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I . I N T R O DU C T I O N

Inte res t  in H 2 + F 2 
c h a i n_ r e a c t i o n  pulsed l a s e r s  has been inc reased  by

stead y expe r imenta l  p r o g r e s s  with e l ec t r i ca l ly ini t ia ted devices . E l ec t r ica l

e f f i c i e n c i e s  grea te r than 100~ have been achieved , and l a r g e  output e n er g i e s ,

up to 2360 J , have been achie ved in e l ec t r i ca l ly ini t iated devices . 
1- These

developments have inspi red  i n c r e a se d  i n t e r e s t  in model ing of H2 + F2 chain

lase rs  for  bet ter  u n d e ’- s tanding of p e r f o r m a n c e  and f o r  gu idance  in the des i gn

of imp roved dev ices .  This r e p o r t  p r e s e n t s  a simplified rate equation model

that , in comparison with e a r l i e r  models , provides  g r e a t  economy of predic t ion

of l a se r  power and e n e r g y  with l i t t le s a c r i f i c e  in a c c u r a c y .  Our  model has

some ad hoc f e at ur e s .  However , we bel ieve this to be amply ju s t i f ied  ( 1 )  be-

cause  the H 2 + F2 l a se r  is of g rowing  impo r tance , and ( 2 )  because  of the

computational  economy that is gained.

Model ing of the pulsed H 2 + F2 
l a se r  was p i o n e e r e d  by Emanuel  and

co-wo r k e r s . 
7 - 1 1  Emanuel fo rmu la t ed  a “c o n s t a n t - g a i n ’ r a te  equation model

that , when solved numer i ca l ly , 9 p rov ides  p r e d i c t i o n s  of ins tantaneous  species

concent ra t ions, t e m p e r a t u r e, and the l a s e r  power sp e c t r um  of each v ibra t iona l

band as in f luenced  by rate s of chemica l  pump ing and h e a t i n g ,  molecu la r  e n e r g y

t r a n s f e r and deac t iva t ion , d i s s o c i a t i o n  and r ecombina t ion , and s t imula ted
10 5 . . . -

e m i s sio n .  A stud y of the s e nsit iv i t y  of model p r ed i c tions  to many p a r a m e te r s

was c a r r i e d  out.  An ea r ly  compar i son  of Ern a r iue l 1 s model  with pulsed l a se r

e x p e r i m e n t s  was made b y Suchard  ct  al . , who found good a g r e e m e n t  wi th

the t i m e - t o - l a s e r  threshold and pulse  shape of their  photoly t icall y in i t i a ted

l a s e r .  A related ea r l i e r  stud y by Che s te r and Hess 12 showed good ag reemen t

between t h e i r  photo- in i t ia ted  exper imen t s  and the i r  s m a l l_ s i g n a l - g a i n  rate

equation model.  More recent ly,  p red ic t ions  of Emanuel’ s model have been

compared with d is c h a r g e  laser  e x pe r i m e n t s ;  
13 f a i r  ag reement  was f ound f o r

l a s e r  power and e ne r g y .

-5-
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Pulsed H2 + F2 laser  model ing r e sea r ch  is p r o g r e s s i n g  along three
d i s t i nc t , bu t  in t e r a c t i ng ,  l i ne s.  F i r s t , b e t t e r  a g r e em e n t  be tween model
p r e d i c t i o n s  and measu red  l a ser  power  and e n e rg y  is  be ing soug ht throug h
kineti c ra te  ad j u s t m e n t s , p a r t i c ul a r l y those  of deac t iva t ion  p rocesses ,
th roug h incorpo rat ion of ionic species  in the laser  kinet ics , 

13 
as well as

th roug h improved e xp e r i m e n t s . Second , m o r e  r ea l i st i c  predic t ions  of laser-
outpu t ...spectra v e r s u s  t ime as well  as modest  r ef inement s  in e n e rg y  predic-
tions a re  being sought with models  tha t account  fo r  cavity t r a n s i e n t s  and
rotat ional  n o n eq ui l i b rj um  phenomena . 14- 16 

The present report belongs to a
t h i r d  l ine  of invest i gat ion in which economical  p r e d i c t i o n s  are sought  of
gross laser  power and energy  th rough  s i mp l i f i c a t i o n  of the comprehens ive
rate  equat ion approach.  It is expected that  the paper will  cont ribute  to the
f i r s t  two l ines  of r e s e a rc h  as follows:  The r e l a t iv e  impor tance  of va rious
phenomena is c lar i f ied in c o n st r u c t i ng  the simp le model  and in compar ing
its predict ions with those of comprehens ive  models . Examinat ion  of the
suitabil i ty of proposed rate changes  should be fac i l i t a t ed  because  many para-
m e t r i c  combinat ions  can be cons ide red  cheap ly.  For examp le , t heo re t ica l
predic t ions  fo r  compar ison with the e n t i r e ty of avai lable  l a se r  p e r f o r m a n c e
data could easi ly be repea ted  for  a l a rg e  nu m b e r  of t en ta t ive  choices of
r a t e- c o n s t a n t  values . Moreove r , b e c au s e  of i ts economy,  the model can
also be use fu l as a “bui lding b lock”  in e ng i n e e r i ng  s y s t e m s  anal y s i s  s tud ies
where  laser  size , weight , and pe r formance  a re  optimized fo r  spec i f ic
app licat ions .

Prev ious  work of Sk i f s tad  on a s imple  model for  the H
2 + F2 laser

concen t ra ted  on the d e r i va t i o n  of c lo sed- fo rm anal ytical r esu l t s ; consequent l y ,
for  t ractabi l i ty , his anal ysis  assumed constant  t e m p e r a t u re . 

17 
In p ract i ce ,

such anal yt ical  r esu lt s  u s u a l ly serve onl y as a qual i ta t ive  guide  to laser
pe r fo rmance  as there is genera l l y a large tempe ra tu re  r i s e  d u r i ng  the l a ser
pulse (or downs t r eam in a cw l a s e r ).  In the p r e s e n t  work , we a re  seeking
accu ra t e  p r e d i c t i o n s  fo r  a wide  r ange  of condi tions ;  hence , we account  for
temperature variation.

-6-
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Our  anal ys i s  (Section II) stems f rom ea r l i e r  work on simple models

for  the D F / C O2 and F + H2 
pulsed l a s e r s  18 , 19 In s t r iv ing  fo r  accura te

pred ic tion  in the more complicated H2 + F2 
pulsed laser  system, howeve r ,

we incorpora te  f e a t u re s  that  were  not inc luded in these ea rl i e r  s tudies.  The

new f e a t u r e s  are  ad hoc methods in which J -s h i f t  and lasing cutoff on a

par t icula r band are  approx imated .  Model p red ic tions  a re  compared with those

of the comprehensive model of R e f .  9. For cases  of prac t ica l  i n t e r e s t ,

excel lent  ag reemen t  is found .  In Section III , the u s e f u l n e s s  of the model fo r

pa rametr i c  var ia t ion  is i l l u s t r a t e d .  In Sect ion IV , model p red ic t ions  are

compared with selected exper iments.

-7 -
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II. THEORY

A.  MODEL F O R M U LA T I O N

A simple model for  a pulsed HF lase r  pumped by the H 2 + F2 chain

reac t ion  is p re sen ted .  Init ial ly, the medium is a s sumed  to be a homogeneous

m i x t u r e  of F2, H2, F , H , and d i luen t .  Re la t ive  c o n c e n t r a t i o n s  of F / F2 and

H / H 2 
a re  chosen to s im u l a t e  in i t ia t ion by ~ n e x t e r n a l  sou rce . The dominant

reac t ions  of the chemical  sys tem w e r e  p r e v i o u s l y  iden ti f i ed 1° as:

1. The H 2 + F2 chain:

F + H 2 ‘ H F ( v ) + H

H + F 2 
. H F ( v ) + F

2.  Vibra t ion  - t r a n s l a t i o n  (VT)  deact ivat ion:

k
hf

(M . v)

HF(v)  + M H F(v - 1)  + M

3. Vibra t ion  - v ib ra t ion  (VV)  t r a n s f e r:

k vv
H F ( v )  + HF(v ’) -~~H F ( v - 1 )  + H F(v ’+ l )

k

HF(v )  + H2 (v ’) H F ( v - l )  + H 2 (v ’ + I )

~ 
.:: .~ r S .~~;i ~- - -. .( . T i ” L j : ~ D
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4 . Dissoc ia t ion  - recombinat ion:

k df (M)

F2 + M ~ F + F + M

Ic dh (M)

H
2 + M  a - H + H + M

k dhf
(M)

H F ( v ) + M  ~~H + F + M

The overa l l  r a tes  of the chain  reac t ions  Ic and k and the f r a c t i o n s  of thec h
populat ion produced in the reac t ion  p r od u c t  HF(v)  given by g (v)  and g~~(v) a re

easi ly obta ined f r o m  the rate c o e f f i c i e n t s  of Reac t i ons  ( 1 )  and (2)  in Table I .

For the c o n s t a n t - g a i n  method of so lu t ion  used  in thi s model ,

i t  is  known that the e f f ec t  of the (VV) r eac t ions  in item 3 above can

be neg lec ted .  
10 

Initial r e a c t a n t  m i x t u r e s  with total p r e s s u r e  less than 2 atm

are  cons ide red ;  t h e r e f o r e , the d i s s o c i at i on - r e c o m b i n atj o n  react ions in item

4 a r e  neg lected .

The rate of change of HF(v)  may be w r i t t e n  as 1°

d {HF(v) }  P + X - X + D - ,D ( l a )dt v v v - I  v+1 , v v , v - l

where  chemica l  pumping is

= 
~~~~

7
~

<.
~~[F] 1H 2 1 + g~~(v)k~~{H} {F2 } , ( i b )

v i b r a t i o n a l  deac t iva t ion  is

D
~ v - I  

= IHF(v) 1  
~~~ 

lchf 
(M , v) [M] , ( I c )

M

and X is the rate  of l a s e r  photon e m i s s i o n  fo r  the band with lower level v.

- 10-
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Table I. Rate Coefficients  for H2 + F2 Chemical Lasera

R ‘~~~ l . ’ ss  I- , , , , ,  
,‘ 

.. 11 , , , v ’ F’ -
S ! /~~ S , .  I I 

—

F ’  11 ,101 II! I I)  II , 5 0~

lb F + 1) 11!’ i F . ’ ’ I II ,, - ~o ’~’
1- * ii ,!)!? flY! 1) H ,~ ~~~ - i I - F

1,1 F S II ,!!!! I F - - ) ! * H I -l

F 4 1 ,10! l i E  - II 
- - ,~ , 

I .0 ,

1 F + 11 ,10 1 HF ! ! - )  1 H - I f  
S lIl t 5 ) )

II I F , ill I ! ’ l ’ F  . , , ~ . — II ’

25 II + F , HF ! ) !  S f I , ,  - 
- s’ 4 5

H F , S F 1.71  - F S ~~~~

1) HYI I! I F ~, ,. . o~
II • I’ , I IF ,41  - F I , I . ’ - . ! ’ ‘

~~~~

III F , IlF!~~! S F ‘ ‘ ‘ ‘ ‘ ‘ ‘

.7, H S F , IlFib i F 1 , 4 0 . )) I I . 4  5

II + F, IF ‘ I + F I,~ S . S - 10

t l ’ F 2 IIF’ I E I * F  F 2 5 1 1 . 7 . 1 . 4 1

IIF!v i • - I I F)v . I I  I F s , , ! s h I S h
l

! 0  
- l))~~~ 1 ‘ I ~.1 , F -

lb 1l~~ Ii 51 , IIF1O I • M , - ~~~ I. 10 I \‘ , F

11,, i!1’!H • M , h F !  II * F , , . 5 . lll~~~~
0

lb h F(s )  SI , iii . .- Ii * 01 , F I 
0 , I - - 0

I IFIvI 5 0 1 4 
l il ly - lI + - “ 1 , s- I - -

3.) I I F 5  • M - l IFt .1)  5 5, F ‘ ‘5  - 7 . I0 ‘ I I 5! ) 1 .s - I -

l iFt  ~I I IF!, ’ ! 4 51 - , . 0 - 10
1 1.0 7 1  I s  I 5 . s~~ -

hi s 
IIF! S I  - Si . I! F I I I 51 . HI - II) 1 ‘ I SI - li~~ v I -

4~ l I Ft s )  I I l l - I s )  lIflv. I) - III ! I I - - ~~
I
~~ I - 7

41, I IF(v ) 5 i ? F t S III 111 - . . I I l b~Is  - .1 ’  
~~ 

Ii 

~
,_ 

S I - - -

4 s IIF1v) I I I ! , ’ .1! 11 1 1 * — I l  * I h i - ~~’ H  0 • 1 ~~~4 5  
S I - - S

4 1  I I F ) v ) , t i i t s  * 11  IF IS  ~~~1 ‘ 1 1 0 , 1 4 1  0 4 j  0 . I. -I~ 5 , - - 4

i IF t f l ,  • 112 1 1 1  IlFit i  I! , t11  1

Sb lIF t !  II ,! ! !  l i l - t 2 ,  . 1 , 0! ,
~ , 2 ‘ - 11) 12

lIF~~ I + 11 , 11 III) Ii 11 ,101 , - . 10
12

‘F l  i s ’  i! ,’ I I  ! f ! 4  * 1 1 ,0! . 7 .  lU~~~

Sr l i f t !!) 0 1 ,12 1 lIE’ I I! ‘ li _ S I !

5) ) l l - 1 H  • 11 ,12) I IF ’2 ,  112 11 1 b 11 -

I, ,, II , v s  * SI - ) ) ,I S  II S Si - 5 , v ) . 7  S - I i i  - 
~ ! I * 1 . 2 . U 411  - S ‘ 1 Ii - II,

71, 11
2 15) - M,, Ii ,’ - I )  I I.f ,~ b 

~
, • ‘ i I ! )  I ‘I I 1, 1.1 ll~

“ 7’, - , ? -  t h , I d , s s , s  a - o r . - , . . ,  .1  v..~~~a. - .  , . , , ,, . I,.,,. !s - n .,, g ’ . l .’,i

- l I- I !  s - - I.

- S ,h rO l  I.

— 11—

L. . ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ 
—

~~~~
- 

_ _ _ _ _

~~~~

_

~~~~

. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



5-~ ”~ - - -

If w e  a s sum e  tha t  the h i g h e s t  l ev ..- I  p l l n ip e d  b~’ the ch a i n  r e a c t i o n  is H F ( N )  ,

and tha t  l a s i n g  o c c u r s  on H F (N ~ ~ F- IF~ N -  I )  and  a l l  l o w e r  hands , Eqs . ( 1 )

may  be so lved fo r  X to y ie ld 10

= — 
d [H F (v ’ )j  - D . ( 2 )v v dt v+ 1 , v

v ’ v + l  V v + l

The total  r a t e  of i n c r e a s e  in the H F ( v)  p o p u l a t i o n  is r e l a te d  to the pump ing

r a t e  by

N N

~~~ d [H F ( v )I
dt  . (3 a )

v=0 v~~0

The i n t e g r a l  of this  r e l a t i o n  may he s tated  as (at  t ime t)

HF(v)  = 2 ~fH 2 ] 
~~~ 

- [H 2 ] }  . (3b 1

The to tal ra te  of phaton  e m i s s i o n  is g i v e n  by

X T 

~~~~~~~~~ 

X . (4)

The r e f o re ,

N N N - i
X T 

- ~~ ~~~~~ 

- ~~~~~~~~~ 

c1[H~~( v ) }  
- 

~~~~~~ 
D

~~~ j~~~ 
. ( 5 )

- 12-
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flu r i n e  l a s i ng ,  we  a s s t~ r ’n, - t h a t  t he  ga in  at l i ne  c e n te r  f o r  the t r a n s i t i o n

l a s in g  in e ach  band is m a i n t a i n e d  at t he  c a v i t y  t h r e s h o l d  v a l u e  
~ thr

~ thr  
= _

~~~~~~Ro1~L ) 
‘ 

(6)

v~ ~i• ’ ro- L is the len~~th of the a c t iv e  m e d i u m , R~~ is the  r t ’  f l e c t i v i t y  of  the

Ou t p u t  co up l e r . and R L 
a c c o u n t s  fo r  a c o mb i n a t i o n  of the r e f l e c t i v i t y  ( I f the

Secof l (I  m i r r o r  and othe r c a v i ty  lo s se s .  The g a i n  a t  l ine c e n t e r  on the  P - b r a n c h

of the t r a n s i t i o n  w i t h  l o w e r  leve l  J is

~ ( v ,j )  = ~ (v , J)  ~~(v , J )  H F(v + I , J - 1 )  - f J F ( v , J)~ (7 )

w h e r e  N
A 

is A v o g a d r o ’ s number , h is  P l a n c k  ~ c o n st a n t , (v , J)  is th~

w av en i l mb e r  of the t r a n s i t i o n .  o(v , 3’) is the  Voigt  l ine  shape  f u n c t i o n  eva lua t e d

at  l i n e  cente r (A ppend ix  B) ,  and the E i n s te i n  i s o t ro p ic a b s o r p t i o n  c o e f f i c i e n t

i s  B = 6. 282 8 x I O~~~ M I J / ( 2 J +  1) ,  cm 2 /molecul e  - j  - sec.  8
vJ v + I ,~ 8

a p p r o x i m a t e  the e l e c t r i c  di pole m a t r i x  el e m e n t  I)y

M
~~+ i ~~~, 

= (v + 1) h / Z  
~ F0 . 9 88 -~ lo

_ 19  
( 1  + 2 . 66 lo Z

J)I  . (8)

The va lue  of .~ (v , 3’) is taken  as
8

60. 32
w ( v , J)  _ w

v
_ 

1. 4 388 3’ ‘

whe -c the r used a rc  g iven in Table II.

A Bol tzmann d i s tr i bu tion of the ro ta t iona l  levels is  assumed , and t rans-

l a t iona l  and ro ta t ional  d e g ree s  of f r eed o m  a r e  taken  to be in equ i l ib r ium;  th e r e fo r e ,

0 (v)
H F ( v , J )  HF (v)  r

T ~2 J + I )  exp[ -J ( .T  -
~ 

1 ) e~~ - ) / T ] , ( 1 0 )

— 1 3 —
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Table II. Band E n e r g y  Level Spacings

T r a n s i t i o n  
~ (cn’i 1 )

( v + 1) ,  v V

1 , 0 3950

2 , 1 3790

3 , 2 36 30

4 3  3470

5 , 4 3320

6 , 5 3170

7,6 3020

8 , 7 2880

9, 8 2730

-14-
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i s  a p p r o x i m a t e d  by

(v I  (~~O — v ) K  . ( 1 1 )
r

B e c a u s e  ~ (v , J)  = d u r i n g  l a s ing  on t h e  v+1 ~~v hand , Eq.  ( 1 0 )

m ay  be s l lb s t i t u t e d  i n t o  ( 7 )  to clet e rm i n e  a r e l a t i o n s h ip  b e t we e n  popu la t ions  in

the  lev el s  of l a s i n g  band s . The re fo  re , do r ing  l a s i n g ,  the c o n c e n t r a t i o n s

s a t i  s f v  the r e l a t i on

H F ( v + 1 )  z ( v , J )  + H F ( v )  ~ 3’
(v)  , ( I Z a )

re

- J (J -1 )
4 T T I~~ \-t h r  v+ 1z ( v , J)  

hN Aw ( v , J )  ~(v , J)  B 1 9 r~~~~
11 (2 J + 1)  

(12 1) )

and

J ( J - 1 )
9 (v) ‘~r v+ 1

-
~ 

(v - f 11 J ( J + f )  ‘ 
( I 2 c )

r

and

~ ( v ) / T
e r (12d)

The t ime h i s t o r y  of the temperature may be d e t e r m i n e d  f r o m  the e n e r g y

qua t fin

~~~~(N . }  
~~v i ~1T = 

~~L 
~~~ d I [N . 1  

H. , ( 1 3 )

_ 1 5 -



wh er e  H . is the mola r  eri thal py , C~, is the  mola r  spec i f i c  heat  at co n s t a n t  
- s

volum e of ~ p &-c ie s  i , and P 
L 

is the la s e r  powe r pe r  un i t  vo lume  de f ined  by

= hc NA~~~~ 
.m(v , J)  X

~ 
. ( 14 )

B. A P P R O X I M A T E  MODEL S OL L T  ION

An a p p r o x im ate method  f o r  s o l u t i o n  of the  rs’iodel  e q u a t I o n s  is d i s c u s s e d .

This  m ethod i n c o r p o r a t e s v . 7 t r i ( I ) I s  ph y s i c a l  a pp r ox i m a t i o n s  t I )  f a c i l i t a te

s o l u t i o n  b y s i m ple n u m e  r i  cal c u mp t i t a t  ion .  R e c al l  that  we h a ve  alr ead y

i n c l u d e d  the f o l l ow i n g  a p p r o x i  ma t i o f l .74

1. The m i x t u re  is  a ssu n ) ec l  h o m o g e n e o u s , and  i n i t i a t i o n  i s

s i m u l a t e d  by i n t r o d u c i n g  an i n i t i a l  F and  H a tom c o n c e n t r a t i o n .

2.  D u r i n g  l a s i n g ,  t l i . - g a i n  a t  l i n e  c( -n t e  r i s  m a i n t a i n e d  a t  the

t h re s h o l d  va I l l s -

3. V i b r a t i o n — v i b r a t i o n  r e l a x a t i o n  r n t - c h a n i  sms  m a y  be n e g l e c t e d .

4 .  The r o t a t i o n a l  I ~‘V ( ’ Is a r I - in eq i l i  I ib  r i um

5 . R e v e r s e  r ea c t i o n s  may  be n e g l e c t I - i f .

In o rde r to 0 1)ta in .71 Si inp is ’  , hu t  u i - ie f l I l  , so Ii i  t i on  , SI) I t i e  add i t i ona  I

a s s u m p t i o ns  and a p p rox i  n t a t i o n S  a rI  made . W i t h  ope r a t i o n  of the cha in , the

r a t e  of c h a ng e  of t h e  F — a t o m C On C en t N l t on i s  g i ven  by

d [F] [H i [F ) i 15
1 

- [Fl F } 1 2 1 k , ( 1~~)

and the simp le r e l a t i o n  be tw een  the c h a i n  c a r r i e r s  g i v e s

[F + l i l t [F + H]~~~0 . ( 1 6 )

_ 16-

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ TT~~~ - - ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ 

- ______



~

From e a r l i e r  wo rk , 10 
it is known that the ratio [F] / [H]  quickly assumes a

value g iven  by the stead y -s t a t e  cha in  c o n d i t i o n

[F) [H 2 ] k [H] [F2 ] k h ( 1 7 )

Because  th i s  ra t io  is approached on a t ime sca le  that  is shor t  in compar i son
with the l a se r  pulse length , we a s sume  tha t  Eq.  ( 1 7 )  holds fo r  all  t ime .  These
approximat ions  pe rmi t  simpl i f ica t ion of Eq.  ( i b )  to

P G k [F] [H I ( 18a )V v c 2

w h e r e

C ~~~~ (v )  + ~~~( v )  . ( 18 b )

By a p p r o x i m a t i ng  the heat  r e l eased  to he t ha t  of the chain , Eq. ( 1 3 )  becomes

~~~ 
[N j 1C~~j ~~~~~~ ( F] [H 2 ] Ic

c ~~H - I
~~ 

- h~~~~~v d[H~~~v)] 
( 1 9 )

where  ~ .H is 129.6  k c a l/ m o l e , and h~ i s  t aken  to be 1 1. 0  k ca lfm o l e .

The number of moriatomic and diatomic molecules is not changed by the
reaction; therefore , we assume that the s p e c i f ic  heat at constant volume of the
mix tu re  is  cons tant  and equal to its i n i t i a l  value .

To fac i l i t a te  de te rmina t ion  of approx ima te  HF(v )  c on c e n t r a t i o n s , we
f u r t h e r  a s su m e  that ( 1)  the l a s ing  band s te rm i n a t e  in sequence  with the 1-0
band shu t t ing  off f i r s t  and that  (2) all  bands are  las ing on t r ans i t i ons  that
have the same value of J. Te r m i n a t i on  is  a s sumed  to occur  when X , as

Vg i v e n  in Eq. ( 2 ) ,  f i r s t  becomes  negat ive . P revious  s tudies  with the corn .
p r eh e n s i v e  model of Emanue l  indicated that  the 1-0 band shuts off f i r s t  in the
pulse , w h e r e a s  the o ther  bands shut  off  n e a r l y s imul taneous l y at sot-n e l a t e r

— 1 7 -
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t i  flit’ , or  t l)( ) Se tha t  l a s s -  f o r  long s -  r I i  n i t ’S  ( 11) SO a t  g r e at l y r e d u c e d  i n te n s i t i e s . 
10

I le i ice  , e s - l e n t  i , t  Il all  h i gh e r  1)andl s t * ’ r n t i n a t s -  at  n e a rl y the Sant e  t ime  and at

a t i m e  somewha t  la te r than f o r  the 1 — 0  band .  Th is  behavior i s  a c c u r a t e l y

p r e d i c t e d  I) V a s s um pt ion  ( 1 )  and ou r  somewhat  ad hoc d e f i n i t i o n  of t e r m i n a t i o n .

One c a n n o t  expec t  a g a i n- e q u a l s— l o s s  model  to p r e d i c t  t i m e —  r e so lved

ra such  as  g ive n b y Hough  and K e r b e  r .  14 T h e r e f o r e , the  second

a s s u m p t i o n  ( 2 )  tha t a l l  t r a n s i t i o n s  lase on the same v a l u e  of J i s  not a s e ve  l’ s ’

One . l low e v e  r , the  f a c t  t h at  t h i s  J m u s t  s h i f t  di~ r i n g  t l i - r u n  in o r der  to p r e d l i c t

a c ct i r a t c ’  r e s l l l t s  is s ig n i f i c a n t .  We  a s s u m e  a v a l u e  of 3’ tha t  m a x i m i z e s  the

p o p u l a t i o n  of the l o w e r  l eve l  of the l o w e s t  l a s i n g  band . T h i s  imp l i e s  tha t  the

ex c i t e d  HF popu la t ion  a p p r o a c h e s  the m i ni m u m  n e c e s s a r y  to m a i n t a i n  l a s i ng

on thes - l)andl s . T h i s  r e s u l t  i s  l inked  to the c o n s t a n t - g a i n  a s s u m p t i o n  and

is , in f a c t , compa t ib l e  w i t h  it .  T yp ica l l y ,  the 3’ va lues  tha t o c c u r  a r e  l ) e—

t ’s \ e en  2 and 17 . Thi s J - s h i f t  is  n e c e s s ar y  f o r  the c a l c u l a t i o n s  to y ield t ime

h i s t o r i e s  of HF ( v )  that  a r e  comparab l e  with those  of the c o m p r e h e n s i v e  mode l .

These  a s s u m p t i o n s  lead to some notat ion simp l i f ica t ion s ;  fo r  example ,

we let

z z ( v, J )  , ( 2 0 )
v

and s~ i u i l a r  d e f i n i t i o n s  fo r  ~ , , , and  B a r e  made . The r e f o r e ,
v v v V

Eq. ( 1 2 1) )  t akes  the  f o r m

- .T f , T-
41T~~ 1 ci’ 7’~

- 
t h r  v + l

~~v hN w c5 B ~ (v+ 1)  ( 2 J + 1 )  ‘ 
( 2 1 )

A v v v r

and Eq. ( 1  I a ) ,  which r ( - Ia t c s  popu la t  i on s  a s s o c i a t e d  w i t h  l a s i ng  band s , b e c o m e s

HF ( v + 1)  = z + I-1F(v) ~ . ( 2 2 )

.18-
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If n t  d e n o t e  by y the l on e r  I ’v s ’l of the lon a - s t  band  las ne a t  a eiv s- n 1 . 7 1 1 1 1 - ,

\\ e ( ‘an \\ r i t e  the r a t s -  (~f c h a n g e  of the n o n l a s  in c  I I F ( v )  p o p u l a t i o n s  as

H F ( v )  =‘E~ 
+ D

v . : , v *:* _ 1

F’ r~ 1111 Eq . ( 22 )  , n-h ic h ho Id s fo r v 
~ 

v:: , We  -an s h o w  t ht - ’  t

~~~~~H F (v )  - 

~~~~
-
~~ -~~:- 

z~~ + F i F (v ~:’) ~~~+ 
~~~ ,~!

/ 

~ 

(2 4 )

The i n t -~~r a l  of Eq.  ( 2 3 ) , w h e n  s l l n i n i s ’d I  w i t h  Eq. ( 2 4 ) ,  g i v e s  t h e  s t im  of H F ) ’- )
ov ~~- r  i l l  i, \ \ h l l e h  i s  a l so  Cj v I -n  b~ - E q. ( S I ) ) .

The  r e f o r e , WI ’  can d e t t - r m i n s -  J i F f y : )  as  g~ v s - n  i n  Eq .  ( 2 4 )  by c o m b i n i n g
t h ese  i’ * - I . 7 t t I o n s . The f ) r e t - I -  d l i n g  1 - q i l a t i o n s  c a n  he s ol v e d  n un i e r i c a l l v  f o r  the
t i l l ) ) ’  h i s t o r ie s  of l- I F ( v ) ,  1’, \ I ’ l l . p r ) I v I ( I s - C I  t h a t  a v , t h~ 5 ’ f or  J is  sp e c i f i e d .
( W t ’  u se  a s i mp le  f o r w a r d  d i f f e  r s ’ n - e  r o u t i n e . ) ~\ t  each i n t eg r a t i o n  s tep ,  we

}a l o s e  t h e  v a l u e ~if j  that  f l h t I K t ’s I I F ( v : ) f l l , ) X i f l 1 I I I 1 1 . r h i s  p o p u l a t i o n  is
n f ) r n i a l l v  d r i v e n  I f )  a m ax i n l t i n t  . 1 5  a r s - s i i l t  of st i m i i l a t s - d  e m i s si o n  f r o m
r , l I I i a t  a n  f i e l d s .

C . ( I \ 1 P A R I S O N  W I T H  C OM P R E H E N SI V E  MODEL

In F i g .  1 , t i f l i l ’  h i s t l l r i e s  of i n t e n s i t y  f o r  v a r i o u s  l ev e l s  of i n i t i a t i o n
a rI coropa red w i t h  ti l l -  p r e d i c t i o n s  ( I f  t h e  c I ) n i p r e h cn s  i vs model  of Em a n u e l

- 19-
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Power  T int s’ H i s t o r i e s  fo r
F + 11 0. 1 ( a ) ,  0 . 0 1  ( b ) .
and 0 . 0 0  1 ( c ) .  I n i t i al  gas
f i x t u r e :  F + Ii I- I. ,  : F

I- Ic , F + 1-1 : 1 : 1 t’20;
T 1 = 300 K, P 1 1 a tm:
c a v i ty  co n d i t i o n s:  1

~o
0. 
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The f i g u rt -  shu n s t h a t  001’ n i o d t - l  do t - s q u i t e  n e l l  f o r  [F + H ] / I F ~~]
0 . I and 0. 0 1 .  F l ow e v s - r , fo r [ F + H i / I F )] = 0 . 001 , we f i n d  t h a t  the s i m ple

inod& ’i  i s  soni s- wh a t  low , an d  tha t  t }it - c o m p r e h e n s i v e  model  g ives  a s u r p r i s i ng

l’e s I l l t . F l i t ’  sp i k e  n e a r  the end of the  c a l c u l a t i o n  w i t h  the co m p r e h e n s i v e

‘n odel was  caused  b y p r o d u c t i o n  of F’ a toms f r o m  the r m a l  d i s s o c i a t i o n  owing

to t i i s -  i nc  i’ease in t empt ’  r a t u r e . This ph e n o m e n o n , wh ich  is dep enden t  on the
h ,on d st  r t -n g t h  of F2 , sh ou ld be V i s ’ we c i  n i th  sonic s k e p t i c i s m  u n t i l  exp e  r in t t -n t a l

c o r r o b o r a t i o n  is  o b t a i n ed . S i n e s -  the p r e s e n t  model  dos- s not i nc lude  the rmal

d i l  S s o e i . 7 t t i o n , a second  c a l c u l a t i o n  ~v i  th the c on i pr eh e n  -t i v e  model  was  mads-

tha t  n s - g 1 - c t s - d  F , d i s s o c i a t i o n  [dotted c u r v e  of Fi g.  1( c ) l .  W i t h  d i s s o c i a t i o n
-‘ lp p r e s s s - d l , the a g r s - e m en t  h e m s’ s -n  th i s- m o d e l s  is g r l - a t l v  in ip r o v -d . A s
s t a t s - c l  s - d r i l l -  r , th is ’ p r i m a ry  goa l  of t h i s  wo rk is  i f )  d e v e l op  an  e f f i c i e n t

iii e th iod of p r e d i c t i ng pu ls t -  I - n t -  r gy  and t i n ) t - h i s t ) I r i e s  o f D (~ l S s ’ i n t e n s i ty . W e

f i n d ! , f r I l l  F i c  . I , t ha t  th i s -  p r e d l i c t e d  i n t e n s i t i e s  ar e  c l o s e ly  a pp r o x i m a t e d

ex c s- t nea l’ pu lse  t s - r n i i i d t m i i . A t  t I - r n h i n d t on , t h e  s in i p le model  p r t - d i s - t s  a

f l lOl’ I ’ a b r up t  s h u t o f f  t it an  t i l l ’  I n u r e  s ’ x t s ’ n — i v I ’  c a l c u l a t i o n s  i n d i c a t e . Howev s -r ,
t h i s -  s’ l l t ) , f f  t i me  of the s i m p h s ’  m ode l  i s  an  s- x e  e l l en t  inch c at i o n  of t h e  tn i l s ’  to

r s’ I s - a  s& - m o s t  of the p u l s e  I -n e  r c v  . Pul s~ ’ ent -  rg  i s - S  I I )  r th i s ’ i n  a model  s a :n-

con ipa  r & d  in  Tahis-  III . Ovs’ r t h e  w i ds ’  r a ng s ’ of i n i ti a t i o n  lI VI ’lS s’onsids’ r ed ,

the  p~i 1se s ’n s - r g i es  f r o m  this- two 1 i u ) ) d s l s  i t c r s ’ ( ’  to n i t h i i n

‘Th e s i t - p _ s i z e  s e n s i t i v i ty  of th i s ’  s I m p le I i iods ’i w a s  e xam i n e d  by va r v i n c

the n s imbs- r ( i f  st s ’ ps  u s e d  in ( l e t s -  r m i n in g  t i~ s’ t i m e  h I s t o ry  of H F ( v ’i b e t w e e n

100 and 1000 . The a n sw l -r s  v a r i ed  by l e Ss  t h a n  3~ fo r I t i u s t  c a s e s  5t ( i d i s ’d.
The conipu  t a ti f in a l  t I I l ls ’  of ths - s imp l s’ ms c l s - I  i s  a p p r o x i m at e  lv I . 0 ~~ 1 . 3~~ of
t h i s ’ con p r eh en s i v e  mod el .  In f a c t , a l l  200 s i mp l e —  model  c a l c u l a t i o n s

c a r r i l - d I  oat  i n  t h i s  S I I d\- we me ps- r f o r n i s - d  n i t h i  l e ss  c - o n i p l l t t - r  t i m e  than  was

r e l I  red f I r  t w I I  t v p I  e . i l  ea se s  “ i t h  this’ c o n ip r e h en s i v s -  I i l O d s - I

_ 2 1 —
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T ah k c  III. C o m p a r i s o n  of Pulse E n e r gy  as P r e d i c t e d  b y
the S imp le and the  C o mp r e h e n s i v e  Mode l

C o mp r e h e ns i v e  Model  S imp le Model

[F i - r r j / 1F 21 Pulse  E n e rgy  ( J / l i t c r )

0 . 1 2 9 1 306 - :

0 . 01 208 205

0 . 00 1 103 1 1 0 0 1 a 
100

a~~~ 1 1 .  Wi th  d i s s o ci a t i o n  of F2 s up p r t -  s sed .
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IL .  p A R A \ 1 1 - :  l ’R I ( ’  ~- T l l) Y OF L A S E R  P E R F O R M A N( ; l d

In t h i s  s e c t i o n, this -  1 - f f e e  I of va ry i  ng the  i n i t i a l  g a s  m i x t u re and  c a v i  tv

c o n d i t i o n s  is s -x a m i n s - d l  . This’ las t’  i. pu l s e  is chi a  ra c ts ’ r I  Z s ’dI b y i t s  d u r a t i o n  t

ps -ak p ow e r  P , and t o t a l  l ’ I l f ’  r gy  E. TIlt -  Vd n a t i o n s  a r t ’  m a de  abou t  a s t a n d a r d

ca s t - w i t h  I F , :1 1- 1 ) :0 . 01  ( J I + F ) : 2 0  U s-  w i t h  ‘F , s ’ q I a I  to 300 K and P . s - q u i a l  t o

I a t m .  The s t a n dl a r d  c a v i t y  c o n d i t i o n s  h i av s - R
0

, R L ’ an d  L equa l  to 0 . 9 ,  1 . 0 ,

and  100 ctii , r s - s p e c t i v e l v .  For b r s - v i t y , Ofl~~ in  Fi g.  2 do we i n c lu d s - I- s - S u it s

f o r  peak p on t ’ r P and this’ t ims - a t  wh ich i t  oc c i  r S I
P P

A , T l I l U : ~~HOLD

A s  s-xps - c t ed , n e  f i n d !  t h a t  E and  t in c  1- t a St ~vi t h i  dec  m s - a s  l u g  ca\ - ’ i t \

l o s s s ’s . Ths ’se t r e n d s a r e  s h o w n  in F i c .  2 . The a gr s ’s -n i e n t  b s - t n  s-en t i l e  1~~\ t )

l i lO ds - i s Ofl t i l l -  p r l - d i c t i o n  of p u l s e  s- n t - r g v  i s  \ s - r ~ g o o d l  fo r t hi t  C~l S s ’  [F + H ]/

[F’ ,] - : 0 . 0 I . A l s o  sho\V n in  Fi g. 2 ( a )  is a f a m i l  of cu ~v , s  ob t a ined  f r o m  tb1

s i n i i , l s -  f l i O d l ’ I  f o r  s e y s - r , l l  d i f f e r e n t  l e v e l s  of i n i t i a t i o n .  This ’  p r s - d i c t i o n s  of

P .1150 c l l mp a  r I  fa~ —o rah1 wi th  thi s ’ c o n i p r s ’ h s - i i s i v s ’ I l l I d e l  s h on  n i n  F i g .  2 ( c ).

s s h o w n  ill F i g .  2 ( b ) ,  the  tw o  mode is a~ rca ’ y e  r v ~vel1 on p r e d i c t i o n s  of t

h I l \ ’, I - v I ’ r , i d ,  a cr e s -m I -n t of v a l u s - s  of t a m s p o o r e r .  ( T h i s  i’ s’s u l t  i s  , l l s l l

11 i n  1- ’i . 1 . I Thi s  I s b s ’ca s is  s’ this ’ co nip  r e hs ’ns iv s -  i i i o d t - l  ts ’ncl s to i s - Id

p a l s ’ s w i t h  l o n c  Ion p ower  t a i l s , \~h s ’r e a s , t i - a- s i m p is ’ model  s hi o w s  a m o r e

.7t h )  r at  c I o f f .  E x c s-p t  f o r  thu s d i s c r e p a n cy  , the mod els a r s - f ound  to ~sg r e t ’

ye ~ ws - l  1 . This-  b e h a v i o r  obss ’  r v s - c l  hi t ’  re i s  s in l - l l a  r t I I t h a t  o b s e r v e d  c-a rU t ’ r f o r

t h l -  ef f e c t  ~if c a v i t . v loss Ofl a l l  pu l s e  ch a r ae t s ’  ri  st i e s . As  s’xpe c ted , t h i s ’

l a s s -  r pt ’ r f or m a n ce  is  mo re s en sj t i v s ’  ( I )  c a v i ty  t h r s - shi old f o r  low l eve l s  of

in i t i a t i o n  [Fig.  2 (a) 1 . Thi s m a y  1) 1 ’  noted i) V o b s e r v i n g  the  c h a n g e  in the

cha r a c t e r  of t h -  c ar v e  f o r  N 1 0 ,

-2 3-
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F i g u r s ’  2.  E f f e c t  of C a v i ty  Thresho ld  fo r  Se lect s-d  Levels
of i n i t i a t i o n , a. E f f ect  on pulSe e n e rg y .
b. E f f e c t  on c h a r a c t e r i s t i c  t im e s . c .  Eff e c t  on
peak power .  I n i t i a l  gas m i x t u r e :  F + H : H 2
F 2 : I-I c , X : 1 : 1 : 20; T- 300 K , P~ 1 atm ;
cav i ty  c x i d i t i o n s:  R0 = d . 9 ,  R L 1 . 0 .
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B. I N I T I A T i O N  L E V E L

‘I lie in i t i a l  a t o n u  c on c s- n t r a t i o n  was v a r i e d  ~~1 i i l s ’ a l l  o t h e r  s- o n d i t i o n s

me h is ’ld f i x e d .  A g a i n , the behav io r  p r s ’d ic t ed  is vt ’ ry  s inu i la r to t h a t  found

s-a r l i s ’r , 10 s-x s ’ept t h a t  ws- a rt -  able  to  e x a m i n e  e f f i c i e n t l y t h e  b e h a v i o r at vs  r v

low is- v s-I s  of i n i t i a t i o n  wi th  t h e  s i m ple model .  Tilt- r e s ult s  are  shown i n

F ig .  3 , T h e  ds-crs ’ase in t and  th s- ch an g s -  in slops’ in the c u r v e  fo r  E as

[[‘-i h 1 ] / [F  j  de c r e a s e s  b s - l i l w  10 l r s ’ f l s ’ c t  t h e  s e n s i t i v i t y  of l o n g_ c h a i n  s y s t e n I S

t I l  t ’ , l \ ’ I t v  I u s s s ’ s ( t h r s - s h o i d ) .  This ’ a g r - s ’ nu e n t  be tw s ’t ’n this- c o nu p r e h t ’n s i v t - n iods ’l

and  this ’ s i mp le nlodlel in p r e d i c t i n g  E ovs’ r a n’ide r a n g e  is  Vt ’  my good [Fi~i .

l ’h e  t i mns ’s  used  for  tii s’ cornprehs ’ns  ive model  in Fi g .  3(b) a r e  the t ims ’s a t  w h ich

t h i s’ p ows ’ r has  d r o pp e d  to l o b  of i t s  peak v a l u e .  E x a m i n a t i o n  of Fi g .  I sh o w s

tha t  t in s i s  a be t t e r  m d i  cato r of ~ i1l s t  l e n g t h  than  is t
c 

It was  dc- s i  red  to

con ipa  i’s’ w i t h  this ’ c o m p reh e ns i v s’  m oda l a t  evs ’n l o u t -  r v a l u e s  of [ F+H] / f F ,

s ’v s ’ r , t h e  c o m p u t a t i o n s  w i t h  it  becanue p r o h i bi t i v e ly  long in  tha t  rs -g i flit ’ .

( .  D 1 I , U E N T S

In I-’ i , 4 . the  e f f e c t  of v a r y i n g  t h i s ’  h u s - l i u i n u  d i l s i s - n t  concen t  ra l I o n  i s

I ’x a n u l f l s ’d  fo r  s s ’ve ra l  i n i t i a l  nu i x t u i r s -  P1’t ’5 su res . I-lens- , as  the d i j i s t e n t  is

inc  rca ss ’( I  , rs ’ac t a n t s  l i t - c I’ l ’ .7 I  S b s - c a i i  st t o t a l  p r e s s u r e  is  held  c o n s t a n t . This ’

i’ k ’ S \ I i  I s  a r e  c o n s i s t s - u t n i  th our  e xp e c t a t i o n  t h a t  i nc r s ’a  se th  d i l u e n t  at this’ c x —

p s - u s, ’ of m l i i  c t a n ts  n o  Id y ield lows -  r s’ns - r g i  s -s . A l s o , l o n g s ’ r pulse  l eng  thi s

r t ’  s u I t  be cau st (if 11 I n c  r rca c t .71 l i t  p r es  sor e s  ant! t empt ’  ra tu r e . The da shied

c i i  r\’ l’ s i l i s i s  t r a i t ’ tlu c ( ‘ f f 1 - c t  of di I l l s -Il l on pu l se  chia r a c te  n i s t i c  s fo r  mnix t i i  rs ’ s of

c o n s t a n t  r e a c t a n t  c o n c e n t r a t i o n .  s inc e thus - VT d e a c t i v a t i o n  rate  by He is

s n u a h l  conipa red n - i  th t ha t  of h F  by  i l s s ’ h f , t h i s  nc - su i t  i s  p r i m a r i l y an e f f e c t

of ts ’fll ps’ r a tt i  re cI )  l i t  ro 1 . A g a i n , the  ag r s-c n i t -nt  is  cxc c l i e n t  bs’ t n t ’s-n thi s’ t is’ t

nls)d s- i s on the p r ed i c t e d  pull  se ene r gv
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SI MPL E M O D E L

4 • COMPF- IEHE NSIV L MODE L (H 2 = 1)
10 I I

10~ 10 10 i ü ‘~ io-2 10 1 1
( E- * H)

iü~ 
H2 = 0, 1 WI

10 2

10 6 in in in 2 1 1
(F +H) F 2

F i g u re  3 . E f fe s - t  o f Ls ’vs ’I o f i n i t i a t i o n  f o r
St- ls ’cted Vaiut -s of 11 2 .  a .  El-
l e s t  on pulse e n e r g y .  b.  E f f e c t
on pu iss’  d u r a t io n .  I n i t i a l  gas
m ix tu r s ’ :  F + 11 11 2 : F2 : h - Is- ,
N : 1 : I : 20;  T~ 300 N , F~1 at n i ;  s - a v i  l y  c o n d i t i o n s:  R 0

0. ) , R~ 1 . 0,  1, 100 ci i i .
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S IMPLE MUiJIL

• COM PR HENS V i MODEL
— —  — —  SIN’i r1L~ ~V1 3E , 1,hil OF i~~ S~A \ ’

REACTANT C O N C E N T R A T I O N

io 5
a)

iü~ 1
l Oa t m I

~~~ 

i~~~~~~~~~~~~

”
”

~~~_ 

-~~ 0.05 In

_  
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lu - i 1 10 io 2 0 
1 in io 2 in 3

Hm

F i g u r e 4 . E f f s - c t  of I-Is ’ Concs’n t r a t i on  fu r  Selected Va lues of I n i t i a l  Prs ’s s u r e .
The dashed c u r v e s  r e p r e s e n t  loc i  of c o n s t a n t  r e ac t an t  concs ’n t r a t l o n .
C u rv e s  w , x , y ,  and z r s-p r e s e n t  F2 c o n c e n t r a t i o n s  of 505 , 2 5 2 , 126.
and 54 Tor r , r s ’s p eet i v e l y .  a .  E f f e c t  on pulse  e n e r g y .  b.  E f f e s t  on
pulse d u r a t i o n ,  i n i t i a l  gas nu ix tu r e :  F + H : l~I 2 : F 2 : Hs’ , 0 . 0 1  : 1

1 : He :  T~ = 300 N ;  c a v i t y  c o n d i t i o n s :  R0 0 . 9 ,  R L = 1 . 0 , L
100 cm .
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D. I N I T I A L H 2 C O N C E N T R A T I O N

The i n i t i a l  [H 2 ] was var ied  whi le  o ther  cond i t i ons  w e r e  the same as

thoss ’ f o r  the s t a n d a r d  case  fo r  typical levels  of i n i t i a t i on .  The pulse e n e r g y

shows a m a x i m u m , and the pulse dura t ion  show s a minimum when the mixture

is ns ’arl y s t o i c h i o m e t r i c  (F ig .  5) .  ‘The behavio r as [H 2 ] i n c r e a s e s  to the

s to i ch iomet r i c  mix ture  is c l ea r ;  more reac tan t  i n c r e a s e s  the r eac t ion  speed

and e n e r g y  re leased . For m i x t u r e s  si g n i f i c a n t l y above s to ichiometr ic, we

f ind  th iat  [H 2 ] is i n c r e a s i n g  at the expense  of [F 2 ]; t h e r e f o r e , we observe  a

d e c r e a s e  in pul ss-  en e r g y  and an i nc rea se  in pulse  d u r a t i o n .  The curve s are

f a i r l y f la t  in the reg ion  j u s t  above s to i ch ion i e t r i c, which indica te s a ve ry

weak dependencs’  of pu lse  c h a r a c t e r i s t i c s  on [H 2 ] in this reg ion. This be-

h a v i o r  is o b s e r v e d  over a wide r ange  of in i t i a t ion  levels (Fi g. 3). A gain ,

the s imp le model y ields pulse e n e r g ies  in exce l len t  a g r e e m e n t  with the

comprehens ive  model .

E.  I N I T I A L T E M P E R A T U R E

The i n i t i a l  gas mix tu re  concen t ra t ion  is i n v e r s e ly p ropor t iona l  to the

i n i t i a l  t e m p e r a t u r e  fo r  a cons tan t  p r e s s u r e  sys tem . T h e r e f o r e , the behav ior

seen in F ig .  6 is caused mainl y by the amount  of reac tants  avai lable  to

g e n e r a te  l a s e r  e n e r g y .  Reca l l  that the rate c o e f f i c i e n t s  f o r  all r eac t ions  a r e

less  wel l  known below 300 K , and p r e d i c t i o n s  in  t h i s  reg ime may be su spec t .

The d i s a g r e e m e n t  bet~v s-en  the two models  observed in Fig. 6(a )  is  the

g r e a t e s t  found in the en t i r e  stud y .  Above 400 K , the tn - u mode ls  b eg in to

d i f f e r  cons iderabl y .  However , this  does not appear  to be a s e v e r e  problem

as i t  is  not  an t ic i pated that  any u s e f u l  s y s t e m  w i l l  be i n i t i a t e d  at  e levated

tempe rat s i  rs 5 .
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S I MP L E M O D E L
• COMPREHENSIVE MODEL x = 10 2)

=10

c

2/1

~~
2

IaI

in -2 io 1 i 10
(H 2 I/I  F~ I

Ib I

0 I I
io’2 10-1 i 10

(H 2 I/I F2 I

F i g u r e  5. E f f ec t  of I
~
I 2 C o n c e n t r a t io n  fo r

Selected Levels of I n i t i a t i o n .
a. Ef fec t  on pulse e n e r g y .  b.
Effect  on pulse durat ion . Ini-
t ial  gas mixture:  F + 1-I : H 7
F 2 :  He , X : H 2 : 1 :2 0 ;  ‘l’~ =
300 K, P1 1 a tm ;  c a v i t y  con-

d i t i o n s :  R 0 0 .9 ,  R L 1 .0 ,
L 100 cm .
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SIMPLE MODEL

• COMREHENS IVE MODEL 1 aim)

2O~~~~~~~~~~~~~ airn 

-

1 00 200 300 400 500 600 700
I lK )

I I

(bi

i:2
~~~~~~~~~~~~~~~~~~~~~~~~~~~

100 200 300 400 500 600 /00
T~)K)

Figure 6. Ef fec t  of In i t ia l  Tempera ture
at Selected Values of Ini t ial
P r e s s u r e.  a,  E f f e c t  on pulse
e n e r g y .  b . E f f ec t  on pulse
du ration . Ini t ia l  gas mixture :
F + H  : H 2 :F 2 :H e , 0 . 0 1 : 1

1 : 20; cav i ty  cond i t ions :
= 0 .9 ,  R L 1 .0 , L =

100 cm.
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IV . COMPARISON WITH EXPERIMENT

Sincs-  this model has bet -n  found to be equivalent  to the comprehens ive

model  over  the wide rc- g ion of i n t e r e s t  fo r  most  p rac tica l  l a s e r s , i t s  ab i l i t y

to p r e d i c t  e n e r g y  and powe r of c-xp enimen ta l  dev ics ’s is companabis-  with

that of the c o m p r e h e n s i v e  mods’I .

We have  use d  the model in an e f fo rt to p r e d i c t  thi s’ expe r imen ta l  r e su l t s

ob ta ined  by Hofland s ’t al . F i r s t , this’ nuodel was c ompared wi th e x p er i m e n t

by u s ing  the ra te  c o e f f i c is -n t s  l i s t s -c l in  Table I. The va lue  of [F + H]/ [ F 2]

was  ss-lec ted  by m a t c h i n g  pu l se  s -ne  r g i e s  at a selects ’d v a l ue  of H 2 con ct ’ntra-

tion . The est imatedl  [F + H J / [ F 2 ] rati o was 0 . 0 0 5  fo r  cases  wi th  a r g o n  and

0. 003 fo r  cases  w i t h o u t  a r g o n . Ait luoug h the p r e d i c t s -c l s-n e  r gy  followed tha t

of e x p e r i m e n t  qu i t s -  well  f o r  v a r i a t i o n s  in [112 ], th i s ’ p r e d i c t e d  pu lss ’  d u ra t i o n

n-as abou t six tims’ s l o n g e r  t h a n  o h s s ’  r’vs’cl i n  tin- t -x p s ’n im e n t . Th i s -  ~- a i u i s ’  of

[F ~ I- h ] / [ F 2 1 was  also t - s t i i u i a t e c i  to he 0.  Of i  by  u u n i t c h i u u g  pu l se  d u r a t i o n s .  This ’

ca lcu la ted  pulse s’n e r g is - s n t - n t - t hen  r o u g h L y  a fac to r of 4 La rgs ’  r than Ob S e  cvi-

s- xp e r ( l i l t  - n t a l l y .

Final ly )  thi s’ ra t s ’  e o s - f f i c i s -n t  f o r  1-I F — I I F  V — T  rs’laxation was assumed

to bs- of t i l l ’  f o r m

= V

av

as s u g g e s t e d  b y the  r i - c l - n t  r e s u l t s  of K w o k . 21 In Fi g. 7 , ca l cu la t ions  u s i n g

o u r  mod el and t h i s  r a t s ’  a n t ’  compared  wi th e x p e r i m e n t . The condi t ions  of

the experiments are l i s t ed  i n  thus’ fi g u r e s . An addi t ional  loss of 10~b was

assunus-c i  to a c c o u n t  f o r  c o n t i n g e n c i e s  such  as volume aiid surface scattering

loss es . Thus ’ valu e f o r  [F + H }/ [F 2 J was  d e ter m i n e d  by m a t c h i n g  the pu lse

e n e r g ies  at H 2 = 3. For  the m i x t u re s  wi thou t  a r g o n , [F + H}/ [F 2 ] was  0. O0’~ , -

and f o r  u i - i x t u u r s - s w i t h  a r g o n  [F + H ]/ [F 2 } was 0 . 009 and 0 .006  fo r  cases  wi th
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[He] = 36 and 54 , respect ively.  On doing thi s , we found that the model

p red ic t s  pulse  du ra t ions  wi thi n 10% of those observed experimental ly. I

Althoug h we expected d i sc repanc ie s  between expe r imen t  and theory ,  we

emphas ize  them to i l lus t ra te  the need for  the simple model . The simple

mods’l may be u sed ( 1 )  to test  e f f ic ien t ly the sensi t iv i ty  to rate coef f ic ien t  -
var ia t ions , and (2) to i nco rpo ra t e  e f f i c ien t ly the effects  of plasma kine t ics

or mode  s t r u c t u r e .  If , a f t e r  such modi f i ca t ions, this model begins  to corn-

pare favo rably wi th exper iment, we can then r e t u r n  justifiably to the more 
-

expensive comprehensive calculations .
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SY M F 2 H2 He Ar E(kV/cm ) C 0~ (%)

4 X 96-X 0 8 .25  10

o 4 X 36 60-X 10 20
0 

— - 

6 X 54 40-X 11.5-12.5 20

I I
25 1500 — —

R
~~ 2 0 -  ~~1200 —

-
~~~~ ~~~~~~~g 0 o

C/) > o
~~ 1 5 - ~~~~900 -- •
>~ LU

5 - 300 — 

•,•, A THEORY 
—

D,0, L~ EXPERIME NLT
0 -  0 I

0 1 2 3 4
PERCENT H2, X

Figure  7 . Comparison of Theory  and Experime ntal Resul ts  of
Hofland et al. 6 at 800 Tor r , Note that the calculated
and observed pulse  duration is 3 ).Lsec for the 6 F2 :3
H~~:54 He:37 Ar mixture.  For cases with Ar , the
va lue of (F + H ) / ( F 2) used in the model is 0 . 009 and
0 . 006 for  cases with [He] = 36 and 54 , respect ively,
and 0 ,0 0 5  for  the case without  Ar . C0~ % is the
p e r c e n t  t ransmi t ted  by the output coup ler .
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V.  CONCLUSIONS

A s impl i f i ed  m o d e l  of the H 2 + F 2 pulsed chemica l  l a s e r  has hs’en

p r e s e n t e d .  This  model y ields r e su l t s  in a g r e e m e n t  with a more  compre-

hens ive  model at abou t  1’~ of the cos t .  T h e r e f o r e , we expec t  this model  to

be the log ical tool fo r  u s e  in improv ing  the a g r e e m e n t  be tween  theory  and

e x p e r i m e n t. Once th is  is  done , we can then r e t u r n  to the m o r e  deta i led

ca lcula t ions  of the comprehens ive  model (RESA LE ) or  of the model g iven

in Ref . 14 .

In addi t ion , the economy of m a k i n g  a c c u r a t e  t h e o r e t i c a l  p red ic t ions  will

p e r m i t  the model to be used  ex tens ive l y in pa r a m e t r i c  s tud ies  or as a

b u i l d i n g_ b l o c k ” fo r  i n c o r p o r a t i o n  into o the r  models  fo r  e x a m i n i ng  e f f e c t s  of

mode s t r u c t u r e  or other ph ys ica l  phenomena , such as p lasma k i n e t i c s , on

the p e r f o r m a n c e  of l a se r  s y s t e m s .
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A P P E N D I X  A

The detai led chemica l  k ine t i c  model used fo r  this stud y is prs - s s - n i t - d

h e r e . The rate coef f i c ien t s  g iven in Table I a re  based on the review of th-

rate measurements  and p red ic t ions  given by Cohen.  22 The entire k inet ic

model was used fo r  the calculat ions wi th the comprehensive model (RESALE)

presented in this report . Onl y the appropriate reactions and rate coeff icients

w e r e  used in the simple model .
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APPENDIX B

The Voig t  p ro f i l e  at line cen te r  is g iven by 9

- 1/2  2
ø ( v , J)  = (

~~
) e~ [1~~e r f ( y) ] / ~~~ p(V~ J) , ( B 1)

whe re

y ( ln Z) h / Z  
~ LR DP~~~’~~ 

. ( B 2)

The Dopp ler  half -hai l  width is

/2 ~ N kT in~\
h / 2

= ~~~~~~ A ) ~~ 
w ( v , J) 

, ( B 3 )

and the Loren tz  ha l f-ha l f  width is

~ LR 
_

~~~~~~~~ [N .J RT 112 W~~~ a . [N . J / p  , (B4)

where  p is the dens i ty , W ’ is the molecu la r  we igh t  of HF , and W is the

mo lecula r weig ht of the total mixture .  Onl y b i l l ia rd-ba l l  co llisions have been

included in Eq. (84).
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THE IV AN A ,  GETTING LABORATORIES

The Labo ra t o r v  Op e r a t i o n s  of The A e r o s p a c e  C o r p o r a t i o n  is conducting

ex per i menta l  and theore t i ca l  i nves t iga t ions  n e c e s s a r y  or the evaluation and

app l icat ion of sc i en t i f i c  advances t o  new mil itary concepts and sys tems , \‘ er  -

sat i l i t y ard f lex i b i l i t y  has -c been deve l oped to a hig h dey ree by the labora tory

personn e l  in deali ng w ith the many problems en c , i i r i t , - r i - i l  in the nation ’ s rapid l y

developing space and miss i le  s y s t e m s , E x p e r t i s e  in the l a tes t  sc i en t i f i c dev el -

o pments is v i ta l  to the acco n: p l i  s hn-ient of t a s k s  re lated to t h e s e  problems,  The

labora to r ies  that ont r i bute t i  t h i s  r e s e a r c h  a re :

Aerop h y s i c s  l abora t o r y: Launch and r e e n t r y  aer od ynamics , heat  t r a ns .
fec , r e e n t r y  p h y s i c s , c hemical I- i n e t i c s . s i ruc tu ra l  , ,o ’ c ha nic s . f l ig ht dynamic s ,
atmos phe n c  pol lut ion , and hig h- power gas 1,-i s e r s .

Chemi a i r y  and Ph y s i c s  La b o r a t o r y :  A t mo s p her i<  r , - a r t ~ on s and atmos-
p her ic upt i - c h e m i c a l reac t i ons  in polluted at n : i sp h.- res , c hemical reac t ions
of e x c i t e d sp i- es in rocket  plumes , c hemical thern ,ods ’ ,: an :i i - s - plasma and
lase r - i nduced  r e a c t i o n s , l ase r  , h,-,i:i s t r y .  p ropu ls ion  ~~~~t ! : i  St  ry ,  s pace vacu , lni
an d radiati ,,n e f f e c t s  on ma te r i a l s . l ubr i i -at ion an d no r - i- p heno mena , p hoto-
s e n s i t i v e  mater ia ls and s e n s o r s , h i g h Pr ” ’  on l a s e r  r a ng in g ,  and the app l: -
ca t ion  o f p h y s i c s  and i- hemi s t r y  t i  nr, bl,-in’ of lass en fo r - ,-n , -n t and b iomed ic ine ,

E l e c t r o n i c s  Re s e a r c h  La b o r a to ry :  l- 1s- ,- t r , n ,sc i - - c  the  , r v , d e v i c e s , and
propaga t ion  phenome na , i n c l u din g p lasma i- l i ’  I r o i n a d n et i c  s - quantum e l e c t r o n i c s ,
l a s e r s , an d e lec t  r i ’- p t i  ii - comn- i unicat ion s c i e n c e s . app l - ed e l , c t  ro n ,,  s , semi -

• conduct ing,  su per u n d o ,  t u r i g ,  and c r y s t a l  h-- . c’ phv ’ i  v s . op t ica l  and a c o u s t i c a l
imaging ; atmos pher ic  pol lut ion; mi l l imeter Sa c , -  and f a r - i n f r a r e d  technology.

Mate r ia l s  S c i e n c e s  Laboratory :  Deve lop tn ent of new mater ia ls ;  metal
mat r i x  com pos i t es  and new form s of carbo n;  tes t  and i’ , a luat ion of grap hife
an d c e r a m i c s  in r e e n t r y  - s pacec ra f t  ma te r ia l s  and e l , ’  t T in, components  in
ni,  1 , - a r  w eap o ns ens- i ro nment - app l icat ion of f r a c t u r e  mechan ics  to s t r e s s  cor-
ros ion  and f a t i gs ie  - induced f r a ,  t i ,  r , ’ s  in s t r u c t u r a l  meta ls ,

~n~~~e~~ Cic nce s  La borator y : At niosp he n c  and ionospher ic  phy s i c s , rad ia-
tion Iron , the atmosp here , d e n s i t y  and composit ion of the atn osp he re . a u ro r ae
and ,s i rg l , - a  ; r t : a g neto s p her i c  p h y s i c s , c onr , i ic  rays , gene ra t i on  an d propagat ion
of p las ma a av i s in t he m a g n e to r ~~h e r e ;  so lar ph y s i c s , stu d ies  of solar magnet ic
fie lds;  space , i s t  ri n- i r ny, a —  r i s  i - ,  r n - n w :  t he e f f e c t s  - -1  nuclear ex p los ions .
m i s - n i- t i c  sh , r , , , s . a,, d so lar  i t i ,  t v  (in the e a r t h ’ s a t m - p i e rs ’ , ionosp her ~ - an,l
n a t ’ n e t osphe re ;  the i- t I , ’  t n ’  I op t i c a l , e lec t romagne t o  . and par t icu l a te  rad ia-
l: ‘ F in  in s pa  - e on s pace s , -st , -n :5 ,
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