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Preface

Developments in hi gh-energy laser candidates  are occurring :it

a rapid pace . As t he  number of candidates  for the Department of

Defense High-Energy Laser Program increases , an evalua tion of each
candidate in detail is more di fficult. Therefore, the need for simple

analyses of the candidates exists. These evaluations need to give

approximate results for each laser so that research can be directed

toward the more promising prospects.

This paper is an attempt to make a simple analysis of the HgC 1

laser which is a new candidate for the t)epartment of Defense High-

Energy Laser Program. Several of the reaction-rate constants for the

reactions in the HgC1 laser are computed by using simple theories

applicable to these reactions . Some reaction-rate constants are

computed by using experimental data. The model that is constructed from —

the reactions and reaction-rate constants is analy:ec~ by both an

analytical solution and a computer program solution .

Several people have prov ided me with assistance and aid throughout

this study . ~cithout the contact I have had with these people , this
study would lack some key elements. In particular , I want to thank

Dr. M . R. Flannery of the Joint Institute for Laboratory As trophysics ,

Boulder , Colorado , for sending me cop ies of hi s calculated data on

Hg~ and CF ionic recombinat ion . I wan t to thank r” . L . Schlie of

the Air Force ~“eapons Laboratory .or seve~ al interesting conversations.

A great debt of gratitude is owed to A. M . Hunter of the AFIT Physics
Department , my thesis  advisor , for the inva luab le  help he gave ne

throughout my research . I want to thank Ms. Sharon Flores for typing

the final copy of this thesis. Finally, a special no te of thanks t o

my wife , Kathy, for her patience and many hours spent typing the rough

draft of this thesis.
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Several  s i m p l e  t h e o r i e s  ~or rea c t  i o n — r a t e  con s t a n t s  ir e ip~.lied

to  the  I!~ Cl  -Mer c r’ -Chlor ~5ie ’ laSer re ac t ions . these theor ies  are

discussed and an a lv : e d  us~ n~ ex i s t  ing  .~a ta  . The theories that ire

discussed are i r i ’ l i c a h l o  t o  d i s so c i a t i v e  r ecombin at ~ on , d i s s o c i a t i v e

a t t achm en t  , ion n e u t r a l  a s soc i  a t  i o n ,  h i  a e l e c u l a r  cha r~ e t r a n s f e r

reac t ions , io n i c  re co~~-~ -
~ .~ i n , and harpooning reactions

.\ si ;r r l e  thee ret ol odel of the H gC I  1 aser ~s c on s t r u c t e d .

the eases that ire in c l u d e d  i n  t h e  l a s e r  arc’ ‘.r , Xe, ~~ , and ~ .

Reaction-rate const an t s for  t h e  r e a c t i o n s  are comput ed a s i g e i t h e r

theoret  c a l  or ex:~e r i a e ’n t a 1  d a t a .  The model is .~n a lv : ed  u s i n g  an

:ina lv t i cal i;’: reach and ctrnut r ‘ C f l  1’ r a te d  so 1 ut I on . Fh e mode ~. is

found to ~e ver sensit i v e  t o  the d i s s o c i a t i v e  at tachinen :  r at e  of

Cl. and elect ron inpo et ~ m r i n~ rate cors t an t s .
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I .

~~~ e o~’r ’en r s : “ h ~h — en e r~~v has ~~ ~.ç ., 
~~~~~~~ I “it ’ S e~ ’e ‘ . i or han

the  r e a c t  r o n — r i t e — c o n s t a n t  exne rr ~e r i t a 1  d . t a ~~ o c c s s ar v  to . i f l i i~ :e

t h o s e  I a~ ers he r O \  tnt ’ . hot h the ~r1 - and ~~~ isers :i :-o c a n d :  do: ~~~~

h : ‘~~~ :-t o f  \‘ ~ t ’fl se I i  th — Y n e r~~v .rse r ‘re ~ r - i a . • no

c o m p l e t e  analvs~ ’t of tho~ r react ~en ki etr. ~-~~~-\is: t o  . i e t e~-~’ ’no  t h e i r  S

Sc a 1 ah ’ I i i  t v t o  1 a r ~o r hi an a 1 I
I , , . .  

~~~ node I . I he s~~’ ~~ 1 ‘ \

r o t  e.\ i s t  • ‘cc a so e ~~~~~~ r r :::cn t a 1 d. t a i s  : o  t C e”r  l t’t ~ on a he

ma ’cr react ‘.ons  to  d ot  ~~~~~ their react i o n - - r a t e  c o n st a r t s  *

-~s mo re :‘ot ent ia I h i  cii — enc rgv I ase :‘s art’ dot el oned , the need

to determine re.ict ion — r a t e  cons: an t s  i r io :‘e~t ses . 1~~o a r ’proachcs  can h - c

aken to so ito this exnandin ~ r’rob len . ~ne :~:ct hod o ~let or:r~ ne ~h oh

reaction-rat e cons t a: :s are .:~es t ~~~ an: t o  t h e  r eac t  ion ~ i ne t  i cs

of a t ser :5 t o  ex:-o: ‘ r t a lv  d e t e r m i n e  a l l  t h e  ~‘o ssib1e  r e a c t i o n -

r a t e  cons: ants. \ second -net hod s t o  do t e  :-mi no t hoc ret I cal lv i l l

the cent rihut ::~ r e . i ct  ion - r a t  e c o n s t a n t  s .  \ei t her net  Nod is  ot a I l v

sa t is fo~ ror , ~ecausc of the t i : .re t h a t  I s r equi rod to  do o t ~ h in

detai .

A better re thod to det o r.ri inc the I rpo r: ant  r ea ct  ion — r a t e  cons :  a :  t s

is to  do s i m p l e  t h e o r e t  i c o l  c a l c u i a t  ions  t o  d e t e r m i n e  an o r d e r - o f -

magni tude r t h t - r e  act  ion r a t e s  . \ f t er  the  i ’~tror t  ant cent r i h i r t  in~
react ion s t o  t h e  l a ser  ar t ’ t heo r e t  i ca l  Iv  de te rmined .  e x r e n r c n t  ~ can 

~~~~~~~~~~~~~~ - .  -~~~~~-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - — - ~~~~~~~~~~~~ ~~~~~~~~ J—— —— .5 - —5 — *~~~~~~~~~~~ Z _________________________
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be :ondac: ed vex’: f 5  that these react ions are rrort t f l t  and to

Jeterrine t h e exac t  r : i c t i . . n -r a t e  c o n s t a n t s  for  these r e a c t i o n s .  In

t h i s  ia~’or , s x m t ’ l e  t h e o r i e s  and t h e o r e t i c a l  c a l c u l a t i o n s  are r e r o r t e d

for the  iI~t C : l a s e r  r e a c t i o n  k :n e t i c s .

Both i’ ark s  (~ ef 1) Ln d Ede n  ~Ref ) r e n o r t  hs er ’. i n ~ las:ng in
3

t - :e r o ur v—c h lor~ do laser t a •~ave  l e n c t  of 53 6 .~~ . ~~~ las i n~
• is achieved by e l ec t  rut -beam ~‘umping ci -u x t u r o s  of Ar . \e , Hg, and

-‘C L, - i .J~ r r e r or t s  t h a t  d oub le  l i n e  l a s e r  c ’sci I lat ion i s  achieved

i t  53
~ (’. A and ~5 S 3 . S  A with a mixture of SS ’ \r .  l 1~ Xe, 4~~ Hg, and

O .2~s CCI ~Ref ~ . An oscilleg ram of one of h~~~n ’s ~kCl l,~ser
3

ac t ~~ens :~i:h a s i n g le l a s e r  o s c i l l a t i o n  at p5 6. A is given in his

a r t i c l e  and is shown in Fi~ u re 1.

~~~~~~~~~~~~
LD1li J

~~~~~~~~~~~~~

• 
~+HM~H~~ H

F i g .  I .  Osc i l l og ram od typ ical Ug C 1 (B- X) f l u or e s c e n c e  ~uppc r  trace)
and laser emiss ion wave forms for a rixture of 55~~.’ A r 1 ~~. -V, Xe/
3.OI~ Ug/0.2’~ CCL, , pre ssure = 3. -13 xtmcsn he:-cs, = 304°C , and

T - 260°C. llori:ontal Sca le: 20 ns , 5 l iv ;  vert ical un~~t~reservo i r
a r b i t r a r y  (Ref  ~

_ _ _  _ _ _  -
_____________ — -.5--- - - —5..—
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Three ch a r a c t e r i s t i c s  ~f t h e  i l g C l  laser -nako it  xn -‘. ce l  le nt

candidate fo r -i h i ~~h — e::er~te a s er . F irst , the ~ i-.oIen~ rh of the h g C I
0

laser is 357u~ \ ~h i oh is in the blue— green ‘or: ion of tao s:-ce: run

Las er I i~tht :: - i t he  r i s i b  L range is ittr 1 bar ed ~ i t h  hot ter irm esp her:o

‘r o n a g at  ion c h a r a c t er : s ti c s  t h a n  laser  t o t :  n w i t : i  a longer wa-c t-len gth

sac:: as t he do , laser at 10. ~ ni crens . Prob l ems su ch  as a t m o s : ,h c r i  c

• a o s o r vt  ion • aeroso l  a b s o r p t i o n  and s c a t t e r i n g ,  thorri a 1 b l o o m i n g ,  and w i n d

t u r b u l e n c e  i r e  ~r e a t er  I i i i :  i ag f a c t o r s  on lasers ‘.~ th i l o n g e r -  w a v e —

l e n g t h  (g e f  3) . Becaus e it lases in the v isible var :  of the s p ec t r u m , t he

cavah ~~1i :v  e x i s t s  for  t h e  il ~ Ci  l . t s e r  to be us ed  d a r i n g  a ~rea:er  v a r i e t y  of

at : : io svher :  o cen ~i it  ion s . ~~L C O f l d  , th t’ ‘otent  ia 1 , ;u ant  am e f f i  ci o:rc ’ of  t he

HgCI la se r  i S  -~5 ’~ if  i t  is ninp ed he a 5aischarge ~R ef  1) . T h v i ou s ly , t h i s

h i g h  a u a n t : : n  e f f i c i e n c y  ra~ es th e  entire s’s:eni more e f f i c i e n t .  I h t i r d ,

the  onorg~ nor vhoro n  of the i i g C l  laser  is h i gh er  t h a n  for a laser  s i t :

a l o n g e r  w tvelength

The HgCl t’oren : lal or:crgv c : i rve -~ are shown xn F i g a r o  2.

Befor e the  Hg Ci l a s e r  can li e ex : ’ l o i t - e d  as a h i g h - e n c : g v  laser , a

Jota i led an t l y S i ~ of the tl gC I l a ser  r e a ct i o n  k m e t  CS l u s t  be comple ted

The theor ies  ard ca ’ c u l a t e d  the o ret ic a l ~aiucs t h a t  are r e v er t e d  j r -  t h i s

rope r pi-ov ide sonic irfuurat I r: towa rd dot ernin i rg whi oh r e a c t  ions a rc

i m no r t a n t  i n  t h e  i i c C l  laser.

The apnroach ak en to a n a i y :e  the licCi laser in this patter

is a three sten apr’roach . i’ir st , a si:r le  m o d el  of the r e a c t i o n

kinet ics  for the 11~ C 1 laser is cons t ruc ted  u s i n g  ldon ‘ S an a l y s i s

(Ref 2)  as a guide. Second , simnl e t h e or i e s  ar c  i n v e s t ig a t e d

for the various r eoc : : ens , and t heo re t i ca l  c a l c u la t i o n s  ar e  m ad e

to determine the importan t r e a c t i o n - r a t e  consta:its. These :heoret~ o ii
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Fig. 2. HgC1 Potential Energy Curves (Ref 41
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ca l c u l a t i o n s  are compared to  a v a i l a b l e  expe r im en t a l  d at a  to det e rmine

the valid ity of the theories . Th ird , the rate equat i ons of the mode l

are solved and sub i ected to a sensitivity analysis to further determine

which r e a c t i o n - r a t e  con st an t ~: riced more research . Puring the sensi-

tiv itv analysis , reaction—rat e constants are var ied  t o  de te rmine  the

sen sitivit y of the ent i re mode l to a g i v e n  reaction-rate constant .

• The inves tigation of reaction-rate constants is limited to those

a p p l i c a b l e  to the  I Ig C l laser  mode l .  The followin g type of react ions

are inc luded:

1 . ioni:.it ion by elect ron impact
2.  e l ec t ron - ion  d i s so c i a t i ve r e comb ina t i on
5. electron—molecule dissociative attachment
4. ion—neutral association reactions
5 . b imo lecu la r  charg e t r a n s f e r  r e a c t i o n s
~~~ . ion-ion recombination

“harpoon” reac t ion s
S. exc i ta t ion  by elec t rons
9. radia tive decay of exc ited itoms

10. C l - C l  recomb ina t i on
11. quenching of ex c i ted HgC 1 1w Cl .

The f o l l o w i n g  general  a s s u mp t i o n s  are made . F i r s t , c l a s s i c a l

mechanics ‘nd quantum mechanics are vali d . Second, coil i d i n g  heavy  
S

nart b b s  f o l l o w  the trajectories predicted by classical mechani cs

rhi rd . the energy transit ions of the internal states of heavy

particles calculated using quant um me chanic -il p e r t u r b at i o n  theory

are valid. Heavy particles are particles other than i’lectrons. Pourth ,

the perturbed Hamiltonian detei-~m lried he the t ime-dependent collisional

in terac t ion  using a c l a s s i c a l  collision model app ]ies to this p rob l em .

Fi f th , the elect ron energy dis t r i b u t i  on and the  gas  cue r - g v d i  st  ri hut ion

are ~Ia xwe 1li an  and are at d i f f t - r e n t  average energ ies of 4eV (Ref ~‘ )

and 0 .06~ 9eV , r e s p e c t i v e l y .  The as sumpt i on  t h a t  t h e  e l e c t r on s  are in

1 M a x w e l l i an  d i s t r i b u t i o n  is roch e to s i m p l i f y ca l c a l a t  ion s . The v a l i d i t y
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of this assumption is discussed in Chapters 4 and 5. Other assumpt ions

made for individual theories are stated in the discussion of those

theories .
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U. ~1ode l

tntreduction

In this chapter , a simple mode l is deve l oped for the HgC1

laser. This simple mode l ~~; used as :i g u i d e  (or ir~ est i g:ition of

specifi c reactions in the flgCl laser. The fi rst step in the development

of this mode l is a brief discussion of Fden ’s an a l y s i s  (Ref 2). The

second step is the selecti on of the react ions t h a t  ire inc lude d in

the model. some of the reactions that are not included in this

mode l , yet can affect the lasing action , are listed in \ pp ’cn d i x  .-\ .

The third step is to list the rate or continuity equat ions for each

species that is involved in this model. Some concluding rem arks about

the mode l are included as the last sect ion  of this chapter.

Eden ’s~~~~iv~~~ (Ref 2)

Eden reports that his experiments were conducted primarily at

pressures of 2 to 5 atmospheres. At these hi gh pressures , Fctt-t- i states

that harpoon reaction in equation 1 is not significant. The harpoon

reaction creating the HgCI* in reaction I is the result of outer shell

electrons rearranging to form an attractive bond between the l I g * atom

and the Cl atom .

Hg *(~ P , )  i CC11. -~ IIg Cl* + CCl~ (1 )

Xe*C 3P + Fi g -~ Hg*(3S) Xe (2)

- ~~~~~~~ — 5-— -—-  — S~~~~~ _S_ 
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The small cross sect ion for reaction 2, ~ ~ 10~~ A
2 l i mi ts the Hg*

-
- that is created to insignificant number densities - This lack of

Hg* necessary for reaction I makes t h i s  mode of b gCl~ for-a~ tion insigni-

ficant . Therefore , the primary mode for HgC 1* formation is the ionic

recombination ~f Hg 4 
and C1~ by reaction 3.

- 
- 

Hg~ + C1 + M HgC1*(B2 ) ~ M (M Ar ,Xe) (3)

.-\ccording to Eden , the Hg 4 is produced in the following manner.

The electron beam energy is absorbed by the Ar to create .\r
4 

by the

electron-impact ionization of Ar. This reaction is shown in reaction 4.

.-~ high energy beam electron or pr ima ry elec tron is indicated by e~ -

A~ electron other than a beam electron is indicated by e and is

referred to as a secondary electron .

p + p
e + Ar Ar + e + ~~ (4)

The Ar 4 
reacts with two other Ar atoms in an ion-neutral recombination

reaction to get Ar~ , and is shown in reaction 5.

+ 4
Ar + 21r Ar 2  + Ar (5)

The Ar~ then transfers a positive charge to a Xe atom in the

bimolecular charge transfer reaction that is shown in reaction 6.

+ +
Ar 2 + Xe Xe + Ar (6)

S
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The Xe
4 

forms Xe~ by the ion-neutral recombination reaction that

is shown in reaction —
.

Xe4 + Xe + ~~ Xe~ + M (~t = Ar , X e)

The Hg
4 

is created by the bimolecular charge transfer reaction w i t h

Xe~ that is shown in reaction S.

+ +
Xe~ + Hg -~ ii~ + 2Xe CS)

- 
- The o n l y  mode of Cr creation in !~den ’s analysis is the e l e c t r o n —

k
Tt

~
) lCCu

~
0 ~1jssecj at ive—attachrient reaction that is shown in reaction 9.

e + CCi~ 
-

~ Cl + CC1 3 (9)

1”
The Hg 4 

and Cl then recombine to form 1lg Cl~ .

Eden notes that  a f luorescence  at 3080 A in d : c a t e s  a t r a n s i t I o n

from X eC l * t B ~ to X eC 1(X )  . This t r a n s i t i o n  indicates a competing

Chain of react ions  for the use of C 1 e x i s t s .  The c h a i n  of compet ing

reactions deve l ops in the folloi’.ing manner .  The f i r s t  r eac t i on  is

the e l ec t ron - ion  d i s soc ia t ive  recombinat ion of Ar~ tha t  is shown in

reaction 10.

+
e Ar- - Ar * + Ar ( l a )

9
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The exc i t a t ion  of the m etas table  Ar4 is t ransfe rred to a Xe atom

by the two-body react ion 11.

Ar* + Xe -~ Xe* + Ar ( 11)

The metas tab le  Xe * then creates exc i ted  XeC 14 by the harpoon- l ike

reaction 12. 5- 
-
~

Xe~ + Cd 1. XeC 14 CC1 3 ( 12)

An alternate method of formation for XeC 1* is the ion ic  recombina t ion

of Xe4 and Cr that is shown in r eac t ion  13.

Xe4 + c~ + X eC 14 + M (~‘1 = Ar , Xe) (13)

This reaction scheme of contributing and compe t in g  reactions

indicates the need to know the  r eac t i on - r a t e  cons tan ts  for  all the

reactions does exist. A simple analytical analysis of all po~ s ible

reactions is imposs ib le  in a t ime-dependent  mode l .  Therefore , a

simple model is constructed to analyze some of the reactions that

are given in Eden ’s analysis (Ref 2) . Some react ions that  are not

considered by Eden are included in the model for a n a l y s i s .

Simple ~Iode1

The model constructed in this section is developed by using

Eden ’s analysis -,~P.ef 2) as a starting point. Several reactions are

added to Eden ’s analysis (Ref 2i to emphasize specific points concerning

10
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the i-lgCl l a se r .  ‘los t of Eden ’ s a n a l . ’sis for hi gh pressures Ref  2)

iS included . Eden ’s source of Xe 4 is modified and explained later.

Therefore , reactions 3 through 13 are included in th i s  model w i th  the

excep tion of reaction 11.

In this model , reactions 9 and 1 are modified from Eden ’s

analys is. Eden (Ref ) and Parks (Ref 1) state that their source

of C1 was the e l ec t ron -molecu le  d i s soc i at i ve  a t tachment  of CC1~

Shown in react ion 9.  This model uses the same type of electron-molecule

dissociat ive a t tachment  reaction to create C1 . The source nc lec u le —

chosen for t h i s  model is chang ed from C C I ,  tha t  is used by Parks

and Eden to Cl- , because the cross secti on of Cl~ is 90 A

Ref 6) for  the iiarpoon r eac t ion  tha t  is i nves t i gat ed . The cross

sec tion for the CCl~ reaction is 34 A2 (Ret’ 6). The Cl 2 mo lecu le

is a lso  subst i tu ted  for  CCL in reac t ion  12.  This s l i gh t  change does

not present any theoretical problems , bu t t h i s  change may crea te

experimental problems due to the health hazards and corrosive nature

of Cl, . Eden ’s comment concerning the slow attacking on his

cavity windows (Ref 2) indica tes  a p ot en t i a l  nrob lem w i t h  an’ Cl

• atom creating cha in .  The modif ied  r eac t ions  i~ and 12 are numbered

9a and 12a , respect ively .

+ Cl 2 -. Cl + Cl (9a)

Xe4 Cl-s XeC 14 + Cl ( l 2 a )

In this model , HgC14 is created by the ion- ion  r e c o n h in a t i on

of Hg~ and C1 in reaction 3 an~ the ha r t ao on in~, reac t ion  wi th

11 
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Hg4 and Cl- in reaction 14 (Ref 6).

Hg*(3P 2)  + Cl2 -. HgC14 (B) + Cl (14)

The :-1g~ necessary for reaction 1-1 is not created by react .on 2

because of the small cross sec t ion for transfer of the Xe 4 exc it ation

to Hg4 in reaction 2 (Ref 2). The alternate method that is used is

the electronic excitation of Hg in reaction 15.

e + Hg Hg4 (3P2) + e (15)

Oi. v Hg* (3P2) is considered , because h g 4 (3 P~ ) is found

experimentally to he the dominant mercury atom to react with Cl 2

The Hg 4 ( ‘
~P 0) reaction cross section for a harpoon reaction with

Cl, to the hlgCl4 (~ ) state is found to be one-fi fth the Hgt (3P2)

reactive cross section for the same reaction. Hg4 (3P 1) does not

appear to create a chemiluminescence w it h  Cl,  (Ref 6 ) .

The possible loss of Hgt (3P 2) by e l ec t ron - impac t  ion iza t ion
+• is also included in this model. This reaction is a source of Hg

and electrons as is seen in reaction 16.

+ Hg4 (3P2) -~ Hg
4 

2e (16)

For the remaining text , Hg4 is used to symbolize Hg4 (3P2) unless

a distinction must be made between the various excited states of nercurv .

12 
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Sources of Ar 4 , \e~ , Ar~ , and Xe
4 

similar to those
4 +

listed for Hg and Hg are considered in t h i s  m ode l .  fhe f o l l o w i n g

reactions of Ar and Xe w i t h  secondary elec t rons  are considered .

e + Ar - Ar 4 + ~ ( 1’)

e + Ar4 Ar~ + 2e (18)

e + Xe -# Xe4 + e (19)

+
e + Xe4 -

~ Xe + 2e (20 )

A Source of Xe* not mentioned by Eden is the e lec t ron-molecu le

dissociative recombination of Xe . This reaction is theoretically

the same as the electron-molecule dissociative recombination of Ar~

in reaction 10. Reaction 21 shows the electron -molecule dissociative

recombination of Xe~

+e + Xe 2 — Xe4 Xe ( 1 )

F The Ar4 and Xe 4 provide competition with Hg 4 for use of

Cl2  . The formation of HgC14 and XeClt is shown in reactions 14

and 12a , respectively . The reaction of Ar4 with ~l2 to form

ArC14 (Ref 7) is shown in reaction 22.

Ar4 + Cl, A~~14 + Cl

- 13
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Possible effects of th e  rad i~~t i ’.- o decay of \r ’ i , XoC l~

and HgC 14 are included in this model. These reactions :~r~ s~ own

reactions 23, 24, and 25 ~R efs  2, -

‘ 
8).

0
ArCl4 -

~ Ar Cl + h’~ (l’S O \~ ~23)

0

• XeCI4 — Xe + Cl + hv (3080 A) (24)

IlgCl4 HgCl + h - . (23)

Reactions 23 and 24 are bound-free type transitions Ref fl.

The e.xistence of .\r
4 and Xe 4 creat ed in several reactions i n J i cat e s

poss ible compe tit ion w ith Hg4 for n e u t r a l i z i n g  reac t ions  wi th C1

atoms created in reaction 9a. Reaction 13 shows the Xe
4 and Cl

ion-ion recombination in reaction 3. Reaction 6 shows .-\r
4 

and C 1

ion-ion recombination and competes with reaction 3.

+Ar + Cl + ‘1 -
~ A r C I 4  + ~t (M = .-kr , X e )  (2~ )

a

Several reactions create a neutral Cl at~ a. Two react ions for t he

three-body neutral-neutral recombination of Cl to C1~ are included

in the model to investigate the impact they have an the o\ .era~ 1 laser

action . Reactions 2 and S , wh ich were investigated by Clyne and

Stedman (Ref 9) are shown here .

14
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Cl + Cl + Ar — Cl~ + Ar (2 7 )

Cl + Cl Cl2 2C1, (28)

Eden (Ref 2) shows the ~rimarv electrons , e~ . for the

electron beam only reacting w i t h  Ar in the creation of Ar
4

in reaction 4. Three other reactions using the primary electrons

are included in this model. The excitation of Ar by a prim ary

electron is shown in reaction 29. The excitation of Xe by

a primary e lec t ron is sh own in reac t ion  30. F i n a l ly ,  the

ionization of Xe by a p imary electron is shown in reaction 31.

13
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p
e Ar -- \r4 • (2 9)

e + Xe X e’ (30)

e~ + Xe — X c + -
~~~~ + e (31) H

1

The symbol e represent s the ionized electron and is referred to as

a secondar~ electron.

The final react ion that is included in this :nodel is a ~uench iag

reaction of HgCl* ~~~ Cl2 . This reaction is shown in reaction 32.

in this react ic , t :~e HgCI’ is quer~cheJ to a hound

iI
~

Cl ’  - Cl- — iL gCl ~ Cl2 ~51)

statc for HgCl ~Ref S)

Several f ac t s  are i n t e r e s t i n g  about t h i s  ~n ode l .  F i r s t , the  model

does not inc lude  the r a d i a t i v e  decay of llg ( 3 P~ ) . This  r a d i a t i v e

l ifetime is extreme l~- long and results in a transi tion ;~rchahili ty

of lO~~ sec~~ ~Ref 10) which should not affect this ~r o h i e m . Second ,

the model does not include the possible existence of a stabiliz ed

molecule af Cl~ at h igher ooerat i:~z press~-:res Rcf 11). This

molecular ion is a poss ible s ou rce o f ~everal types of reactions.

Th ird . the mode l does not inc lude a loss ter~a for UgC l molecules.

This fac t crea tes some ~air,cr ~‘roblems in the a n l l \ t l c a l  eq u i l i b r i u m

solut-i en of the node l .  :s se n t ia l lv , no t rue  e q u i l i b r i u m  so lu t ion  e x i s t s

16
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for  this s i m p l e  :aodel , s ince  at least one -~~ecies  i s  always increas :ig

-or al~ a s  decreasing in number den s~ tv . \r~~t -nd ix  B explains the lack

of 7hOtOdet ach:ne n t o f Cl

A s a sum mar y . t h e  f o l l o w i n g  react ions are inc lu~eJ in this si :~~l e

model of the igC laser.

P + p
e + Ar - - Ar + e + e (4)

P 
* 

P ~29)e - Ar -~ .\r + e

P - - P - -e + \e -. \e + e L~~~
0)

7 + 7
+ Xe — Xc + e (31)

-4- + -Ar 21r -. Ar~ + Ar

Ar~ 
+ Xe X e 4 + 21r (6)

+ . - +
- • Xe + Xe + Ar -

~ Xe- + Ar (ja)

Xe
4 

Xe + Xe — X e, + X e (Thi

- Hg — Hg
1
~ + Xe (S)

e — C l 2  — + Cl (9a)

17
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e Hg — e ( 1 5)

e Ar — Ar * + e ( 1 7~

e + Xe — X c + e (19)

o + Hg’ -
~ Hg

4 
+ 2e ( 16)

o + Ar’ -
~ Ar4 + e (18)

e + Xe* -
~ Xe~ + 2e ( 0)

c + Ar~ 
- -  Ar * + Ar (10)

+

o - Xe2 -
~ Xe’ + Xc ( 21)

Hg’ + Cl2 — lIgCl * + Cl ( 14)

Ar * + Cl-~ — Ar C I *  + Cl ~22)

Xe’ + Cl2 XeC1’ ~ Cl (12a)

Fi g + Cl + M — HgCI’ + (3)

Xe 4- 
+ Cr + M -~ XeC l + ‘I (13)

18
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Ar + Cl # ‘1 -‘• ArC1’ + i26)

ArC1* -— Ar + Cl + hv (23)

X eCL ’ — Xe + Cl + ~~~~ (2 4)

Ug C1’ — lk C l  + hv (25)

Cl + Cl — Cl-, — 2 C 1.

Cl + Cl  + Ar -
~ C 11 + Ar ( 2 7 )

HgCl ’ + Cl 2 — Ilg Cl + Cl~ (32 )

Rate fiquat ions

Each react ion in the model occurs - s’ith a sp e c i f i c  reac t ion- ra te

constant . This reaction-rate cons tan t m u l t i p l i ed  by the  number

densities of the reacting species equa ls  the  number per cubic centimeter

per second of a given species that is lost or created in a given reaction.

• Rate equations must be determined for each snecie~ in the model , so the

interdependence of all the species can be r oso1~-ed in the final soluti~-n.
• a

In this section , rate equations are listed for all species inc luded

in the model.  A spec i f ic  species is ~nv ~itom , mo lecule , or elec t.roii

with a specific chemical characteristic . For example , Hg 4 , Hg

and Fig’(3P.) are all different species. The reaction-rate constants

in this paper are symbolized by R. , where i is the reaction number

19
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used in the  previous s ec t i o n s .  For example , t h e  reaction -rate constant

for reac t ion  4 is R~ - rhe number densit y for each spec ics is i dic:~tLu

by n . -~here .\ is a speci fic species. For example , the  number

density of ll~~ is  i nd i ca t ed  b v n ~~~~~~. l  he t i:nt’—r ate of change f
Il~

a specific srec ios is indicated hy , where i i n d i c a t e s  t h e

differenti al ~~~~~
- and A in d i c at s a snec f i c  sp ec ie s  - For oxauple ,

• the time-rate of change of Cl is indicated by

Other symbols introduced in this section are ~~ + , j
- \r  eb

‘
~eh ‘ ‘w eb ‘ ‘ ‘

~e 
‘ ~~~~~~~~ 

Jfld . The

sv~ ho1 ~~~~~+ :s the number of \r ions or secondary electrons c reat ed

per c u bic  cen t ime te r  per second hy t he  i n c i d e n t  e l e c t r o n  be am in

reaction 4.

~ + = 
e h .-\~Ar ‘ Ar

t

The symbol j i nd i ca t e s  the current of the Incident elect ron beam.- - eb
The symbol n represents the number  dens i  t~ -of heam elect roris in

- eb

the elec tron beam. The symbol v represents the s~’ee~! -. i
’ aeb -

m onoen er g e t i c  ) r im a r v  e l e c t r o n .

j q n V (3-fleb e eb eb

S u b st i tu t  ion of equation 34 in to  e q u a t i o n  53 r e s u l t s  in  equat ion SSa

S + = n n v ~ ~33a)eb Ar e~ .\r

20
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Equation 3a is in a :~ore standard rate of reaction fo rm.  The number

densities of reacting -;necies are a and n . T h e  r e a c t i o n - r a t eeb Ar
constant is 3 v where o is the cross section for theAr oh Ar
i o n i z a t i o n  of Ar by pr imary  e lec t rons  with a specific energy ~nd

‘eb is the speed of the approa ch ing  e lec t r o n .  In t h i s  case , 
~eb is

approximate ly  the speed of approach of the two p a r t i c l e s , because the

-
‘ speed of the electron is several o r d e r s - o f - m a g n i t u d e  greater  than  the

-
. 

speed of the Ar . S i m i l a r  arguments  ex i s t  for the terms i n c l u d i n g

, - , and -o where is the cross section forXe kXe ‘Ar X e
i o n i z a t i on  of Xe by a pr i m ary  e l e c t r on  in r eac t ion  51 , -

~~~~~ 

i s  the

cross ~e c t i o n  for e x c i t a t i o n  of Xe to a ne t a s t ah i e  s t a t e  ~y a pr imary

electron in reaction 30 , and is the cross section for e x c i t a t i o n

of Ar to a mneta stable state by a primary electron in reaction 29.

The rate equations for secondary electrons , -\r, and Xc are

presented in equations 35, 36 , and 37 , respec t ive 1~- .

fl = V j fl ii ~ V fl n .  - R m me eb Ar el, Ar eb Xe eb Xc 9a e cl~

• + Rlb 
m
e ~Hg’ + R

13 ~e ~Ar * + R 20 n
~ ~~~~ (35~

- R ~ ~~ + - l~ ~10 e Ar-) 1 e Xe2

n -v n i - V fl n - R a + 11
— Ar eb Ar eb Ar eb *\r oh -\r a Ar Ar

+ ~R n 4n  - R a n + R n n + + R n- 8 Ar~ Xe 17 e Ar 10 e Ar . 25 ArC1’

21
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- = —v - - a — V - n n~. - R. n n
Xe eb ‘\e co \e eb \o eb \ C  6 .\r~ Xe

— ~R._ n + R n . ) a - a - ‘ .R , rn. 4- n
a .-\r b ‘~e Xe Xc ~ ‘~e~ Hg - -

- R n n . + R n n . + + 
~ . a . .19 e Xe 21 e Xe~ 24 Xe~ l’

The t erma (R , n + R n - n - a . t ha t  is found in the r a t ea Ar ~b Xe X e Xe

equations for Xe , Xe
4 

, and Xe~ i s  the  sum of t he  two p os sib l e

c o n t r i b u t i o n s  from r e a c t i o n s  a and 7h to these specific rate .~quat~ ons.

This term is the result of two p o s s i b l e  t h i r d  r e a c t i n g  ~od i e s  i n  the

+
tormation ot \ C 1  . ft-e third body is not included in the tonic

+ + +
reconibination of Ar , X e , and Hg i~ith Cl for r ea so n s

tha t are discussed in Chapter  3.

The rate eauations for t he  remain ing snecios involved  in t h e

model are listed in L quat ions 38 th i--ou~ h ~3

• + = v ~~~ . ii n + ~ + ii .~ — R_ 
~ + R a. ~~i .  a . ~Xe eb Xe eb \ e - -\r~ ~e a \ r  h \e Xe \e

s~ R ,0 n n~~4 - R 1 ~X ‘
~C1 

~3sl

~ 
+ = (R _ 

~~ 
+ ~~~~. n )n , a , + - R n . -

~ a - R a a , ~Xe 2 a Ar b Xe Xe Xc S Xe- Hg 1 e ~e

fl + = V ~ n a —~~~~~a ~~~~ R , n n — R  ml 4 n , — (~~0~Ar eb Ar eb Ar \r .-Xr IS e Ar’ ~S Ar . I
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~Ar~ 
= 

~3 ~Ar~ ~.-\r 
- R 6 ~Ar~ ~Xe R 1~ n

~ 
a~~ . (4 1)

n = v c m a  + R _ n n  - R a n  + R a nAr ’ eb ‘Ar eb Ar 1 e Ar i~ e Ar ’ 10 e Ar~

- R 22 n \~~
n

Cl

n = v a a n  + ~~ n n  - R a n  + R n nXe’ ~b *\e eb Xe 19 e Xe 0 e Xe’ 21 e Xe-’

~43)- Rl a flXe*flCl

n = -R ~ +n - R . n nHg S Xe 2 Hg la e Hg (44)

n + = R n , +n + R a n  - R n  +~~ - ~45)Hg S Xe2 Fig 16 e lig * o Fig ci

~Hg’ = R
is
n
e
n
Fig 

- R
l6

fl ell
Hg * - R l4 fl

lig *
fl Cl, (46)

— 

~~ci~~ 
= _ R q f l f lCi + R 2g n

~~i
nci 

+ 

~~7~ Cl~ Ar (47~

n — = R n fl — R r ~ n , - - R n , +n~ - — R , n +n - ( 4 8 )
Cl 9a e C1~ i Flg~ Li la Xe Li _b Ar L i  -
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n Cl

• R fi ~~R :1 — R  a— n - ‘ ‘
~
2 n (49‘2 3 ArCi’ 24 \eCl’ 23 Cl Cl~ 

- 

~~1 Ar

~UgC l’ = R i4 fl hig *fl c i ,  + R 3fl FIg +fl
Cl~ 

- R 3:fl~~g~~ j * fl~~1 
- R 2sflHgCl* (SO )

~.\rC l’ = R22n~~4n .1 + R ,6n~~ +n ,1 - - :~2~~~~~~1 (3 1)

~XeC l’  = ‘I3a 1\e~~Cl~ 
+ R

1 n~~ +n c 1 - - R ,4 fl
X C I *  (32)

~iigC l = R 3:fl hi gc i * fl c i ,  + R:sfiigCi~ 
- 

(53)

Conclus ion

The si~:lp le  model th a t  is p re sen ted  here does not i nc lude  ni l the

possibl -’ reactions taking p i ace in t he  HgC 1 laser . This  model does

include several reactions not considered by Parks (Ref 1) and Eden

(Ref 2 ) .  A major deviation from Parks ’ and Eden ’s exoeriments is the

substitution of Cl’ for CCl~ in the mode l .

Before any solution can be found for the rate equations that are

:oresented in this section , the react ion-rate constants for each reaction

must be found . The reaction-rate constants are  developed in Chapter 3 •

and a sol-ation for the rate equations is presented in Chapter 4.
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I I I .  R eac t ion -Ra te  Cons tants  and Theories

Overview

In t h i s  chapter , the r e a c t i o n-r a t e  constants  necessary to solv e

the rate equations in Chapter  2 are developed . The processes that

are discussed and inc lude  theoret ical sec tions are l i s soc i at i ve

recombin at ien , d i s soc i a t ive  a t tachment , ion-neutral association

reactions , charge t r ans fe r  reac t ions , i on - ion  r econh ina t ion , and

harpooning r e a c t i o n s .  Reac t ion - ra t e  cons tan t s t h a t  are presented

based ‘n  exper imental  data  are secondary-elect ron e x c i t a t i o n  of

Ar , Xe , and Hg , i on i za t i on  of exc i t ed  s ta tes  h secondary-

electron impact , Cl-Cl recombination reactions, radiative decay of

ArC 1’ , XeC 1’ , and H gCl~ , ionization and excitation of :\r

and Xe by the electron beam , arid HgCl* quenching  ~‘y C l —

Some of the  r eac t ion - ra t e  constants  for these processes are

the r e su l t  of direct  measurem ent  of the reac t ion- ra te  constant , and

others are the resu l t  of cross sect ion measurements .  I f  only cross

sections are found . the reac t ion- ra te  constant  for that  process can

be ca lcula ted  by m u l t in l y in g  the cross section t imes the average

r e l a t i ve  v e l o c i t y  of the two pa r t i c l e s .  The average r e l a t i ve  ve l o c i ty ,

V
r 

, is found for par t ic les  in a Maxwell-Bo itzinann distribution to

be where is the Boitzmann constant , T is the tempera ture

of the gas , and 
~r 

is the reduced mass of the particles .
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17 . ~~ ox i s t  for  d i s s o c i a t i v e  r cconb~ n a t i c n  reac t ions  and ‘~r ov i J e

reasonabl e data for reaction-rate constant s . This section includes

sumnma :’ies of aupLca hle t h eor et i c a l  and experiment al -xoi-k that

ex i s t  for d i s s o c -~a t iv e  r e c o m b i a a t i ’n .

iheor . ) i s so c i a t i ve  r ’c o a b L a a t  ion r equ i r es  a free electron

~‘ith posit ive energy to give iw av ener~ y to hec omne a hound electron

wi th  n e g a t i v e  energy (Ref  121 .  Th is  ex c e s s  energy can be radia ted

away or gi ven up in a c o l l i s i o n  w i t h  a t h i r d  both’ . LU ss oc ia ti ve

r e c o m b i n a t i on  is e sse n t ia Fv  a t w o - b o i v  cO1l:s1)n between an e l ec t ron

ar id a mol ecu le  con tai nin g tw o a to m s . -)ne of these  a tom s is the

th i rd  body necessary  to absorb t h e  exce ss  energy of  the  e lectron .

The e lectrons tha t  are captured in dissociative recombination

are thermal e lec t rons  (Ref 12) .  These electrons provide the energy

necessary for molecular ions to form unstable intermediate neutral

molecules AB~~ that dissociate into two neu t ra l  atoms .

F igure 3 shows the shape of po tent ial  energy cur ves necessary

for direct d i s s o c iat i v e  recombinat ion to occur .  The i n t e rnuc lea r

separation distance R , is the point at which  the energy the  thermal

elec tron provides for the reac ti on is su f f i c i e n t  to move the bound

molecular ion to the higher potential ener -~v curve of the uns tabie

neutral molecule AB~~ - Th is  point , R , is ca l l ed  t he

car tu re  point .

- - - _ _ _  - 
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In this chap ter , the electrons are still assumed to be in a

M ax w e l l - B o l t z n i an n  d i s t r i b u t i o n  w i t h  an average energy of ~~
- kT2 e

equal to 4 eV - This assumption is made t~~ s i m p l i f y  ca l cu la t ions.

A solution of the  Bol t z m aann equation is required to f ind  the ac tua l

distribution function of e lec t rons .  This new d i st r i b u t i o n  is required

to give correct answers for reaction-rate constants that are calculated

for e lec t ron- impact  exc i t a t ion  and ion iza t ion  by secondary e l ec t rons .

5- A so lu t ion  of the Bolt :mann equat ion is beyond the scope of this paper .

The next se c t i o n  of t h i s  paper conta ins  a discussion of

dissociative recombination. The reaction-rate constants for

dissociative recombination are experimentally determined .

Dissocia tive Recombination

Int roduct ion.  Dissoc ia t ive  rec ombinat ion  is the reaction a

which a diatonic molecular ion captures an e lec t ron  and dissoc ia tes

into two neu t ra l  a tom s .  T h i s  react ion is  shown in reac ti on 54 where

A and B are atoms .

e + AB
4 

-~B~~ 
- A + B (54)

The AB~ molecule is an intermediate unstable mo l ecule. Two

reactions in this model involve  dissociat ive r e c o m b i n a t i o n .  In these

reac t ions , Ar~ and Xe~ dissociate  to form the appropriate products

shown in reac t ion 54.

I The theoret ical  work (Refs l . ,  ~3 , 14 , 13 ) concerning dissoc ia ti v e

recombinat ion does not provide simple formulas for quick calculation

of reaction-rate constants. Fortunately , several exper iments Refs i~~.

2b
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1
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2
3

IMtrl~uCIsOr seDoroh on , R

Fig. 3. Schematic representation of the  n o t e n t ia l  energy curves
involved in the d i rec t  d i s soc i a t ive  reco mb ina t ion  pro ce ss .  in  t h i s
s i m p l i f i e d  example , o n ly  one po ten t ia l  curve  for the  molecu l ar  ion
AB4 (with an e lec t ron at rest at i n f i n i ty )  and one for the  u n s t a b l e
molecule AB~~ are shown . Inset : m agni f ied  view of the  p o t e n t i a l
curves in the curve-crossing region. (Ref ~~~~~) .

Af ter  the electron is a t tached by the  m o l e c u l a r  ion , two

possibil i t ies exis t  for the uns tab le  m o l e c u l e .  The f i rst p o s s i b i l i t y

is for the uns tab le  molecule  to autoioni:e  and ej ect an e lec t ron .

This action put s the uns tab le  molecu le  back in t o  the bound m o l e c u l a r

ion. The second r o s s i h i l i t v  is for the unstable mo l ecule to dissociate

into two neutra l atoms . This ac t ion is the c omple t ion  of t he  d i s s o c i a t i v e -

recombin atior r eac t ion .  Fi gu re 3 shows the po ten t i a l  energy curves

of the molecular  i-on and the uns tab l o  m o l e c u l e  c ross ing at the

28

—- — - - ,- — 5- ‘-~~~~~~ - ¶~~~~~~ - -- fl’r-1~~~ -? ~~~~~~~~~~~~~~~ i t t  — --  ~~
_ _ _ “ ~

_ ,_ _ __ _ :_ ‘:, - rr, -



-- ~~~~~~~~ - -
-- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -‘-5-- ~~~ . -  ~~“~
.—-.,,

~~~
—----,- -5--- —---5----’ -‘ 5-— 

~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ -.~~~~~ -- -—‘-~~. —5-- 
. ____

~_5-5-~1. - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

point R . This !~o iu t  i s  c a l l e d  t h e  s t a b i l i z a t i o n  u ou~t and is5 -

the  in te rnuc lea r  sc~ ar a t  ion d i st ance  t ha t  I i :a it s  t h e  t ~:~e fc~r ant  o— - -

i on i za t ion .  \ ft e r  the neutral -itoms are serarated ~‘v a J: stance

.~reater t h a n  R , add ~~t .ona l  c’nerg ~- is nec essary for t he  svste;a
- S

of pa r t ic les  t o  re turn  to  the  hound ‘nol ecu l a r  ion s t a t e  —~here  au to -

ion iza t ion  can t ake  n i a c e  . u s in g  the Born—Oppenhei m er  a;’:~roximat ion ,

autoioni:ation is impossible at internuc lear separations gr e a t e r

than R - (Ref 12) The time necessary for autoioni:ation is
5- 5 - .

typ ica l ly  10 sec . and the t inc ne c essa ry  f-or the n eu t r a l  it

to separate to greater i n t e r n u c l e a r  sorara t  ion than R is 10 - -

to l~
) - 

see (~ ef 12) - t h e r e f o r e , t~~ ’ d i s s o c i a t i v e  rec~~:iN i nu t

~rocess i s  more I ~~elv to r e s u l t  in t’~.o n e u t ra l  a tom s  than for

the uns tab le  mo l ecu le  to  au t o i on i : e .

The cross sec t ion  for the  d i s s o c i a t i v e  r ecombina t ion  of a

molecu la r  ion i n to  two neu t ra l  a t om s  is  g iven in equa t ion  53 where

~~c) is the c ros s  Sect ion for d i ssoc  ia t  ly e  re contb i na t ion  ts a

func t ion  of inc ident electron ener~~’ , ~ (c) is the cross
- cap

sect ion for the cun ~ -u-e of an e lectron !‘v the  mo lecu l a r  ion to form

the in te rm edia te  unstable mo l ecule \P” , and S~~ ) is the

p robab i l i t y  that  the i n t e rmed ia t e  u n s t a b l e  mo l ecule surv ives  long

enough to dissociate and is cal led  the surviva l factor  ~Ref 1 2) .

= c (c)S~ c~cap

Previous arguments indicate  t h a t  S(s)  is high for thermal electrons

and can he considered approximatei~- one. 
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) term is n~’w e xa :n ineu  . An a s strart  j o t -i js made hvcap - -

:~ar J s l e v  and Biond i t h a t  t h e  anstj J ’le  m o l e c u L e  .\R” i s  forne d hi -

th e  e x c i t a t i o n  of a target electron to c r e a t e  a h i g h e r  ex c i t e d  s t a t e

and the inc id ent  e l e c t r o n  f a l l s  into an m acc u t ’ : od or~ i t a l  (Ref :2) -

\ s s u u i n g  V ( i ~ r ep re sen t s  the electronic -na t r :  x ele:: ent g o \ - e r n i n g

the  can t  i turat ion i n t er a c t  ion , (r , ~) r ep r e s e nt s  the  electr onic

wave f u n c t i o n s  of the  mo 1ec~:les . ;~R) represents the nuclear wave

functions , ~-~~r ,R) rePresent s the incident electron wave f u n c t i o n .

and r r ePresen t s  the  r a t i o  of n u l t i p l i c i t  ics of the jut ermediat e

mo l ecule -\B ’~ to  t he  i n i t i a l  m o l e c u l a r  ion ~~~ , ~. c) is
C P

given in equation Sc’.

= ~2~
3,-frn~) ~~ 

- V~ R~ (5~)

The ratio of mu lti n icit ios is divided by two to . i l l w for the t -~o

n o s s i b l - e  spin orientations of the incident electron ~Ret l~~ . The

elec tronic ::~atr~ x elemen t ‘,‘(R) is g ive n  in equa t ion  5~ -~here

U (r ,R~ is the Hami it on i an  f o r  t h e  nolecul tr—el cetrcrti c i~ave f u n c t i o n .

‘. ( R) = c ~~r , R~~~~(r , R) U e1~~~~~ ~ \B~~
.(r )

~~~> (5~ )

The ( 11- c )  p r o c or t i o n a l i t ’-  for o ( ~~) is developed in reference 13.

Figure 4 shows exannles of the expected nuclear ~ave functions

for AB~ and AB~~

5-— - —  
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F i g .  4 . Uy oothe t  i ca  I p o t e n t i a l  energy curves and a s s o c i a t e d  wave
func t ions  for one of the states of the molecular ion AB4 and of the
unstable molecule AB~

5- involved in the direct dissoc iative recon-
binat ion process.  (Re f 12)

The ‘\B—’ -
~~ 

~ave :unction shows a lar4e oi ’ah i lit - - of ‘

p a r t i c l e  bing near tue  classical turning ~‘e~nt ~~.. - This — -.a- . -c

func ti on  o s c i l l a t e s  r a p iJ ’~- and decreases c x p c n e n t i a ~~~- ts the inter-

nuclear separation distance R grows grea te r  than R~. .

and Biondi (Ref  12) approx i m ate  ;AB~~~
( R) with a d e l t a  f - a u c t i o n

located at R iRef 1i~ - By putting the delta fu n c t i o n  at

Bard sley and Biondi require that R be c lose tu  R
E 

. The d e l t a

funct ion is g iven  in equat ion 5~ where U is the  s lon e at

= ( l , U ) 12 
~ (R - R )  (58)
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The requ iremen t for the locat ion of R c is giv en in equa t ion 5~
where U indicates the potential energies of the molecules .

U~~ ._ (R ) - U\B+ (Re
) = (59)

The ground-state nuclear w ave function , (R) is approximated

by a harmon i - - - . l 1 .ator wave function . Substitution of these

approximations into equat ion 56 yields equation 60.

cap~~~ 
= (~~r

3
~~mc ) (~) (~-~-) V IR

C
) t~~+ (R~

l 2 60)

By de f in ing  the  capture width  
~ 

as (% ‘ ) V ( R
~

) 2 
, equation 60

reduces to equation 61.

~cap~~~ 
= ~~~ ~~~ ~AB~ ~~~ 

2 (6 1)

This developmen t indicates that R must be wi th in  the range of

nucloar vibrations so the probability of capture is greatest .

The reaction-rate constant for dissociative reconihination is

obtained by integrating over all energies for the product of the

elec tron dis tr ibu tion , f(t) , the dissociative recombination

cross sec tion , ~(~ 1 , and the electron velocity as ~n equation 62,

RDR 1 2~~~/2 
~(~)f(~ ) d~ (n2)

--  

- -
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I f  f ( c~ is a ~daxwel1-Bo lt:mann distribution of e lec t ron  energies ,

equation o2 reduces to  equation o3 ~Ref 12) .

~DR (8/~ mk 3Te
3 ) /2 ( exp (-~ / k T )~~dc (63)

Bards l ey and Biondi (Refs 12 , 14, 15) present four assumptions

that allow the dissociative recombinat i on rate for the ground

- 
• vibra t iona l  and e lec t ronic  stat e to be expressed in terms of electron

- tempera ture T
e • These assunrtiors are :

(i) The survival factor , S[~ ) , is a lmos t  or - ic ,

( i i )  The incident  e l e c t r o n  energy is less than  I eV .

( i i i)  UAB .. is such t h a t  is c lose  to R E -

(iv) The vibrational wave f u n c t i o n  for ~~~ can be
approximated b the ground state harmonic oscillator
wave funct ion .

The resultant dissociative-recombination reaction-rate constant

is g iven in equation o4 where a is the ampl i tude  of i n i t i a l

v ibra t iona l  motion , R0 is the e q u i l i b r i u m  nuclear separation

distance , and Te is in uni ts  of ° K (Ref 1 2) .

ri’ (R — R ) T - -
R DR (Te ) = 8.8 jp~

- exp (- ~~~~~ ~~~~~~~~~ x l0~ cm 3sec~~ (o4)

Not a l l  experimental  data  agree wi th  T 1 ~~ dependence in

equation 64. This  is the fact  that  led Bardsley (Ref 15) to

investigat e an alternate method of dissociative recombinat i on . ~he

a l t e rna te  method is cal led indirect  d i ssoc iat ive  r e c o m b i n a t i o n  and

is represent ed in reaction 65.
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e + AB~ -~ AB -
~ .-‘~B~~ -

~ A ÷ B  (65)

The potential energy curves representing reaction 65 are given in

Figure 5.

A8~~7
/ fA B’

V • I ‘c-’c---~t——— ’——-—~———-t~—i
\ \ \~~ 1/

v • O

V ’. 0

AB~ 
. 1

Fig. 5. Hypothetical potential energy curves for the mo lecu Lar
ion AB~ , a highlying, stable Rydberg state AB , and an unstable
molecule curve AB” involved in the indirect dissociative recombination
process. The v = 0 vibrational level of the molecular ion AB~and the v = 0  and 1 vibrational levels of the Rydberg state .-\B
are also shown (Ref 14).

In Figure 5 , the energy contributed by the electron is • This

energy must be close to the energy that is required to put the AB~
state into a A B- Rydberg state. The electron energy is contributed

to the nuclear motion of the AB State. The excited Rydberg state

predissociates to AB” because of the location of the potential

energy curve crossing, and normal dissociative recombination takes

34
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place. The electron temperature dependence for the reaction-rate

cons t ant for reac t ion  ~~ is given in equation 6 where a is the

possible number of Rydherg s t a t es .

R
~R~

T )  = T
~ 

‘
~~~ ~ c~ exp 

~~~n~
’kT e ) (66)

The possibiltty exists for direct and indirect dissociative recoin-

bination for any given reaction . Therefore, the eventual theoretical

temperature dependence can vary depending on the available Rydberg

states and the electron temperature .

Experinental values and calculations, O’Mally et al. (Ref 16)

find tha t , if  the location of the stabilization point is shifted

sli ghtly, a better probability for dissociative recombination exists

if th e ionic molecule is in an excited vibrational state. The exper-

imental JO t a for neon is bes t fit by a low vibrational state model

u s i n g  ~—t r a -~ie ter ~ t .~:at are determined by a computer program (Ref 16).

T h i s  ~-io-Jei - red~ :ts the  r e a ct i o n - r a t e  constant  for neon to vary

a c c o r d i n g  to  r and five se t parame ters .

Fortunate l , e x per i m e n t a l  data for the  d i s s o c i a t i v e  r e com b i n a t  i o n

ef Ar~ and Xe~ as a function of i ’cident electron energy (Refs  l ’ ,

i~~) ex i s t s , and reasonable predictions for these reaction-rate constants

can be made s imply .  Mehr and ~iondi (Ref l~
5-) find that  the  react ion-

rate constant for .\r~ varies as T
e~

O •
~
7 for a gas temperature of

3000 ~ Assuming that the 1.03 cv increase in gas temperature -i this

model over ~dehr and Biondi’ s (Ref l~) experiment does not a f f e c t  t h e

a’)
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vibrational distribution of the molecular ions greatly , ‘~eh~ and

Biondi’ s T~~~~~’ dependence is used to predic t a iissociat i-.e-

recombination reaction-rate constant of 3.9 x 10~~ cm3/sec for

Ar~ in this model. Shiu et a l .  (Ref IS )  f ind  t ha t  for Xe~ t he

dissociative-recombination reaction-rate constant varies a~ T ~~~ .~~2
e

for Te 
> 10000 K and a gas temperature of 300° K. Again , assuming

the data that is reported for a gas temperature of 300° K are valid

for the temperature of the model of 333° K , a dissociative-recombination

reaction-rate constant of 8.16 x 10~~ crn3/sec is calculated for

+
Xe~

Conclusion. The theory for dissociative recombination is difficult

to use for predicting reaction-rate constants. Fortunately, sufficient

experimental data exist and can be used to predict dissociative-

recombination reaction-rate constants for higher electron energies.

The data used for these predictior.s are for electron temperatures

to 8000° K for Xe and electron temperatures to 10000° K for

Ar~ (Refs 17, 18).

The assumption that data for gases at 300° K are valid for gases

at 533° K is probably valid. The vibrational spacings of atmospheric

diatomic ions are on the order of Q• 7 eV (Ref 12). The energy

difference between 3QQ3 K and 533° K is approximately 0.03 e\? and

probably is not near a vibrational level. Therefore, the reaction-rate

constants for the dissociativerecombination of Ar~ and Xe~ are

at least close to the values toat are predicted here.

The reaction-rate constant values of 3.9 x l0~~ cm
3 /sec for

Ar ’ and 3.16 x l0~~ cm~/sec for Xe~ are used in Chapter 4 for

- 36 -
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calculations involving an applied electric field. ~cith an applied

elec tric field across the plasma , the average electron temperature

is found to be approximately 4 eV (Ref 4). For electrons at these

higher energies that are not in a M axwel l -Bo l t :mann  d i s t r i b u t i o n , it

is best to measure the reaction-rate constant rather than the cross-

section for the reaction .

For calculations in Chapter 4 that are made for no applied

electric field , the electrons are assumed to be in thermal equilibrium

with the gas. The dissociative-recombination reaction-rate constants

that are used in this case are 5.99 x 10~
’ c:n3/sec for Ar~ and

1.88 x l0~ cm 3/sec for Xe~ . This assumption is discussed in

Chapter 4.

The next section is about a similar process to dissociative

recombination that is called dissociative attachment. - 

- 
-

Dissociative Attachment

Introduction. Dissociative attachment , a process simi lar to

dissociative recombination , involves the capture of an electron by

a neutral molecule. The molecule then dissociates to form a negat ive

atom and a neutral atom . The dissociative-attachment reaction in

this model is reaction 9a shown below .

~~ + -
~ ci~~ + ci (9a)

The theoretical description given in this section is only a

general presentation that is based on Bards ley and ‘Tandi (Ref 0) and

the potential energy curves for Cl~ that are developed by Gilbert and

a-
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Wahi (Ref 21) . The experimental data that is available for comparison

to theory is primarily for dissociative attachment of Cl2 by thermal

electrons (Refs 11 , 2, 23, 24) .

Theoretical and experimental results. Dissociative attachment

is the capture of electrons by neutral molecules and the dissociation

of these now negative molecular ions each into a negative atom and a

neutral atom . The one difference between dissociative recombination

5- and dissociative attachment is the requirement that the neutral molecule

involved in dissociative attachment ~aust contain an atom with a high

electron affinity. Electron affinity is the energy released when the

neutral atom gains an electron . Gilbert and WahI (Ref 21) find the

electron affinity of ground state C1 to be 2.19 eV. —

Bardsiey and ‘tandi (Ref 20) describe dissociative attachment ~n

a similar manner to dissociative recombination . The energy of the cap-

tured electron must be great enough to excite the target molecule to

an energy greater than that of the potential energy of the intermediate

molecular ion as is shown in Figure 6 (Ref 20). The experimental

results of Frost and McDowell (Ref 25) provide some justification for

this theoretical model. The experimental results give a threshc id

electron energy for the dissociative attachment of Cl2 to be 1.6 eV

and support the supposition that this dissociative attachment is the

result of formation of C l (2~r3
) state.

Recent experiments (Refs 11 , 22, 23) for thermal energy electrons

show that the threshold energy for the dissociative attachment of —

Cl, is not 1.6 eV. In fact, this experimental data shows that therma l

electrons are attached to Cl2 rapidly. Christodoulides et al . (Ref 11)

38 
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Fig.  6. Potent ia l  energy curves and nuclear  wave functions in
dissociative attachment. The final wave function is schematic
only (Ref 20).

find the dissociative-attachment reaction-rate constan t for Cl~ to

be 3 .1 x l0~~~ c&/sec. Schultes et al . (Ref 22) report a broad

maximum exists for the reaction-rate constant  for d i s soc ia t ive

attachment of Cl , between electron energies of 0.25 eV and

0.5 eV . Sides et al. (Ref 23) report a di.ssociativc—attachment

reaction-rate constant for Cl, of (3.’ l.S) x 10 cm 3 / sec for an

electron temperature of 350° K. These experiments (Refs 11 , 22. 23)

confirm the formation of C1 ~ :~) for therma l electrons. 
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The potential energy curves that are presented by Gilber t  and

Wahl (Ref 21) are shown in Figure 7. These curves show the

intersection of the Cl2 potential energy curve by the C 1 ( 2~~)

potential energy curve at the minimum of the Cl2 potential well.

The possible formation of Cl (2T~ ) by thermal electron excitation

from the Cl, potential curve to the Cl;(2~~) potential energy

curve is apparent . The possibility of excitation from the Cl2

potential energy curve to higher levels of (‘l~ does exist.

Conclusion. The potential energy curves for Ci~ of Gilbert

and W~hl  (Ref 21) inrnly that a graph of the dissociative-attachment

cross section for Cl2 versus elec t ron  energy may conta in  severa l

peaks corresponding tc’ each excited potential energy curve of C1

The location of these peaks depends on the electron energy required

to excite the Cl2 to C1 . Further research ~s required to

determine the electron energy dependence of the dissociative-attachment

reaction-rate constant for Cl2

The reaction-rate constant for dissociative-attachment of C1

by thermal electrons that is determined by Sides et al. (Ref 23),

— ‘
~3.7 x 10 crn?/sec , is used in this model.

The next section deals with the ion-neutral association r.actions. - ‘

Ion-Neutral Association Reactions

Introduction. In this section two theories are discussed for

atomic ion-neutral association. This reaction involves three atoms ,

one ionized and two neutral , as shown in reaction 6 .

40
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Fig. 7. Potential curves for Cl, and C1 (Ref 2l ’~

41

-- —~~— —~ — 
—----.‘-—-—--————- --— - ,,-,—,-- -‘



— - - - 

~~~~~~~~~~~~~~~~~~~~~~ . ~~
----

~--- —-—--—-~---‘ -—~~~~~~~~~~ ---‘~~~~—-— ~~~~~~~~
- —--~

—.
~

- - - -

___ - - --“—.w~~~? --- -- --

+ X + N — • N

Three reactions of this typ e are included in th is  model of the HgC1

laser. These reactions involve the formation of \r~ and

and are steps in the charge-transfer process that creates FLg~

The first theory presented is Mahan ’s theory (Ref 6 ) .  and the second

theory is Srnirnov ’s theory (Ref 27).

Mahan ’s theory. Mahan ’s theory (Ref 26) is based on the

assumption that the ion undergoes a resonant chaige transfer with a

second identical neutral particle while a third arbitrary particle is

at some distance from the first two particles. ifl this charge transfer ,

a neglig ible amount of kinetic energy is lost. The second.particle

that is now charged is at some distance from a third ar~-~itrar

uncharged p~rtic1e. If the relative kinetic energy of the third

particle and the newly charged second particle is less than the negative

potential energy of the two particles , a hound diatomic molecul e is

formed . Since no kinetic energy is transferred , this nrccess is

called a potential-energy transfer (Ref 26).

Mahan ’s next assumption is that the potential energy het~seen the

second and third particles is the ion-induced dipole type (Ref 2h’ .

Hirschfelder discusses the energy of ion-induced dipole type reaction

in Reference 25. Mahan then assumes the ion-induced dipole potenti al

does not affect the second and third particles ur1til after the

resonant charge transfer process takes place. This assumption means

the charge transfer must take place in a short time . .-\ fast char;e

42
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t ransfer  occurs if the f i r s t  and second particles are at a large

separation distance (Ref 26) . because the second p a r t i c l e  spends less

time in the sphere of interac t ion oi parti cle 1 as the separa ti on

distance of the particles increases.

These assumptions lead tc a bound-molecular ion being formed

if the ion-induced dipole potential energy is greater  than the

neutra l kinetic energy of the second and th i rd  par t i c les . This

e2condition is g iven in equat i on 68 where (~
-
~~

-) is the ion-induced

dipole potent ial  ener v and Mr
\ is the r -~l a t i v c  k i n e t i c  energy

of the second and third particles.

1 e2
~ ~~ (68)

- r r

In equation 68, M is the reduced mass , V the rel:~t iv e speed , and

r is the separation distance of  t he  second and t h i r d  ~a r t i c l L -s . A l s o

in equation 68, -
~ is the polari :ahility of the third narti cle and

e is the electron charge. Solving equation 68 for r shows that a

bound molecule is not formed by the second and third particle unless

equation 69 is true .

e2 ~~r (~~
— —) ‘ - -  (69)

L

r r
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Fhe cr i t i ca l  radius , r , is the  maximum s ep ara t i on  di s t ance  for the

second and third particles to ‘~e apart and s t i l l  form a bound mo lecule

after the charge transfer takes pl~ice.

‘lahan ’ s r e a c t i o n - rat e  constant  for ion-neut ra l  a s soc iat ion  is

~iven hy the product of the reaction-rate constant for charge transfer

and the probability that the third particle is within a sphere of

radius r that is centered at the second particle (Ref 26). This

condition is shown in equation 70 where f (v ) is the relative speed

L l l s t r i b u t l o n  and is the reaction-rate constant for charge transfer

of the first and second particles .

R
CT 3 ~ r 3 ( v )  f ( v ) dv (70)

‘lahan states that the assumption of resonant  charge t r ans fe r

between the f i r s t  and second particle is not strictly true if the

third particle is close enough to the first and second particles to

interfere with the charge transfer reaction . Mahan also states that

for “ typical values of ionization energy ” t h i s  assumpt ion  is not

incorrect enough to affect the results of his  theory ~Ref 2t - ) .

If the speed distributi on of the reacting rart icle is assumed to

be a M axwel l -Bol t :mann  d i s t r i b u t i o n  and equat ion 69 is substituted

into equation 711 , the reaction-rate constant for ion-neutral association

is given by equation 71 and 71a (Ref 6).

\) 3 f . 3 , -

R — R 16~2 
- 
r - 

~
- . ./

~~ “I ‘-~
I-N 

— CT ~~~ ~~ T 1 
r~~ 

~r exp(- r r  
) dv ,51)
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1/ ,  1/ S /~~ —
R i_ s  4’S-i 7(3/4) R CT ~~~~ ( 1 a ~

Mahan ’ s ca lcu la ted  data is computed by ~a : lt i ~~l y i n g  the charge-

transfer cross- sections of Dalgarno (Ref 29) by the root-mean-square

relative speed. ‘lahan uses the polarizabi lities of Pit:er (Ref 30)

for the calculated values (Ref 26~ - Mahan ’ s method of ca lcula t ion

appears to be reasonable , because his calcu ’~ated values are a l l  w i t h i n

a fac tor  of tnr ee  and most are w i t h i n  a f a c t o r  of two of the exper !-

mental values ~~ef 26).

Using M ahan ’ s method of calcu~ a t ion  and the  data  in references

29 and 30, a react ion-rate constant of 2.36 x l0~~~ cm6/sec is

calculated for reaction S at 300 °

+Ar + 2Ar -
~ Ar~ + (5)

This va lue  compares n e c e l y  to the e x p e r i m e n t a l  va lue  obtained by

Smith , Dean , and Plumb of ( 2 . 5 0  = 0.l0~ x lC(31 cm /sec (Ref 31) .

The value that is ca lcu la ted  for r e a c t i o n  5 at 533 0 K is

2.39 x 10 31 cm7sec . The value that  is ca lcula ted  for reaction

at 3000 K assuming M is Xe is 5.3 x 10~~~ cm~ /sec -

+ Xe + M — Ne t + M ~ ! = X e , Ar) (71

This value is within a factor of two of the experimental .‘a ue of

(3.37 ± 0.17) x 10 31 cm6/sec that  is reported by Smith , Dean , ari

Plumb (Ref 31),  and it is within a fac t~ r of three of the value

L 
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0.2) \ 10~~ cu /sec for r-i c t  ~~‘ i t  
— ‘n o r t  ed by V i t  ol s and

C) Sk ZUU R e t • 32)

11w react ion—r at e con-t ant t~)r r - - i c t  ion — a-’- i n g  Ar  ts  a t h i r d

body is net computab l e  us i ‘I ih in ’ s th ~-o r ~e f 2 ’ and is -in

example of the l i m i t e d  .i pp l  i c a t ’ i I it ‘f ‘luhan ’s theory . lids re ac t  ion —

e cons t ant cannot  1w cal cu 1 a t  d , beL-au5 (- \tah nn ‘ s t heorv is sumes

ch arge t rans ter between the irs t and -~eco n d p ar t  i e I es and no I ecu 1 a r =

torma t ion bet ween the ~;econd and thi n ’ ‘ ‘rt c le - I I’ t h i s  net hod

— of format ion is ippi led to react ion ., this react iOfl s net~ react i o u

+ +Xe + Xe + A r - ArNe X e

t he product s in react ion 72 c iii he t , ~ 
i-i:~~~~~ in ~co t~ . I i r~: t • he

char~e t ranster is between \e~ an - .l \e and the n o l e c i i l  \n\e~

is for med. Sceon~1 , the ch u r~e t ruui ~
; Ic~i~ is between Nc

4 
m d  A r and

the inc le~ u Ic \rXe + 
fe nned . he second me ?ic d i s net ri ~- I u de, ’ in

Mahan ‘ s th co ~~ . because ‘t ahun re~1m u I re s .u r ~~~~
- t r - n s fee l’e t i~ c~ en

ident  I c m  I p u  ~ Ic  les .

Smirnov ’s t h e~~~ . Smirnov ’s theory iRet’ ~~ is t h e  solut ion ~e

• the prob lens presen t ed he ~Iahan ‘ theory . Sm I nuuo~ thiei - y ‘me s t - ui t S

methods For the soimi t ion cii r e a c t  i o n s  73a . h * • m ud d wh ere N mu d

V are di ffercnt it omn~.

~ -
~~

+ + \~ X~ + ‘i (73 1) )
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+ N + V -- NY
4 

+ N

4
N N + N - X-~ + N t 3d)

Smirnov first inve stigates reaction 3d.

-
. Smirnov ’ s theory is based on the a ssuma pt  ion that the enet-gy of

the gas part id es * which i s  proport i onal t o  the  tempera ture  of the

~as * is much lower than the dissociation - uier -~ - of a molecular ion

(Ref 27) . The r a t e  of change of atomic i ons  i n t o  molee u l : ; r ic) f lS  is

given in equat ion  4 where N~~ 1 + is the m o l e c u l a r  ion dens ity ,

is the atomic ion densit y . S., is the neutral atom d e n s i ty .

and R 1 5  is the r e a c t i o n — r a t e  cons tan t  for i o n — n e u t r a l  a s soc i at  ion .

dt 
R I N  ~~~ 

\
\

Smirnov tates that the po ten t i a l  energy of intera ction betw eemi the

• atomic ion and neut ra I atom s ciCt ernu j ned be induced —ci j~O 1 e a rm it ion

interaction when the binding energy of the molecular ion is on the

order of the gas temperature  (Ref  7~~.

The ( R 1 5  \~~~~) term from equat ion  4 is examined . ~h i s  term is

found to have the r e l a t i o n s h ip  shown in  equat  ion 7~ (Ref 2 7 (  .

R I N  
N~ - <~ v~- W

The • -
~~‘- ) term g i v e s  the  frequen cy t h a t  a f l e u t r a l  •i t eni c reat e s

- 
- 

~~
-
~z~~--- -
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the potential to be bound with an atomic ion to form a molecular ion .

The W term is the ratio of the probability that the molecular ion

gives up energy in a collis ion with a third neutra l atom and creates

a more bound molecular ion to the probabil ity that the molecular ion

gains energy on the order of the temperatur e in a c o l l i s i o n  w i t h

third neutral atom and dissociates . As a result of the detailed

balancing principle and for the induced-dipole polari:ation inter-

e2 3,action , W - 
(
i
f-) ~ N~ where t is the polari::bility of the

atom. Smirnov states that ~ ~s proportional to 
2 for

the polari:ation interaction cross sect i on for transition of the ion

into weakly excited states (Ref 27). Equation 75 is now equation 76.

RI N  N~ - N~~~ <v> 
~~2 1/., 

~~~~~~~~~ 

/~4 (76)

Because the veloci ty is proportional to (~ )
1~~ for a M ax we l l -Bo l t :mann

distribution, equation 76 transforms to equat ion 77 where M is the

mass of the gas atoms .

- e2 l, ae2 3/
= constant 

~~~~~~~~~~ 

2 4 (77)

Equation 77 is true for reaction 7d.

Smirnov forces equation 7 to equate to 1.1 x 10 31 cm6/sec for

reaction 73d where N is He and the temperature is 300° K. This

process results in a value for the constant of approximately 42 in

equation 77 (Ref 2 ),

48
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The results using Smnirnov ’ s theory (Ref 27~ are not as good as

those using Mahan ’s theory (Ref 26). Using the data from Pit:er

(Ref 30), a reaction-rate constant of 3.24 x l0~~~ cm 6/sec is

calculated for Ar ion-neutral association in reaction S at a

temperature of 3000 K. This value is more than a factor of two great er

than both the value of• 2.36 x 10 31 cm°/sec from Mahan ’s theory and

the experimental value of (2.5 ± 0.10) x 10 31 cm 6/sec (Ref 31) at

the same 300° K temperature. The value tha t is ca lcu la ted for reac tion 7

at 300° K wi th Xe as the third body using Sm irnov ’s theory is

8.38 x 10 31 cm~ /sec * This value is more than a fac tor of two grea ter

than the experimental  value of (3.57 ± 0.17) x 10 31 cm~/sec (~ ef 31).

Mahan ’s theory gives a value within a factor of two of the exper imenta l

value. Smirnov ’~ theory does give results w i t h i n  a factor  of three

of the experimental results for reactions 5 and 7.

Smnirnov (Ref 27) modifies equation 77 us ing  Tho~nson ’ s theory

(Ref 33) to g ive react ion-ra te  constants  val id  for react ion 73a , b ,

and c. The assumption necessary for this modificat ion is that the mass ,

in , of particle I is less than the mass , ‘I * of par t i c le N

The reaction-rate constants for reactions 3a , Ii , and c are g iven in

equations ‘7a , b , and c , respectively (Ref 27~ .

in ~~/ 
a~e

2 3~ ~~~
RI.N 

= 42 ( T “ in 
2 (77a)

1 i c- 
~ 

a C- -

R I N  = 42 (
111

) 
L~ (

X 
) ~ (—~--H 

2 (7Th )

.49
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3/ ~~~~~~~~
= 42 

~ 
) ~ 2 (77c)

Smirnov (Ref 27) notes the value , 1.3 x 10 31 cm a/sec , that is

calculated for reaction 78 at approximately 400° C is close to Biondi ’ s

experimental value (Ref 34) of 1.7 x 10 31 cm6 /sec.

+ +Hg + Hg + He -~~ Hg2 + He (78)

This close agreement for one reaction does not imply that a greater

accuracy than the factor of three that is applied to equation 77 is

applied to equations 7a , b , and c.

The value that is calculated for reaction 7 using Ar as a third

body and Smirnov ’s equation 77b is 4.96 x 10 31 cm~/sec at 333° K.

The value that is calculated for reaction 7 using Xe as a third

body and Smirnov ’s equation 77 is 5.77 x 10 31 cm~/sec at 533° K.

Reaction 7a is reaction 7 with Ar as the third body , and reaction

7b is reaction 7 with Xe as the third  body .

+Xe + Xe + Ar — 5C7 + Ar (7a)

+ +Xe + Xe + Xe Xe2 + Xe ( ,b )

Conclusion. Mahan ’s theory (Ref 6) appears to predict reaction-

rate constants to within a factor of two of known experimental results.

This theory is limited in appl icabi l i ty ,  be cau se Maha n requires a

50
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specific order of charge transfer and interaction . Smirnov ’s ~heo~-y

(Ref 7) applies to more types of reactions than Mahan ’s theory . The

values predicted by Smirnov ’s theory are probably w ithin a fac tor of

three of known experimental values . Therefore, Mahan ’s theory gives

more accurate results for a limited number of reactions , and Smir-iov ’s

theory gives results for some types of ion—neutral association reactions

not computable from Mahan ’s theory .

The following values are used in the model for ion-neutral

reaction-rate constants . The experimental value (!~ef 31) of

.3 x l0 3l cm~/sec is used in the model for reaction 5. The experi-

mental value (Ref 31) of 3.6 x 10 31 cma/sec is used for reaction Th.

Reaction 7b is reaction 7 with Xe as the third body .

+ +Xe + Xe + Xc Xe~ + Xe (,b)

The value that is calculated using Smnirnov ’s equation 77a ,

4.96 x 10 31 cm 6/sec , is used for reaction 7a. Reaction 7a is

reaction 7 with Ar as the third body.

+ +Xe + Xe + Ar -
~ 5e9 + Ar (ia)

The next section is a summary of the charge transfer reactions

in this model.
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Charge Transfer Reactions

Introduction. The charge transfer processes that are included

in this section are the near-symmetric charge transfers in reactions

6 and 8 of this model. The energy of the particles is approximately

0.07 eV. The charge transfer between and Hg in reaction 8

is a near-symmetric charge transfer (Ref 35). The general form of

reactions to be considered in this section is shown in equation 79

where X is an atom and Y is a different atom .

+ Y -
~~ + 2X (79)

Two theories are presented . The first theory is that of

Gioumousis and Stevenson (Ref 36). The values generated by using

Giouinousis and Stevenson ’s theory are in excellent agreement with

the experimental values reported by Bohme et al. (Ref 37). The

second theory is a brief presentation of Rapp and Francis ’ theory

for the low-velocity region (Ref 38). The particles in reactions

6 and 8 are in the Rapp and Francis low-velocity region that is

determined by the approximate upper limit v (lOS/Mr ~
“2
) cm/sec

where Mr is the reduced mass of the reacting particles in amu . Since

the velocity of the gas particles is proportional to the square roots

of the temperature of the gas , the Rapp-Francis low velocity region

is defined by the gas temperature and the reduced mass of the reacting

particles.

Gioumousis and Stevenson ’s theory. Giouinousis and Stevenson ’s

theory is based on the fact that the long-range potential between an
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ion and a neutral part icle is given by equation 80 which is the ion-

induced dipole polari:ation potential (Ref 36~ .

U - -— (SO)
2

In equation SO , U is the potential energy , e is the electronic

charge, a3 is the polarizability of the neutral particle , and r is

the separation distance of the ion and the neutral particle. Cioumousis

and Stevenson use Langevin ’s (Ref 39) equation he~ow describing the

orbits for the ion-induced dipole ~otential (Ref 36). Equation Si

describes these orbits where b is the impact parameter.

- 3e2aB ~b = ( ) (81)
M v ~~r r

In equation Si , M
r 

is the r~-duced mass of the reacting particles and

V
r 

is their relative velocity. A typical set of trajectories is

included in Figure 8. The important facts in Figure 8 are that for

b < b the orbits pass through the center point and for b b0 the

orbiting particles are never closer than (b )I’v~) -

The next step in the development of this theory is the supposition

that a critical radius . r, , for a given reaction to take place

exists (Ref 36). This critical radius is such that the probability

of the reaction taking place is :ero if the particle passes outside

the critical radius and one if the particle passes inside the critical

radius. Therefore, if r b /~~ the cross Section of interaction

is given in equation 82.
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Fig. S. A t ypical fami ly  of traj ectories as a function of the i -npac t
parameter b .  The dotted trajectory is the c r i t i c a l  one for b = b

and approaches the c i rc le  r = b~//2 . Only trajectories w i t h  °

b < h ~i1l enter the reaction sphere if it has radius r, less than
3

this. i.e., r < b /~~ . Thus, the cross section f.or entrance into

the reaction sphere depends on b but not , w i t h i n  l imi ts , rc . On

the assumption that all molecules which enter the reaction sphere
do react , the same may be said of the interaction cress section (Ref 3~ ) .

The larger cross sections are given for interactions between

particles that ;na.ximi:e b . This naxiini:ation is done by ; ‘art i c les

vith a large polari:ability, small reduced mass , and small velocities .

34

L ---.~ -~~~~ ._
- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . _ .



—5-—-—- ~~
__ 5-— — 

~~~
- .—.—-.——-—.-—— ~. — 

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~
._- 

~~~~~~~~~~~~~~~~~~~ 
-5-—— -- -

~~~
——.—-— —- -~~——,—.~ -,—_.-_ 

—

-5- - -- ,--_ -_---‘ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- ..— - -~-,~ - .-~- - - - —

r 
-

~

Since velocities are often described in terms of a velocity distribution ,

some higher ‘.elocities are certain to exist so that the condition

r < b /~~ is not true. If the number of narticles exceeding thisC

criteria is kept to a :ninimuin , this theory is still relatively valid

(Ref 36).

The cross section in equation 82 multiplied by the relative

velocity of the two particles is a constant shown in equation $3.

4e2a e2~ 1
V (

~~~ ~~
2) ’

~ 
= 2 

~~~
(__

~~ ) 
‘2 = RCT (83)

Therefore, the expectation value of <v~~(v )> is the constant given

in equation 83 for ions and neutral particles in a Maxwell-Bolt:mann

distribution . This constant is the reaction-rate constant for

symmetric charge transfer.

Rap~ and Francis’ theorX . The Rapp and Francis theory (Ref 3$)

for the low-velocity region , V 
~ 

(-
~
-

~~
- -  ) , is a modification of the

Mr
Gioumousis and Stevenson theory (Ref 36). Rapp and Francis say that

the charge exchange ;~robahility is 0.3 for symmetric-charge-transfer

reaction resulting from impact collisions (Ref 38’ . By mul t iplying

this factor of 0.5 times the Gioumousis and Stevenson cross section

of reaction given in equation 82, Rapp and Francis give a lower bound

cross section for symmetric charge transfer shown in equation S4.

re •~~~~~ 1/,
— (84)lower v M —

r r
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Using the approximate -.alue of j~~ 2~ cm 3 for the polari:ahility of

particle B allows ~app and Francis to approximate the cross sect ion .

This approximate cross section is given in equation 85 where “1r is

in amu and v is in cm/sec .

1.2 x l0 9/(M 
1/, 

) cm2 (85)lower r r

~~gerimental data. The charge-transfer experiments of Bohme

et al . (Ref 37) provide excellent results for comparison to the

theoretical reaction-rate constants that are calculated using

Gioumousis and Stevenson ’s theory (Ref 36~ . For example , the

theoretical value for reaction 86 is 5.73 x 10-10 ~n3/sec at

20’)° K , and the experimental value is 7 .5 x lO~~ cm 3/sec (Ref 37).

+ - +Ar 2 + ~r Kr + 2Ar ~so~

Most of Bohme ’s data (Ref 57) is wi th in  a factor of two of the

theoretical values . The values not w i t h i n  a f ac t cr  of two of the

theoretical values are less than the theoretical va lu e s  and are b est

explained as reactions that are dominated by asymmetric charge t r an s f e : s

(Ref 37). The experimental data of ‘laier for particles with greater

than thermal energies does not igree with Bohme ’s data (Ref 4O~ -

Therefore , Gioumousis and Stevenson ’ s theory can be used for c a l cu l a t in g

theoretical values of charge-transfer reaction-rate constants for

particles with thermal energies . These theoretical values can he

considered to be within a factor of two of the upperlimit reaction-

rate constants. !f the charge transfer i-~ asymmetrical , the
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theoretical value places an upper l imi t  on the react ion-rate

constant .

The theoretical value for reaction 6 in this model , Ar~

transferring charge to Xe , is 6.65 x l0~~ cm3/sec . The

theoretical value for reaction S in this model , Xe~ transferring

charge to Hg , is 3.11 x lO~~ cm3/sec . The polari:ability

of Xe from Pit:er (Ref 30) is used in the calculation for reaction 6.

An estimated value of 2 x lO~~ cm 3 is used for the polarizability

of Hg in reaction S.

Bohme et al. (Ref 7) also use Gioumousis and Stevenson ’s

theory (Ref 36) to calculate theoretical values for reactions

similar to reaction 87.

ArKr~ + Kr — Kr~ + Ar (87)

The general form of reaction 37 is shown in reaction 88 where ~~ and

Y are different atoms .

+ y + x (38)

This theoretical value for reaction 37 is 5.21 x 10 ID cm 3/sec

and the experimental reaction-rate constant is 3.2 x iO~~ cmD . f sec

(Ref 37). The theoretical values that are calculat ed tor t h i s  type

reaction are generally high by a factor of three or less (Ref 3fl . 
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Conclusion. The Gioumousis and Stevenson theory ~Ref 36)

results in reaction-rate constants within a factor of two for reactions

similar to reaction 9 for particles with thermal energies . If the

reaction is an asymmetric charge transfer , the theoretica l value is

an upper- l imi t  reac t ion- ra te  constant . The Rapn-Francis  theory

(Ref 33~ at low-velocities is not as accurate as the Gioumousis and

Stevenson theory . The Rapp-Francis criteria for determining low-

velocity reactions is probably a reasonable criteria for determining

the applicability of the Gioumousis and Stevenson theory . The

fac t that the Gioumousis and Stevenson theory ioes not predict accurate

reaction-rate constants for energies greater than thermal energ ies

is pointed out in a comparison of Bohme ’s therma l energy data (Ref 37)

to Maier ’s data (Ref 40) for energies greater than thermal. Therefore,

the Gioumousis and Stevenson theory gives excellent reaction-rate

constants for the charge-transfer reactions that are similar to

reactions t and S with thermal energy reactants.

The next section includes discussion about the three ionic

recombination processes in this model.

Ion-Ion Recombinatioi-i

Introduction. Ion-ion recombination reaction is the process by

which a singly ionized ion combines with a negative ion that has

one extra electron . The four theories investi gated in this section

are J. J. Thomson’s theory (Ref 33), Langevin ’s theory (Ref 41),

Natanson ’s theory (Ref 41). and Wadehra and Bardsley ’s theory (Ref 42).
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Thomson ’s theory. Thomson ’s theory of ionic recombination

(Ref 33) is based on two assumptions. First , all gases are in thermal

equilibrium . Second , if two oppositely charged ions pass w ithin a

certain distance of each other , called the trapping radius , these ions

recombine ~Ref 43). This development is similar to that in Reference

43.

The assumption that all ions are in thermal equilibrium with  the

gas means the average kinetic energy of the ions is equal to the

average energy of any particle in the gas. This relationship is

shown in equation 89 where m± are the ionic masses , v~ are the

root acar. square ve loci t ies  of the ions , I is the temperature of

the gas ir~ °K , and k is the Boltzmann constant .

1 + +
~~ 

1 — —
~~ 3

~
- m y

R 
= -

~
- m V

R 
= -

~~ kT (89)

If the distance between the oppositely charged ions is large ,

then equation 90 is true where Mr is the reduced mass of m and —

and V
aR 

is the root-mean-square velocity of the relative

velocities of the ions .

~ ~r
V
~~ 

= ~-kT (90)

The next assumption is that the potential energy between the two

ions is only Coulombic . This assumption means that  as the ions are

separated by greater and greater distances , the Coulomb potential

energy, -e2/r , approaches zero .
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Thomson ’s as sumpt ion  t ha t  leads t o  the idea ~f i t r a p p i n g

radius i s  t h a t  two i ~nis r ec ombin e  i f t h e i r  pa ten t  ia I ener~ v a nd

kinetic energy sum to a negative number. L~piat ion ~O shows the

average k m e t  Ic ener~v of the two- ion sy St e m  s , k 1’ , w h i c h  i s

~~ 05 i. t ~~~~~~~ . ~ i iice the two ions ~~~~ lit kltw t Ic energy equa l t o  t h e l  r ~~~~~~~~~

of p o t e n t i a l  en ’rgy as the two ions approach each other , the o n l y  way

the k i n e t i c  encr ~tv is ever ess than the magnitud e of the pot ent Ial

energy is for kineti c energy to be ~ I von up in a coil is i on with a

th j ~~~~j body . flie k i n e t i c  en ergy of the ion starts at k F md

incre ases as it approaches the other ion . I t ’ an ion is ret urned to

an equili brium temperature h a col lision , then that ion is trapped

~hen o- ’ ’ r ‘ . The d i s t a n c e , r~. , at which t h i s  occurs  j:~

ca l  led the t vapp i ig r ad iu s  .

r ~)llT 3hF

Thomson ‘ s tie as sunipt  ion  is t h a t  each ion i s sur rounded hv .1

sphere with - i  rad I us equa l t o  th e  trappin g rad i us . ihe number of

p o S i t i v e  ions L i t t e r i n g  a sphere  of i n t e r a c t i on  a round a n egat  i ye ion

with rad ius  n. is -tr :.fl t v  + ~ )
/ 2  

, where nr:~. is the ci~ clt ’T 1 +  m in I

of i n t e r a c t  ion . ii i s  the number det is  i t y  of posil ive ions , and

(V ,~ + ~ ~~~~ is the aver age  r e l a t i  Vt’ VC toe i t y  of the i o n s .  The

number of negat ivc ions enteri rig a ~~ i i vt’ sphere Is

n tv + v 
- 

. where ii i ~ t he number dens itv of ogat i y er - ~~ 
- -

ions . Let w be the prohab i ii t it’s t h a t  a po
~ 

it I ye ~~ i O i ~ it i ~. L’ en

en t er i n g  an ap p r o p r i a t e  spher e of it era0t ion ~- ol Ii des i th m c i

t ,t ) 
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patticle and is thermalized in that sphere . The number of recombina-

tions per cubic centimeter ~er second is then given in equation 92.

. .. + 2 _ 2 1/, +. . = rr -n n (v + v ) — (w + w 1 (9.flrecombinations T + - m in

An approximate value for w± can be calculated using classical

mechanics and ignoring the charges of the two ions. First , the

probability that a particle travels a distance x in a gas and does

not collide with another particle is e , where \ is the mean

free path of the moving particle. The mean free path is a function

of the total gas density and is not a function of only n~ and n~

Second , the distance x traveled by a particle in the sphere is given

by equation 93.

x = _r.1, cos 0 (931

— 
The angle ~ is formed by the intersection of the trajectory line

and the line t’ormed by the point of entry to the circle and the center

of the circle. Third , the probability that a particle enters the circle

of interaction between ~ and 3+dO is sin ~ (Ref 441 . Therefore .

the probability that a particle enters a circle with radius r
~ 

and

collides with another particle is given in equation 94.

-~ 1,
Probability of 

— 

- 

e nTc05~~\sin 0Lollision
0

= - —
~--- ci - e~~~~’~~ (94)

2
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The actual probabil i t ies  of coll ision are greater than those

calculated in equation 94, because the effect of the difference in

charge is ignored .

Substituting w~ in equation 92 and dividing by (ma )

results in the reaction-rate constant for ion-ion recombination given

in equation 95 where 
~~~

± are the mean free paths of the positive and

negative ions.

~2 2 1/ A + -~r /X - r  I’R1 1 ~ = lrr
T (v ~V ~ 

2 [l-~~— (l-e T +) + ~ — 

r 
(1-c - I - ‘~)}  (95)

If the ions and the gas are assumed to be in a Maxwell-Boltzmann

distribution , (v~
4 

+ v )~~
’2 equals (~~T)/2

Two cases can be derived for equation 95. The first case is for

low pressure gases. At low pressures , X .~ are large and e
_ _ i’T/

’
~±

can be estimated by the first three terms of the series representation

for e~
’ where y is small. The term w~ is approximately rT/Xf

and w is approximately rT/.X . The reaction-rate constant for low

pressure ion-ion recombination is given in equation 96.

SkT V 1 12~tr~, (~ j~) 
2 

~~~~~~~ 
+ 

~~~~~~ 
c96)

r + -

The second case is for high pressure gases . At high pressures , \

are small and e - T ± approaches one. The reaction-rate constant

for high pressure is given in equation 97.
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Rhi gh = 2~r~ (~
!T)

/2 (97)

Substituting equation 91 into equations 96 and 97 results in

equations 96a and 97a.

3~ ~~ -t 1/ e6 1 1R10 
= 

~~ 
2 
7~~j-

5/2 cr— ~‘ ~
—) (96a)

Rhi gh = ~~~~~ (~~)/2 
(kT) /2 (97a)

Equations 96a and 97a contain some interesting information.

The low pressure equation 96a indicates that at a constant temperature

the reaction-rate constant increases with pressure . The high pressure

equation 9~a shows that the ion-ion recoznbination reaction-rate

constant is independent of pressure at constant temperature .

Several other comments are made in Reference 43 concerning the low

pressure equation 9 1a , the main point being tha t  the Thomson low

pressure reaction-rate constant  for ion-ion recombination is a good

approximation for pressures less than 1 atmosphere.

The fact that the Thomson high pressure reaction-rate constant

is independent of pressure is in disagreement with experimental data

(Ref 45). The reason for Thomson’s generally high prediction of the

recombir~ation constant is that no consideration is given to the

possibility of multiple collisions inside the sphere of interaction

knocking a possible reacting particle out of the sphere of interaction .
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Also , no consideration is given to dissociative collisions between

molecules (Ref 46). These facts cause the Thomson theory generally

to overestimate the high pressure reaction-rate constant for ion-ion

recoinbination . -

Lan g~vin ’s theory . Langevin ’ s theory is val id  only at very high

pressures and is based on the assumption that  the a t t rac t ive  forces

between two neighboring particles is Coulombic. The positive and

negative ions drift toward each other at a rate determined by their

mohilities K~ . The relative drift velocity, 
~D 

, at ~ separation

distance r of the two ions is (K~ + K )  e2/r - where the effective

electric field on the two ions is e2/r2 . If each negative particl e

is enclosed in a sphere of radius r , the number of positive particles

entering the sphere is given by the product of the drift velocity,

\ the surface area of the sphere , and the number densi ty  of negative

ions. The number of recombinations is shown in equation 98.

~recombinations = 4~e
2 (K~ + K )  n~ n (98)

L gevin ’s reaction-rate constant for ion-ion recombination is given

in ~w~ation 99.

RIIL = 4~te
2 (K~ + K )  (99)

Langevin ’s theory does agree with Machier ’s data at 5 to 12

atmospheres of pressure (Ref 41). Langevin ’s theory also predicts

a decrease in the reaction-rate constant as pressure increases.
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The major prob lem that is found for using Langevin ’s theory for

quick calculations for ion-ion recombination is the lack of data

for K

Natanson ’s theory. Natanson ’s theory (Ref 47) fills the gap

between high and low pressures . Unfortunately, Natanson ’s theory

requires more data than either Thomson or Langevin to calculate

the reaction—rate constant for ion-ion recombination . The require-

ment by both Langevin and Natanson for data that is difficult to

obtain in calculating the reaction-rate constants , forces the use

of Thomson’s theory for approximate calculations of ion-ion

recombinat ion reaction-rate constants.

Wadehra and Bardsley ’s theory. Wadehra and Bardsley ’s theory

(Ref 42) is an extension of Natanson ’s theory to allow the masses

and collision properties of the positive and negative ions to he

different. By allowing for different collision properties for the

positive and negative ions, a trapping radius is developed for

the positive ion that is different from the trapping radius of the

negative ion . Wadehra and Bardsley cite several sources of data

for their calculations .

Conclusion. The use of Thomson ’ s theory may not prove to be as

inaccurate as expected in the calculations for ion-ion recombination

in the HgC1 laser . First , the ion-ion recombinations in the HgC1

laser are atom—atom recombinations and not molecule-molecule

recombinations . This fact eliminates the problem of dissociative

collisions considered by Brueckner (Ref 46). Second, the operating

pressure forthe UgC l laser being investigated in this model is

approximately 3.17 atmospheres . This pressure is not the extremely
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high pressure at which Langevin ’s theory is accurate. This pressure

is probably such that the reaction-rate constant is closer to its

maximum value . Evidence of this fact is given in a theoretical

calculation done by M. R. Flannery . Flannery ’s calculations for

Hg~ and C1 ionic recombination result in a maximum recombination

constant of 2.4 x lo
_6 

cm3/sec at N/NL of 1.6 . This reaction-rate

constant drops rapidly to 1 x l0 6 cm3/sec at N/NL = 9.0 (Refs 48, 49).

In the term NINL , N is the density of the third body Ar ,

and NL is Loschmidt ’s number that is adjusted for temperature. If

the assumption is made that the sum of the number densities of Xe

and Ar in this model is a good approximation for N , an ionic

recombination reaction-rate constant of 2.15 x 10 6 cm3/sec is

found from Flannery ’s data to apply to this model. Flannery ’s data

is included in Appendix C.

Wadehra and Bardsley (Ref 42) predict an ionic recombination

rate of 2.3 x 10~~ cm3/sec for Ar~ and C1~ . This rate is

computed for a gas temperature of 300° K and a pressure of approximately

+..l atmospheres. The predicted ionic recombination rate for Hg

and C1 at the same temperature and pressure is 1.8 x l0~~ c-m 3/sec

Three ion-ion recombination reaction-rate constants based on

Thomson’s theory are used in this model of the [-IgCl laser. These

values result from calculations using equation 97a and are presented

in Table 1.
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Table 1

Ion-Ion Recombination Constants for the HgC1 Laser

Reaction-Rate Constants
Reaction (cm 3/sec)

Ar~ + Cr -~ ArClt 2.13 x l0 6

Xe
4 

+ Cl XeC1* 1.75 x l0~~

Hg
4 

+ Cl -~ HgCl* 1.685 x l0
_6

These approximate values calculated for the HgC1 laser are

probably within a factor of three of the actual values. This

hypothesis of close agreement is based on the excellent agreement

of the value calculated using Thomson’s model with Flannery~s Hg~

and C1 ionic recombination (Ref 48) at similar operating pressures .

Wadehra and Bardsley ’s calculations (Ref 42) also provide excellent

data and agreement with values calculated using Thomson’s theory .

The next section includes a discussion of the harpooning theory

as it is applied to this model.

Harpooning and Similar Reactions

Introduction. The harpooning reaction shown in reaction 100

usually involves an alkali atom, M , harpooning a diatomic halogen

molecule , X2

‘1 + X2 
MX + x ~lO0)

The theory that is presented in this section is based on Herschbach ’s

(Ref 50) review of the harpooning reaction . The experimental data
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(Ref 6) that is included in this section shows that excited states of

some atoms are simi lar to alkali atoms and that these excited states

are involved in reactions similar to harpooning reactions. Reactions

such as Ar* and Xe* reacting with Cl2 to form ArC1* and XeC1*

are also included in this section .

Theory. The basic assumption that is made by Magee (Ref 51)

-

. 

is that the potential energy curves of MX and (M + X) cross at

some point r~ that is called the capture point . This crossing is

— shown in Figure 9 for KBr (Ref 50~. At the internuclear separation

distance r , the Coulombic attraction forces are dominant , The
L

capture point , r , can be determined by finding the energy that

is required to form the ion pair. The energy that is required for

this reaction is essentially determined by the amount of energy that

is required to strip an electron from the alkali atom minus the energy

that is given up by the halogen atom after the halogen atom captures

the electron of the alkali atom . Eequation 101 (Ref 50) shows the

potential energy equal to the energy that is required for the harpoon

reaction.

e2/r 1(M) — E(X)  (101)

In equation 101 , e is the electronic charge, 1(M) is the ioni:ation

potential of the alkali atom , and E(X) is the electron affinity of

the halogen atom.
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Fig. 9. Potential energy curves for an alkali halide molecule (drawn
for KBr) showing the “zeroth-order crossing” of the ionic and covalent
states (Ref 50).

Krause et al. (Ref 6) hypothesize that the Hg* (3P2) reaction

with Cl2 to form HgCl* is similar to the harpoon reaction . A

calculation using an ionization potential of 4.974 eV (Ref 6) for

Hg* (3P2) and an electron affinity of 2.19 eV for Cl2 (Ref 21)
0

results in a reaction cross section of 84.3 A2 . This cross section

is calculated by using irr~ as the reaction cross section. This

calculated cross section is in good agreement with the experimental

cross section for this reaction that is determined by Kraus et al.

of (90 ± 25) ~2 (Ref 6).

Experimental work. By multiplying the experimental cross section

of Kraus et al. (Ref 6) by the average relative velocity of the Hg*

and Cl2 in this model , a reaction-rate constant of 4.13 x 10
_ la 

cm3/sec
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is calculated for IIgCl* formation by Hg* harpooning of Cl2 . These

gas particles in the model are assumed to be in a ‘laxwell-Boltzmann

distribution at a temperature of 533° K.

Reactions that are included in this model that are similar to the

HgC1* formation by Hg* and Cl2 are the formation of irCl* by Ar*

and Cl2 and the formation of XeC14 by Xe* and Cl2 . The reaction-

rate constants for these reactions are calculated assuming these gas

particles are in a Maxwell-Boltzmann distribution at 333° K. The XeC1*

formation reaction-rate constant is calculated using the quenching cross

section for Xe* by Cl2 that is reported by Velazco and Setser to be
0

210 A 2 (Ref 52) Velazco and Setser (Refs 57, 53) report that almost

100% of the quenching of Xe* by Cl2 includes the formation of XeCl*

Therefore, the total quenching cross section is multiplied by the average

relative velocity to get a reaction-rate constant of 1.04 x l0~~ cm3/sec

for formation of XeC1* by Xe* and Cl2 reacting . The ArC1* formation
0

reaction-rate constant is calculated by using the 95 A cross section that

is reported by Piper et al. (Refs 54, 55) to be the Ar* quenching

cross section by Cl2 . Golde and Thrush (Ref 7) state that more than

10% of Ar* quenching by Cl2 results in ArC1* formation . Gundel

et al. (Ref 56) state that approximately 50~ of Ar * quenching by Cl2

results in ArC1* formation. Therefore, taking 50~, of the total quenching

cross section and multiplying that number by the average relative velocity

of Ar* and Cl2 results in a reaction—rate constant of 3.16 x 10
_ la

cin3/sec for formation of ArC1* by Ar* reacting with Cl: -

Conclusion. The harpoon reaction does seem to explain the

formation of HgC1* by Hg* reacting with Cl2 . Unfortunately,
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this determination can be made only after the experimental data

is gathered for the UgCl* function cross section .

The reamining sections are all brief discussions about the

development of several reaction-rat-o constants that are based on

experimental data.

Secondary-Electron Excitation of Ar1 Xe, and H~

Introduction. Secondary-electron excitation of an atom is a

reaction of the form in reaction 102.

e + Y -b ~~* + e (102)

The Y~ is an excited state which is long—lived anJ is callec~ a

metastable state.

The reaction-rate constant for excitation of Ar , Xe , and

Hg by secondary electron impact are based on theoretical and experi-

mental cross sections . The cross sections are approximated by

straight lines of the form in equation 103, where is electron energy

in eV and o is the resultan t cross section. The units of a and

b are cm /eV and cm 2 . respectively.

-o = ac + b (103)

The expectation value of <or> is calculated for a Maxwell-Bolt:mann

energy distribution of electrons w i t h  4 eV average energy . Using

V (~~~) ‘ 2  allows the integration limits to be zero energy t o

infinite energy as shown in equation 104.
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c ~
2 (ac+b )dC (104)excitation ~ m

The integration yields equation 105 which must be evaluated ~or the

zero to infinite energy limits.

= a[ 2 ~2e
_
~~~

T 
- ~~

‘2(kT) ”2 
e~~

’kT 
(~~~~

-_ + 1)]
/~i~~ (kT) 

/2 1

(105)
-
~ 1

- b [ (kT) 2 
e
_C
~~
T 

(
C nJ

Ar and Xe. The Ar and Xe cross sections for electron-impact

excitation to metastable states are the experimental values obtained

by Schaper and Schjebner (Ref 5). The Ar cross section is

approximated by equation 106.

0 , 0 ~ ~ 11.55 eV
0 f (106)

6.6666 x 10 - 
- ~.7 x 10 

- 
, > 11.55 eV

The Xe cross section is approximated by equation 107.

0 , 0 ~ ~ 8.08 eV (107)
‘ 9 .766 x l0~ ~ - 7.891 x 10 1 

, > S.08 eV L 
-i

Substitution of equations 106 and 107 into equation 105 and evaluation

over the proper limits yields electron-impact excitation reaction-

rate constants of 1.52 x l0~~ cm2 1’sec for Ar and 6.~ 2 x l0’”° c&/sec

for Xe.
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The cross section for electron-impact excitation of Hg is

limited to the excitation cross section for the Hg* ( 3 P2) for reasons

discussed in Chapter 2. Rockwood ’s (Ref 58) cross sections for excitation

to various Hg states are the result of generating a self-consistent

set of cross sections based on various experimental and calculated

transport data. Rockwood (Ref 38) uses Borst (Ref 59) and von Engel

(Ref 60) for his experimental data on excitation of Hg* (3P2)

• Unfortunately , none of the three authors ’ cross sections covers a

large range of energy . The theoretical cross section of McConnell and

Moiseiwitsch (Ref 61) is used in this calculation . McConnell and

Moiseiwitsch (Ref 61) and Rockwell’s (Ref 5S~ calculations are in good

agreement. Both find a threshold for excitation to Hg* (3P2) at

3.7 eV and a maximum cross section of 3.2 x 10~~~~~ b cm2 at 6.4 eV .

McDonnell and Moiseiwitsch ’s cross section is approximated in equation

108.

0 , 0 ~ ~ 5.7 , c > 17 eV

4 .57143 x 10 ‘~~ C -2 .60 572 x 10 ” , 5.7 ~ ~ 6.4 eV

—1~ — 1
~~—0.3018868 x 10 ° +5. 132073 5 x 10 , 6.4 ~ ~ 17 eV

The area under the curve generated by equation 108 is within 1.3~ of

the area under the curve of McConnell and Moiseiwitsch (Ref 61).

Substitution of equation 108 into equation 105 and evaluation over

the proper limtis yields an electron-impact excitation reaction-rate

constant of 3.45 x 10~~ cm
3/sec for excitation to Hg* (3P2) .
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~onc1u sion . The electron— impact cx~~i t a t i on  oss sec t ions  that

are calcula ted in this section us Ing a Maxwell-Boltzmann distribution

for electron energies may be Incorrect. The Maxwell-I~olt:inann

distribution of electron energ ies tends to skew t he  real  distribution

of electron energies toward the higher energies . Therefore , the

reaction—r.ite constants that are calculateti in this SCL’tion ai’e

probably high .

Ionization of 1
~xci ted States hv Seconda !y_Flcctron tm~~~~

Introduction . ‘Phe ionization process by secondary electrons is

generally in the form of reaction 11)9 where X~ is a tuetastable

atom , X+ is the ionized atom , and e is a secondary elec t ron .

e + X~ X~ + ~e (109)

This process is a loss term for Inetastab Ics and -t am term For sec-ondarv

electrons and ions.

The ionization processes t h a t  are Inc lud ed  ar e t h e  ion I :~at i o n ot~

Ar* , Xe~ , and Hg~ . The cross sect ion s t’or these -ocesses

are generated us ing equation 110. L~quat ion 110 is an empiri cal oxpres s ion

for ioni:at  ien cross sections of cxci ted atoms and lolccn les t~~at  is

developed by Vr i ens  (Refs b2 , uS)
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The cross section , ~ , is a function of the electron energy E

in eV ‘

~~~~

, the energy necessary to ionize the excited state U , in

- . . — 16 ~ - -e’v , and ~a; which is equal to 0.88 x 10 cm~ . The equation is

fairly accurate for U < 3~3 eV (Ref 62). Gryzinski’s (Ref 64~

expression is more accurate for U > 10 eV (Ref 62).

The cross sections that are generated by Vriens ’ expression

(Refs 52 , 63) are approximated by straight lines as In equation 103.

-
‘ These expressions are substituted into equation 105 and evaluated

over the proper limits of integration. The electrons are assumed

to be given by a Maxwell-Bolt:mann distribution with 4 eV average

energy .

Ar*, Xe*, and Hg.~ The following data is used in the calculations

for the ionization of Ar* , Xe~ . and Ug* by the secondary

electrons . Assuming the Ar* is the lowest metastable state , the

metastable energy is 11.518 eV. The ionization potential for ground

state Ar is 15.75 eV (Ref 65). The resultant U is 4.211 eV. The

equation describing the approximate cross section for Ar* ionization

is given in equation 111.

- 

. 0 , 0 < c < 4.211 eV

~ =~~3.68S2 x b ib c - l.55~~~l x ~~~~~ 4.211 < C < 6.1089 ev

7 x 10
1) 

, C 6.1089 eV (111)

Assuming Xe* is in the lowest metastable state , the metastable energy

is S.315 eV . The ioni:aU on potential for ground state Xe is

12.129 eV (Ref ~5). fhc resultant U is 3.314 eV . The equations
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describing the approximate cross section for Xe* ionization are

given in equation 112.

0 , 0 ~z C < 3.Sl-4 eV

= ~ 5.9677 x l0~~ — 2.2761 x 10
_is

, 3.814 < ~~ < 5.322 eV

9 x l0~~~ , > 5.322 eV (112)

The t~1g* is considered to be in the 3P2 metastable state for reasons

discussed in Chapter 2. The excitation energy of Hg* (3p 2) is

5.434 eV, and the ground state ionizaton potential of Hg is 11.431 eV

(Ref 66). The resultant u is 5.00 eV. The equations describing

the approximate cross section for Hg* ionization are given in

equation 113.

0 , 0 < c < 5.0 eV

~ =~-2.48 x l0~~ - 1.24 x ~~~~~ 5.0 < ~ < 7.097 eV

5.2 x i0~~
6 

, C > 7.097 eV (113)

Conclusions. The reaction-rate constants for ionization of

Ar* , Xe~ , and Hg* are 3.’7 x 10~~ cm3/sec , 4.83 x l0~~ cm
3/sec,

and 1.94 x 10~~ cm3/sec, respectively . Again , these reaction-rate

constants are probably too high , because the Maxwell-Boltzmann

distribution is used to describe the electron energies.

Bauer and Bartky (Refs b7, b8) present classical methods for

calculating cross sections for both excitation and ionization by

electron-impact .

76

-- ~~~~_ . - _ r ~~~~~~~~~~~~~~~~~ 
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~ i~~ L~~~-



:. -
. ———— ~

—--
~~
--— - - 5-,-.---- ----- .---’----,-

_

—— —_—~~~ --— -~~~-- — —5-—— — — ~~ _,- ~~~~~~~~~~~~~~~~~~~~~~~~~ ,.__ ‘ — — —

Cl-Cl Recombination Reactions

The two Cl-Cl atom recombination reactions included in this

model are of the form in reaction 114 .

Cl + Cl + M Cl2 + M ~M = Cl2 , Ar) (114)

The reaction-rate constants for this model are the result of experi-

mental data obtained by Clyne and Stedinan (Ref 69). This data implies

that equation 115 gives the reaction-rate constant for reaction 114

with Cl, as the third body . The temperature T is in units of ° K.

71 6 3  T 
—2~ 6 —2 — 1R = 10 (-

~~~~~~~
.) cm mole sec C iba)

Subsituting the temperature for this model , 5330 K , into equation 115

results in a reaction-rate constant of 4.227 x io’5 cm6mo1e 2sec~

for Cl2 as a third body . This reaction-rate constant converts to

1.165 x 10 32 cm6/sec .

The data from d yne and Stedman ’s work iRef 69) implies that

equation 116 gives the reaction-rate constant for reaction 114 with

Ar as a third body .

R = l0i5
~
6 (~~~) cm6mo1e~~sec~ (116)

— Again , temperature, I , is in ° K. Substitution of the temperature

for the model , 5330 K, into equation 116 results in a reaction-rate

constant of 7.099 x jQ1~ czn~rnole
2sec~~. This reaction-rate

-
~ constant converts to 1.957 x l0~~ cm6/sec for reaction 114 with Ar

as the third body. 
77
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The value found for reaction with Ar as the third body by

Clyne and Stedman (Ref 69) is in good agreement with the values found

by Hutton and Wright (Ref 70) and Bader and Ogryzbo (Ref 71). d yne

and Stedman~s value for Ar as a third body in reaction 114 is

(4.4 ± 0.5) x 1015 cm6mole 2
sec 1 at 298° K (Ref 69). Hutton and

Wright’s value for the same reaction at 300° K is (4.25 0.8) x 1015

cm6mole 2sec ’ (Ref 70). Bader and Ogryzlo ’s value for this reaction

at 313° K is 4 x 1015 cm6mole 2sec
_ ’ (Ref 71).

Radiative Decay of ArC1*, XeC1*, and HgCl*

The radiative lifetimes that are used in this model for ArC1*

and XeCl* are based on experimental data. Gunde l et al. (Ref 56)

estimate the radiative lifetime of ArC1* to be 20 ns at higher pressures.

At pressures of 1 to 2 torr, Gundel et al. (Ref 56) estimate the lifetime

of ArCl~ to be 100 ns. Hart and Searles (Ref 72) estimate the radia-

tive lifetime of XeBr* to be 17.5 ns. Dunning and Hay (Ref 73)

calculate the radiative lifetime of KrF* to be 6.5 ns. These radiative

lifetimes are used as guidance to estimate the radiative lifetimes of

ArC1* and XeC1~ to be 20 ns. These radiative lifetimes lead to

reaction-rate constants of S x l0~ sec~~ for the bound-free radiative

- . decay of ArCl* (Ref 56) and XeCl* to their products of Ar and Cl

and Xe and Cl , respectively.

The radiative lifetime of HgCl’~ is reported to be 30 ns (Ref 8).

This radiative lifetime for HgCl* leads to a reaction-rate constant of

2.5 x ~~ sec t for the radiative decay of HgC1* - The HgCX* decays

to a bound state of }-igCl .
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Ionization and Excitation by Electron Beam

The cross sections for ionization and excitation of Ar and Xe

by electron-beam electrons are provided by Hunter (Ref 5). These cross

sections are calculated by multiplying 2.4 times the Berger-Selt:er

cross sections (Ref 74). The 2.4 factor is a conmensation factor for

scattering losses . The total cross section j s  then partitioned so that

approximately 75% results in ionization and 25% results in excitation

of Ar and Xe . For the beam electron energy that is used in

Chapter 4, the cross section for ionization of Ar is 7.68 x 10_
lB  

cm2

the cross section for excitation of Ar to a metastable state is

2.11 x 10 cm2 ; the cross section for ionization of Xe is

1.90 x i0~~ cm2 ; and the cross section for excitation of Xe to a

metastable state is 6.33 x io~~
8 

cm2 . Other work on ionization

sections for Ar is provided in References 75 and 76, and does agree

fairly well with Berger and Seltzer (Ref 74).

HgC1* Quenching

The only reaction that is included in this model for the quenching

of HgC1* is reaction 32.

• HgCl* + Cl 2 -
~~ HgCl + Cl2 (32)

The reaction-rate constant for this reaction is similar to that for XeBr*

quenching by Br2 and KrF* quenching by F2 . The reaction-rate

constant for XeBr* quenching by Br2 is (S ~
- 2) x 1O~~

° cm3!sec

(Ref 72) . The reaction-rate constant for KrF* quenching by F2 is
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1 x l0~~ cm3/sec cRef 77). The reaction-rate constant for HgC1* by

Cl2 is reported to be 5.62 x 10
1D 

cm 3/sec (Ref 8). This reported

value is the quenching reaction-rate constant used in this model .

The difference between quenching of both XeBr* by Br2 and KrP*

by F2 and HgC1* by Cl2 is that a bound state exists for HgC1

but does not exist for XeBr and KrF • All HgC1* appears to be - 

-

- 
• quenched to a bound state of UgC1 (Ref 8).

- . Summary

The reaction-rate constants that are developed in this section are

based on both theoretical and experimental data . Table 2 shows the

reactions and reaction-rate constants that are used in the solution of

this model that is presented in Chapter 4.

Table II
Reactions ~ Reaction-Rate Constants

Equation Reaction-Rate
Reaction Number Reference Constant

e + ArZ — Ar* + Ar Text 17 3.9 x 10
_a 

cm3! sec

e + Xe -~ Xe* + Xe Text 18 8.16 x 10~~ cm3/sec

e + Cl2 -
~ Cl + Cl Text 23 3.7 x l0~~ cm3/sec

Ar~ + 2Ar ~ Ar~ + Ar Text 31 2.5 x 1o
_ 3 1 

cm6/sec

Xe~ + Xe + Ar ~ X4 + Ar 77b 27 4.96 x lO
_ 3 1 

cm6/sec

Xe~ + Xe + Xe ~ X4  + Xe Text 31 3.6 x l0
31 

cm6/sec

Ar~ + Xe Xe~ 2Ar 83 36 6.65 x 10
_ i a 

cm3fsec

X4 + Hg -~ Hg~ ÷ 2Xe 83 36 3.11 x 1O~~ cm 3/sec

Ar~ + C1~ -
~ ArCI* 97a 33 2.13 x 10~~ cm3/sec

Xe~ + Cl~ — XeC1* 97a 33 1, _S x l0~~ cm3/see
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Table II (Cont’d)

Equation Reaction -Rate
Reaction Number Reference Constant

Hg~ ÷ C1~ 
-~~ HgC1* 97a 33 1.685 x lO

_6 
cm 3/sec

Hg* + Cl2 ~ HgC1* + Cl Text . 5 4.18 x 10~~ cm3/sec

Xe* + Cl2 + XeC1* + Cl Text 52 1.04 x l0~~ cm
3/sec

Ar* + Cl2 -~~ ArC1* + Cl Text 54,55 3.16 x 10
_ la 

cm 3/sec

e ÷ Ar -~~ Ar* + e 105,106 57 1.62 x 10
_ la 

cm3/sec

+ Xe ~~- Xe * + e 105,106 57 6.92 x 10
_ l a  

cm 3/sec

e + Hg -~ Hg* ÷ e 105,108 61 8.45 x 10~~ cm
3/sec

e + Ar * -
~~ ir’ + 2e 105,111 62 3.27 x lO~~ cm

3/sec

e + Xe* Xe~ + 2e 105,112 62 4 .83 x l0~~ cm
3/sec

e + Hg* Hg~ + 2e 105,113 62 1.94 x 10
_a 

cm 3/sec

Cl + Cl + Cl2 2C12 115 69 1.165 x io
_ 3 2 

cm6/sec

Cl + Cl + Ar Cl2 + Ar 116 69 1.957 x 10~~ cm 6/sec

ArC1* ~ Ar + Cl + hu Text 56 5 x lO~ sec~~

XeCl* ~ Xe + Cl + hv Text Text S x i0~ sec~~

HgC1~ + HgC1 ÷ hv Text 8 2.5 x ~~ sec~~
p + p
e + Ar ~ Ar e + e Text 5
p - -

e + Ar -‘- Ar* + e Text 5
p + p
e + Xe ~ Xe + e + e Text S

+ Xe -~~ Xe* + e~ Text 5

HgCl* + Cl2 HgC1 + Cl2 Text 8 5.62 x 10~~ cm 3/sec

The reaction-rate constants for the excitation of Ar , Xe , and

Hg and the ionization of Ar* , Xe* , and Hg* by secondary electrons
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may need to be adjusted in Chapter 4 , The assumption that the secondary

el ectrons are in a Maxwell-Boltzmann distribution with an average

energy of 4 eV is probab ly incorrect.
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IV. Solution and Analysis

Overview

In this chapter, the rate equations for the various species that

are presented in Chapter 2 are used to determine solutions for two

cases of this model. The first case that is investigated involves the

reaction kinetics of a HgC1 laser that is generated by an electron

beam only. The second case involves the reaction kinetics of a HgC1

laser that is initiated by an electron beam , and the lasing plasma is

subjected to an applied d.c . electric field.

A computer program supplied by A. M. Hunter (Ref 5) is used to

analyze both cases for various electron beam currents and reaction-rate

constant sensitivities . This program uses a numerical integrator to solve

the rate equations, The integrator solves for the change in number densities

of the various species by stepping forward in time by a small time interval

and adding or subtracting the increase or decrease in number densities

to the appropriate number densities for each species at the beginning of

the small time interval.

Initial computer program runs did not indicate a stable plasma could

be maintained for the discharge-sustained HgC1 laser simulation . This

problem is caused by the inaccurate assumption that the secondary electrons

can be described by a Maxwell-Boltzmann energy distribution . This problem

is solved by adjusting the reaction-rate constants for excitation of Ar

and Xe by secondary electron impact and for ionization of Ar* and

Xe* by secondary electron impact , By adjusting these reaction-rate
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constants to the constants used for the same reactions in the KrF laser ,

a stable plasma is achieved for the discharge-sustained HgCl laser

simulation. The constants that are used for the solution in this chapter

are 6.62 x 10
_ 12 

cm 3/sec for excitation of Ar by secondary electrons ,

7.36 x 10
_B 

cm3/sec for ionization of Ar* by secondary electrons ,

~~~ x 10
_ li 

cm 3/sec for excitation of Xe by secondary electrons ,

and 1.16 x 1O~~ cm 3/sec for Ionization of Xe~ by secondary electrons .

These constants are provided by A. M , Hunter (Ref 5) and eliminate the

problems for these reactions that are caused by assuming a Maxwell-

Bolt:mann distribution for the secondary electrons . The Maxwell-Boltzmann

distribution contains more higher energy secondary electrons than the

actual secondary electron energy distribution (Ref 5).

This chapter is developed in the following manner. First , a

determination is made to find which species number densities vary slowly

with time and can be considered constant . Second , an analytical

solution of this model with no applied electric field is presented for

the electron density and is compared to the computer solution . Third,

an analytical solution of this mode l with an applied electric field is

presented for the electron density and is compared to the computer

solution . The primary emphasis is placed on the electron number density ,

because the electron number density is found to determine the stability

of the e-beain sustained KrF laser (Ref 5) and is assumed to determine

the stability of the HgC1 laser in a similar manner .

Slow Varying Species

Before an analytical solution is found for this model , the species

number densities that vary slowl’ are determined . A species number

34
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density that is found to vary slowly can be assumed to be constant in

the analytical solution .

A species number density is considered to vary slowly if the initial

lifetime for an atom or molecule of a species is greater than 10 6

seconds . The average initial lifetime for an atom or molecule is

determined by dividing the initial i~i~ by the initial number density

of the species. The resultant number is approximately equal to the

inverse of initial lifetime . This relationship is shown in equation 117 .

1 (117)
1 1

The only species that exist at time zero are Ar , Xe Hg , Cl 2

and e~ . All other species number densities are initially zero.

Therefore , the only species with an initial lifetime are Ar , Xe

Hg , Cl2 , and electrons .

The Ar , Xe , Hg , Cl2 , and electrons initial lifetimes

are found in the following manner. First , the 1~t .  is found by solving

equations 35, 36, 37, 44, and 47 for the applicable species i . The

for Ar , Xe , Hg , and Cl2 are 3.726 x 1019 cm 3 for Ar

4.531 x 1018 cui3for Xe , 1.745 x 101B cm 3 for Hg , and 9.062 x 1016

cm 3 for Cl 2 . The n1 that is used in equation 117 for electrons

is the number r~ensity for electron beam electrons only. The initial

lifetimes for Ar , Xe , Hg , and Cl 2 are found to be greater than

io
_ 6 

seconds for electron beam currents to 15 amps/cm2 . The initial

lifetime for electrons is found to be less than 10-6 seconds for all

electron beam currents greater than 1 amp.’cm 2 . Therefore, the number

8S
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densities for Ar , Xe , Hg , and Cl2 are considered constant

in the analytical solution . The number density of electrons is not

considered constant in the analytical solution .

Solution for HgC1 Laser Without Applied Electric Field

Introduction and assumptions. The analytical solution for the

electron number density is based on two major assumptions . One

smaller assumption is made in the development of this solution . This

solution is done for a 5 amp/cm2 electron beam current and an initial

gas mixture of 3.726 x 1019 Ar atoms/cm 3 
, 4.331 x l0~~ Xe atoms/cm

3

1.745 x 10~~ Hg atoms/cm
3 

, and 9.062 x 1016 Cl 2 molecules/cm 3

The reaction-rate constants that are used in this solution are those

reaction-rate constants that are presented to this point in this paper.

The primary assumption that is made for the analytical solution of

the HgC1 laser without an applied electric field is that the secondary

electrons are in thermal equilibrium with the surrounding gas . This

simplifying assumption is not completely true, because it does not

include the effect of thermalizing the secondary electrons that start

at a higher than thermal energy. A true distribution of these secondary

electrons can be found by solving the Bolt:mann equation , but is beyond

the scope of this paper. This assumption of thermal electrons changes

the dissociative-recombination reaction-rate constants for Ar~ (reaction

10) and Xe~ (reaction 21) to 5.99 x l0~~ cm 3/sec and 1.88 x i0 6cm~/sec

respectively (Refs 17, 18). These increases are due to the decrease in

secondary electron temperature .

8~
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A second assumption that is made in the analytical solution of

the HgCl laser without an applied electric field is that the

secondary electrons are not energetic enough to excite Hg , Ar , or

Xe to their metastable states and are not energetic enough to ionize

the excited states of Hg* , Ar~ , and Xe* - Therefore, the

reaction-rate constants for reactions 15 through 20 are set equal to zero.

This assumption is not totally correct, because the effect of thermalizing
- 

- 
the secondary electrons that start at higher than thermal energies is

not included in this analysis.

The third assumption that is made in this solution is that an

equilibrium electron number density exists for at least 1 x lO
_6

seconds and that equilibrium number densities exist for all other species .

This assumption is almost accurate, because these number densities do

in fact vary slowly after they are initially established for all species .

Also , the equilibrium electron number density is assumed to be much less

than 5.0 x 1015 electrons/cm3

Analytical solution. The analytical solution is a result of the

solution of equations 35, 38, 39, 40, and 41. The equilibrium number

density of electrons is found by setting 
~e 

equal to zero and solving

for n - The n is found to be dependent on n + and n + -e e Xe2 Ar2

By setting equation 41 equal to zero, 
~Ar~ 

is found to be equation 118 ,

if n + and n are in cin 3
Ar e

(3,471 x 108) 
~~~ 3nA

+ = 
- c~~ (118)

r2 (3,013 x 1O~) + (5.99 x 1 0 )  ne
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If the equilibrium electron number density- is assumed to be less than

5.0 x 1015 cm 3 
, equation 118 reduces to equation 119.

~Ar~ 
0.1152 

~Ar
4 cin 3 (119)

The solution for the equilibrium Ar
4 

number density is given in

3equation 120. The 
~~~ 

is in cm • Substitution of equation 120

into equation 119 results in equation 119a.

(8.942 x 1021)
n + = cin (120)Ar (3.471 x 108) + (2,134 x io

_ 6 

~ci~

+ 
(1.03 x 1021) cm 3 (119a)

(3.999 x 10~) + (2.458 x 10~~) ~CX

The equilibrium number density of Xe~ is found by solving equation

38 for the equilibrium Xe
4 

number density and substituting the Xe
4

solution into the Xe~ equation, Equation 119a is substituted into

+ . . .the Xe2 solution to give equation 121.

(9.113 x i0~)
= 

(5.427 X 108) + (1.88 x io-~ ~e
(121)

(3.211 x 1030) + (6.61 x 101k) ~
I 1
(3.644 x 1015) + 92.38 n

~
1_ + (4.3 x i0 ’~) ~~i-

2
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Equations 121 and 119a are substituted into equation 35 to give the

quadratic equation 122 for

(1.16 x jØ9)
[(6.298 x 102) - J n2

(3,999 x iO~) + (2.458 x 10~~) ~~~ 
e

(3.348 x 1023)
+ [(2.037 x 1017) -

(3.999 x 10~) + (2.458 x i0~~) 
p
ci-

(3.211 x l0)~~ + (6.61 x 101k) 
~~1—

— (1.71 x 102) { )

(3.644 X 1015 ) + 92.38 n
~
1_ + (4.3 x 10-13) 

~~~

- (6.313 x 1030)

(122)

= 0

The solution of the quadratic equation 122 yields an equilibrium 
~ 

of

3.683 x i~’~ cm 3 for an n~~- of 6.488 x 10 13 cm 3 . This solution

agrees well with the computer results that are shown in Table 3.

Equation 122 also results in a decrease in equilibrium 
~e 

as

is increased and an increase in equilibrium 
~e 

as n~~- is

decreased. Examination of equation 48 shows that the only source of

n
~1.. 

is the dissociative attachment of Cl 2 by secondary electrons .

Therefore , the equilibrium 
~e 

is sensitive to the reaction-rate constant

for dissoc iative attachment of Cl2 as shown in Table 3.
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Tab le III
Equilibrium X

~e 
as a Function of

Beam Current is 5 amp/cm2,

Dissociative Attachment Equilibrium 
~~~~1’ 

Equilibrium n
Reaction-Rate Constant . 3 

e

for Cl2 (cm3/sec) 
Population (cm- ) Population (cm - )

1.0 x 10-8 7.717 x 1013 1.439 x 1013

3.7 x 10~~ 6.488 x 1013 3.809 x 1013

1.0 x 10-10 4.889 x 1012 5.487 x l01~

As is expected, the equilibrium 1
~e 

increases as the initiating

beam current is increased . This is shown in Table 4 where only the

electron beam current is varied.

Table IV
Equilibrium ‘

~e 
as a Function of Electron Beam Current

Computer Solution at 1 x 10-6 Seconds

Electron Beam Current Equilibrium 
~e(amp/cm2) Population (cm 3)

1 7.032 x 1012

2 1.394 x 1013

5 3.809 x 1013

10 7.891 x 1013

Conclusion. The equilibrium number density of electrons is approxi-

mately proportional to the incident electron beam current . This

equilibrium 
~e 

is also fairly sensitive to the dissociative attachment

rate for Cl2 as is shown in Table 3.
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Solution for the HgC1 Laser with Applied Electric Field

Introduction and assumptions. The analytical solution for the

electron number density for the HgC1 laser with an applied electric

field is done for a beam current of 1 amp/cm 2 and the same number

densities that are used in the solution for the HgC1 laser without

an applied electric field. Again , the reaction-rate constants that

are used in this solution are those reaction-rate constants that are

presented to this point in this paper. The assumptions for this

solution are different from the assumptions that are used in the

so lution for the HgCI laser without an applied electric field.

The first assumption is that the electric field maintains the

secondary electrons at an average energy of 4 eV. This number is

similar to the energy of secondary electrons in the KrF laser (Ref 5).

This assumption changes the dissociative recombination reaction-rate

+ • +

constants for Ar~ (reaction 10) and Xe2 (reaction 21) to the

reaction-rate constants for these reactions that are presented in

Table _ . This assumption also means that enough energy now exists in

some secondary electrons to cause excitation to metastable states of

Hg , Ar , and Xe . Also , some secondary electrons can ionize Hg* ,

Ar* , and Xe * . The reaction-rate constants that are used for Hg

exc itation and Hg~ ionization are the reaction-rate constants that

are presented in Table 2. The reaction-rate constants that are used

for Ar and Xe excitation and Ar* and Xe* ioni:ation by secondary

electrons are the reaction-rate constants that are presented in the

overview of this chapter.
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The second assumption Is that an equilibrium number density for

all species does exist at some time. The electron equilibrium number

density is assumed to be within an order-of-magnitude of the electron

• equilibrium number density that is found for the HgC1 laser without

an applied electric field. This assumption is probably a reasonable

one, because the same species number densities are being used , and

Ar , Hg , Cl2 , and Xe still all very slowly.

• Analytical solution. This solution is based on equation 35, the

electron rate equation . The first step is to investigate the loss terms

of equation 35 to see if a dominant loss term is found. These terms

are listed in equation 123 .

- 1(
9 ~e 

r
~cj 

- 

~IO ‘~e ~Ar~ 
- R21 

~e 
‘
~Xe ’ (123)

The factor is a common factor to all terms in equation 123 and can

be ignored for the present argument . By approximating 
~~ 

as 2R10

and eliminating the common a factor , equation 123 is approximately

• equation 124.

~Ar~
- R9 n

~1 
- 2R10 

( — 

~ ~xe~ 
(124)

Because the entire plasma maintains overall neutral state and charge

is conserved , the number of negative charges is equal to the number of

positive charges. This relationship is shown in equation 125 .

9 
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+ S + 

~Xe~ 
+ rL~g

+ + 

~Ar • 
~Xe (125)

The number of Cl, varies slowly, Therefore, is much grea ter

than n - . The sum of n - and n is much less than n•,Cl Cl e

because 
~e 

is probably about 1013 cur 3 
, and n~1 is almo st

1017 cm 3 
. Equation 126 shows the relationship between n

~1 and

• both “Cl and 
~e

Cl9 >> ‘1e 
+ ‘

~Cl 
(126)

Solving equation 125 for the sum of and n
~~

+ and using

equation 126 results in equation lv’.

~Ar~
“Cl2 

>> >  
~e 

+ 

~C1~ 
- “Xe 9 - “Hg 

- “Ar4 + 

~Xe~ 
(127)

The Rga reaction-rate constant is only an order-of-magnitude less than

• R10 , and is several orders-of-magnitude greater than

2 
+ 

~Xe~~ 
Therefore , equation 128 is reasonable and

R n n is the dominant electron loss mechanism .9a e Cl 2

n
~r

+

R9 ~e “ci2 
>> 21(10 ~T “Xe~ 

(128)
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Equation 35 is now approximated by equation 35a .

~eb~’Ar~’eb”Ar VebOXeflebfl Xe ~ 1(16”e”Hg~

(35a)
+ R lSn f l A .  1(2O”e’~Xe - 1(

9a”e”Cl~

The equilibrium 
~e 

solution is found by setting equation 35a

equal to zero and solving for n~ as is shown in equation 129.

V boA n bfl A 
+ V boX n bflX 119)- 

R9 flC1 
- (i(lohhl.jg* ~ ~~~~~~ 

+ Rio~
l
~*~e*)

The denominator of equation 129 is the determining factor for the

equilibrium 
~e 

• By assuming that 1(9a ~C1 
is the dominant

factor in the denominator and the other terms in the denominator can

be ignored , the equilibrium 
~e 

for an electron beam current of

1 amp/cm2 is 6.937 x 1012 electrons cm 3 
. This number is within a

• factor of 1.5 of the number that is found by using the computer program

at 1 amp/cm 2

Analysis of equation 129 shows that as Rqa is varied the

grows larger or smaller. If Rga is smaller than the value that is

reported by Sides et al. (Ref 23), the equil ibr ium 
~e 

is greater .

I f R9a Is larger than the value that is reported by Sides et al.

~Ref 23). the equilibrium n is smaller , If R is so small thate 9a
the denominator is almost zero, no equilibrium 

~e 
exists. Therefore ,

the dissociative-attachment reaction-rate constant for Cl’ at electron

94
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energies about 4 eV needs to be determined . The effects of various

values is shown in Table 5 for the UgCl laser with an applied

electric field.

Tab le V
Computer Solu tion for HgC 1 Laser and R9a Varied

1 amp/cm2 Applied Electric Field

• 3 Discharge Transition
R9a (cm

3/sec) Equilibrium 
~e 

~ m insec)

1.0 x 10 S.6 2 x 10~~ 32.3

3.7 x l0~~ 1.172 x 1013 224

1.0 x l0~~ 4.775 x 10~~ 1000

TableS shows that , as the equilibrium 
~e 

increases , the plasma

stability is more difficult to maintain. The discharge transition

column in Table 5 indicates the time at which the plasma is definitely

unstable and lasing action is destroyed .

A similar effect to that of the UgCl laser without an applied

field is found for the HgC1 laser with an applied electric field

• as the electron beam current is increased . The effect is shown in

Table 6.

Tab le VI
Computer Solution for UgC1 Laser with

1 amp/cm 2 Applied Electric Field and Electron Beam Current Varied

Electron Beam Current (amp/cm2) Equilibrium n~, (cm~~) Discharge Transition
_____________ ___________________ 

(n sec) 
—

1 l.l 2 x 10~ 224

2 .1SO x l01~
S 6.122 x 1013 41.4
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Conclusion. Again , the dissociative-attachment reaction-rate

constant is a determining factor for the equilibrium 
~e 

• The

applied electric field raises the equilibrium ne and causes the

plasma to become unstable sooner by the addition of electrons that

are created by ionization of metastable states .

Summary

The dissociative-attachment reaction-rate constant for Cl,

is an important determining factor In both the equilibrium 
~e 

and

the plasma stability time. The electron population appears to be

an important factor in the overall plasma stability.
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V. Conclusions and Recommendations

Several factors concerning the model that is constructed and

analyzed in this paper are interesting for different reasons. The

reaction-rate constants that are developed in Chapter 3 are examples

of the excellent theoretical and experimental predictions that can

be made by using simple theories and experimental data. Theoretical

reaction-rate constants are predicted for ion-neutral association

reactions . charge transfer reactions , ionic recombination , and har-

pooning reactions. The theoretical predictions give reasonable results.

The reaction-rate constants that are presented using experimental

data as a basis are sometimes incomplete or in need of further

research . For example , the ArCl* formation by Ar* being quenched

by Cl2 only includes 50% of the total quenching of Ar* by Cl-

(Ref 56). The radiative lifetimes for ArC19 and XeC1* are only

estimates that are based on similar radiative lifetimes. The ArCl*

and XeC14 radiative lifetimes are probably within a factor of three

of the actual radiative lifetimes .

Further research needs to be conducted into the dissociative-

attachment reaction-rate constant for Cl2 at higher electron energies .

The equilibrium electron number density and HgC1 laser stability

are sensitive to this reaction-rate constant at all electron energies .

The majority of research for this reaction is done for thermal

electrons . The reaction—rate constant that is used in this model is

for thermal electrons (Ref 23) and is probably inaccurate for the
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HgC1 laser analysis that is done for an applied electric field.

The assumption of a secondary electron energy distribution that

is ‘laxwellian is incorrect . This assumption is made to simplify

calculations . Many of these calculations are adjusted in Chapter 4.

The adjustments that are made in Chapter 4 show that the assumption

of a Maxwell-Boltzmann distribution for secondary electron energy

forces to the reaction-rate con:tan s that are calculated in Chapter 3

for excitation to be high . The reaction-rate constants that are

calculated in Chapter 3 for ionization of metastable states by

secondary electrons are low . Corrections are only made for excitation

of Ar and Xe and ionization of Ar* and Xe* by secondary

electrons . The excitation of Hg and ionization of Hg* by secondary

electrons needs to be investigated further. A Bolt:mann equation

solution for these reactions is or~ possible approach . This approach

• possibly can be used to investigate primary electron interaction with

Hg

One aspect of high-energy lasers that is not investigated in

this paper is the initial distribut ion of vibrational states of the

primary electron energy absorbing gas. A possible dependence exists

between -the gas temperature , the initial vibrational state distribution ,

and several reaction-rate constants.

A final recommendation for future research concerns the effect

of pressure on thermolecular charge transfer reactions . These

reactions are of the general form that is shown in reaction 130

where X and Y are different atoms .
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Recent research in t h . s  area is presented in References  75 , 79 . and 3i).
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APPENDIX A

Other Possible Reactions in the HgC1 Laser

Xe~ + Xe + Ar ArXe 4 + Xe

Ar~ + Ar + Xe ArXe~ + Xe

ArXe~ + Xe X4 + Ar

ArXe~ + Ar Ar~ + Xe

+ +Xe2 + Hg + Xe Hg + 3Xe

+ Cl~ X eCP’ + Cl

+ Cl; -* ArCl* + Cl

Hg~ + Cl -~~ HgCl* + Cl

0

h~(5576 A) + Ar ** -
~~ Ar ’~ + e (Re f 81)

hv (5576 A) + Xe** Xe~ + e (Ref 81)

e + Cl2 -
~~ Cl2 (Ref 11)

Hg * + Hg + Hg -
~~ Hg~ + Hg
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APPENDIX B

Photodetachment of C1

The photodetachment of C1 is shown below .

hy + Cl -~~ Cl + e

I

This reaction is not inc l uded in this model because the cross section

is zero at the 557.6 nm wavelength of the UgC1 laser (Ref 82).

This zero cross section for the photodetachment of electrons from

Cl indicates the HgC1 photons are not at a higher energy than

the threshold energy that is located at a wavelength of approximately

345.0 run for this reaction (Ref 82) .
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Appendix C

\1. R. Flannery ’s Ionic Recombination Curves (Ref 48)

30 I i  I

—

~~~2 0 _  1 /  6r 
_  

—

. 

-
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

‘

l0
~~

r’

_
T~

• 

f 

~~~~~~~~~~~~~~~~~~~

0 ’ I I I

.0 I 2 3

N/NL
Fig. 10. Hg~ and C1 Ionic Recombination Constants for

Pressures to 3 Atmosph eres (Ref 48)
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