As will b1 -

discusS ed shortl y, the flow condit i on s a re  ad j u s t e d  to p r o d u c e  a m a x i m u m  of

1’T a b s o r p t i o n  of the iodine radiation b y iodi ne atom s , whi ch r e,’sul ts  in a

m a x i m u m  of 4 mJ to he absorbed  by the gas . Th i s  was e s t i m a t e d  to be

su f f i c i e nt  to m a i n t ai n  the i o d i n e  atom and N E  rad ica l s  in the a p p r o x i m a te ’

ra~~o I(P
1 12

)/I(P
1 ~~ 

= N F ( h l
Z + ) / N F ( a ~~~ ) 0 . 5 t h r o u g hout the d u r a t i o n  of

the pu l se , p rov ided  that  t he r e  a re  no nyc r wh e l r n in g  d e s t r u c t io n  p ro ce  S Sc

of I ’ , NF(a~~~ ). or N F ( b~~~~ ).

The restrictive irises I i. 12. and 13 
are included in order to r educe  t h e

interfering effect of the flash larn p r a d i a t i o n  and to define more clearl y th e

volume element in the reactive flow that is } j e i n ~ saturated with  t h e  iodine

laser radiation. The optical i s o l a t i o n  of the flashlamp and detector is made

comp lete by p lacing the observation opt i  (al axis (light line - , Fi g. 1) 5 mm

d o w n s t r e a m  of the iod ine  la se r o p t i c a l  a x i s  (heavy line , Fii~. 1) and by

p os i t i on ing  the f lash lamp i t s e l f  in  the n e x t  room.

- a
The d e v ic e  for gen(’ r at i n g  the r i - a ( ’ L I V I ’  f low u i  t l i  up to 2 . 4 -‘ 10 ruol /

3 1 .cm of NF(a  ~ ) radicals has been described in  d e t a i l  e l s e - ~v h er c  (Refs. I and ~).

Briefly, the device consists of a discharge tube and a slotted sect ion for

reac tive flow in which there are th ree rows of injectors (top and bottom) for

i n t roduc ing  N 2 F4, a D2 /HI m i x t u r e , and H2. In the’ pr eviously reported

experiments, a mixture of SF6, 02 , and He was  u s e d  in the discharge section

to produce the requi red F-atoms. However , e l imina t ion  of the unwanted

-7 -
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quenching process between 1(P
112

) and °2 and other harmful sid e- reactions

with  possible  d i s c h a r g e  p r o d u c t s  dic ta te s use of an alternate mixture of N E 3
and He/Ar. By adjustment of the flows, it is poss ib le  to t a i lo r  gas t e m p e r a t u re

and p ressure to simulate the He-SF
6-02 

conditions. The gas flows and other

pertinent parameters are listed in Table 1 .

aTabl e 1. Gas Flow and Typical Flow Conditions

Gas Flow,

mniol-sec

He 11 .3

Ar 8.8

NF
3 

2 .2

NE 2 1 .0

D
2 

8. 2

HI 0 . 3

F 0 . 9

Total 32.7

a~~~~ 55 18 Torr
Temperature = 790 K 

~Averag e ve locity ‘
~~. 0 ~ 10 cm /scc

The optical diagnostics used for the detection of the NF (b~~~
’
~, v = 0),

NF(a ’A , v 0) , and HF(3) chemiluminescence are essentially the same as
d escribed previously (Ref. 1) with ozie exception: the GaAs photomultiplier

(PM) tube detector has been relocated in a screen box for electrical isolation

and is optically coupled to the rear slit of the nionochromator by a lens-

mirror sy stem enclosed in a light ti ght box. System dc~ ign i s  such that the

-8-
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stead y — f l o w  spon taneous  e m i s s io n s  can  be m o nit or e t i  wi th  a l o c k —  in  amp li~ i er

used wi th  the 200-Hz chopper .

Swift  removal  of the chopper f r o m  the opt ica l  t r a i n , a dj u s t m e n t  (>1 the

GaAs  load r e si s t o r to a c c o un t  fo r  t ime  co n s t a n t  c o n s i de r a t i o n s , and r econ-

nec  tion of the PM tube to the dual —beam as c i l lo  Scop e -  pe rm i t  th e -  p u l s e d

emiss ions to he moni tored  ( F i g .  I ) .  T h i s  sw i i e ~h i n g  a r r a n g e m en t  lends

its elf to easy in situ verifications of the st - e d y  f l a u s d i i r i : i i . ~ th e ’ e x p e r i men t

and determination of absolute densiti es . Fi nally , the flashlanip dnc l i o d i ne

laser em issions are followed by u s e - , r e sp e -  t i v e ’l , of silicon and ~~e -  i ’ in~~~n , co ~

photovoltaic (PV ) detectors , opticall y coflne cted to the r e - s p e - c t i v e -  s o u r c e s ,

in the screen box. The- l a s e r  p u l se  is obse rved off a Bi’ e -u ’ s te r  window on

the reactive flow device .

The f l u o r i n e  atom f low ra te  at the seco n d  in 3 e c t ( )  i’ ( l abe l  e d  D a /H l )  is

d e t e r m i n e d  by d i r e c t  t i t r a t i o n  th r o ug h use  of the double  h y d r o g e n  i n i e c t i a n  S

scheme d i scu ssed  in  de ta i l  e - l s e ’u ’h  - re (R ef . I ) .  A c a l i b ra t e d  flow of HI in a

mix tu r e  of excess  D2 is  then i nj e c t e d and a d ju s t e d  to c o n s u m e  33~~ of the

D-atoms p roduced  f r o m  the F + D
2 

DF 4- D; t h i s  leaves 66~ of t h -  D-atorn s

to reac t  w i t h  N V 2 and ~ e - n e - r a t e  N V ( a 1
~~ , v = 0) at  the c o n c e n t r a t io n  of 1 . 6

10
_q 

mol/ cm
3

, to~~ -t h e r  w i t h  g r o u n d — s t a t e  i o d i n e  a toms  at  a c o n c e n t r a ti o n
3 - - I - -

of 3. 0 ‘ 10 mo l/ c m  . ih e  N E  (a ~~) c o n c e n t r a ti o n  is v e ’r i f i e d  by d i r e - c t

obse rva t i on  of i t s  c he mi lu r n i ne sc en c e  at 874 nm , w i t h  a r a d i a t i v e-  decay  r at e

d er iv e d  f r o m  r e ce n t  m o de l i n g  of 1 . 5 sec We a r r i v e  at the I -a tom con-

cen t r a t i o n  by a s s u m in g  a 10O ’~ c o n v e r s i o n  of HI to I and no s u b s e q u e n t  loss

clue to recombina tion .  Laser  pump ing and the t r a n s fe r p r o c e s s  (E q. 1) a re

e x t rem el y f a s t;  i t  is e s t i m a t e d , t h e r e f o r e, that  only a fr a c t i o n  of the iod ine

a toms  need to surv ive , s ince  they ~vi1l be repea tedly r ecyc led  by l a s e r

pump ing  and t r a n s fe r to achieve the above-ment ioned  0. 5 ra t io  between

exc i t ed  and g r o u n d  states of I and NE .

The above scheme of g e n e r a t i n g  the  I atoms is p r e f I . - I’r ed over the

d i r e c t  r e - a c t i o n  of HI with F a toms because  i t  avoids the p roduc t ion  of HF ,

-q-
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which  has been shown to be a much  m o r e  e f f i c i e n t  d e a c t i v a t o r  of I(P

than either DF or HD (Refs , 4 and 5). By d i r e c t  m o n i t o r i n g  of th~- HF ( 3 - 0 )

overtone emiss ion, the d e u te r i u m  flow was ad jus ted  to r educe  th i s  e m i s s i o n

to < 5~~ of the signal level, when F + HI is the predominant reaction in the

a b s e n c e  of D2 .

For the execut ion  and su b s e q u e n t  a n a l y s i s  of thi s pulsed e x p e r i m e n t ,

i t  is e x t r e m e ly i m p o r t a n t  that the opt ica l  axe-s  of the iodine-  laser  and the

de tec t ion  sys t em be c o r r e c t l y p o s i t i o n e d  w i t h  r e sp e c t  to cad-h o the r  and te)

the r eac t ive  flow . A p lot of the absoJ i t e ’  popula t ion of the N F (a~~~ , v - 0)

as m e a s u r e d  along the flow d i r e c t i o n  is shown in Fi g. 2 ( a ) .  In Fi g.  2 (b ) .  a

side v iew of the r eac t ive  flow dev ice , po in t s  A and B i n d i c a t e  the loca t ions  of

the iodlifle l a s - r  optical  ax is  and the - d e -t e c t i o n  sy s t em op t ica l  axis , r e s p e c t i v e ly .

Point  A is centered  at the posi t ion of peak N F ( a~~~ ) popula t ion;  point  B is

5 mm downst ream. The dashed  c i rc le  and square  r e p r e s e n t  the  l im i t s  of t h e

l ase r  and de tec t ion  sys tem opt ica l  volumes in c ross  sec t ion  as d e f i n e d ,

r e spec t ive ly, by the i r i s  13 
and the e n t r a n c e  slit  on the m o n o c h r oma t o r ,

m a g n i f i e d  a p p r o x i m a t e ly t h r e e f o l d .  These vo lumes  are  m u t u a l l y e x c l u s i v e

and t h e r e f o r e  a f fo rd  the n e c e s s a ry  op t i ca l  i so la t ion .

In Fig.  3 is  a plot of the ’  N F(b l~ . +) ch emn i lu m i n e s c e - n c e -  tha t  i s  ai t i  ci p a t e - d

f r o m  a 25 — ~t s e c—  long  i o d i n e - l a ser  P u l s e ’  i f  the ’ ~~ s tern l) eho \ - e -s  i d e - a l l y .  Tb , -  r e

is  a sho r t  d e l a y ,  a n e a r l y l i n e a r  r i s e , a p la teau  upon w h i ch  the Ia se r pol  S e

shape m igh t  he di sce rn ib le , and , fi nal l y ,  a fa l lo f f  a s ftc l a s t -  r _ p u n ip e d

m e d i u m  p a s s e - s  out of the o b s e r v a t i o n  v o l u m e- . S u p e r i m p o s e d  u pm  t h i s

would he the - f f e c t  of d e a c t i v a t i o n , w h i c h  ~vo ei lc l  tend to r e d u c e - t he  e m i s s ion

in  the t r a i l i n g  po r t i on  because  of the - l onger  d i s t a n c e-  t r a v e - l e d .

The e x p e r i m e n t a l  r e s u l t s  a re  show n in Fi g. 4. The -  up p e r  t r a c e  cor-

r e s p o n d s  to the iod ine  l a se r  pulse with app rox ima tely 2 5 _ i ~isec d u r a t i o n .  The-

second curve ’ is the obse rved  enhanced  N F (h ~~~
’
~
’) ch em i l~im n i n e s c e n c e -  r e s u l t i n g

f r o m  l a s e r  p u m p i n g  of I and s u b s e q u e n t  t r a n s f e r of Eq. ( I )  for  the flow con-

d i t i ons  l i s ted in  Table’ 1 , wi th w h i c h  the N F ( a  ~~) c o n c e n t r a t i o n  p r i o r  to the

- 10-
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Fig .  2. Scaled A r r a n g e m e n t  of Iodj ne Laser  Ream , Obse rva t ion
Optical Volume , and N F ( a ’~~ ) Dens i t y in R e — a c t i v e  Flow.
(a )  NF(a~~~ ) observed number  d e n s i ty  averaged across
the  slot . ( b )  G e o m e t r i c  placement  of i od ine  l a s e r  c a v i ty
ax i s  and o b s e r va t i o n  opt ical  ax is .
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t I~ sec)
Fig .  3. A n t i c i p a t e d  N F ( b~ L~ , v 0) D e n s i t y  R e s u l t i n g  From

Iodine Laser  Int r acav i t y Pumpi n g  of I and Subsequen t
Coll i s iona l  E x c i t a t ion of N F ( a 1-~~)

:~~~ ~~~ I “ 

LA SE R ~ u LS E

— NF ( b 1X ) E M I S S I O N

_ _ _ _ _ _ _ _ _ _  

FROM LA S~~~~~AM CENTERL I NE
10 mv / MAJOR D IV I S I ON

10~ sec -

Fig. 4. T ypic al Expe r imen ta l  Result Co r r e spond ing  to Flow
Condi t ions  in Table 1
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—

l a s e - r pu l s e ’  i s  1 . 6 - . I O~~ m ol/ c m
3
. We - f ind  tha t  th ( -  shape ’ of the ’ 5 29 -n m

si gna l  is  v e r y  s imi lar  to the’ ideal  case  (Fi g. 3) w i t h  a s l igh t  l o w e - r i n g  of the

ra i l ing  edge - , which  m d i  cat( ’  s some d e a c t i v a t i o n  is occu ci zi~~ . I lo’~ -v - r , of

g r e a t e s t  i m p o r t a nc e  is  tha t  the si gnal he ig ht c o r r e - sp o n d s  to an N F ( b~~~ + ) j~~

the g r o u n d  v ib ra t iona l  level (v 0) of 4 . 9 ~ ~~~~~~ r n o l / c m
3
. For B o lt zm a n n

vii) rati onal e q u i l i b r i u m , one -  obtains a total  NF(b  1 + ) popu la t ion  of 5 . 6 ~
10~~~~ m ol/ c m

3
, which is close-  to the 33~ l imi t  p O s Si i ) I e -  in  t h i s  e x p e r i m e n t

based on an NF(a 1
~~) d e n s i t y  of 16. O x  1O ”

~~ mol/ cm 3 , This i nd ica t e s  tha t

the d e a c t i v a t i o n  of NF(b
1
~~

’
~) is not a m a j o r  cons ide r a t i o n  w i t h in  the ~ -m r n

dis tance  f r o m  point  A to p oin t  B w i t h i n  a l a s e r — e x c i te d  f lu id  e ’lernent .  I h e se-

f i n d i n g s , wh ich  a re  in acco rd  with e a r l ier  p r e d i c t i o n s  conce r n i n g  th~- dcac t iv~e-

t ion  p r o c e s s e s  invo lv ing  the se spec ie s  (Ref.  6) ,  i n d i c a t e  t h a t  N V  
- 

— N P  
-

dea c t i v a t ion s  a r e  p r obab l y not  i m p o r t a n t  in the Se- r e - a c t i v e  me-d ia .

In conc lus ion , e f f i c i e ’n t  c o n v( - r s i o n  of l a r g e - conce n t r a t i o n s  1) 1 e l e c t r o n i —
1 - - - - 1 +  -

call y exci ted N F (a  ~~) r a d i c a l s  i n t o  the m o r e -  e - n e ’r g e t i c  N F (b  ) r a d i c a l s  c a n

be achieved by e n e r g y  t r a n s fe r co l l i s i o n s  wi th  ele c t r o n i c a lly  e- ~-~c~ t e - d  i od ine

a toms .  This c lea r ly suppor t s  co n te ’n t i o n s  tha t  the N E  che ’n i i c a l  sy s t e - i l i 1~a lds

cons ide-r ah l e  p romise  in e i l t i n i a t e - l v  p r o d i i  ng a h i i~h p o we -  i~ che -mi al  Ia  ~ e -  r in

the  v i s ib l e  as ~vell  as the -  n e - a r  i n f r a r e d r e - g i  en of the ’ s p e c  I r u m .

- 1 3 -
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~ HE IVA N A . CETTIt-JG ADO RATO1~~ES
The Lab oratory Operat i ons of Th e Aerospace Corpora t ion  is co nduc ti ngex per im ef l ta l  and theo r etic al invest igaej on s nec essary for the evaluat ion andapp l icat io n of sc ien t i f i c advanc es to new militar y concepts and syste m, , Ver-sa t i lit y and f l ex i be l t y hav e been develo ped to a high degree b y t he labora tory

personnel in deal ing with the many problem s encoun tered in th e nation ’ s rapidl ydevelo ping space and miss i le  s ys tems , Eicpe rt ise in th e latest sc ien t ~uic devel-opment s is v i ta l  to the accom plishment of t a s k s  re lated to the se  probl ems, Th elabora t or ies  that contr i bute t o this research are;

~~!~~~~ us i cs Lab2~~ !or f~ Launc h and reentry aero d ynamic s , heat tran s .fer , ree ntr y ph y s i c s , chemical k ine t ics , st ruct ural mec hanics , flig ht dy nami cs , •atmos pheric pollution , and hi gh-power gas lasers.

Chemi s t e and Ph s ic s  Labor ator : Atmos pheric react ion s and atmos- 4pher ie o ptics , c ernica~ reaction s in po l luted atmos pheres chemical react ionso : exc i ted  & p e c i e s  in rocket  plumes , chemic al therm od y nam ics plasma andlaser- indu ced react ion s , laser ch emis t ry ,  Propul s io n chemi stry,  s pace vacuumand radia tion effec ts on mat erials , lubrica tion and seirfa ce phenomena , photo-5e fl 5i t i, ~ materials and senso r s , high precis ion laser ranging, and the appli-ca t i on  o f ph y s i c s  and che mis t r y  to problems of law enforcemen t and biom edicine ,
E lectroni cs Resear ch Lab oratory: Electroma gnetic theory, devices , andpropagation phenom ena , inc ludin g plasma elect roma gnet ics quantum elec t ron ics ,la s e r s, and e l ec t ro _ op t i c s ;  commun icat ion sc ience s , appli ed elec tro ni cs sem i -co nduct ing, superc onductin g and c r ys ta l  device ph ys i cs , opti ca l and acousticalimagin g ; atmos pheric pollution; millime te r w ave  and fa r - in f r a red  techn ology.
Mater ia ls  S c i e n c e s  Labora tor y :  Devel opment of new mat er ia ls ;  metalmat rix composi tes and new fo rms of carbon; tes t  and eva luat ion of graphitean d ce r amics  in reent ry ;  s pacec ra f t  mater ia ls  and e lec t r on ic  com ponents innuc lear wea pons environm ent ; applic ation of f r a c t u r e  mechanic s to s t r e s s  cor-rosion and (atig ue~~in du ced f racture s in struc tural  met als .

~
Ien

~es La~2!~ t Q .  Atm os pheric and Ionospheri c phys ic s , radia-tio n fro m the atmos phere , densit y and com pos ition of the atmos phere , aurora sand ai rglo w . magneto s p he r ic  ph y s i c s , co s m ic rays , generat ion and propagationof plasma wave s  in the ma gnetosphe re ;  solar  ph y s i c s , stu dies of solar magneticfields , space astr onomy , x - ray  ast ronom y;  the e f fec t s  ~ f nu c lea r exp losions ,magnetic st orms , and so lar act iv i t y  on the ear th ’ s atmos phere iono s pher e , andmagneto sphere; the e f fec ts  of o pt i i-a l . ele c troma gnetic , and part iculate r~dia-tiems in space on space sys t ems
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