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SUMMAR~Y

_ _ _ _ _  ~~~~
The results  of a survey of p r e s s u re  broadening data in the l i teratu re

pertaining to species present in the l-12-F2 
chemical laser are presented.

The HF pressure broadened linewidths are shown to have strong dependences

on the vibrational and rotational quantum numbers as well as on the nature of

the species that serve as diluent in the gas mixture.

Results of calculations from the H 2 + F2 laser code SPIKE, which in-

cluded a detailed model for  l ine-broadening,  indicate that the i n c o r p or a t i c n

of the detailed v , J and species dependenc e is important  for  achieving accu-

rate predict ions of laser per formance .  In addition to si gni f icant  e f f e c t s

on tota l laser ener gy (inc reases or decreases , depen ding on species present ’~,

the detailed broadening model predicts  a larger  f ract ion of the outpu t to be

in the higher  rotational transit ions , and a longe r pulse du ra t ion.

The recent experimental  results  of Kwok , Cohen , and Wilk ins  {681 (or

the V-dependence of the HF-HF V -. R,  T react ion are  considered f rom the

viewpoint of its effect  on laser per formance , bo th as a sing le-quantum and a

multiquanturn process . Because of the large scaling facto r , the inu lt i q u a n tu m

process is deemed more likel y. It also y ie lds be t ter  model agreement  wi th

expe ri me n t s .

Comparisons of SPIKE p r e d i c t i o n s  of pulse length and pulse  e n e r g y

with three recent independent  expe r imen t s  over a broad r ange  of ope ra t ing

condi t ions show general l y good a g r ee m e n t .
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I. INTRODUCTION

Interest in the potential of pulsed HF lasers , pumped by the H2 
+ F2

chain reaction , to de liver large  spec i f ic  power densi t ies  has motivated the

development of several  theoret ica l  models for  the predic t ion of laser per-

formance [1 ]- [6J .  However , th ese h ave h ad only limited success in the ir

predict ion of actual experimental r e su l t s .  Where model calculations of the

H2 -F 2 laser have been compared with experimental  data , some have showit

fa i r l y good agreement in the prediction of pulse shape [4]-[6] . In general ,

however , predict ions of laser  energy over broad ranges of operat ing condi-

tions have not sh own g ood ag reement . Fur thermore , substantial  discrep-

ancies remain be tween p r edic t ed an d m easu red  spec t ra l conte nt of the l ase r

output.

Pulsed HF lasers  typically operate at cavity p re s su res  of ~~50 t o r r ,

where linewidths are  dominated by p r e s s u r e  broaden ing .  This b roaden ing

varies  widely with the t rans i t ions  and the na ture  of the p er t u r b i n g  spec i e s .

The above models all assumed p re s su re -b roadened  l inewidths by f orei g r’

molecules to be independent of 3, the rotational quantum number  of the ran-

sitions . The foreign-gas-broadened l inewidth s typica lly used in [ iJ - [s ]  were

obtained from calculat ions based on b i l l i a rd -ba l l - l i ke  in terac t ions . These

linewidths included no dependence on 3 and made no d is tinc t ions  in the

ident i t ies  of the per tu rb ing molecules . We show here  that these nurn-

be r s , in some cases , varied by several hu ndred percen t  from the experi-

mentall y measured values . The l inewidths used in [6] accounted for  the

-9-
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dis t inc t  co l l i s ion  p a r t n e r s  and we re  obtained f r o m  the ca lcula t ions  of

Spellicy et al. [7 J . For s imp licity in the model ca lcula t ions , however , t hese

linewidths  we re  av e r a g e d  over  all Js and were  assumed to be the same

for  all t r a n s i t i o n s .  In addi t ion , se lf -broadening was no t t reated se parate ly,

as was done in [i J - [ 5J , but was also included in this average  l inewidth .

Resonant  s e l f -b roadened  linewidths of the HF molecules used  in the

laser  models of [ 1]_ [ 5 ]  were  calculated f rom the r e s o n a n t - d i pole b i l l i ar d -

ball model ( R D B B M )  [8], [9], which is in excel lent  ag reement  with  exper i-

mental  values in the 1-0 band . In the hi gher  v ib ra t iona l  level t r a n s i t i o n s ,

as will be seen , this model fails to account fo r  the very  im por tan t  resonan t

in te rac t ions  with the g round  level (v = 0) molecules , and the pred ic ted  l ine-

width could be off by seve ral hundred percent  in some cases.

Whereas  the major  impetus for  the p resen t  work stemmed f rom the

study of the pulsed HF laser , much of the resul t ing data may be s i g n i f i c a n t

in the study of the cw HF laser  also. The ori ginal cw laser m easureme n ts

were made at p ressures  of -‘..5 t o r r , where  p r e s s u r e  b roaden ing  is not im-

portant. Recent cw experiments , however , have involved cavity p r e s s u r e s

in excess of 20 Torr  [10]. In this reg ime , both Dopp ler and pre s su re  broad-

ening are  genera l ly preva len t . Several computer  models for  the  cw HF

laser have been developed [1], [2], [ 1 1 J - [ 19 J ;  but these models have e i t h e r

neg lected p r e s s u r e  broadening en t i r e ly or t r ea ted  it in the same manner

as was done in [ 1 J - [6 1.

- I 0-
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In the p r e s e n t  work , a s u r v e y  of a v a i l a b le  d a t a  fo r  L o r e n t z  b ro a c l en ing

pa ra me ter s  of i n t e re s t  to the model ing  of the 112 F , ch e n n c , I l  l a ser  was

pe rf o r me d . Gra phic r ep re sen t a t i ons  of the r e l e v a n t  e x per i m e n t a l  da t a  found

in the l i t e r a t u r e  are  p resen ted . For those cases w h e r e  such data  w er e  n O

f ound , ava ilable t heo re t i c a l  values ar e  shown.  Col l is ion b r o a d e n i n g  in t h e

HF chemical  laser  has been reviewed b y Emanuel  [20], who i n d i c a t e d  t he

n e c e s s i t y  fo r  inc lus ion  of addit ional  b roaden ing  da ta in the  e x i s t i n g  la s e r

mode l s , and b y M er e d i t h  [zi ] - [ 2 3 j ,  who c alculated the HF resonan t  s e l f -

broadened l in e w i d t h s  used in the p r e s e n t  model . The p r e s e n t  work  is ,

in pa r t , an ex te~is ion of these  p r io r  s tudies  and draws ex tens ive l y f r o m

them . In addition to assembl ing  these  line -b roadening data , a p r i m a r y

ob ject ive in this paper is to assess  the impor t ance  of i nco rpora t i ng  th is

detailed info rmation in the simulation of the HF laser . It is shown

that the specif ic  i n f o r m a t i o n  r e g a r d i n g  the v and J dependence  of the broad-

en ing c r o s s  sec t io ns , and the d i s t inguish ing  br oadening c h a r a c t e r i s t i c s  of

various species in the gas , mus t  be included in t heore t i ca l  ca lcu la t ions  in

o rder  to achieve good agreement  with exper iments , bo th in the p r e d i c t i o n

of total ene rgy  and in the  d i sc r imina t ion  of spec t ra l  content .

In addit ion to the revis ion of the Lorentz  b roa den ing  func t i ons , r e c e n t

exper imenta l  resul ts  of Kwok and Cohen [24 1’ for  the v -dependence  of the

se l f -deact ivat ion rate of HF w e r e  i n c or p o r a t e d  in the p r e s e n t  model .  Cal-

cu lations made with the  revised model we re  then conip a re d W I t h  expe r i m e n t a l

measurements  f rom several  sources .

- I I  - 
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II. BROADENING THEORY

A b r i e f  s u m m ar y  of the theoret ica l  back ground for p r e s s u r e  b r o a d e n in g

is given in this section . Many detailed treatments for various aspects of

this topic have been repor ted  (see [25],  fo r  example).

For a fundamental  t rans it ion  (v + 1 , 3 )  — (v , the  f r e q u e n c y  is

given by

E - Eu 1
‘~vm 

- 
hc

~~ ± ( B  + B ) m + ( B  - B  ) m 2
V V v+1 v

+ 2(D + D  ) m3 +(D - D  )m
4 

(1)
v v+1 V v+1

where m J for a R-branch transition , and m = -J for a P-branch transi-
u 1

tion. B and D are  rotational cons tants .  Measured  values of these con-
U V

stants f o r  HF a r e  g iven in [26].

‘rhe Lorentz (or pressure) broadened half-width is

~~~~~~~~~~~~~~ 
a~ (2)

Jp P p

w h e r e

densi ty  o f pe r tu rb i ng molecules

= mean relat ive col l is ion v e l o c i t y

~~~~~~ .~i ,
~~~~~~~~~~~~~~
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P j  = population d is t r ibu t ion  of p e r t u r b i n g  molecule s r o t i t i o n a l
p

states

collision cross section of each rotational state .1 of the
J p 

p

pe r turbing molecule.

The sum is taken over the rotational states of the p e r t u r b i n g  molecule J~~.

Typically, the pertu rbing species are in rotational equi l ibr ium and ,

thus , have a population dis t r ibut ion given by

(2J + 1) exp(-E3 /k T )

= 

~ (2J + 1) exp (-E 3 / k T)  
( 3 )

p p p

In the  case of the HF chemical laser , however , the rotational equi li b r i u m

assumption may not be valid [5], [14~, [15], [27 1. For condit ions of hi ghl y

non-Boltzmann rotational distributions , the c ross sections a 1 in (2) wou ld
p

be weig hted very  d i f ferent ly than in the case of rotational equi l ibr ium . The

resu lt is an al tered value for  ‘~ and a di ff e r e n t  optica l gain coef f i c ien t  for

the corresponding laser t ransition . Such behavior  may have a si gn i f i can t

effect on predicted laser performance and is the subject of another stud y.

A theory was developed by Anderson [281 in 1949, and subsequently

amplified by Tsao and Curnu t t e  [29] in 1954 , for  calcu lat ion of the c ross

section . This theory resulted from detailed quantum mechanical calcu-

lations of the probabilities of nonradiative transiti ons induced by the combined

effects of all the intermolecular forces in the .~y st en~, c o n s i s t i n g  of t h e  r a d i at in g

— 1 ~1 —
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molecu les  and the pe r tu r b i n g  molecules . Many ca lcu lat ions  f o r  the  b r o a d e n i n g

of ur and 1-Id have been repor tet i  in which  th is  t h e o r y  was app lied . These

ca lculations used var ious  fo rms  of approximat ions  for  t he  i n t e r a c t i o n  poten-

tial and the collision trajectories [21], [30]-[33]. As pointed out b y M ered i t h ,

the A n d e r so n  theory  has shown gene rall y good agreement  with exper imenta l

r e s u l t s  for  s i tua t ions  in which long-  range dipole-dipole forces are dominant,

as is the case for much of HF self broadening [21J- [23]. For conditions in-

volvi ng close collisions , however , where  s h o r t - r a n ge  fo rces  become impor-

tant , th is  th eory is les s satisfactory [34]_ [36]. In [21]—[23] the Fiutak-

Kranendonk [37], [38] approximation was used together with the Anderson

theory to treat close collisions w ith some success. HF linewidth s

broadened by H2 
and N

2 
calculated with this modified theory showed reason-

able a greement  with exper imenta l  resul ts , esp ecially f or m ~ 6 (within ~-‘30~~,

much less for  lower values of m) .  However , HF’ linewidths broadened by

D2 and CO 2. calculated with the same approximation, re mained in poor

agreement with experiment .

Among other theor ies  [39J - [44 J that diffe r in bas ic  approach  f r o m  the

Anderson  the o ry  and have been tes ted  aga ins t  exper imenta l  data for  colli-

s ions  not dom inated b y long - range  di po le -d i pole f o r c e s , the mo st ex t e n s i v e

comparisons were made by Tipp ing and Herman [42], [43] for ITC1 lines

and , more recently, by Jarecki and l ler m a n  [44 1 fo r  h F  l i nes .  T h e ir  t r e a t -

mer its  inc luded deta i led  approx ima t ions  of the i n t er m o l ec u l a r po ten t i a l  and

c o l l i s i o n  trajecto r i e s  and ve loc i t i e s  and ~ cr c  c ar r i e d  out  u s i n g  the  K o i b —

Gricin-Baranger theory ~~ [46] as compared  wi th  the p e r t u r b a t i o n  t e c h n i que

~~~~~~~~~~~~~~~~~~ ~~~~~~~~ - -. 
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used in the Anderson theo ry .  The ca lculated l inewidths  of [42 ] fo r  I L C I

broade ned b y ra re  gases , and of [4 4 1 for  h F  broadened b y r a r e  gases , w e r e

gene rally in good agreement  with  expe r imen t . The p red ic t ions  for  most

lines in the fundamental band fell within 25~ of the corresponding typical

experimental values and showed approximately the same type of dependence

on the rotational quantum number as that observed in expe r imen t s .  These

calculations , however , are limited to broadening b y r a r e  gases onl y and

j cannot be app lied to diatomics such as H2, F2 and N2, which are of interest

in the present work . Com parisons of calculated line b roaden ing  with experi-

mental values were als o made [39] for a few selected lines of lid , CO , and

OCS broadened  b y He and Ar . These also showed good ag reemen t  (within

20% for  the cases shown),  but no compar i sons  were made for  b roaden ing  b y

diatomics.

From the above disc uss ion , it appears that the Anderson  theory  may

be use d with some confidence for p red ic t ing  HF self b roaden ing .  It also

appears  that a theory s imi la r  to that  of f 9  or [44] may be used for  fo re i gn

broadening of HF by rare gases. However, for I-IF lines broadened by

several other species present in the typical HF laser medium , such  as F),

F, and II, no accurate theore t ica l  predic t ions  have yet been obtained .

— I t~ — 
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III. P R~~~-~ ;U R F .— BR OA l) EN E l )  l I E ’  L I N I : w I I ) u I s

A. h F  SELF BROADENING

A c o n s i d e r a b l e  bod y of ex p e r i m e n t a l  da ta  e x i st s  c o n c e r n i n g  the  shapes

and widths of s e l f - br o a d e n e d  l ines  in  the 1-0  band of h F  [~~i I , [47 ] - [5i  ]. A

g rap hic summary  of the m e a s ur e d  values  of HF h i n e w i d t h s  is g iven in Fi g. 1.

In the p resen t  notat ion , ~ is the  ha l f  h i n e w id t h  at half  m a x i m u m  in u n i t s  of

1 / c m - a tm . The v er t i c a l  ba r s  r e p r e s e n t  the s c a t t e r  in the data f r o m  f ive

independen t  e x p e r i m e n t s  [3 11,  [47 J - [so J  ove r a wide range of pressures

( 2 1 .  5 Torr to -~ 5 atm) and at ~100 °C; the  t e m p e r a t u r e s  w e r e  not g iven  in [ 4 7 ]

and [501, hut  are presumed here to be >70°C since HF’ b e c o me s  hi g hl y p o iy -

merized at lower temperatures [~ i J , [-is]. Althoug h the half-width ‘~ fo r  I l l ”

self b r o a d e n i n g  is be l i eved  to have a non l inear  r e l a t i onsh ip  wi th  p r e s s ur e

[21 1— [ ~ ~, t hese e x p e r i m e n t a l  data  show t h a t , w i t h i n  the  p r e s s u r e  r a n g e s

co nside red ( 0 . 0 3  to 5 a t m ) , the nonlin ear e t t e c t . is not l a r g e  and may  be

igno re d for  the pu rposes of this stud y.

As discussed in [21 I — [
~~~~~ 

I,  [5~ I , and [5~ 1, t h e  v a r i a t i o n  of the linew icith

with  t empe ra t u r e  is comp lex , and no conclusive experimental data for th is

r e l a t ionsh ip  are available. The t e i np e  ra tu  cc d e pen d e n ce  u s e d  in the  p re  s e n t

w o r k  f o r  1fF  se l f  b r o a d e n i n g  c o n s i st s  of f u n c t i o n a l  f i t s  t o  c a l c u l a t i o n s  b as e d

on the  A n d e r s o n  t h e o r y  completed  b~ N i t ’  r e d i t h  et il . 
~~~~ 

1 j — [  Z~~] at s e v e r a l

teinpe ratures .
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Figure  1 also shows the theore t i ca l  values for  ‘y (1-IF 1-0 band)  p rev ious l y

use d in the chemica l  l ase r  models of this l abora tory ,  inc ludin g RESALE [2] .

The agreement between the theoretical values and the experimental data is

see n to be excellent . These theoret ical  values were  derived f rom the R D B B M

of Benedict  et al. [8 ], [9], which is a special ized ve rs io n of t h e An d e r s on

theory.  This model , however , fails when applied to upper v ibra t iona l  level

transitions , as shown in the following discussion .

No expe rimental measurements of HF se l f -broadened linewidths have

been made for the uppe r vibrational level ~~v I t r ans i t i ons , i . e . ,  for  the

bands 1 — 2 , 2 3 , 3 — 4, ~~~~ , However , calculations have been p e r f o r m e d

by Meredith et al. [2 1]-[23J ,  based on the Anderson  theory ,  for  these t ransi-

tions up to the 4 — 5 band . These computations were  ca r r i ed  out at 300 , 600

and 900 K. No distinction was made between the P and R branches  in these

calculations ; experimental  measurements have shown that  d i f f e rences  between

the b ranches  are  general l y not significant . Thei r  resul ts  a r e  presented  as

sets of coef f ic ien ts  resulting from leas t -squares  f i t s  to the calculated resul ts

of the l inear combination of exponential function s (5):

- m/4  -r n/ 4  2 - m/2  -rn 2 / 8y ( r n ) = c
1

f c 2 e + c 3 m e  + c 4 m e + c 5 m e

(5 )
2 -r r i ’~/ 16 -m 2 / 8+ c 6

m e +c 7 e

Self-broadened linewidths for  the h F  ( 0 - 1 )  band ca lcu la ted  f r o m  t h e s e

coe f f i c i en t s  a re  also plotted in Fig. 1. The p r e d i c t i o n s  a pp e a r  to be in s a t i s -

f ac to ry  agreement  with exper iment . S imi la r l y ca lcu la ted  va lues  f o r  t h e  

-~~ -- - - . ,--~~~..—---— -- -- .. - - -“---- .- _ __
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Fi g. 1 . Expe r i mn e n t a l  and t h e o r e t i c a l  v a l u e s  for  lIF s e l f — b  roadened
l inewid t hs :  ( 0 - I )  band . Exper imen ta l  data are  from [31],
[4 7]_ [  so]. 
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1

hig he r vibrationa l level ~~v I t r a n s i t i o n s , at two t e m p er a t u r e s , a r e  shown

i n Fig s• 2 afl(1 3 , along w i t h  the  v a l ue s  presentl y u s ed  in l i s t ’  r m o d e lin g ,  ca l-

cu l a t ed  f ro m  the RD B B M  model . Because  of t he  small upper v ~b rational level

population at equ i l i b r ium , the r e s o n a n t -d i pole co n t r i b u t i o n  be came neg li g ib l e

in t he R D B B M  fo rmula t i on , which does not account  fo r  the  r e s onan t  in ter -

action with la rge  ground-s ta te  (v = 0) populat ion.  Thus , onl y the ha rd  sp h e r e ,

billia rd—ball interaction is evident in this model. it is  c lear , f rom  the mu re

comple te ca lcula t ion  of Mered i th  et al .  [2 i  ]-[2 
~~~~
, t ha t  t h i s  g r o u n d— s t a t e  reso-

nanc e is qu i t e  apprec i ab l e .  It is t h e r e f o r e  c o ns i d e r e d  in the pre sen t  l a s e r

calculations.

The exper iments  th a t  dete rmined the l inewid ths  of s e l f - br o a d e n e d  h F

were  c a r r i e d  out w i th  the samp le [ IF gas at t h e  rmod yr iam i  c equi li b r i u m ,

when almost  all the HF is in the g r o u n d —  v i br a t i on a l  s ta te . Thu s, the pres-

sure broadening measured was essentiall y t h e  r e su l t  of co l l i s i ons  wi th  I I F ( O )

only. In the h F  chemical laser , h o w e ver , s i g n i f i c a n t  f r a c t i o n s  of t h e  l I E ’

population are expected to be found in t h e  upper  v i b r a t i o n a l  s t a t e s . B e c a u s e

experimental broadening data fo r h F  pe r tu r b ed b y l I P molecu les  in the

vibrationall y excited states are not available , one is forced again t o  dep end

ent i r e ly on calculated values, as was ne cc s sa my in  t h e  c i s c  of upper

vib rational level ~~v I transitions. R e s u l t s  of these ci l cul at ions f o r  t h e

cases of LIP broadened by I{F’( 1) and [[F(2) can be foun d i n  [ 2 1  ] - [ 2  an d  .~

plotted here in Fig. 4.
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Fi g. 3 . C o l l i s i o n  b r o a d e n i n g  of I I F ( v  v — 1)  l i n e s  by I I F ( O ) ,
at F .

~ 600 K . T he s e  c u r ve s  w e r e  c d l c t I I J , t e ( I  b a se d
on the c o e f f i c i e n t s  g iven in [21  I .
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‘i hese  c u r v e s  were  ca lcu la t ed  based  on the  c o e f f i c i e n t s
g i ven  in [ 2 1] .
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B. F O RE I G N  GAS I3R OAI )EN IN G OF h F

The s t r e n g t h  and r e l a t i v el y w i d e  s e p a r a t io n  of the h F  s p e c tr a l  l i n e s

m a k e  the  molecule  well  s ui t e d  to t h e  s t u dy  of sp e c t r a l  l ine  s ha p e s  [49 J .

A ccording ly, a f a i r l y l a rge  q u a nt i t y  of e x p er i m e n t a l  [2 1 ]- {2 1’ [32 1,  [4~ 1,

[54 l - [ 5 8 1  and t h e or e t i c a l  [7 1, [2 1 l- [2  I~ [~~0j - [ ~~2 I, [59 ]-[~ 2 da ta  a r e  avail-

able for  the  linewidths  of f o r e i g n_ g a s_ b r o a d e n ed  HF f o r  a v a r i e t y  of

pe r t ur b i n g  species .

In the  case  of co l l i s ions  domina ted  by di pole —dipol e  f o r c e s , the p r i ma  ry

p a r a me t e r  that  g o v er n s  the  d e gr e e  of r e sonance  and , hence , the  b r o a d e n i n g

is the ro ta t iona l  c o n s t a n t  B - For I -IF , the  va lues  of B at v = 0 and v = 1 a r e
V V

quite  c lose (see Table I ) ;  thus , the  linewid ths  of the  p ur e - r o t a t i o n a l  band ( 0 - 0 )

and the fundamenta l  band ( 0 - 1 )  a r e  expected to be s i m i l a r .  This is i l l u s t r a t e d

in Fig. 5 for  I -IF -HF self b roaden ing :  F ig .  (a )  is ca lculated f r o m  the

A n d e r s o n  theo ry  and is t aken  f r o m  Mered i th  et a l .  [21 1.  It compares the

[IF s e l f— b r o a d e n e d  linewid ths  as a f u n c t io n  of the ro ta tiona l  quan tum o w n —

be r m f o r  the p ur e  - ro ta t ion  band and s e v e r a l  ove r tone  b a nd s .  Fig.  5(b )

shows a s i m i l a r  c om p a r i s o n  of the e x p e r i m e n ta l l y m e a s u r ed  h inewid ths  ( f r o m

[~~I j ) fo r the pure-rotation and fundamental bands. The s i m il a r i ty  of t h e  ( 0 - 0 )

band and ( 0 - 1 )  band l inewidth s is evident  in both fi g ur e s .

In cases where interrnolecula ~ inte  r ac t i o n s  a r e  not d om i n a t e d  by d ipo le -

di pole f o r c e s , the s i m i l ar i t y  of I i n e w idt h s  f or  the  ( 0 — 0 )  and  (0— 1) b a n d s  u s u a l l y

s t i ll ex i s t s .  F igu  re t~ shows the expe r i r n e n ta  1 da t  a t a k e n  f r o m  [c4 1— [5b 1 to r

l I E’ ( 0 - i )  and h F  (0 -0 )  bands b r o a d e n e d  by a r g o n .  I’he f u n d a m e n t a l  b an d  d a t a

and t h e  p u r e — r o t a t i o n  b an d  data  .1 re con ~pa ca b le .

— 2 1 -
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l al) le r. i l o t a t i o na l  c o n s t a n t s  fo r  the 1fF  m o l e c u l e  [26 I .

v B , cm t

0 20 . 55Q 6

1 1 9 . 7872

2 1 9 . 0 - 2 8

3 18. 2~ 95

4 l7 .~~829

5 16 . 87 92

6 16. 1895
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Fi g. 6. Coll is ion b roaden ing  of ( 0 - 0 )  and ( 0 _ i )  b an d s  of l I E ’  by  A r .
Exper imenta l  data are f r o m  [5 4] - [ 56J .
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Because of th is  an t i c i pated s i m i l ar i t y ,  where  exper imen ta l  data f o r  ~he

( 0 - 1 )  band are  not ava i l ab le , the  c o r r e s p o n d i n g  p u r e -  ro ta t iona l  band da ta  a Fe

pr e s e n t e d  ins tead . Th i s  is the  case f o r  I-IF b roadened  by N 2 ,  H 2 , and l i e .

Line b roaden ing  c>f the p u r e - r o t a t i o n a l  band of 1-IF , in co l l i s ions  wi th  N~~, I I ,,

and l ie , a re  re ported in [3 Z J  and [56]  and a r e  sh own in Fi g. 7. Only one da ta

point is available for  the He case (atm 1) ; however , because of the small

mass of the He atom and its s y m m e t r y ,  it  is expected t hat  onl y smal l  d i f f e r-

erices wil l be seen at l a r g e r  values of m . This supposit ion is suppor ted  by

observat ions of HC 1 and CO b roadened  b y I-i c [631, [64] ,  whe re  the l i ncw i d t h s

displayed onl y m i n o r  var ia t ions  with the  v a l u e  of i i .

N e i t h e r  expe r imen ta l  data nor ca lcu la ted  values are  available on pres-

s u r e  b roaden ing of HF lines with F 2 as the perturbing molecule: therefore ,

the data for Cl
2 as the pe r tu rb ing  molecule [58] are  p r e sen t ed  in Fi g. 8 to

i l lus t ra te  the possible  pat tern and to provide  a f i r s t  o r d e r  es t imate  of the HF

l inewid th  as broadened b y F 2.

Unl ike  I -IF self b roaden ing ,  fo re i g n - g a s  -b r o a d e n e d  h F  l i n e s  w e r e  shown

in [21 [-[2 ~J to have the expected linear dependence on pressure . h owever ,

l i ke  the h F  s e l f - b r o a d e n i n g  case , the tem p e r a t u r e  dependence  is i nc or  - l t u s i v c .

No exper imenta l  data pe r ta in ing  to t e m p e r a t u r e  dependence  were  found ( l u r i n g

this study. Of the theoretical work [3 9 f ,  [42 [ - [ 44j  t ha t  showed r e a s o n a b l y

good ag reemeni. with experimental data in t he  p r e d i c t i o n  of f o r e i g n - g a s  -

broadened  l inewidths , onl y [39]  d i s c u s s e d  t e m p e r a t u r e  d e p e n d e n c e .  For  a l l

cases conside red in [~ 9 1’ t he b r o a d e n i n g  cross  s e c t i o n s  showed V ( ’  cv s low

inc rease with temperature , i.e.
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Fig. 7. Foreign gas broadening of the pure-rotati onal band of HF .
Experimental data are from [32], [55), [so].
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(6)

Until more information becomes available , an appropriate approximation ,

consistent with the slow variation of cross sections with t e m p e r a t u r e , may

be obtained by assuming a ha rd - sphere  coll ision model

(7)

where n and ~ are perturbing molecule density and mean relative collision

ve locity , res pectively, as defined in Section II. At p re s su re  p

1n
~~~T (8)

and

v~~ (9 )

t h e r e f o r e , t he re lat ion becomes

V (10)

Thus , at cons tant  p r e s s u r e , b road  lines a re  genera l ly expected  to become

narrowe r as t e m p e r a t u r e  increases .  On the o ther  hand , a t con s t an t  n u m b e r

dens ity ,  as is the ease d u r i ng  operation of most pulsed l ase rs , i t is ex pected

that linewidths will increase with temperature.

-32-
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C. PRESSURE-BROADENING DATA INCORPORATE’!) EN

THE h F  LASER MODEL

Because of incomplete experimental  data and the apparent success of

the Anderson theory , HF se l f -b roadened  linewidths are  modeled with the

calculated coefficients of [21I- [231 and (5). The calculations of [21]-[2 ~ 
were

carried out at 300, 600, and 900 K;  hence , t he t e m p er a t u r e  dependence in the

model is obtained by in te rpola t ing between the r e su l t s  at t he se  t h r e e  t e m pe r a -

tures. For foreign gas broadening of HF , the ex p e r i m e n t a l  data of Fi gs .  o -$

are used directl y; here, the h a r d - s phe re  t e m p e r a t u r e  dependence  is  used .

Dat a for p re s su re  broadening c ross  sect ions at l arge  values of m are ra re

and are assumed to be constants  equal to the cross  sect ions of the  l a r g e s t

rn ’s ( typ icall y rn 5) fo r  which data are  available . Because  of a
largest

simila r lack of experimental  data , f o r e ign  gas  b r oaden ing  of the upper  v i b r a -

t ional  band transitions is a s sumed  to be the  same as fo r  the (0- 1) band . The

model assumes the p r e s s u r e  dependence to be l inear  for  both f o re i g n -  and

self-broadened linewidths and makes  no d i s t i n c t i o n  be tween  the P and R

branche s.

- 3 3 .
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IV . LASER M OD E L  WITH DETAILED B 1~OADEN IN G

The gain coefficient ~~‘, in uni ts  of cm , is

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

B(v , J , m)

( 1 1 )
I Z J + 1

X 
~~~~ + 1 + 2m n . (v  -)- 1 , 3 + r n )  - n . ( v , J )

where v and 3 refer to the lower level quantum numbers of the laser transi-

t ion.  The wave number of the transition is W ( V , J ) ,  13(v , J )  is the E i n s t e i n

isotropic absorption coeff icient  based on i n t e n s i t y ,  and n. represents the

species concentrat ions of the upper  and lowe r rotat ional  popula t ions .  Onl y

Dopp ler and Lorentz  broadening, wh ic h are  used in t h e Voi gt p rofi le  
~c ’ a r e

considered in this formulation, The subscript c ind ica tes  that ~p is being

evaluated at line center, where the gain is at maximum. In the l imit of pu r e

Doppler broadening [2],

1/ 2

~c 
Doppler (lnZ/ur ) (Ia )

‘Y Dp

where is the Doppler half-half width . This  is the u s u a l  s i t u a t i o n  at t h e

low p r e s s u r e s  (~-~5 T o r r )  at which cw lasers  opera te .  At hi g h er p r e s s u r e s

(~~50 Torr), where pulsed lasers typically operate , pressure broadening is

most  im por tant . Here ,

Lorentz I

~V LR

-

L 
-___ 

a.~ ~~~~~~~~~~~~~~~ ~~~~~ - ~~ --- ..
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where VLR is the Lorentz half-half width . It is evident  f r o m  (11) throug h

(13) that , in the pure (Doppler or L or e n t z )  broadening reg imes

1- ( 1 4)

Thus, the unsaturated gain of the laser  medium decreases  as l inewidth

inc reases.

RESALE[2] is a well-known computer model that is currentl y in

wide use for the prediction of HF laser performance. It is a comprehens ive

rate equation computer simulation of the H
2-F2 chemical laser that incor-

porates up to 150 of the kinetic  reactions within the laser  medium , whic h is

assumed to be homogeneous and contained in a Fab ry -Per o t  optical cavi ty .

For each vibrational level within the active species , the rotational s ta tes

are  ass umed to be in equi l ibr ium at the t r ans l a ti ona l  t e m p e r a t u r e .  Lasing

on each vibrational band is taken to be at line cen te r  of the t r a n s i t i o n  hav in g

maximum gain. Once threshold is reached , gain is assumed to remain  con-

stant at the threshold leve l. When pump ing reac t ions  a re  no longer  able to

maintain the gain at threshold , lasing ceases . The present status of the

Lorentz linewidth parameters , as applied to the calculation of HF chemical

laser pe r formanc e with this code , c an be s u m m a r i z e d  as fo l lows :

1. Self broadening of HF 1-0 band t r a n s i t i o n  l ines  b y the I1 F ( 0 )

molecules is well modeled : howeve r, broadening of lines in

the higher bands (v -. v - 1 , v ? .D is not . Sp e c i f i c a l l y , the

reso nance in te rac tions  with  the h e a v i l y  popula ted  lower  v ib  c i  -

tional states are not adequately accounted f o r  in  such bands.

_ _ _ _ _ _ _
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In l a s e r  m i x t u r e s  c o n t a i n i n g  l a rge  c o n c e n t r a t i o n s  of r e a c t a n t s ,

this could cause  e r r o r s  in the d e t e r m i n a t io n  of h i n e w i d t h  and ,

subsequently, small-signal gain , by as much  as a facto r of ~ 4 in

some l ines .

2 . Th e same number  (ca lcu la ted  f r o m  billiard-ball-type interac -

tions ) is currently used to represent the foreign-gas-broadened

linewidth of all HF t r ans i t i ons . This  lack of s tr u c t u r e  in the

rotat ional  quan tum number  J and the lack of dependence on the

nature of the pertu rbing species is clearly unrealistic. The

l a rges t  e r r or  in t roduced  by this approximat ion  is a f a c t or  of

‘—10 (for He diluents). In laser mixtures of large diluent ratios ,

this translates to approximately the same propor t iona te  e r r o r

in small-signal gain.

The status delineated above also applies to the models of [I], [~ ] - { 5  j.

The linewidths used in the model of [61 do account for the differences between

the var ious  f o r e i g n - g a s - b roadening  species .  However , the  f o r e i g n - g a s -

broadeni ng c ross sections used were  t h e o r e t i c a l  and were  averaged  over

all  3 t r ans i t ions  for  computa t ional  s i m p l i c i t y .  M o r e o v e r , reso nant  self

b roaden in g was not t reated separa te l y,  as in [i 1-[~ 1, but. was i nc luded in

t he ave rage  linewidth .

In order to evaluate the effe ct of the  m o r e  deta i led l i n e - b r o a d e n i n g

parame t e r s  on the predicted HF l a se r  p e r f o r m a n c e . the  ca l cu l a t ed  h F  se l f -

b roaden in g linewidths  of Mered i th  [2 1] .  as wel l  as the ava i l ab le e xp e r i i i i e n t a l

data fo r b roaden ing  b y fo re i gn gases , were  i n c o r p o r a t e d  into the  mode l

Sh ’ 1 K I ~ . This  is a comprehensive model similar to R E S AL E ’  that  i n c o r p o r a t e s

- 
.
~ 7 -
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up to  198 k i n e t i c  r e a c t i o n s  and is capable  o~ p r e d i c t i n g  t r an s i c at s and

re laxa t ion  oscil lat ions within t he  l a s e r  cavity .  h i the r to , p r e s s ure  broad e~i-

ing was  modeled in SPIKE exactly as in R E S A L E .  A detai led desc r iption of

SP I K E ’  is g iven in [5].

A compar i son  of p r e d i c t i o n s  b y codes  in wh ich  the  new and old Lo ren t z -

b roaden ing  models  were  used is shown in Fi g. 9 and Tables II and Ill f o r  an

approximately atmospheric 19 cm hl~ - 1” , c ha i n  l a s e r . The c o n d i t i o n s

simulat&-cI h e re  a r e  f r o m  the e xp e r i men t s  of [65] ,  i n  w h i c h  ~ 0

F , and 3~~ H , reac tan t  composi t ion  w a s  u se d  w it h  37~~ A r  and ~4 l ie  as

d ilu en t s  f o r  the  balance of the gas m i x t u r e . The f i g u re  show s the c a l c u lat e d

laser output ene rgy  for  a typical range  of in i t i a t ion  l eve l s  obta ined  in t h e se

ex periments . As one would ex pect f rom the decreased  l i newid th , w h i c h

resul ted  from the new broadening pa raim~t er s , the p r ed i c t ed  l a se r  output

energ y shows a substant ia l  inc rease . The e f f e c t  is most  si g n i f i c a n t  nea r

‘ow leve l s  of initiation , w h e r e  small— si gna l  g a in s  do nut  r i s c .- m u c h  ab o ve

threshold , and laser performance is most sensitive to t h r e s h o l d  cond i t i ons .

A t s F/ F 2 ). = 0. 3~~, for example, the laser output e ne r g y  predicted by the

p r e sen t  model , with detailed b roaden ing ,  is 300~~ of that  p r e d i c te d  b y the

same model with use  of the old broadening parameters . T h i s  difference

between the predictions of the  two mode l s  becomes m u c h  l a r g e r  f o r  gas

mixtures with pure helium as diluent, as was done in the experiment s of [ t ~

and [66J.

1’he predicted spectral content s ef the  c a l c u l a t i o n s  m a d e  w i t h  t h e  t \ ~ o

Lu rentz—hroadening models a r e  compa red i n  l u l ) l e  s II .10(1 Ill . A l t h o u g h it  i s  

~~——.- - - - . - ~~~~~~~~ - ___
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GAS OOND IUONS CAV II~ L U N D I T I U N S
O F 2 3 H 2, 54 He 31 Ar [LB HL
P = 8(30 Tori 300 K L = 1 9 c m

100

SPIKE , W ITH DETAILED
BROADEN

LU
—

i.— - -

—

~~~~~~~~~~~~SHKL , ~~TH OLD
BHOA DLN~NG MODEL

c-ID

0 0.5 1.0 1.5 2.0

IF/ F 2 ) %

Fi g. 9 . C o m p a r i s o n  of lase r ou tput energ ies as p r e d i ct e d  b y
SPIKE , utilizing the present detailed broadening
model and the old broadening model , as  a f u nc t i o n
of the initia tion l e v e l .
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Table II. Distribution of laser energy among the ind iv idua l  t r a n s i t i o n s,
calculated with use  of the  improved  p r e s s u r e  b r o a d e n i n g  model ,
exp re s sed  in percent  of to ta l  output , a

V

3 0 1 2 4 5 6

3 0.01

4 0 . 31 0 . 24 0 .08  0 . 11 0 . 0 9  0 . 03 0 . 01

5 0. 54 0 . 8 5  0 . 7 8  1. 0-~ 2 . 21 2 . 55 0 . 10

6 1 .09  2 .0 3 2 . 38 3 . 1~ ~. 36 1. 31

7 2 . 60 4 . 31 4 . 51 3 . 5 0  2 . 41 0 .~~8

8 3 . 98  7 .90 4. 62 ~. 1 1  1 . 9 9  0 . 0 7

9 1 .94  9 . 1 8  5 . 11 1 .9 4 0. 42

10 0. 14 8 .07  3 . 6 7  0 . 35

11 3 .69  2 . 11

12 0 . 7 6  0. 48 
_________

Total 10.61 ~7.0 3 23.74 13 . 16 10 .48 4.S-1 0. 1 1

a
(v J) is the lowe r level of the t r a n s i t i o n .

- 40 -
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fable III. Distribution of laser energy among the i n d i v i d u a l
t r ans ition s, calc ula ted with u se of the old pres-
sure  broadening model , exp re s sed  in pe rcen t  of
total output , a

V

J 0 1 2 3 4 5 o

2 0.01

3 0 . 6 3  0. 42 0. 04 0 . 0 7  0 . 09 0 . 0 1

4 0 . 87 1. 17 0 8 0  0. 77 1. 32 1. 22

5 1 .81  3 . 0 7  3 .06  3 . 42 4. 57 2 . 09

6 3 . 00  5 . 72  5 . 7 2 4. 42 2 . 17 0 . 0 1

7 3 . 6 2  9 . 9 3 5. 41 2 . 68  0 . 9 5

8 1. 02 1 0 . 6 4  5 . 62 0 . 9 9

9 6 .95 3.16

10 1.64 0.88

11

12

Total 10.96 39• 54 24. 69 12 . 35 9, 10 3 . 33

a
(V J)  is the lower level of the t r a n s i t i o n .

- - 1 1 .
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expected that, because of such limiting approximations as rotational equilib-

rium assumed in these  calculat ions , t he resul t ing  p red ic t ions  cannot  accu-

ra te ly ref lec t  exper imenta l  measuremen t s, the compar i son  is still  ins t ruc-

t ive in delineating the t rends  obtained f r o m  changes in the l inewidth

formula tion within the laser model . As shown in the tab les , the incorpora -

tion of rotational structure has r e su l t ed  in a r e d i s t r i b u t i o n  of the predicted

laser out put e n e r g y  within each v ibra t iona l  band , f r o m  the lower  J to the

higher  J t r ans i t i ons .  F u r t h e r m o r e, b e c a u s e  t he se  hi g h J t ra nsit ions

dominate du r ing  the latter por t ion  of the laser pulse  due to the  i nc reased  gas

tempe ra tu re  (the gas t empera tu re  at pulse  t e r m i n a t i o n  fo r  the p re sen t  case

is ‘--900 K) ,  the l a rge r  gain  p red ic ted  fo r  these  t r a n s i t i o n s  by the de tailed

broaden in g model resul t s in an i nc rea sed  pulse  length .  For the present  case ,

pulse leng th is increased  25% f r o m  3 to 3. 75 ~sec.

The kinetic rate data used in the present calculations were essentiall y

those compiled by Cohen [673, with the excep t ion  o the  I-IF - HF V -
~~ 1’, R

reacti ons. Recent  experimental  data of Kwok and Cohen [241 and Kwok and

Wilkj~ s [68] for the self-deactivation reaction

k
HF ( v )  + M ~~~ HF(v ’) + M , M ~ - I I F ( v ) , v 0 , . . . , 8 , v 1< v (1 ~‘)

have resu l ted  in a rev ised  scheme f o r  the scaling of the rate c o e f f i c i e n t  k

wit h t he  v i b r a t i o n a l  quantum number v , The ra te  was  d e t e r m i n e d  f r o m  exper i -

men t s  p er f o r m e d  in a la rge  d i ame te r , m e d i u m  p r e s s u r e  f low tube  f a c i l i t y

and found to scale emp i ricolly as v
2’ ~~~

. It is not ye t  c1e~i r  w h a t  the

-4 2 -
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d e a c t i v a t i o n  mechan i sm is or  whe the r it is  a sing l e - q u a n t u ni  or mu l t i qu a nt u i n

process . Calculations w e r e  c a r r ied  out wi th  the  model  b y u s i n g  each  ~.ssump-

tion to compare the e ff e c t s  of s ing le- and rnult i quantum d e ac t i v a t i o n  on l a se r

p e r f o rm a n c e . Mul t iquan tum deac tiva t ion  was  m o d e led  with the assumption

tha t  the reac t ion  p ro c e e d s  wi th  equal p r o ba b i l i t y  t h r o u g h all c h a n n e l s  v~i th

a 1 and that the net deac t i va t i on  rate k of r e ac t i on  (15) scales according

2 . 3 -t o y  , i . e . ,

‘ 3k = k , = k X v ’ ’ ( 1 6 c . )
V / vv 1

V

/ /1 /
k / k ,, v , v < v ( lo b )

vV vv

One such  compar i son  is shown in Fi g. 10 , w h e r e  the  a s s u m p t i o n  of t he  m u l t i  -

quantum deactivation process decreased the l a s e r  outpu t  by >28~ c o m p a r e d

with the case with single-quantum deactivation . Most of t he  e n e r g y  lo ss

occurred in the second half of the la s er  pulse after t h e  h F  population had

reached  apprec iab le  va lues  ( the  to ta l  amount  of I-IF p r o d u c e d  at the  end (i f

the  pulse fo r  th i s  case is 5. 3% of the gas mixture i t h  48 of the  F’ co n-

si imed) .  The mul t iquan tum d ea c t i v a t i o n  a lso  r e s u l ted  in a r e du c t i o n  of the

pu l se  d ur a t i o n  b y —- 1 0%. F rom the m a g n i t u d e  of the  se l f- d e a c t i v a t i o n  ra te

c o e f f i c i e n t  s c a l i n g  fac to r , it a p p e a r s  that  th e mul t i q u an tu m  p r o c e s s  i s  mu i-~

l ik e l y  b e c a us e  it i m p l ies  a l a r g e r  n u m b e r  of t r a n s f e  r c h a n n e l s  f o r  deactiva i on

~ i th  i n c r e a s i n g  v , T h i s  pos s i b i l i t v  is  f u r t h e r  su b st a ot  i at c d  b y  the  f ac t  I h i t

~ i t h  t h e  i s  s ump t i on  of a mu lt i qu a  n tu m  c . l e a c . t i~ ci t  i o n  I n c  ( h i  01 s In , co up led \‘c c c Ii

__________________
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GAS COND IT ION L ’AV 1Y
6 F2 !3 H2 - 54 He 37 Ar R [) = 0.5 R = 0.9

= 800 iorr T~ = 300 K L = 100 cm
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Fi g. 10 . E f f e c t  of mul t i q u a n tum  d e a c t i v a t i o n
on p r e d i c t e d  l a se r  output
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the more  detailed L o r e n t z-b r o a d e n i n g  model , good a g r e e m e n t  be tween

predic ted  l ase r  output and exper imen ta l  r esu l t s  w a s  ob ta ined . The corn-

parison of model predictions with experimental data is discussed in Section V .

_ _ _ _  : - .
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V. COMPARISON OF MODEL PRE DIC’l’10N8 W I I H  E X P E R I M E NI

In this section , a comparison is presented of calculated laser

per~o r m anc e  with several  recent  exper imenta l  m e a s u r e m e n t s .  In all the

following calculations , the model a s sumes  the mul t i q u a n t u m  deac t iva t ion

mechanism foi the HF V -
~ R, T reaction and uses the detailed pressure-

broadening  model.

In Figs. 11 and 12, predicted pulse outputs are compared with two

independent exper iments. The exper imenta l  pulse  in Fi g. 11 is f rom [6 L 3 ] ,

in which the H
2
-F2 

laser was initiated by an e lec t ron  beam i r radia ted dis-

c h a r g e ;  the attendant exper imenta l  condit ions a r e  as d e s cr i b e d  in the discus-

sion for  Fig. 9. Fi gure  12 shows the exper imen ta l  r e s u l t  f r o m  [6] f o r  a

H 2 -F 2 laser initiated b y f lash photoly si s ;  he re , the gas m ix ture  (consis t-

ing of 4% F2, 4~ , H2 , and 92% I-fe) is re ta ined  in a cav i ty  t h a t  f o r m e d  a 50 cm

gain  length , but is s ign i f i can t ly more “iossy ° than  the preceding case

output  coup ler t r a n s m i s s i o n  compared wi th  Z0~~ in the  c a v i t y  of [ u S] .  In b o t h

cases the predicted pulse length and pulse energy show good agreement with

the e x p e r i m e n t a l  pu l ses .  The p red ic ted  pulse  shapes , howeve r , show gr e a t

deal  of osc i l la t ion .  We specula te  that  this is  due , in p a r t , to the  r e s t r i c t i o n

of lasing to line center (which is equivalent to cper a t ing  a m o d e - l i m i t e d  de-

vice , where the lasing modes are  r e s t r i c t e d  to those  with  f r e q u e n c y  n e a r  l i n e

c e n ter ) .  T h i s  c o n d i t i on  r e s u l t s  in l a r g e  g a i n  o v e r s h o o t s  and is m a n i f e s t e d

:~ the subsequent ‘‘ r e l a x a t i o n  o s c i l l a t i o n s  .“ Additional d i s c u s s i o n s  on t h i s

- --I -
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GAS CONDIT I ON CAVITY

5 F~/3 H 2/54 He/37 Ar R0 = 0.8 RL = 0.9
P1 = 800 Tori T 1 = 300 K L 19cm

6 —

CALCULATED RESULT

Cl 
— 

F/F 2 =  0.012

0 O
:
~~~~~~~~

l
5 1 ~~~~~~~~~~~~~~~~~ 2

l
O 2 b

TIME , ~ sec

Fi g. 11 . Compar ison of p red ic ted  l ase r  pu lse  wi th  t h e  exper im en t of
Hofland et al . [65]
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GAS CON DITION CAVITY

4F 2/4H 2I92 He R0
= 0.14 R

L
=O.9

P=83 6 1orr 1=300 K L=5O cm
2.Or I
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(

CALC ULATED RESULT
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!~ ~~~~~ 36 i 2

TIME , ,usec

Fi g. 12 . C o m p a r i s o n  of p r e d i c t e d  l a s e r  p u l s e  wi th  the  e x p e ri nwn t  of
Chen et al . [6]
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subject are given in [5] and [69 1. Anothe r fac tor  that  c o n t r i b u t e s  to t h e se

oscil lat ions is the assumpt ion  of rota t ional  equ i l i b r ium. As shown in F ig .  8

of [5], the rotational equilibrium assumption prec ludes  apprec iab le  simul-

taneous lasing on any pa r t i cu la r  vib~~ational band . This r e s u l t s  in the predic-

tion of s h o r t e r , more intens e , pulses for  each las ing  t r a n s i t i o n , with dis-

t inct time differentials  between the peaks of adjacent (t imewise)  lines and ,

thus , an i n c r e a s e  in predicted osc i l l a t ions,

Comparisons with exper imenta l  resul t s  over a b r o a d e r  range  of ope r-

ating conditions are  shown in Fig. 13 , in which the l a se r  output  e n e r g y  den-

sity is plotted as a funct ion of percentage F2 in the gas m i x t u r e .  In these

calculations , the F
2 rat io is var ied f r o m  0 to 10% of the l a se r  m ix t u r e , a

stiochiometric balance is maintained with H2, and the diluent is He, whic h

makes up the balance of the gas composition. The experimental data are

from Fig. 4 of [6] and are represented by the v e r t i c a l  bars  in the fi gu r e.

The co r r e spond ing  reac tan t  rat ios a re  ind ica ted . The a g r e e m e n t  between

theory and experiment is again seen to be close.

A final set of experimental  data with which the model p red ic t ions  we re

compared  is that  of Mangano et al . [66]. This  c o m p a r i s o n  is shown in Fi g. 14 .

In these experiments , the H
2-F2 laser was initiated by a direct c-beam

pulse , and the percentage of F2 in th e a t m o sp h e r i c  pressure , F,/lI ,/ I -!e gas

mix was va r i ed  f r o m  6 to 30%. The experimental data i r e  represented by the

open circles , and the presen t  ca l cu l a t i o n s  a r e  i n d i c a t ed  b y so l id  c i r c l e s . The

bracke ts  in the f i g u r e  indicate the pe r cen t age  of 11 , in t h e  gas . A g r e e m e n t

— --c o —
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• FLASHLAMP INITIATED , [F/F2]. 0.8%

• 50 cm ACTIVE LENGTH , SAPPHIRE OUTPUT COUPLER

• GAS MIXTURE: xH 2 IxF 2 I( 1 - 2x ) He, 836 Tori

100 1
EXP ER I M ENT

50 — 

0.08/0.08/0.84
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0.04/0.04/0.92 ~

0.02/0.02/0.96

0
0 5 10

% F2 IN MIXTURE

Fig. 13 . Con~p ar i s or i  of n u i d e l  p r e d i c t  i o n s  w i t h  e\ pe  r im e i , t i I
m e a s u r e m e n t s  ~if  Chen et a!. I 6]
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GAS CONDITION CAVITY
F2/H 2/He R0 = 0.1 RL = 0.9

P, =l6O Torr T1=300 K L=2 b cm
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J
Fig. 14. Comparison of model predictions with experimental

measu rements  of Mangano et al . [66]
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between theory and experiment is good for the low F) cases .  The ~~~ F ,

case , on the other  hand , shows a la rge  divergence between the m e a s u r e d

and predicted results .

Since the F2-broadened HF l inewidths used  in th i s  model w e r e

estimate d f rom Cl 2 resu lts , the above calculat ions were  repeated wi th  dif-

fe ren t  values fo~ ~‘ to assess  the sensit ivi ty of the model p red ic t ions  toF ,

this parameter . The case of 
~F re duced b y a f a c t o r  of 3 is shown in Fi g. 14 .

2
As anticipated , the effect  of this change becomes more appreciable  with in-

c reas ing F2 r atio. Predicted laser  output ene rgy  inc reased b y 33% in the

30% F2 case. This , however , still falls fa r  short  of the Mangano m e a s u r e -

n-tent . The initiation levels used in the calculations of Fi g. 14 were  based on

the estimates of [66], which a ssumed th at ever y 12 eV of the deposited

elec t ron-beam energy  contributed to the product ion of one F atom. It is s t i l l

not ce r ta in , however , if such an approximation of F 2 d i s soc i a t i on  may be

app lied equally to gas mixtures  of widel y d i f fe ren t  composi t ions .  If the

est imated initiation level is indeed low , the d i f f e rence  between the m e a s ur e d

and predicted laser energies  for  the 30% F2 case may  yet  be small.  These

considerat ions are still under investi gation.
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(‘icen i St  ry and Phy s i c s  La innirato r y: .Atm ncsp he r ic  r e ac t ,  icos and at mcccc -
ni c r  ,,f l ! i ,s . n h , -t in in a! r,-ac t ions in polluted ict mosp l~c - r , - s . c hern,c .ti f l - c c  t i , , I i , —

01 e’ i , ,t cc l  i t -,  i c ’ s  in rio i tt  pl c n t m n c - s . c ht’ rcmtc - a l  t h e r n i . nc i v u . c n i n n  S . pl a s m .. and
l a s c r — c n d c i c t ’ r l  r c a ,  m I T T S . l a s c - r  c i  m c -~~u n rs ,  p r n c p cc l s i o f l  - ‘ , c f l h , S t rV .  s f ca t’ ~an n un .
and rad ia t ion c - t i c - n  t s  on niat.- r n . i l 1 - , h u n ,  a t i u cn  itTid s u r : c , c- phenotniena . phcc to ~
~e n s i t i  c-c ina te rca ls and senso rs , hi g li p re c c s  III l as e r  r ind  iii . and the app!,.

a t : c , n  cc l  p i c v s c n  s and - I i , ’ t c , i s t  ry  t n  Or,’ !, ! ‘ ‘ T i , :  c c l  l _css  t T l f c T n  d i t c h  acc d h i - n - c - i l , ,  i c  -

S Eles !rc ,n ,c - s  ! i r’sc ’ ,crc i ,  I . a i c c c r a t c c r y :  I- l ec tr i innag nct ,c  t !ce i , rv .  d e v i c e s , . i n i .
prn n pag a tn o n  1 , h c n n c c m , t ’c . t , t i c  h i d i ng plasma ‘ - I c - ,  t r . . T n , , c g T , c -t n c  5 ;  qc u.c nt unm e l e c t  r ,ct i i ,  S .
l ase rs , an d c i t - c t  r n - — o p t i c s ;  i c c n c t , c c c n c u  a tc n ,n  S n  It ’ l l .  C S , app l ie d .- h c , t  r ic ,c cn s . s c - v - m n
con duc tc rc g .  s ic p .’ rn  cc ci r i i in  t nng .  all,! c r y s t a l  ‘ I c - i n c  c p lc v . 0 5 . - n i l  t i n  - c i  and a c - c c c . s t n ,  I t
cn iaging;  atmosp her i c  pcc I i c c t cc ’ n ;  niuUct mi. ’t . ’ r ~, . c s t -  and j r  - i n ’ r . c r c ’ d t c ’ , i i ’ i .  I cc ’ . ’~

lv la te r c a ls S. c c i i i  cs l , a i n c c r - c t , , r v :  I),- ,- i . p c ’ .c -n , t  c c i  c - s i  i , , c t c r c a h s .  t , c e t a l
matr ix c c c f l h p c c s i t c ’ s  ciii! nesc i ro n s  c i  c ar i ,c in , l es t  cc i , !  c n t ~~~c T .Oi  of g r a t c i n i t . ’
and c— e ra m i ,  , in r n- s i r s .  s ; c • c c c’  r i !  t T i ~, c i c r , c l S  c u d  , ‘ l t ’ c i r , c n  c i  c~~~ t T i ~ c , n T i , - : i I s  i t ,

nccc lear  ss .—a pclns ,‘ns crn , n Im i , ’ nc . ..pnli. 0c m  c c i  rac t , ir,’  ‘ - c - . t i n , ,  t ,c  st  r. 5 5  c . n r —
r , c s c n c n c  and f a t i g  n i t - — i n d u c e d I r i ,  t , i r , - n  in s t r i n i  t u r d  T T , c ’ t . c [ s .

Space S c i e n - e s  L,cbor ,cto ry : A t o c o s p heric ..tcc i co iuosp lc.’ rt i  phy s i c  s , r c di,. —
t ion f roni the , , t t c co s p he r c - . dens i t y .c,cc l to n i po s ct u o n  c i i  the c t i i i o s j n t n c ’  r c ’ , c i i

and c rg li ss . ti c . _ c g i c c - t n i - . f l i : c - r - i , , hs ’ i ,  ~, c c c  S t d c c , r i s c , c c - i - c t n t - c u  -c rc , !  ti r p c ( i t c c i l c
i t !  p las , T , c  5S .c — Ic t ic , ’  V i n c i . .  I . c ’ .;,’ . .- r ,’ , s o l i d  p i n s — i n s , — - t o . ’. c- c i t  s t i r  i T i , l g i i c - T
t u c ’ i c l s . S O - k . ,- • c s t r c c r T . ’ T n , : .  ~~— r i ~ c i i , T ~~ n 1 , 5 ’ , iii’ c - t i c  Is ,I T i , , , f c ,t t’ c S f c !  ,~~~~, , c T ,  5 ,

rr i ; c g f l t - t d n  s l c c r n i ’ , t ic , !  n i l _ c r  i I , ? , . r c  t i c , - ,. a r t i , ’ ’u .i T T i , - s  c i t  nc - c c ’ , , , ,  S !c ! i , c cs . !
,-,magn,tc .sp her,’ ;  t h r ’ c -  I t , - , Is c t c c p t , c  - ii . c - I c - ’ t r o t m n a c z r d , ’ t i c  . .tnc l c.cn t  n i l , ? , -  r a c l c . c
t i ,  ITS  fl i d _ i ,  I c , c c  S f d a ’  c- s i - s

I I  t t - :  A l - h i  in!’ -\ i  l-~ c ‘ . T l f l ’ (  it A l  l(m\
I S , ’ ’ . ’ i nv c i l . , I c i i  t , . r  T i n _ i
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