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PREFACE

Under the present ONR Contract , United Technologies Research Center is

conducting an analytical investigation of plasma processes in electrically

excited rare—gas halide lasers , with particular emphasis directed toward electron—

beam controlled laser discharges. This work is being carried out in coordination

with a Corporate sponsored experimental program. Emphasis in this investigation

is being placed on identification of fundamental processes influencing electron

energy trans fer , charged particle production and loss, inetastable production and

loss , and plasma stability .

The present technical report is based upon a paper entitled , “Plasma Processes

- in Electron—Beam Controlled Rare—Gas Halide Lasers”, which will be published in

the IEEE Journal of Quantum Electronics. Reprints of recently published papers

are also included in an appendix .
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PLASMA PROCESSES IN ELECTRON-BEAM CONTROLLED

RARE-GAS HALIDE LASERS*

by

William L. Nighan
United Technologies Research Center

East Hartford , CT 06108

ABSTRACT

This paper presents the resul ts  of an anal ysis of plasma properties in an

electron—beam controlled KrF* laser discharge . In this study special emphasis is

placed on establishing the relationship among the numerous kinetic processes

influencing the populations of excited species in the laser medium . Import ant

reactions controlling the coupled populations of rare—gas metastable states and

higher excited states are discussed in detail , along with the resultant effect of

these reactions on KrF* formation efficiency. It is shown that the rare—gas mono—

halide production efficiency is approximately 20 percent under typical conditions ,

and that no single reaction dominates either production or loss of KrF*. In

addition , the very important role of halogen molecule dissociation is treated and

the resultant effects of dissociation on the temporal variat ions of plasma proper—

ties and on plasma stability are analyzed .

*Portions of this work were supported by the Office of Naval Research .
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i.~.I. INTRODUCTION

L
The electrically excited rare—gas halide laser is the first short—wavelength

laser which appears capable of scaling to high pulse energy and high average power.

Electrical—optical energy conversion efficiency of approximately 10 percent has

been attained 1 for a single—pulse KrF* laser (A 248 nm), the most efficient of

the rare—gas halide class. There are numerous applications for efficient uv and/or

visible wavelength lasers, and for this reason these new laser systems have become

the subject of increasing attention .2 At the time the potential of rare—gas

monohalides as laser molecules was first recognized3 their properties were

essentially unknown . For this reason early emphasis was placed on development of

a thorough understanding of the structure of such molecules and their reaction

kinetics. These efforts have resulted in a relatively complete understanding of

rare—gas halide emission spectra4, and of the dominant formation and quench ing

processes of these molecules .5 Add itional ly,  detailed modeling of kinetic

processes has provided the insight required to identify optimum conditions for

rare—gas halide laser operation)’6’7

The plasma medium typical of these lasers is created in a near atmospheric

pressure rare—gas mixture containing a small (< 1 percent) fractional concentra-

tion of a halogen—bearing molecule. Pulsed electrical excitation is provided

either by a beam of high energy electrons or by an electric discharge in a manner

generally similar to that typical of CO2 lasers.8’9 However, there are

several significant features which differentiate rare—gas halide lasers from

their ir molecular laser counterparts. These include: (1) a high concentration

.1
2 
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of “alkali—like” rare gas metastable atoms which, because of their chemical act-

ivity,3 exert a dominant influence on all aspects of plasma behavior ; (2) a

major constituent (the molecular halogen) which dissociates rapidly under the

conditions required for laser operation , an effect resulting in very important

temporal changes in the gas mixture ; and (3) an electron density which is above

the level at which electron—electron collisions become important , with the result

that the plasma cannot be considered weakly ionized . This paper presents the

results of a theoretical investigation of these and related plasma processes for

conditions representative of KrF* lasers. Special emphasis is placed on establish-

ing the relationship among the numerous kinetic processes which influence the

populations of various excited species. The results presented are qualitatively

similar for all rare—gas halide lasers, and should provide useful information

relevant to other promising excimer lasers as well.

Section II summarizes the basic processes contributing to the production and

loss of rare—gas metas table atoms and of KrF* molecules. Particular emphasis is

placed on analysis of electron—atom excitation and ionization , especially the

dependence of rate coefficients for these processes on the fractional concentration

of electronically excited species and of electrons . In addition , the potential

importance of vibrational excitation and dissociation of F2 by low energy

electron impac t and of electron attachment to vibrationally excited F2 are

discussed . The results of an analysis of plasma properties in an electron—beam

controlled KrF* laser discharge are presented in Section III. Therein the impor-

tant reactions controlling the coupled populations of rare—gas tnetastable states

and higher excited states are discussed in detail along with the resultan t effect

[1 
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of these reactions on KrF* formation efficiency. In addition , the very important

role of halogen molecule dissociation is treated and the resultant effect of . -

dissociat ion on plasma stability is analyzed . Important processes requiring

improved understanding prior to successful application of rare—gas halide lasers

are discussed in Section IV.

it
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II. PLASMA PROCESSES

A. KrF* Formation and Loss

Rare—gas halide lasers have been excited successfully both by electron beams

and by electric discharges!. :~ the latter case either fast pulse discharges or

electron—beam controlled discharges have been used . Rare—gas monohalide molecule

formation proceeds by way of generally similar processes in each case. The more

important features of the KrF* format ion and loss sequence in a nominally atmos-

pheric pressure Ar—Kr— F2 gas mixture are illustrated by the diagram shown in

Fi g. 1. This figure indicates that there are several pathways resulting in the

formation of KrF*. When pure electron—beam excitation is used the dominant

mechanisms are two and three—bod y positive and negative ion recombination , the

positive ions having been produced by ionization initiated by the high energy

primary electrons in the beam , and the negative ions by dissociative attachment

reactions involving low energy electrons and F2. Reactions between F2 and

rare—gas inetastable atoms produced by low energy electron impact are the pr imary

source of rare gas—monohalide molecules in electron—beam controlled discharges.

Recombination and metastable reactions may make comparable contributions to

rare—gas halide formation in fast pulse , self—sustained laser discharges , depend ing

on specific circumstances. Of course there are numerous reactions which tend to

interrupt the chain of event s illustrated in Fig . 1. Nonetheless the energy

utilization efficiency associated with rare—gas monohalide molecule formation is

typically in excess of 20 percent for conditions representative of both electron—

beam excited and electron—beam controlled lasers .1 However , electron—beam

5
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248 nm

Fig. 1. Illustration of the primary reactions contributing to KrF*
formation and loss in an electricall y exci ted Ar—K r—F 2 m ix ture a t
n o m i n a l l y atmospheric pressure. 
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controlled—discharge excited lasers , for which most of the energy is provided by

the discharge , have greater potential for scaling to high average power than

lasers excited by an electron—beam alone.

Fi gure 1 indicates that there are several processes contributing to the loss

of KrF* ; these are also found to be of comparable importance for typical conditions.

In subsequent paragraphs specific details of the reactions indicated in Fig . I will

be discussed with emphasis directed toward factors of importanc e in discharge

exc ited KrF* lasers .

B. Electron Collision Processes

Electron—Neutral Energy Transfer

A fundamental factor contributing to the high efficiency characteristic of

discharge exci ted rare—gas halide lasers is the efficient production of rare—gas

metas t able  atom s for  cond i t ions read i l y a t t a inable exper imenta l ly .  Shown in Fig .

2 are the computed variations of the processes dominating electron—atom (molecule)

energy transfer for conditions typical of an electron—beam controlled KrF* laser .

For Em valuesa greater than approx imatel y 1.0 x i0 16 Vcin2, for which the

mean electron energyb is about 3.25 eV for the mixture indicated , the combined

argon and krypton metastabl e production efficiencies exceeds 50 percent , and reach

70 percent for higher K/n values. Examination of Fig. 2 indicates that the con—

tributions to the undesirable loss of electron energy due to elastic collisions

with atoms , excitation of metastahie atoms to higher states , and F2 dissociation

a) Em is the ratio of electric field intensity to total neutral number density.

b) Mean electron energy as used here is defined as 2/3 the average energy.

_  _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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are found to be of comparable importance for the conditions of this example.

However, it will be shown that the net effect of electron excitation and dc—excita-

tion of rare—gas atoms between their metastable and p states is highly variable ,

depending on the concentration of metastable atoms. For fractional metastable

concentrations greater than the lO~~ val ue typical of this example the power

loss accompanying this process increases significantly.6”° Although the energy

loss associated with ionization of excited states and of ground state atoms is

~i1
I L small , these processes make very important contributions to the produc t ion of

electrons in electron—beam controlled discharges.

Even though the cross—sections for electron excitation of F2 vibrational

levels are relatively large ( 10 h 7 cm 2 ) 11 , v ibra t iona l  exc i t a t ion  does not

appear to be an important energy loss process because the energy loss per collision

is small (—0.1 eV).12 Although there are no electron cross—section data for

F2 electronic excitation , this process may be important because the electron

energy loss will be several electron—volts. Additionally, there are numerous

F2 electronic states in the 3 to 10 eV range which are repulsive’3 and which

would there fore result in F2 d i ssoc ia t ion  when excited . In this energy range

there are likely to be excited states of the F~ ion which lie above dissociat ing

states of F2 in the vicinity of the F2 equilibrium internuclear separation.

Thus , for electron ene rgies of a few electron volts  F2 electronic excitat ion may

be enhanced by resonance processes as is the case with dissociative attachment)4 ’6

In order to reasonably account for the e f f ec t  of F2 electronic excitation

indirect experimental evidence of F2 dissociat ion has been analyzed, from which

an effective c—F2 dissociation cross section has been obtained .’2 Based on

H
9 

. _ _ _
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this provisional cross—section the data of Fig . 2 show that electron energy loss

accompanying direct dissociation by electrons is likely to be substantial for

halogen molecule concentrations typical of rare—gas halide lasers. In addition ,

the contribution of this process to F2 dissociation will also be shown to be

s ignif icant .

Electron Rate Coeff ic ients

Presented in Fig . 3 is the Em variation of the electron rate coefficients

for metastable excitation and ionization from the ground state corresponding to

the conditions of Fig . 2. These data were generated using available cross—section

information .’7’18 With a mean electron energy much lower than the threshold for

excitation , only those electrons in the high energy region of the electron energy

distribution partici pate in the metastable production and ionization processes.

This accounts for the characteristically strong dependence of the rate coefficients

for these processes on Em (i.e. mean electron energy). The higher rate coeffi-

cients for Kr reflect the fact that the energy thresholds for excitation and

ionization of krypton are lower than the respective thresholds for argon.

In most if not all electronically excited excimer lasers the fractional ioniz-

ation exceeds iO 6 and the fractional metastable concentration exceeds ~~~~ For

these circumstances electron—electron ’9’2° collisions and electron collisions with

metastable atoms6 exert an important influence on the electron energy distribution ,

the former tending to increase the number of high energy electrons and the latter

resulting in a decrease in their number . Those electron rate coefficients which are

particularly sensitive to the high energy region of the distribution are most affected

by such changes. Thus, in addition to their strong dependence on E m ,  the rate coef—

ficients for electronic excitation and ionization of ground state rare gas atoms

exhibit a significant dependence on degree of ionization and on fractional metastable

11 

.,.,- 



_ _  _ _ _ _ _ _  

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

P
10 10 

I I I I I I I

e +Kr _ ...Kr* +e

~~: 

l0
12 I

*

~~~~~~~~~~~~~~~~~~~~~~~~~
I

e + Kr-~ ’-- Kr + 2 e  I’

~ io 13_ I—C.)
U.
U. - 

-~~LU
0C.)

~ io 14 — — H

e +Arø-A ,’ +2e
— —

- -

—

I I
io 7 10~6 10_S io-4

L FR ACTIONAL IONIZATION, ne/n

Fig. 4 Variation of Ar and Kr rate coefficients for inetastable
production and ionization with fractional ionization for an Em value
of 1.0 x 10—16 Vein2. The fractional concentrations of metastable
and p state atoms were fixed at lO~~ and 10 6 , respectivel y.

12 

7 S — 0 8 — 7 — 1 7



— .—~~~ -. - .---.-~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ —— --~~~ -- - -. . -.---

concentrat ion . The resul ts  presented in Figs. 4 and 5 illustrate this effect for

representive KrF* laser conditions . The influence of electron—electron collisions

is particularly striking (Fig. 4), resulting in nearly a two order—of—magnitud e

increase in the rate coe f f i c i en t  for Kr ionization and a three order—of—magnitude

increase for Ar as the fractional ionization increases in the 10 6 to l0~~

range typical of rare—gas halide discharges.

Figure 5 indicates that variations in rare gas excitation and ionization

rates  caused by cooling of the electron energy d i s t r ibu t ion  due to exci tat ion of

metastable atoms to higher levels are also significant. Of more importance is the

f ac t  th at since f rac t iona l  ionizat ion and f r a c t i o n  metastable  concentration gener-

ally increase together , the effects illustrat ed in Figs. 4 and 5 tend to be

partiall y offsetting . In addition , the variation shown in these figures for a

fixed E/n value of 1.0 x 10—16 Vcm2 becomes greater  as E/n is reduc ed below

th is level and are smal ler  for hig he r K/n va lues .  Thus , in modeling rare—gas

halide laser discharges it is necessary to evaluate rate coefficients for ioniza-

tion and excitation from the ground state using self—consistent combinations of

Em , degree of ionization , and metastable fraction .

Presented in Fig . 6 are the E/n var ia t ion s of the rate coe f f i c i en t s  for Ar

and Kr excitation and de—excitation between the grouped metastable and p states ,

calculated using available cross—section data.21 Rate coefficients for ioniza-

tion from both the metastable and p states are also shown .22 ’23 These data

exhibit  a weak dependence on E/n re f lec t ing  the fact that the energy thresholds

for the processes involved are comparable to (or less than) the mean electron—

13
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I
energy. For this reason the rate coefficients presented in Fig. 6 are practically

insensi t ive to variat ions in either the degree of ionization or the metastable

f ract ion . However , the magnitude of the rate coeff ic ient s for electron—excited

state collision processes is exceptionally large as a consequence of the alkali—

like structure of the rare—gas excited states ..21.

F1 Vibrational Excitation

Figure 6 also shows the electron rate coefficient s for F2 vibrational

excitat ion and for dissociative attachment of F2 in the vibrational ground s tate

and in the first vibrational level , computed using the theoretical cross sections

of Ref .  11. The rate coe f f i c i en t  for vibrat ional  exci tat ion re f lec t s  exc i ta t ion

from the ground s ta te  to the f i r s t  ten v ibra t ional  levels each of which has been

energy weighted24 with respect to the first level. The attachment rate coeffi—

cient for F2 in the ground vibrational level is found to be within 5 percent of

that computed using recent experiment al cross section data .’6 While attachment

cross sections for vibrationally excited F2 have not been measured , this agree-

ment lends support to the theoretical prediction ’1 that attachment to vibration—

ally excited F2 should proceed at a much faster rate than for F2(v o ) .  If

such is the case , the increasing population of vibrationally excited F2 during

the discharge excitation pulse will result in an increase in electron loss due to

attac hmen t , thereby tending to of f se t  the reduction in the attachment loss accom—

panying the loss of F2 due to dissociat ion . Subsequent discussion wi l l  show

that such an effect could influence the onset of plasma instability.



C. Excited State Processes

In addit ion to e f f i c i en t  rare gas metas table  production , e f f i c i e n t  rare—gas

monohalide formation requires that reactions lead ing to the formation of KrF*

dominate over competing metastable quenching processes. Thus, reactions between

rare—gas metastable atoms and the halogen “fuel” molecule must be the dominant metast—

able 1088 process; and the branching rat io for the formation of the desired

rare—gas monohalide molecule must be near unity. Seteer and co—workers25 have

conducted extensive investigations of rare—gas metastable atom quenching and have

found that practically all halogenated molecules have large rate constants. More-

over , d iatomic halogens such as F2 hav e near u n i t y  bra nching ra t io  for rare—gas

monohalide formation . Thus, energy efficient formation of rare—gas—monohalide

molecules is usuall y assured in discharges in which rare—gas metastables are

produced efficientl y,  and in which an appropriate halogen fuel molecule is

present .

With a stimulated emission cross section in the 1 to 5 x 10 16 cm2 range ,1

maintenance of optimum gain requires a rare—gas monohalide density of about 1014

cm 3, a relatively high excited state concentration even for an atmospheric

pressure glow discharge . Thus, knowledge of rare—gas halide loss mechanisms under

various conditions is particularl y important . The dominant rare—gas halide

quenching processes have been identified by Rokni , Jacob and Managano whose

detailed analysis and interpretation is presented elsewhere .5 Certain of their

results relevant to KrF* lasers are summarized in Table I along with other related

data.26 30 It is worth pointing out that each of the major constituents in the

gas mixture collisionally quenches5 KrP* (Fig. 1, Table I). Additionally, with a

radiative lifetime less than 10 nsec spontaneous decay of the rare—gas monohalide

laser molecule is always important for the conditions of interest .

17 
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TABLE I

RARE GAS AND RARE GAS-HALIDE NEUTRAL REACTIONS AND RATE COEFFICIENTS FOR KrF* LASERS

Reaction Rate Coefficient~~ Reference

Ar* + Kr -* Kr*(p) + Ar 5.6 (—12) 26

Ar* + F2 -‘- ArF* + F 7.5 (—10) 5

Kr* + F2 -
~~ KrF* + F 7.8 (—10) 5

Ar*(p) + Ar 4- Ar* + Ar 2—6 (—11) 30 L
Kr*(p) + Ar -

~ Kr* + Ar 2—6 (—11) estimated (see 30)

ArF* + Kr -
~ KrF* + Ar 1.6 (—9) 5

ArF* + Ar + M -
~ Ar2F* + M 4.0 (—31) 5

KrF* + Kr + M -~- Kr2F* + M 6.5 (— 31) 5

KrF* + 2Ar products - 7.0 (—32 ) 5

ArF* + F2 ± products 1.9 (-9) 5

KrF* + F products 7.8 (—10) 5
2

KrF* -
~~ Kr + F + by (248 nm) 9 (—9 ) 27

ArF* Ar + F + hv (193 nm) ~ 4 (-9) 29

2Kr + F + hv (400 nm) 181 (—9) 28

Ar 2F*~* 2Ar + F + hy (290 inn) 132 (—9) 29

a) Units: two—body processes, sec~ ’ cm
3; three—body processes, sec~~- cm 6;

radiative processes , sec. The number in ( ) refers to the exponent of ten .

1’
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Quench ing of Rare—Gas P S ta te  Atom s by Neut ral Coll i s ions

Figure 6 shows that the rate coefficient for electron impact excitation of

rare—gas metas tab le  atoms to the higher lying manifold of p states21 is very

large . Indeed , fo r the conditions encountered in rare—gas hal ide lasers th is

pr ocess can compete with the desired metastable—F2 rare—gas monohalide formation

channel.  Thus , the s igni f icance  of p s ta te  exci ta t ion from the metastable state

depends on what happens to the p—state atoms after they are produced . For this

reason a knowled ge of p—state quenching processes is particularly important.

Recentl y Change and Setser30 reported rate coefficients for collisional quench-

ing of Ar p—state atoms by argon at room temperature (Table I). Their results

show that metastable production as a result of p—state quenching by ground state

atoms will be very fast for pressure typical of rare—gas halide lasers. Such

p—s t a t e—me t a s t ab l e  t rans i t ions  can be exp la ined 30 in term s of a curve crossing

mechanism among the A4 repulsive states which then dissociate , e.g., Ar*(p)

+ Ar • Ar~ • Ar* + Ar. Subsequent discussion will show that this process cazì

dominate p-state atom quenching in rare—gas halide lasers thereby exerting an

- important influence on both rare—gas halide formation efficiency and plasma stability .

19



I I I .  LASER DISCHARGE ANALYSIS

A. Temporal Va r ia t ions

Plasma Model ing

Analysis of plasma properties in pulsed rare gas—halide lasers requires

modeling of the time dependent variation of electron , ion and excited state £.
processes for condit ions typical  of the excitation scheme of interest ,1 ’6’7 In

the present work emphasis has been placed on electron—beam controlled laser

discharges operating under conditions similar to those described in Ref. 31. For

the most part the modeling procedures used are similar to those typically employed

in such analyses .6’7 The princ iple electron and excited state reactions and

rate coefficients used in the present analysis have been discussed in the preced-

ing section and are presented in Figs. 3—6 and in Table I. The dependence of

electron—atom rate coefficients on variations in E m ,  fractional ionization and

metastable fraction was accounted for by solving the Boltzmann equation ’9’24 in

order to generate a matrix of data similar to those presented in Figs. 3—5. On

the basis of the data so obtained rate coefficients for excitation and ionization

from the ground state were represented anal ytically by an expres sion of the

form ,

k(E/n , a, 8) k0(E/ n)f (E/n ,a) g(E/n, 8)

where k is the rate coefficient for a particular process , ~ is the frac t ional

ioniza t ion , 6 is the metast ab le fr act ion , and f and g are Em dependent analytic

20
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funct ions  ref lec t ing the numerically determined variations in k with changes in ~
and 6 (Figs.  4 and 5) .  Thus , k0 was determined by specifying an Em value in

the range of interest. The rate coefficients , k(E/ n, 
~~~, ~5) were then computed as

a function of time using self—consistent values of a and 6.

Species Concentrations

Fi gure 7 presents the computed temporal variat ion of selected species for

representative experimental conditions .3~- In this example the external ioniza-

tion source was increased as a function of time in order to simulate the increase

in e—beam current density typical of pulsed , cold—cathode e—gun operation .31

For these conditions plasma properties reach quasi—stead y values in a time less

than 0.1 p sec . However , Fig. 7 shows that significant changes occur on a longer

time scale because of the combined influence of the increasing e—beam ionization

rate and F2 dissociation , particularly the latter. Indeed , for this example F2

dissociation exceeds 25 percent after about 0.6 psec . The results presented in

this figure show that the fract ional ionization (~ = ne/n) and metastable

fraction (6 = n*/n) are approximately 4 x io 6 and lO~~ ’ 
respectively,  values

for which electron rate coefficients are affected by collisions with other elec-

trons and with metastable atoms (Figs. 4 and 5). In addition , Fig . 7 shows that

after a few tenths of a M sec the concentrations of vibrationally excited F2 and

of F atoms reach levels corresponding to about one—tenth the initial F2 density .

The computed populations of all excited species considered in the present

analysis are presented in Fig. 8 for a time 0.4 Msec after discharge initiation .

This f i gure shows that the primary excited species are the rare gas metastables ,

Ar* and Kr*, and the krypton—fluorides KrF* and Kr2F*, each having concentrations

El
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Fig. 7 Temporal variation of selected species in an a—beam controlled
KrF* laser discharge at a pressure of one atm; Ar—Kr—F 2 (0.945—0.05—
0.005). For this example the E/n value was 1.2 x ~y l6 vcm2 ; and
the temporal variation of the a—beam ionization rate was 160 + 8 x lO 7 t
sec~~ resulting in a 50 percent increase in the electron production
rate after 1 usec .
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of approximately i014 cin 3. Other excited species have number densities in

the 2 x 1012 — 2 x ~~~ cm 3 range, with the total excited state fraction in

excess of 2 x lO—~ for the conditions of this example. Clearly there are ether

excited rare gas and rare—gas halide molecules which will probably have co’acentre—

tions on the order of 1012 cnC 3 for conditions typical of rare—ga s halide r

lasers.

Medium Properties

Numerical modeling of laser characteristics begins with a study of microscopic

processes, analysis of which is the primary source of insight required to optimize

and/or improve conditions. However, an equally important objective of such

studies is quantitat ive computation of macroscopic properties of the laser medium

which can be directly compared with experimental results. Indeed , comparison

between predicted and measured rare—gas halide laser characteristic s has been

found to be very good)’7’31

Figure 9 shows the computed small signal gain, KrF* production efficiency ,

total volumetric power density, and discharge : c—beam power enhancement factor

corresponding to the conditions of Figs. 7 and 8. The KrF* production efficiency

(17) as used here includes the quantum efficiency and as such represents the j

fraction of the total power potentially available for conversion to optical power.

The enhancement fac tor (EF) is simply the ra tio of the discharge power to tha t

supplied by the c—beam. The data of this figure illustrate the high gain and

remarkable rare—gas monohalide production efficiency characteristic of rare—gas

halide lasers, KrF* in particular. Note, however , that although the power density

is dominated by the discharge contribution (EF > 1), the enhancement factor is

_____________________ 

__________ 
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Fig. 9 Temporal variation of total electrical power density (P.,,),
discharge : c—beam power enchancement factor (El’), small signal gain
(g0), and KrF* production effic iency (n) for the conditions of Fig . 7.
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very much lower than that typical of ir molecular lasers.9 This is a direct

consequence of the high c—beam power required to maintain the electron density at

the necessary level in the presence of the enormous loss rate of electrons due to

F2 dissociative attachment , a circumstance resulting in significant practical

problems related to certain aspects of electron—beam technology. Furthermore,

with a total electrical power density of approximately 100 kWcm 3, the rate of

gas temperature rise is well over lOO°K per ~sec . This factor , when considered

along with the rate of loss of fluorine fuel due to dissociat ion (Fig. 7), estab—

lishes an upper limit for laser pulse duration which is on the order of a few

usec .

Figure 9 shows that the energy utilization efficiency associated with KrF*

product ion can be ve ry hi gh (~~ 20 percent). However, overall laser efficiency is F
also dependent on optical power extraction efficiency. Analysis shows that optical

extraction efficiency can be significantly affected by the presence of electronic—

ally excited and/or ion species which absorb at the uv laser wavelength1’32 , even

though the absorption coefficient 
~Y~

> may be less than one—tenth as large as the

gain coefficient . Indeed , it has been shown~- that efficient optical extraction

requires that y0/g0 < 0.1. Presented in Fig . 10 is the computed temporal

variation of the total absorption coefficient at the KrF* laser wavelength (248 rim)

corresponding to the conditions of Fig . 7. Also shown are the individual contribu—

tions from known absorbing species , computed on the basis of reported cross—section

data.32 For the conditions of this example photodissociation of F2 is obviously

the dominant laser absorption process. However, the concentrations of ionic and

excited species are subject to much greater variation than the F2 density,  and their

11
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Fig. 10 Temporal variation of small signal gain and absorotion coef-
ficients for the conditions of Fig. 7. The KrF* stimulated emission
cross—section used was 2.4 x 10—lb Vcm2; and the absorption cross
sections used for the species indicated were those reported in Ref.
32. In this figure the notat ion RG refers to the combined effect of
Ar and Kr.
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combined influence is very significant as indicated in Fig. 10. Analysis of

optical extraction efficiency for the conditions of this figure yields a value of

about 45 percent for an active medium length of one—meter. When combined with a

KrF* production efficiency of 20 percent (Fig. 9), an electrical—to—optical

conversion efficiency of almost 10 percent is indicated , in accord with the highest

experimental values attained to date under similar conditions .1

B. Dominant Processes

As indicated in Section II numerous processes must be considered in the

analysis of rare—gas halide lasers . However , numerical experimentation shows that

certain processes such as rare gas metas table loss tend to be dominated by a

single reaction . Others such as KrF* formation and loss are affected by several

reactions of approximatel y equal importance . Examination of the relative import— F
ance of the various coupled reactions is useful and provides insight helpful to

understanding and improving rare—gas halide lasers . In the following paragraphs

the relative contributions to electron production , metastable and p state loss,

and KrF* production and loss for the conditions of Figs. 7—9 will be discussed .

Electron Production

Ideal ly ,  when electron—beam ionization is employed to provide a stable ,

large volume plasma medium , ionization is controlled entirely by the external

ionization source, effectively decoupling electron production from other plasma

properties. Such is the case in ir molecular lasers9, for example, in which the

mean electron energy required for efficient vibrational excitation is much less 11
than that for which electronic excitation and ionization become significant .
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However , in rare—gas halide lasers (and other excuser lasers as well) the mean

electron energy required is several electron volts and the density of electronic-

ally excited species is high.9 Given these circumstances along with the alkali—

like structure of rare gas metastables, significant ionization by low energy

plasma electrons is usually unavoidable even when an external ionization source is

used .

Figure 11 compares the various fractional contributions to electron production

in a KrF* laser discharge operating under the conditions of Fig . 7. These results

show that although ionization by the high energy c—beam is dominant , low energy

electron impac t ionization of rare gas metastable atoms provides almost 20 percent

of the ionization , a contribution which increases significantl y with time .

Indeed , even ionization of argon and krypton p states is important for the condi-

tions of this example. The non—negligible contribution of ground state ionizat ion

is a direct reflection of the increase in the ionization rate coefficient caused

by electron—electron collisions.

The relative contributions to the ionization process as indicated by Fig . 11

are typical of the c—beam controlled rare—gas halide lasers that have been oprer—

ated to date),3’- ,33 35 On the basis of these results it is apparent that such

discharges are actuall y of a hybrid nature in which substantial contributions to

ionization are made by both high energy beam electrons and by plasma electrons .

Metastable and P State Loss Processes

In c—beam controlled rare—gas halide discharges production of rare gas metast—

able atoms is dominated by a single process , electron impact excitation of ground

state atoms. However , there are several reactions by which metastable atoms are

29
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Fig . II Frac t iona l  con t r ibu t ions  to electron production in an c—beam
controlled KrF* laser discharge for the conditions of Fig . 7. These
results , and those presented in Figs. 12 , 13 and 15—17 , refer to the
time 0.4 psec after discharge initiation and are representa t ive  of
conditions in the 0.2 to 0.6 psec t ime range .

7 8 — 0 6 — 7 — 8

L T~~.±I1 -ilii 
— .5 -_- --—---5-5-- 



- — -—- - ——----- — —- --—----. -—---- — - - - •~~~~ —— - --—- - — - - -- —- •— - - — -- - ------ -- -— 5..,

lost. Figure 12 presents a comparison of the Ar* loss processes for the

conditions of present interest. The effect of coupling between the metastable and

• - p states has been grouped as a single process as indicated . Thus, Ar* Ar*(p)

represents the net effect of electron excitation of the p states from the meta—

- stable states , and transitions back to the metastable states caused by both

electron and neutral collisions and by radiative decay . This figure vividly

illustrates the dominance of the desired metastable—halogen reaction25 and in

part explains why the KrF* laser is so attractive . Although such selectivity is a

requirement for efficient KrF* formation , a consequence of the dominance of the

RG*—F2 reaction is that the metastable concentration is particularly sensitive

to the loss of F2 due to dissociation . Since metastable ionization makes a

significant contribution to electron produc tion (Fig. 11), the increased metastable

concentration accompany ing dissociative loss of F2 has a particularly serious

effect on plasma stability, a top ic which is discussed in a subsequent section .

For the reasons discussed in Section II knowledge of the processes by which

rare gas p state atoms are lost is of considerable importance . There are numerous

processes resulting in the loss of p—state atoms including : electron superelastic

collisions by which p—state atoms are converted back to metastable states with no

net loss of electron energy, halogen react ions ,8 quenching by neutrals which

- 
- 

also results in metastable production ,3° electron excitation and ionization , and

spontaneous radiative transitions back to the metastable states . Presented in

(a) In this analysis it has been assumed that p—state-F~ reactions result in

RGF* formation and proceed at rate equal to that of the corresponding metastable

reaction .

Ii
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Fig. 12 Fractional contribution to argon metastable loss in an e—beam
controlled KrF* laser discharge for the conditions of Fig.7. -
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Fig. 13 Fractional contributions to the loss of argon p state atoms
in an e—beam controlled KrF* laser discharge for the conditions of Fig . 7 .
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Fi g. 13 are the re la t ive  contr ibut ions  of these processes to the loss of argon

p—state atoms. These results show that neutral quenching of p—state atoms by

ground state rare—gas atoms is the dominant p—state loss process. Thus, p—state

atom s produced by way of electron collisions with inetastable atoms are rap idly

converted back to metastab les by collisions with ground state atoms, with the

result that this process has little net effect on the density of metastable atoms.

However , the electron energy expended to produce p—state atoms from metastables is

converted to translational energy of neutrals. As long as the electron energy

loss associated with production of p—state atoms is not large the laser energy

utilization efficiency is not greatl y affected by this process. However , Fig. 14

shows that the fractional electron energy loss associated with p—state excitation

depends directl y on the metastable density and becomes very significant if the

metastable fraction exceeds a value of approximatel y 3 x l0~~ .

KrF* Formation and Loss

The mechan isms respons ible for rare—gas halide formation and loss have been

the subject of extensive experimentation and analysis. 1’5’25 ’27 ’28 As a result

the react ions of primary importance have been identified and a generally complete

set of rate data are available for use in analyses such as that described herein.

Figures 15 and 16 present a comparison of the relative importance of KrF* production

and loss for the conditions of Fig. 7. For the conditions of this example the

ArF*_Kr displacement reaction5 dominates the formation of KrF*. Examination of

Figs. 2, 12 and 15 reveal the direct , efficient channel of energy from the

electrons to Ar* to ArF*, and finally to KrF*. For typical conditions the energy

channe led through the KrF* molecule represents between 20 and 30 percent of the total

discharge energy (Fig.1 9). Note , however , that both the contributions of positive

34
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Fig . 14 Frac t ional loss of electron power resulting from the net
- effect of excitation and dc—excitat ion of the rare gas p states in an

Ar—K r—F 2 (0 .945—0 .05—0 .005 ) m i x t u r e .  The f r ac t ion  of p state atoms was
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ion—negative ion recoinbination and of the direct reaction of F2 with krypton metas—

tables are also significant . The relative importance of the Kr*—F2 reaction will be

even larger for values of Kr fractional concentration larger than the 0.05 considered

here.

For the present case in which there is no optical field present, spontaneous

decay and F2 quenching are both very important loss channels for KrF* as ind ica ted

in Fig . 16. However, three—body quenching by Ar and Kr are also very significant .

Indeed , for somewhat higher Kr fractions and/or at pressures of a few atmospheres

three—bod y quenching becomes the dominant KrF* loss process. Under these circum—

stances the concentration of the triatomic rare—gas halide , Kr2F*, approaches and - -

even exceeds the KrF* density.

Of particular interest is the fact that in c—beam controlled , discharge pumped

lasers no single process dominates either production or loss of the diatoinic rare— T T
gas halide molecule. Of course, efficient laser operation requires conditions

such that stimulated emission is the dominant KrF* loss process. With the ratio

of gain to absorption (g0/y 0) having a value of about ten,analysis shows that

efficient optical power extraction requires an optical flux approximately twice

the saturation level 1 , the latter having a value of nearly 1 MW cm 2 for the 
.5.5

conditions of Fig . 16.

C. F2 Dissociation

The results and discussion presented above show that optimum conditions for

efficient production of KrF* can be achieved in high—power c—beam controlled (or

c—beam excited) lasers. In addition it is shown that F2 exer ts a very important

- - -~~~I’ 
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Fig . 15 Fractional contributions to KrF* production in an e—beam con—
trolled laser discharge for the conditions of Fig . 7.
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(indeed dominant) influence on the concentrations of electrons , metastable and

- 
p—state atoms, and rare—gas halide molecules. Thus, no single process exerts an

- 
- influence on laser plasma conditions which is comparable to the effects of F2

dissociation . Figure 7 shows that substantial F2 dissociation can occur in a

- t ime less than 1 ~sec in c—beam controlled discharges. Although plasma conditions

are quite satisfactory for the first 0.5 psec for this example (Fig. 9), as a

result of dissociation a substantial variation in properties occurs for times in

- excess of about 0.6 ~sec , resulting in the occur rence of plasma instability

- shortl y thereafter.

The various contributions to F2 dissocia tion for these conditions are

- - presen ted in Fi g. 17. By far the most important feature of this figure is its

indicat ion of the large number of different processes resulting in dissociation.

Clea r l y ,  F2 dissociative reactions are of a fundamental nature in rare—gas

halide lasers. Indeed , beca use of the large number of reactions involved , numer-

ical experimentation shows that the quasi—stead y plasma properties discus i in

previous paragraphs are relatively insensitive to variations in the rate coefficient s

used for the reactions indicated in Fig. 17, within known limits of uncertainty.

However , since ionization resulting form low energy electron impact is always

important (Fig. 11) for the conditions of primary interest , the plasma is only

marg inally stable. For this reason the t ime at wh ich instability actually occurs

can vary significantly in response to changes in the F2 concentration .

Li D. Plasma Instability

For the electrical power density values required for optimum laser perfor—

- mance the loss of F2 due to dissociation , along with gas heating , es tablishes a

____  -5 

39 



I I 

.i-i:

1 
Ar’+ F 2 —iiu.... Ai-F’+ F  

-‘

...................................
y .............

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

e + F2 —~ 2F + a 
— -

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

KrF’ + F2 —~~~~~ PRODUCTS

le + F2 ~~~F+F

lKr ’+F 2 w KrF’+F

~ 
KrF~ + F2 —~ PRODUCTS - -

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

OTHER PROCESSES

I I I . a l i i i  I I I I I I~~~~~~t

0.01 0.1 1.0
FRACTIONAL CONTRIBUTION

I I

F ig. 17 Fract ional  c o n t r i b u t i o n s  to 
~
‘2 dissociation in an c—beam con—

trolled KrF* laser discharge for the conditions of Fis . 7. :-. i

I-

~~~~ 7 8 — 0 6 — 7 — 13

40

- 5 ’- --— 5-5  —-- - - 5-- --- - ’ - _ -- --- - -5-—--  



-5- - --‘- - 5 - - ‘ ‘ . ‘- - --.5-—- —5- - - . - 
-‘

maximum limit for discharge pulse length which is on the order of a few usec .

However, the occurrence of plasma instability (current runaway) in a much shorter

time actuall y determines the maximum attainable pulse duration in c—beam controlled

rare—gas halide 1asers.l ,3I ,33,3~ ,35 For this reason plasma instability plays a

uniquely important role in determining the experimentally accessible range of laser

discharge operating parameters , especially discharge : c—beam power enhancement

factor ,’ (Fig. 9).

Electron Density Growth

Completely self—consistent analysis of rare—gas halide laser stability is a

formidable problem , requiring consideration of the temporal response of the

electrons , ions and several excited species to disturbances in plasma properties .

However , the mode of instability leading to current runaway in rare—gas halide

discharges has been identified as ionization instability) 3l
~
36i 37 This instabil-

ity is a manifestation of temporal amplification of electron density disturbances.

Therefore , useful insight can be obtained by consideration of the time dependent

electron conservation equation alone. For the present purpose this equation may

be expressed in the form,

(1)

where ‘te’ n , ~~ n*(p) and nF2 
are the densities of electrons , ground state

neutrals , metastables , p—state atoms and F2 ,  respectively, S is ionization rate

due to the external source , and k1, kt* and k
~
*(p) are the rate coefficients

for ionization of ground state atoms, metastable atoms and p—state atoms (Figs.

3—6), and k5 is the ~2 
attachment rate coefficient . If it is assumed that

exci ted specie. respond to disturbances on at time scale which is shorter than

111
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that of the electrons a, and that electron density disturbances vary as exp(v),

application of first order perturbation theory results in the following approxi—

mate expression for the maximum growth rate of electron density disturbances:

ôk I.
~ nk (~ + .~~~. .~-i) + 2n*k~ + 3n*(p) k~(p) — nF2

kQ (2 )  
-

L L
The first term on the right hand side is the contribution of ground state ioniza— -

t ion ; thus the term (cz/kj)ak~/ act is a d imens ionless quanti ty of order unity

which reflects the variation in the ionization rate coefficient with changes in

fractional ionization , a, (Fig. 4). The second and third terms reflect the

influence of metastable and p—state ionization , respectivel y, the factor—of—two 
-

arising because the metastab le concentration varies as the square of the electron

density, and the factor—of—three because the density of p—state atoms varies as

the cube of the electron density. In order to ensure stability (u < 0, electron

density disturbances damped), the attachment term nF2ka, must always be

larger than the combined contributions to Eq. (2) from the various ionization 
-

processes.

Presented in Fi g. 18 are the temporal variations of the dominant contributions 
-

to Eq. (2) for the conditions of Fig. 7, i.e., excited state ionization and attach—

ment to F2 (in the ground vibrational state). Initially, conditions are such

that the contribution due to ionization from excited states is safely below that “
~

(a) Although electrons and metastable atoms often respond to disturbances on the

same time scale , the approximation that perturbations in the metastable concentra—

tion are quasi—stead y significantly simplifies analysis, thereby facili tat ing
- 

- development of insight as regards the causes of ionization instability .
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Fig. 18 First order contributions to the growth (or damping) rate of
electron density disturbances resulting from ionizaton of Ar and Kr
excited states and from dissociative attachment to F2 in the ground
vibrational state for the conditions of Fig . 7.
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due to attachment, the latter effectively balanced by ionization provided by

the external source (Fig . 11). However , as the F2 concentration decrease. as a

result of dissociation , this situation changes significantly with ioniza tion from

excited states increasing by about a factor of two in only a few tenths of a ~sec.

Thus, the criterion for ionization stability (u < 0) is quickly violated, usually

in a time less than 1 p 8cc after discharge initiation .

I

Although the stabilizing influence of attachment is initially about twice as
t I. ..

large as the terms due to ionization (Eq. (2), Fig. 18), the effects on electron 
-

density growth of attachment and ionization become equal (u — 0) as a result of

only 25 percent F2 dissociation (Fig. 7). Analysis of the fac tors contributing

to Eq. (2) shows that the ratio of the ionization terms (destabilizing) to the 
- .

attachment term (stabilizing) varies approximately as nF2
3. For this

reason whenever ionization from excited states becomes significant (>  lOX) relative 
-

~~

to tha t provided by the c—beam , plasma stabili ty is exceptional ly sensitive to the

loss of F2. —.

Current Runaway

The temporal evolution of discharge current density prior to instability onset

and the time at which current runaway actually occurs are both very sensitive to 
-

the discharge Em value. Figure 19 presents computed current density profiles for

various Em values and conditions otherwise similar to those discussed prev iously. -

The discharge c—beam power enhancement factor at the leading edge of the pulse is

also indicated . Although the current density 1. uniform and the plasma is stable

for over 1 p8cc at an Em value of 1.0 x 10—16 Vca2, at this value the power 
-

r
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- 0.1 psec after discharge initiation .
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enhancement factor is only about two. That is, about 1/3 of the total power is

provided by the c—beam ionization source just to maintain the electron density at

the required level. Increasing Em results in a substantial increase in the dis-

charge power , and therefore in the enhancement factor as is desired . However,

Fig. 19 shows that this is accom plished at the expense of stable discharge dura-

tion. For Em values of 1.2 x 10—16 Vcm2 and hi gher , current density run—

away occurs in a time less than one psec as is evidenced by a rapid ly increasing

current density derivative. 
- -

Instability Onset Time

Presented in Fig . 20 is the E/n dependence of the time at which the computed

current density runaway occurs as determined by the present kinetic model for KrF*

laser conditions . Instability onset time determined on this basis is directly

comparable with experimental observation of current runaway ; and , the computed 
- .

current runaway time presented in this figure is found to be in good agreement

with measured values .3’ Since current runaway is particularly sensitive to the

concentration of rare gas excited states , for which there is no direct experimental

measure , agreement between calculated and measured current density profiles serves

as a check on the accuracy of the former. Also shown in Fig . 20 is a dashed curve

represent ing the time after discharge initiat ion at which the theoretical criterion

for ionization instability is first satisfied (u = 0). This time was determined -
~~

by computing the instability growth (or damping) rate using time varying plasma

conditions to evaluate Eq. 2. For low values of E/n the plasma is stable for a

relatively long time (~~~ 
1 P8cc). Under these conditons the computed instability

onset time based on the theoretical criterion (u 0) and on the current runaway

time as determined from the complete kinetics calculation are essentially equivalent ,

a

4 
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Fig . 20 Em variation of the time after discharge initiation at wh ich

I numericall y determined current runaway begins (curve a); and at which
- exponent ia l  growth of electron density disturbances begins , i.e. ion-

ization instability (curve b). In the evaluation of curve b (u0) ion—
ization of ground state atoms and attachment of vibrationall y excited F2

I were taken into account. These results correspond to the conditions of
- 

Fig . 7.
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reflecting the very short time (<  100 neec) characterizing ionization growth after

the initiation of instability.8 As Emn is increased the time characteristic of -.  

-

stable discharge duration (u < 0) is reduced dramatically, approaching zero for Em

values only slightly higher than those shown in the figure. That is, for high Em

values the plasma is unstable practically from the time of its initiation , based on -.

the criterion that u be less than zero to ensure stability . However, Fig. 20 shows

that the actual occurrence of current runaway at high Em values is delayed by a —

time which is approximately equal to the ionization growth time , ~P(n*ki)~~ .

Nevertheless, for the conditions considered here, the duration of the excitation

pulse for which the energy enhancement factor can be maintained at a level near ten -

is limited to approximately 0.1 psec as a result of ionization instability.

(a)  On the basis of this comparison it can also be concluded that the factors

dom ina t ing ionization instability in rare—gas halide lasers are reasonably repre— - .

sented by the approximate expression for the instability growth rate given in Eq. (2). -
~~ I

48 -
~~~~~~

—.5--. - - .5
-.5- - - -.5 — — — - — . 5  — - - -  - —- - ——-- - - — _—-———-—- — -—-— —~--- --- - -  _— - - - - - 



IV. SUMMARY AND DISCUSSION

The analysis and discussion of the preceding sections focuses atten t ion on

the relationshi p among the numerous processes contributing to the formation and

loss of the KrF* molecule in an electron—beam controlled discharge . Therein it is

shown that KrF* can be produced with an efficiency of 20 percent using this scal—

able excitation technique . In addit ion , krypton—monof luoride densit ies in excess

of 1014 cm 3 are readily attained which , when combined with a s t imulated emis-

s ion cross—sect ion of about 2 .4  x i0 16 cm2, results in a gain coefficient of

about 1 percent cm~~. Thus, it can be concluded that KrF* kinetic processes are

generally ve ry favorable for e f f i c i e n t  laser operation under condi t ions typ ical of

near atmospheric pressure electron—beam controlled discharges.

The plasma required to achieve optimum KrF* laser excitation is characterized

by a mean electron energy of several electron—volts , a fractiona l ionization

greater than io 6, and a fractional metastable concentration in excess of

~~~~ Section II shows that under these conditions electron—electron collisions

and electron collisions with excited atoms have a very important effect on plasma

processes. Further , it is shown that numerous reactions , including rare—gas

halide formation , result in dissociation of the fluorine fuel molecules . Since

reactions between halogen molecules and both metastable atoms and electrons exert

a controlling influence on the population of these species , dissociation of F2

results in significant changes in plasma properties. Indeed , the results presented

here show that as a result of F2 dissociation , KrF* laser properties are contin—

uously chang ing fro~n the time of plasma initiation until termination due either to

the onset of instability or to critical loss of F2. For values of discharge

49 
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c—beam power enhancement greater than about three , results obtained to date have

shown that plasma instability limits maximum laser pulse duration to a time less

than 1 p sec (Figs. 19—20). However, with Em values corresponding to enhancement ii

factors in the 2—3 range, laser pulses of about 1 P sec have been achievecO , with - -

eventual loss of F2 being the factor limiting pulse duration . This general

behavior is typical of all electron—beam controlled rare—gas halide lasers”35

and of the closely related mercury—halide 38 lasers as well.

Based on the good agreement between measured and predicted laser character-

istics , it is reasonable to conc lude that the dominant reactions influenc ing

rare—gas halide formation and loss have been identified and that a satisfactory

data base exists. However , operational experience with rare—gas halide lasers 1.
has, for the most part , been 1imitc~d to single pulse experiments.’ Practical

implementat ion of this unusually promising class of high—power lasers requires

dependable , repetitive pulse operation using a flowing , recirculating gas mixture .

In addition , many applications will require electron—beam controlled discharge

excitation under conditions such that the e—beam power is a relatively small frac— P
tion (< 0.1) of the discharge power. Past experience with ir molecular lasers

indicates that the major obstacles to achieving these objectives will be related

to plasma chemical processes and discharge stability.39 4 1  Solution of these

formidable prob lems will require substantial additions to the existing body of

knowledge pertaining to rare—gas halide kinetics. Aside from the primary reactions 1.

directly involved in rare—gas halide molecular processes , very little data exists

for reactions between halogen molecules (and atoms) and discharge species. For - -

example , there is little or no information pertaining to the reaction of either F 

.
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atoms or F2 with rare—gas excited states , electrons or ions.42 Wh i l e

reactions of this type may play only a secondary role in rare—gas monohalide

molecule formation and loss as it occurs in a single pulse experiment , they are

certain to exert an important influence on the chemistry of closed—cycle , repeti-

tive pulse lasers .

Analys is  of positive ion reactions in rare—gas halide plasmas is based almost

entirely on the premise that rare—gas monomer and dimer ions are dominant.

However , in addition to these ions , rare—gas trimer ions, heteronuclear rare—gas

dimer ions and rare—gas halide ions are likely to be present in significant

concentrations (.~ 10 percent). It is known that relatively small concentrations

of complex ions can significantly influence plasma properties43 (especially

stability41) because of their unusually large electron recombination coefficients.44

In addition , positive ions play a unique role in rare—gas halide lasers as a conse-

quence of their direct involvement in rare—gas halide formation~- ’ 5 and because

they absorb radiation at the laser wavelength.32’45 For these reasons , improved

knowled ge of ion reactions at high pressure and low temperature is also of importance ,

especially under closed—cycle conditions for which the concentration of neutral species

produced by plasma—chemical reactions is likely to become substantial.

Experimental verification 1 of the high energy conversion efficiency predicted

for the KrF* laser represents a significant milestone in the development of a scal—

able , high power uv laser , and provides impressive evidence that conditions optimum

for efficient laser excitation can be created in a high pressure , chemically active

d 
plasma . However , it has also been found that it is exceptionally difficult to

maintain the desired plasma properties in a stable , long pulse (-~~ usec) discharge

51
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because of significant changes in the gas mixture arising from the rare—gas halide

formation process itself. As these systems are scaled for applications requiring - -

high average power , difficulties arising from this circumstance will certainly

become more pronounced . For this reason it is clear that future efforts must be

directed toward identification of the dominant ion and neutral chemical reactions

occurring under the plasma conditions to be encountered with closed—cycle , respec—

tively pulsed rare—gas halide lasers .
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Influence of electron-F2 collisions in rare gas—halide laser
discharges’~

William L. Nighan
United Technologies Research Center. East Hartford, Connecticut 06108
(Received 23 September 1977; accepted for publication 20 December 1977)

l’he influence of F2 vibrational excitation and direct dissociation by electron impact is examined for
conditions typical of electron-beam-sustained KrF lasers. For values of F2 fractional concentration greater
than about 0 003 the results of this analysis indicate that the dissociation process e + F2—.2F + e may
significantly affect e~ectron-metastable atom production efficiency, rare gas—halide excimer production
efficiency, and pin.

PACS numbers: 42.55.Hq, 52.20.Fa. 52.20.Hv

Rare gas—halide laser mixtures generally contain theoretical analysis ’ has shown that vibrational excita-
.5 fractional concentration s of the halogen bearing mole- tion of F.5 by electrons can proceed by way of a reso-

cule in the 0. 1—l.0~ range. Although there exists al- nance mechanism involving the same F~ state which
most no electron scattering data for Such molecules , participates in the low-energy dissociative attachment
there is every reason to suppose that the presence of process. The computed energy weighted cross section
several tenths of a percent F2, for example, will have for vibrational excitation was found to be in excess of
an effect on electron kinetics other than by way of the itT ’7 cm ’ in the electron energy range of a few electron
well-known dissoc iative attachment process. This volts. In addition , measurements2 of F atom production
paper analyzes available data relevant to electron-F 2 in an electron-beam-sustained F2 discharge hav e shown
scattering and examines the potential importance of such evidence of enhanced F2 dissociation as E ,’n was in-
collision processes for conditions typical of discharge- creased for average electron energies estimated to be
pumped KrF lasers, about 1 eV, a value high enough’ so that dissociative

attachment should be a decreasing function of F,— ,t.
To date the effect of electron-halogen molecule E n — While there are several processes 2 which may con -elastic collisions has not been considered in analyses tribute to F2 dissociation for the experimental condi-of rare gas—halide lasers. This is a reflection of the tions of Ref. 2 , direct electron impact dissociation islack of required cross-section data. However , recent by far the most likely, indeed, there are several F~

states which may lie above the repulsive F2(’1r~) state in
_________________________ the vicinity of the F2 ground-state equilibrium separa-
1mPo rtlons of tht s work were supported by the Office of Naval tion, so that resonant enhancement of the process

ftcsearch, e + F2 — 2F + e is a distinct possibility.
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In order to obtain an estimate for the electron-F2 ° ‘~ I I

dissociation cross lection based on the observations of - -
Ref. 2 , electron energy distributions were computed

0I6 - - I -,for F, using the vibrational cross sections of Ref. 1
along with a constant momentum transfer cross section -

having a value of 10-15 cm 2. The electron-F 2 dissocia - 0 1 4

threshold of 3. 35 eV corresponding to the vertical 
0 ~~transition energy from the F-. ground state to the F2( t ir,)

state, the lowest electronic state of F2. The magnitude ~

tion cross section was assumed to have an apparent

and shape of this cross section were then varied in a 0 0

the production of F atoms was first observed to in- 

.
trial and error fashion . In the experiments of Ref . 2

crease over that due to the electron beam alone for an °°~ - °‘

E/n value of approximately 2 x 1o ’~ V cm 2 . As E/ n was
increased to about 6X10 ’~ V cm 2 , F atom production

OOS - 0 8was enhanced by almost a factor of 2. By using a trial
dissociation cross section having a peak value of ap- ‘ -

proximately 10.1? cm 2 at an electron energy of 5 eV , oo~ _____________________________
000 , 0002 0.005 0.0,in the present work it was found that the magnitude of SF 5

the calculated rate of F, dissociation (F atom produc- FIG . 2 . Small-sIgn al gain and KrF ’ production efficiency in an
tion ) b y the direct process was a few percent of that due electron—beam—sustained discharge as a function of F2 fraction .
to dissociative attachment for an E n of 2 -~ lO~ ” V cm 2 . The eompptation was made for an atmospheric—pressure
Further , the dissociation rate approximately equaled Ai~ Kr (0.95—0 .05) mbthire and an F / n  value of i.OXi 0~
the dissociative attachment rate for E , -’n v alues in the Vcrn 2

~ These results refer to conditions 100 nsec after dis— -

charge initiation .5)( 10 to 6 x iO ’~ -V cm 2 range , results consistent with
the experimental observations. 2 These findings were
not pa rticularly sensitive to the shape of the tr ial  cross was computed for conditions typical of electric -dis-
section used in the analysis. The direct electron-F 2 charge-pumped KrF8 lasers. The results of this cal-
dissoc iation rate estimated in this manner is consistent culation are presented in Fig, 1 as a function of F2
with the limited experimental data available ’ and pro- fractional concentration . For values of X~- 2 below about
vides a reasonable basis for an evaluation (albeit pro - 0. 002 electron energy loss due to dissociation is found
visio nal) of the potential significance of electron impact to be relatively urtirn po~ ’- -~nt H owever , for high er F2
excitation of F2 to repulsive states, concentrations the electron energy loss accompanying

dissocia tion can become very significan t , exceedingUs1nL ~ this F dissoci ation cross section and the cross
10~ of the total discharge power. For the conditions — -sections of Ref . I the electron fractional power transfer
of Fig I the rate coefficient for direct dissociation
has a value of approximately itT sec ’ cm 3 and exhibits
a weak dependence on F/n. Since the production of

‘0 i I r rr1—i- 1 rare gas metastable states is a strong positive function
-
~~ of E n , the fractional power transfer associated with 

- F the direct dissociation process decreases relative to - 

-
rare gas n1etastable production for E/ n  values higher
than 1 .Ox i O ’~ V c m 2 and increases for lower values ,

Although the cross sections for F2 vibrational excita-
tion are relatively large , ’ Fig , 1 shows that the elec-

- 
~~~~~~~~~~~ tron energy loss due to vibrational excitation is not

0 ’  

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

lik ely to be important since the energy loss per colli-
sion is small (— 0 . 1 eV) . However , H all’s results ’
indicat e that dissociative attachment increases signifi- - -

cant ly wi th F2 vibrational level. In long -pulse3 K rF8
Laser discharges the fraction of vibrationally excited
F2 will be substantial (> l0~~). Thus , the degree of F2
vibrational excitation may affect the electron loss due
to attachment , thereby influencing both the quasisteady

-~~~ and stability characteristics of rare gas—halide
0 0  1 1 1 i-V l I i i

~~~~~ 0002 0005 00’ discharges .
‘~ In order to evaluat e the influence of the electron-F 2

FIG. 1. (‘ontr lbutlons to electron fractional power transfer in collision processes discussed above , electron distribu-
.mn A r— Kr—F ,  mixUire in which the .~ r and K, -  Ira cti I n : I l  COn — tion functions and all related Ar and Kr i-ate coeffi-
crntratu,ns were 0.95 and 0.05, respect,vcl~ . Tlit’ calculation cients were computed as a function of F2 fractional con -was carried ‘ut for an F. value 1.0 1Cr ’ V ein , a fractional
mt- t : i ’taI , l i -  concentration of 10” , md a Iraction:iI Ionization ,~ 

centi-ation The effects of electron—electron , electron —
in. , ion , atid electron -nietastable collisions were taken into
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account in the calculation , The data so obtained were 020 —~~~r-— 
~~~~~~~~~~~ -— 2 4

then used as input information in a t inae-dependent -

KrF kinetics itiodel of an electron-beam -sustained • ,~~t IL I I$ ION$
- 2 2disc harge , ‘ foLLowi ng procedures generally similar to — .5

those d escribed elsewhere. ~ Figure 2 sho ws the ‘I

computed variation of gain and KrF production effi- 0 1 8  - -

conditions 100 nsec after discharge initiation . In the -

present analysis the KrF ’ production efficiency is
defined by the relation ~i —  (KrF4 production)/zv/ ( [ArJS5u1 

~ 0 1 2  I SJ E ) ,  where all the processes contributing to the

ciency with F2 traction. The results presented refer to ~~ 

,,

~~ 

j Ill 

~~~~~~~~~ 

1 8

8
,-o lu,ne/rs c rate of KrF production are included in the ~ 

- ‘ 4numerator. ~ Also, S5 is the rate of electron-ion pair o ,o
production by the electron beam , u1 is the energy re-
quired to produce an electron-ion pair , J E is the dis - 008 

— — — 
- 

1 2
charge power density, and he is the photon energy of
the KrF Laser transition. Thus, on this basis ~1 repre-
sents the matcimum traction of the total power poten - 0% ~~~ 0~1 0 2  0 5  ,0  2 0

0

tially recoverable from the reaction, KrF +hp—Kr + F
— 2/i c . FIG . 3, Temporal variation of KrF4 production efficiency and

gain for an F2 fraction of 0. 005 and the cond it ions of FIg. 2.Inter pretation of the specific nature of changes ac- Also shown (dashed curves) are the results of the same calcu-companying variation in F2 concentration cat’ be very latlon neglecting all electron-F. collisions except attachment.
difficult for the circumstances typical of most experi-
ments since the halogen molecules influence numerous
plasma processes. Therefore , in order to assist in Presented in Fig, 3 are the temporal variations of ii
interpretation , in the present calculation the c-beam and i~~ computed for an X ,~, value of 0. 005 , i .e. . near-
ionization rate , ~~~~ , was varied front  50 to 500 sec ’ OptiniUni condi tions in Fig. 2. For purposes of conipari-
as the F. fraction was increased from 0 001 to 0.01. son , also shown are i~ and ,g, computed neglecting the
Th us , the electron density remains approximately con - effects of all electron-F 2 collisio ns e~copt attachment.
stant at 10” cn, for the conditions ol Fig. 2. In addi- Clearl y ,  steady -state conditions are attained in a time
tion , the b / u i power density is sensibly constan t , in- tess than 100 nsec. However , for times greater than
creasing front  about 60 kW cnI to 90 kW cm~~ over the about 0. 2 to 0 3 / 15cc significant  changes in both and
.\ f range covered . These condit ions are rept ’esenta- 17 resulting from F. dissociation become apparent . The
t ive  of recent experiments with  elect i-on -beani-sus - decrease in KrF ’  production ef f ic ien cy  is a sequence
tam ed rare gas—halide lasers of the increase in electron densi ty  accompanying the

decrease in F-. concentrat ion.  As th e electron densityAs the F fraction is increased above 0 001, Fig . 2 . -

increases , electron excitat ion of rat -c gas metastablesindicates that both the gain and KrF ’ production clii- to higher excited states begins to compete with thec iency increase significantly.  This reflects the ins - desired F2 react ion leading to the formation of ArFproved efficiency of ArF ’ format ion from the rare gas and KrF For this reason the energy utilization elfi-meta stable states as compared to other metastable loss ciency associated with conversion of nietastable atomsprocesses. However , as ~~~~~ is increased above about to rare gas—halide exciniers decreases . Note, however ,0 005 , eLectron energy loss due to F 2 dissociation be- that because of increasing electron excitation , theconies increasing ly mor e sign ificant The resultant absolute densities of metastable and i-are gas—halide
cooling of the electrons leads to a 35’ decrease in the states continue to increase as is reflected by the in-Ar and Kr inetastable production rates for the condi- creasing gain . As the data of Fig. 3 indicate , this  so-tions of this  example as X ,. , is increased f,’ons 0 001 to quence of events results in rapidL y changing g,, and q -0.01. The combined effect ~f these related processes for long discharge duration. At the 1-psec time the F2is a reduction in the KrF ’ p roduction eff ic iency . 8 Ad- 

~ zsr ; dissoci ated for the conditions of this examp le.ditionau y, F 2 quenching of KrF exerts an important
dele terious influence on the gain at the higher F Comparison of the dashed and solid curves in Fig. 3
levels ‘ Resul ts quali tatively simi lar  to those of Fig . 2 shows that direct electron impact dissociation of F.
we re obtained at lower and higher  F ~i v alues , although m a y  result in significant changes in the magnitude and
calculations show that the plasma is unstable for E,n  rate of change of both gain and KrF production effi-
values above about 1 2-’ 1tT ’ ’ V cns 1 when the F 2 trac - ciency. However , it is clear that the general trends
tional concentration is below about 0 002 . exhibited by the data in Fig, 3 are not dependent on the

inclusion of electron-F -. collisions. Indeed , at theAl though the dom inant  collision processes generally 1 -jA sec t ime only about one-third of the F2 dissoci ationbecome qua sisteadv in t imes much less thar s 100 nsec results from direct electron impact for the conditionsfor conditions typical of those represented by the i’e- of this example , with ArF 8 formation , attachment , andsuI ts ot Fig 2 , the temporal changes in plasma pro- F, quenching processes accounting for the other two-cesses resulting from F, dissociation can become very thirds,significant The consequences of F2 dissociation be-
come part icularly important  for long -pulse discharges The results and discussion of this paper focus atten-
1- 1 a~sec) and or hi gh-power loading (>100 kWcn, 3). lion on the role of the halogen-bearing molecule as
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regards electron and metastable kinetic processes in 1R.J. Hall, 3. Chem. Phys. (to be published).
rare gas—halide lasers. Condition s typical of el ectron - 2H.L . Chen, R.E . Center , D.W . Tratnor , and W.I. Fyfe ,
beam-sustained laser discharges3 were examined in ~. Appi. Phys. 48, 2297 (1977),

3C.H . Fisher and R ,E. Center , Appl. Phys. Lett. 31, 100detail. The influence of F2 in KrF’ lasers was given (1977).
particular attention because of the availabiLity (albeit 4J.H . Jacob and J.A . Mangano, Appi, Phys. Left . 28 , 724
limited ) of theoretical and experimental data for this (1976).
molecule. On the basis of this analysis it is reasonable S

J .A . Mangano, J . H . Jacob, and J.B. Dodge, Appl. Phys.
to conclude that electron-halogen processes other than LeLt . 29, 426 (1976) .
attachment are likely to be important, particularly F2 

6 For the conditions of this example the displacement reaction
ArF * + Kr— KrF* +Ar  dominstes KrF’ production (seeelectronic excitation leading to dissociation . This find- Ref . 9).

ing will most probably have general significance for all TSlnce the discharge contrtbution to the tota l power density
rare gas —halide and mercury -halide lasers containing was sensibly constant over the entire Xp2 range covered in
F2 or other halogenated molecules at fractional concen- Fig. 2, the discharge enhancement factor , JE ((ArIu 1S5)~ de-
tration levels greater than a few tenths of a percent. creased from about 10 to 1 as Xi., increased from 0.001 to

0. 01, reflecting the increase In S~ required to maintain near—CLearly, additional electron scattering data for halo- ly constant electron density . However , the discharge contri-
genated molecules would be of considerable value in the button to the total volumetric power density was dominant
modeling and evaluation of rare gas —halide laser over most of the range covered in Fig. 2.
prope rties. tDue to the decrease in enhancement factor corresponding to

the increase In Xp2 for the conditions described here, the .5
discharge is relatively less important at high F2 fractions;
this effect also contributes to the reduction in op.

It is a pleasure to acknowledge the helpful comments ‘M.Eokni, J. H. Jacob, and -l.A. Mangano, Phys. Rev . (to
of R.T. Brown , R.J. Hall , and L.A. Newman. be published).

300 Ap pI Phys . Leti. 32(5). 1 March 1978

A4
- - - -



- - .— ~~ — - .~~~~~~--—- - - -- -~~~~- -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~.

Influence of molecular dissociation and degree of ionization
on rare gas—halide laser propertieV~

William L. Nighan
Un ited Technologies Research Center . East Hartford, Connecticut 06108
(Received 29 September 1977; accepted for publication 20 December 1977)

The influence of F2 dissociation and the accompanying increase in fractional ionization is examined for
conditions typ ical of electron-beam-iustained KrF’ lasers. It is found that for electron-density—F 3.density
ratios greater than about 10-i , rare-gas metastable loss due to electron excitation of higher levels begins
to compete significantly with metastable-F 2 reactions, thereby leading to a substantial reduction in rare
gas—halide production efficiency.

PACS numbers : 42.55.Hq, 52.25. —b , 34.80.Dp

Numerous processes contribute to dissociation of the computed time-dependent fractional contributions of
halogen-bearing molecule in rare gas—halide lasers. various argon metastable loss processes in an atmo-
In long-pulse ( I i.~sec) or high-power-density (~ 100 spheric-pressure electron-beam-sustained KrF laser
kW cm~ ) lasers the reduction in halogen molecule den- discharge. In this example , the electron-ion pair
sity can be substantial (.~ 10~~). Two of the most sig- production rate by the electron beans was set so as
nificant effects accompanying dissociation are (1) an in- to produce an initial electron density of approximately
crease in the rare-gas metastable density due to a 1014 cm~ . For these conditions the power input from
decrease in the rate of reactions with the halogen the e-beam was about one-third of the total power , i. e.,
is-molecule and (2) an increase in the electron densit y the discharge enhancensent factor was approximately 3.
due to the con bined effects of reduced attachment loss The results of Fig. 1 show that the two primary loss
and increased ionization from rare-gas metastable
states. In the present paper the influence of these
coupled processes on gain and rare-gas-halide produc-
tints efficiency is examined for conditions representative
of electron-beam-sustained KrF ’ laser discharges.

properties of temporal changes in plasma processes,
In order to evaluate the effect on laser discharge 

-

a numerical kinetics model was developed following
procedures generally similar to those described else-
where , 1,3, 1 with the following exceptions: (I) In the 10.1 - - 10-2
present analysis the effects of direct electron impact A.~ ~ K,-.-K’ (p) . A.

dissocia tion and vibrational excitation of F2 were taken
into account’ and (2) the effects of electron-electron5 

~~~~—2A.—.-A.2~ * A, —iand electron-ion collisions were included in the calcula-
tion of the electron distribution function and all elec-
tron rate coeffi cients.

— i,_.. J.!J.
For atmospheric-pressure mixtures of Ar , Kr , and — — — — —

F3 in which the fractiona l concentration of Ar is approx- io 2 - 
— — — - io-~

imna tely 0. 95, on the order of 50’~ of the total electri-
cal power is utilized in the production of argon metasta-
ble states. 1,4 The metastable atoms so produced engage
in numerous reactions, with the primary reaction se-
quence leading to KrF formation , 6 e. g .,

A? + F2 — ArF* + F,
i o—3 I • I

ArF* +Kr —KrF +Ar. 0 0.2 0.4 0.6 0.8 1.0
TIIi~ (sale )For optimum discharge conditions studies show that I I Ithis energy pathway can be very efficient with as n -much 0.005 0.004 0.003

as 20’~ of the total power available for conversion to F 2 FRACTION

optical energy. However , the present analysis indicates I L ~ i
4, ’0~~ 5 6 7 8xt0~~that significant changes in the nature of rare-gas FRACTIONAL IONIZATION

metastable loss accompany the decrease In F2 concen-
tration due to dissociation. Presented in Fig. l are FIG. 1. FractIonal contributions to a rgon metastabte atom

loss processes In an electron-beam-sustalned atmospheric—
_____________________________ pressure discharge with an Em value of 1.2 ‘c 10~~ V cm2.

For these conditions the gas mixtu re was composed of
‘1Portlons of this work were suppo rted by the Office of Naval Ar—Kr— F2 (0. 95—0.05—0. 005) ano the e—boam electron—Ion pair

Research. production rate was 250 sec~ .
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I’AB LI-: I. Frac tional contributions to F., dissociat~on for the cm 4; all other paran eters Including the initial F2 con-
conditions of Fig. 1. centration were held constant. For fixed F/ n values

below about 1. OX l0~ 6 V cm2, the gain increases andAttachment .‘ F~ -— F F 0 , I I
t)irect ,Iiss~s-iat io n .‘ 4 F2 -- 2 1- ’ ,‘ 0. 16 

KrF5 production efficiency decreases as SE is in-
A r t-” p roduction Ar~ + F2 —’ Art” + F 0 . ~ creased, reflecting the effect of Increased electron
K rF’ ~uenc hing by KrF~ + F2 0. 12 density relative to that of the F2. As the electron den-

F2 —products sity increases, the increased electron pumping rateF Other p rocesses results in an absolute increase in the densities of both
1. 00

__________________________________________________ the rare-gas metastables and KrF as reflected by
the higher gain. However , the overall energy utiliza-
tion efficiency is reduced because electron excitation

processes controlling t h e  density of argon metastables of rare-gas metastables to higher levels begins to corn-
are the desired F2 reaction resulting in ArF  forma- pete with the metastable-F2 reaction leading to ArF
tion and electron excitation of ti -m e metastables to the (Fig. 1). Thus , p decreases as S~ is increased. For a
rare-gas p states. For times up to about 0. 4 p sec fixed value of ti -me electron-beam ionization rat e, in-
Fig. 1 shows that p-state excitation is not particularly creasing E,’,, initially results in a substantial increase
significant. However , for longer tinses electron excita- in both gain and iCrF* production efficiency due to the
tion of nsetastables to higher states becomes very im- strong dependence of rare-gas n etastable production
portant. This trend is a direct consequence of the de- on F / n .  However , for F/ n values greater than about
crease in F3 concentration due to dissociation which , in (1, 0_ l .2 )x  l0 ’~ V c r n 2 the combined influence of in-
turn , results in an increase in electron density. Since creased electron production due to metastable loniza-
t i-me Ar *_ F  reaction is a binary process and since the lion and decreased attachment loss accompanying F2
electron_Ar * p-state excitation rate is very weakly dissociation results in an electron density increase.
dependent on F/ n , the increasing importance (I f p-state The~ effect of the resultant increase in the ratio Ie1[F21~excitatiols relative to ArF5 format ion depends almost is reflected by a sharp decline in p as rare-gas p- state
solely on the relative concentrations of electrons and excitation becomes an important loss of metastables
F3 molecules. Note ti -mat the e lec t ron-d en si ty—F 4 — relative to ArF* formation.
density ratio, which is also shown in Fig. I , increases
by almost a factor of 5 in 1 fm sec. Based on these con-
siderations the results of Fig. 1 show that metastable
loss due to p—state excitation begins to compete sig— o 2C 15
nificantly with Ar F 5 fornsation for ‘~ F I~~ 

ratios great— 
~ 

S6 175
50

er than about i0’~. o Is - 25
- 2 0It is worth pointing out that in this  example the initial c 0. 14

power density level is only about 70 kW cm~a , a value 
~ 12

not much higher than the measured2 20-kW cns laser
o tothreshold levels. Further , Table I si-mows ti -mat there are

- 0.5several processes contributing to F dissociation , any 0.05
one of which would lead to substantial dissociation on o0~ I I 1 I 0

a p sec tin -me scale. Thus , dissociation of ti -me halogen- 0 2 3.5
bearing molecule appears to be of fundamental impor- s~ . 2SO~.*.t

lance b r  conditions typical of r are gas—halide lasers.
In th is regard it is interest ing to note that when F3 is 0 16 - - 2 5

used as the source of fluorine , dissociation results in 0 4 . - 2.0

o 15 ~~~~~~~~~~~~~~~~

* 

- 10

C
the gradual elimination of the n-molecular attaching 0 12 - - 1 .5
species. Thus , the resultant effect  of dissociation on 

0 10 - ‘ 0

electron density and electron energy kinetics ’ will be
0.05 - 0.5

a maxinmum if a diatornic source of f luorine is used.
If a polyatomic fluorine molecule is used , reactions oOe ‘ 0

of the type listed in Table I still occur , hut they do not 0 20

the kinetic feedback effects of dissociation on the elec-
o l e - - ~.s —

appreciably ai ect the total ,noh- ’cula, ’ density, so that 0 ~a - 30

trot -m s si-mould be n -much less. This suggests that n-more- 
- 20o iistable longer-pulse discharges Is-may be attainable using

polyatomic sources of F rather than F2. 0 12 -

1.00 tO

above is vividly Illustrated by the results presented in 001
The potential significance of the effects discussed

0-s
___________________________________ 0Fig, 2. This figure shows the F/n dependence of gain °°~ __________________________

and KrF’ production efficiency at a tin -me 0.5 p sec after LM (I o ’ l6 vcm 2)0.5 0.5 1.0 1.2 I.e I.e

discharge initiation. In this example the production 
FIG. 2. Computed F/ t m variation of small—si gnal gain and

rate of electrons by the electron beam was varied fron KrF  production efficiency (or the condItions of FIg. 1 and
125 to 500 sec”1 resulting in an Increase In the m u d  three values of the e—beam production rate. These results

L 

electron density from approxImately 5 1013 ii) 2~ 1014 correspond to conditIons 0.5 psec after discharge inlt laUon.
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0.20
~~ 

,
~~ 

_, - ‘  The previous discussion Is based on the assumption
0.15 . i.o that electron excitation ~f rare gas metastable atoms to

— 2 5  the p states results in an unrecoverable loss of energy0.15 —
— and of useful excited species, a conservative point of0.14 ‘ 2.0 view. However, even if Ar and Kr p states react with

0.1 2  ‘ 1.5 “
~ F2 to form ArF’ and KrF5, or if electron and heavy

1.0 particle deexcitation of p-state atoms results in re-
008 - as population of metastable states, the 1.5—2. 0-eV elec-
OO f ~ I S tron energy loss accompanying p-state excitation from

metastable states can be substantial. ‘~~‘ Indeed , for
0.20 L5I metastable fractional concentrations greater than about
o I S  - 3.0 1O~ p-state excitation is the dominant electron energy
0.16 . ~~ ‘1 2.5 ,~- loss process.
0 14  - 2.0 The results of this analysis indicate tha t for F2 frac-
0.12 - 

- 
~~~~~~~~~~~~~ l.S tions corresponding to a few tenths of a percent , gen-

0 10 - 1.0 eration of efficient stable long-duration ( 1 ~isec) rare
008 05  gas—halide laser discharges requires that the fractional

ionization be n-maintained at a level no higher than ap-005 I I I 0
proximately 5 x 1O~ , For values of f ractional ionization

o 2C a-s of l0~ and abov e, the selectivity of energy transfer
o is ____~“'“~ 3.0 from the electrons through the rare gas metastable

25 states to the rare gas—halide excirner states is sub-o ~e
2 0  

‘E stantially reduced. In addition , for values of fractionalo 14
• ionization above this level electron-electron collisions

0 12 influence the high-energy region of the electron dis-
0 ‘0 I 0 tribution function , resulting in a very significant in-

o.s crease in the rate of ionization of atoms from their005

____________________________ 0 ground state. This effect contributes to the premature0 05 _________________________________

0 0 2  04 06 08 t O occurrence of instability in electron-beam-sustainedTtt~~~ (5 5 c)

rare gas—halide laser discharges.
t IC. :t . Temporal variation of small—signal gain and
I)ro(Iu ctio n eff iciency correspond ing to the conditions of Fig. Il ls a pleasure to acknowledge the helpful comnsents
2 and an E n  value of 1.0 x 1 0 16 

~‘crn2. of R. T. Brow n, R. J. Hall , and L. A. Newn -man .

For purposes of comparison Fig. 3 shows the
temporal variation in p and g5 at a fixed F / n  value of
1. Ox 10’~ V cm 2 . For an S5 value of 125 sec ’ the total
power density is approximately 35 kW cnr3 in this ex- ~~ L. Nigh an, AppI. Phys. Lett. 32, 297 (1978).
ample, and both the fractional Ionization and F2 fraction 

2 C.~~. Fisher and R .E . Center , Appi. Phys. Left. 31, 106
(1977).remain sensibly constant at their respective Initial J .U.  Jacob and J. A. Mangano , AppI. Phys. Left. 28, 724

values of 2x i0~ and 0. 005 (Ee 11F21’~’ - :  iO~ ). For this
reason both the gain and KrF5 production efficiency 4j , A , 1~Iangano , J. i t . Jacob , and .1. 13. I)odge, AppI, Phys.
exhibit little variation on a psec time scale. This Is in Lett . 29, 426 (1976) .
sharp contrast to the p and g0 temporal variation when 5W. H. Long, AppI. Phys. Left. 31. 891 ( 1977).

S5 is increased to 500 see”t , In this situation the frac- 
5M. Hoknl , J .H.  Jacob, and .J. A. Ma ngmlno , Phys. 13ev. (to
be publIshed) .tional ionization and F.3 fraction change from their 71n this analysis the rate coefficient for the reaction Ar ’; F2initial values of 8X 10~ and 0. 005 to l .4 X  l0~ and — ArF ’  F was taken as 7,5-’10~~ sec~~cm ’ LJ .E. Vetazco,

0. 003 in the first 0.6 psec. There results an Increase J .II . Kolts and D.W. Sctser, J, Che’m . Phys. 65, :3468
in the power density from 155 to 260 kW cm”3 , leading (1976) 1, and the effective rate coefficient representing the
ultimately to plasma instability at approximately 0. 75 net effect of electron excitation and deexcitation of Ar ’ to and

psec. The corresponding increase in the ratio [eJ [F 2r ’ 
f rom the p states was taken as 2.0s10~ sec t cln , tSee J.L.
DeIcro Ix, C. M, Ferreira , and A. Iticard , in Prtseiph ’s of

from 1. 6 x io”~ to 4. 7 X 1O~ explains the precipitous f,~ ct -r Pla s:nec, edtted by G. Itekefi (Wiley, New York ,
temporal decline in KrF 5 production efficiency. 1976)1.
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Instability onset in electron-beam-sustained KrF* laser
discharges1

~
Robert 1. Brown and William L. Nighan
United Technologies Research Center East Har tford, Connecticut 06 108
(Received 2 February 1978; accepted for publication 21 Marc h 1978)

Measurements of instabi lity onset in a spatially uniform electron-beam-sustained KrF’ laser discharge
have shown that the time at which instabi lity occurs decreases from about I to 0.1 g.&sec as E m is
increased in the range required for efficien t laser operation . This finding is in good agreement with
computed ionization instability onset times determined on the basis of a comprehensive model of the
discharge.

PACS numbers : 42.55.Hq, 52.35.Py, 52.80. --

It has been shown ’2 that the performance of the KrF ’ The experiment s were carried out using a 1.5 cm
lase r can be improved by operating with electron-beam - X 2 cmx SO cm active volume under conditions typical
sustained discharge pumping rather than with electron- of those corresponding to optimum KrF 5 laser opera-
beam pumping alone. Studies~~ have also indic ated that tion . Discharge pulse length could be varied for times
the occurrence of discharge instability p lays an impor- up to 1.0 ~tsec. Great care was taken in designing the
tant role in determining the accessible range of ope rat - experiment so as to maximize spatial and temporal
ing parameters for such discharges , thereby exerting a uniformity of the discharge electric field and of the
direct influence on the overall performance of a given electron-beam power deposition. The electro n beam
laser system. In orde r to obtain a better understanding was produced by a cold-cathode diole operated with a
of the factors leading to discharge instability, we have nearly constant 300-ky 1-~isec pulse and a slowly
made detailed measurements of several electron-beam- increasing current pulse. The discharge voltage was
sustained KrF’ discharge properties and have compa red supplied by a low-inductance capacitor circuit. This
the results with predictions of a comprehensive kinetic circuit was swItched on 70 nsec afte r the start of the
model, While specifically app licable to externally sus - electron-beam pulse and produced a temporally uniform
tam ed discharges , the results yield considerable in- 800-nsec voltage pulse , which was terminated 130 nsec
sight and information relevant to the operation of uv- prior to the end of the electron-beam pulse. Experi-
pre ionized self-sustained discharges as well, mental diagnostics included measurements of the elec-

tron-beam voltage and current, discharge voltage and
‘P ~rt1.,ns of the analytical work j ircsented here were sup— current , discharge fluorescence intensity, and time-
ported In the 0(13cc of Naval Hesen re b . integrated photographs of the discharge volume. In
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I
addit i on , las. ’~ cavity exp erimenls  were carried out cm 3 , and the electron-beam pulse duration and the dis-
over a range of parameters . charge voltage pulse duration (i.e. , the t ime between

switch -on and switch -off) were held fixed at 1.0 andThe discha rge c~ lt was constructel usiog stainles~;st .~cl , a luminum , and Lucite ; Vi;on 0-rings were used 0.8 psec , respectively. The electron-beam voltage and
electron-beam current traces indicated a shot -to-shott lii ’oughout . ~ fl at stainless-steel screen was used as
var iation in beam Properties of less than i 5’~. Exami-the discharge cathode and the anode was a Rogowski-
nal ion of the oscilloscope traces presented in Fig. 1profiled aluminum electrode located 1.5 cm from the shows that for E ’,i values below l .0 x lO~~ Vcm t incathode. The electron -beam window was an unsupported
this mixture , the discharge was stable for the (all 800i — m u  t itanium foil 1.5 cm ~ 50 cm in cross section
nsec of the applied voltage pulse. However , as thelocated 0. 64 cm behind the discharge cathod e screen. E/,, value was incrementall y increased in the rangePrior to tilling with the working gas mixture , the cell 1. OX j 0 t~ to 1.8 x 10~~ V cm 2 . discharge instabilitywas fluorine passivated and was then evacuated to 10~ was observed as indicated by the sharp drop in dis-Torr , using a Vaclon pump. The working gas mixture
charge voltage and KrF fluorescence , and by thewas prenuixed in a passivated stainless -stee l gas-

handling system and was replaced after each shot . sharp rise in discharge current. Figure 1 shows that
the instability onset time decreased from approximate -

Total discharge current was measured by monitoring ly 750 to 120 nsec as E/n  was increased . Photogra phs
the voltage drop across a series resistor , and the dis - indicated that in each case in which instability occurred
charge voltage was measured using a low inductance during the pulse , one or more large -volume ( 1  cm
voltage divider connected directly across the discharge wide) arcs were present and were centered with respect
electrodes . The KrF fluorescence at 248.5 rim was to the transverse (i.e. , 2 cm) electron-beam
monitored using a fast photodetector (~~5 nsec rise time) dimension.
wi th  a narrow—band (8-nm half-width) f i l ter  centered at

Measured and computed values of discharge current248 rim.
density at times prior to the occurrence of instability

Prior to ca rry ing out discharge experiments , a were found to be in good agreement. In addition , the
number of tests we re performed in order to character- qualitative trends exhibited by the experimental traces
ize the electron beam . The diode voltage was monitored in Fig. I were also observed in the calculated current
u sing an amni on ium chloride voltage divider probe and density curves in that for each value of E - ’,t , a time
the total diode current  was monitored using a B-dot was reached at which current runawa y occurred . Over
1001). The electron -beam intensity was measured using the E/ n  range from 1.Ox l0~~ to 1. 8 x 10.1 V cm 2, for
1)0th rosc cineuto id f i lm and a smal l  scanning Faraday which the average discharge power enhancement rela-
CUP and was lound to be un ifor m along the 50-cm tive to that of the electron-beani alone inc reased fron t
dimensio n to wi th in  ± ~ . Measurements in air  at I atm 2 to approximately 6 during the stable portion of the
and at a distance 2 cut f rom the foil window showed dischai’ge , the KrF fluorescence enhancement n3ea-
that the transverse beam intensity profile was nearly sured relative to that of pure electro n -beam pumping
( aussi an , with a ha l f -wid th  of 2 .0 cm. In addition , was found to vary from 2. 1 to 3.5 (Fig. 1), a fi ndin g
measurements were made in argon at 1 atm with a 1-
cut -diani Faraday cup placed 0.7 cm front the dis-
charge cathode screen . These measurements showed

DISCHARGE VOLTAGE DISCHARGE CURRENT KrF~ FLUORESCENCEt hat the current  density increased linearly by approxi-
f /n - ISO • io~~~v ,n, 2 /mately 50~ during the 1 -~~sec pulse and showed small  / I J .28 A cn,

—~~~~~~ ~~~~ too
(± 15~ I fluctuations on a fast t ime scale (<50 usec). 

_]\ ,, ,, J~,.,.,,,., v~sv~
The measured current density in argon was used to
estimate the local electron-beam power deposition by 

__f\
~~~~8 8 0 t

~~~~~ 

asusin g tabulated stopping powers t increased by a factor ~~~~~~

_

/ ‘ —~~~~~~~

of 2.5 to account for multiple scattering effects.

In order to ident ify and understand the primary !

collisio nal react ions occurring in the hig h-pressur e ~~ ~~~~~~~~~~~~~~~~~~~~ 
_

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

~~~~~~~~~~~~~~~~~~~~~ 8000. 1 0- t a(~ 1 atm )  highly ionized (n , ‘it — 10~~— 10~ ) high ly excited ~(,, n 1O~ _ 1O.t ) plas mas of interest , a com prehensive 
~ _ j — 

.__
,_,, ,, ~~~~~~~~~~~~~~~~~~~~~~~~~~ _~~t~~\~~numerical  model of the temporal evolution of excited 088 . 10 16

species and discharge properties was util ized . Based J AM~._,... _~~~~—
.—-—

~~~~~~~ , ~~~~~~~~~~~~~~~~~~~on the computed temporal variation of plasma proper- ~~~ 10~~
ties , the ionization instability growth (or damping) rate ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ —(~~~

““\
— 35could then be determined for comparison with expert-

ment using procedures generally similar to those 
________________ ________________ ___.J —_-.-\_

described elsewhere . ’ ; L J  ~~~~~~
0.5 pS/di v 0.5 pS” thv 0.5 pS~divTypical expe rimental results , obtained for discharges

in a mixture of 94.5”, Ar , 5.0’~ Kr , and O. 5~ F2 at a (‘10. 1. fliseharge voltage, discharge current, and NrF flu—total pressure of I atm , are shown In Fig. 1. For each orescence oscillograma for a range of drtver charge voltagesshot , the electron-beam power deposition (at 0.5 psec v~, and an Ar (O .945)—Kr (0.050)—F 2 (0.0OS) rnlxb.are at a pren-
and at the center of the discharge volume ) was 20 kW/ sure of 1 atm .
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so — signiftcant on a time scale less than 1 j sec, with the
decreasing F2 concentration resulting in a reduction in
the loss rate of electrons by way of attachment. Con-

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

sequently, the electron density rises and, additionally,
there results an increase in the concentration of rare

I ‘o - ~~~ N gas metastables , which are prnduced by electron impact
and lost prin3a~tIy by reaction with F2. The combined$

influence of these pro ’esses leads to a strong temporal
increase in (lit ’ nietastabte ionization rate which rapidl y
approaches, ant’ then exceeds , the attachment rate,
result ing in ionization inst abil i ty,  i.e. , v “0 [Eq. (1)1.t

a

runaway as a measure of ins ta b i l i ty ,  a theoreti cal

T H E O R Y  

In ad dition to using the calculated onset of current
a

criterion for the ionization instability growth (or damp-
ing) rate was develope d and evaluated as a self-consls-

I E R P 0 8 ~ M t N T  
‘. tent function of plasma propert ies In the discharge.

• • The effect of ionization of Ar and Kr from their ground
0-S 1-0 1 7 I.’ 1.5 15 2.0 states was included in the formulation leading to the

EM(i 0 ’1 V.cn,2 ) expression for the instab il i ty growth rate . For the con-
ditions of the present experiment the contribution of110. 2. InstabIlity onset t ime versus discharg e K;  it For the

condit ions of Fig . 1. For F/s - 0, 55 “ io~k~ cm 2 tht ’ measured ground -state ion ization to instability growth was found
~inSet time exceeded the duration of the apphcd voltage pulse, to he about 10’ , of tha t due to ruetastable ionization.
The solid curve refers It , the t u ne at which runaway of the The dashed curve Ia Fig . 2 represents the K it va t - ia—compu ted current density occurred , while the dashed c~ rvc re— t ion of the c-imputed ion izat ion instability boundary ,fers to a sell—consistent computation of the ionizat ion in stabil — defi ned by the condition z-’ = 0. Examination of Fig . 2ity bounda ry (i’- 0) as discussed in the text .

reveals good agreement between the computed stability
criterion (dashed curve) and the nunierica l indication
of current runaway (solid curve). For a relatively longwhich was also in good agreement with predictions of

the theoretical model, disch arge duration (.- 1 psec at low K/ i ,) ,  the computed
instability onset time and the computed current run-

Shown in Fig. 2 is the variation of instabil ity onset away time are nearly equivaLe nt , refl ecting the very
time with K/n . The experimental points correspond to short t ime characteristic of ionization growt h (< 100
the time at which the discharge current was first ob- nsec) . However , as £ ii is increased , the t im e char-
served to increase sharply as indicated by the oscil- acteristi c of stable discharge duration is reduced to a
lograph traces presented in Fig. 1. The solid curve in value comparable to the instability development t ime
Fig. 2 corresponds to the instability onset time as (~~~f

l ) ,  and a time delay develops between the onset 01
evidenced by the occurrence of a sharp rise in the coin - instability as define d by the conditio n v = 0 and the
puted discharge current density. Thus, the time of observation of current density runawa~’.
instability onset determined numerically on this basis

Both theory and experiment show that for the condi-is directly comparable to the experimental data and , lions compatible with practical electron-beam -sustainedas seen in Fig. 2, the solid curve is in good agreement 
KrF  laser devices the occurrence of ionization in-with the experimental data , 
stabilit y is of a fundamental nature , reflecting the toss

Plasma instability, as indicated by the occurrence of of F2 on a gsec time scale (or less), accompanied by
current runaway in rare gas—halide discharges , is a rapid increases in both the metastable and electron
manifestation of temporal amp lification of electron den- densities. Since F atom recombination requires a time
sity disturbances , i. e. ,  ionization instability, The much longer than practical KrF ’ discharge duratio n
cause of this mode of instability can be readily appre - times , elimination or circumvention of this problem
d ated upon examination of an approximate expression 3 w il l  probably require means to control the growth of
for the instability gro wth rate it , i . e . ,  the concentrations of both the metastables and

electrons.v— 2,, kr —,,,2k4 , ( 1)
It is a pleasure to acknowledge hel pful conversationswhere ,i and 

~~F 2 are the number densities of rare gas 
wi t h L.A. Newman, D.C. Smith , and R.H. Bulbs.metastable atoms and fluorine molecules, while kt and

i.’~ are the rate coefficients for metastable ionization
and electron dissociative attachment, respectively.
In electron-beam-sustained KrFS laser discharges, 1J.H. Jacob and J.A. Mangano~ AppI . I’hys. Lett. 28, 724
initial conditions are established so that the nietastable (1976).
ioni zation rate is well below the attachment rate , with ‘C.lI . Fisher and R .F , Center, Appi. Phys. Lett . 31, 106
the result that electron density disturbances are

J.l) . l)aughcrty, J.A . Ma ngano, and .1.11. Jacob , App I.damped (it <0). However , there are several processes l’hys. Lett . 28, 3131 (1976k.result ing in F~ dissociation , t including rare gas —halide t iii,j, lit’rger and S,M . Seltzer , S/ wiles ii, I ’i-setrnllos ol
molecule production. Therefore, as the discharge Charged Pa r ile/ i -s It ,  h a/u i- , Nuclear Science Series Report
evolves In time F2 dissociation proceeds , becoming No. 10, NA S-NUC l~ bl. 1133 ~tat1onal Academy of Sciences,
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Dissociative attachment and vibrational excitation of F2 by
slow electronsa)

A. J. Hall
United Techonologies Research Cente,. East Hartford, Connecticut 06108
(Received 2 September 1977)

Self-consistent dissociative attachment and vibrational excitation cross sections for F3 have been calculated
using Herzenberg’s theory of resonant electron scattering. It has been found that the observed
electron—F, attachment data can be explained by a low energy shape resonance. Potential parameters for
the ~~ negative ion were varied in order to lit predicted attachment cross sections to measured rate
constant data. The best lit was obtained for a negative ion curve which crosses the F2 ground state in the
vicinity of the equilibrium internuclear separation, in good agreemen t wi th an ab initio calculation for this
state. The associated total vibrational cross section has a peak of about 2.0x b — ’ 5 cm 2 at an incident
electron energy of 0.45 eV. A strong dependence of attachment rate on F2 vibrational state is predicted.

1. INTRODUCTION evidence that these states are important , it is not ad-
vanta geous to include them in the calculation.Molecular fluorine is an impor tant constituent in sev-

eral electrically-excIted gas lasers. ~~ However , aside The details of the resonance scattering theory are
from dissociative attachment , ~~ li t t le is know n abou t presented elsewhere”5 with emphasis directed towards
low energy electron impact with f luor ine . There is rea- N 2 and N20. Thus, only the highlights of the model and
son to expect that the presence of F2 in a gas mixture those aspects relevant to F3 are discussed here. The
will have some effect on electron energy transfer other fitting of the theory to attachment data is first carried
than dissociative attachment. Inelastic processes such through in a local potential approximation in which the
as F2 vibrationa l excitation , di rect dissoctation , or d cc- decay of the resonance is assumed to be proportional to
tronic excitation could have impor tant consequences for the resonance nuclear wavefunction. Because this ap-
electrically-excited lasers employing F2, The vibra- proximation may be doubtful at thermal energies, the - -

tiona l excitation cross section in part icular is amenable low incident energy regime is re-examined in a nonloca l
to analysis, because it and the dissociative attachment formulation.
cross section can be calculated simultaneously from
resonance scattering theory , ‘‘o A resonance calcula- II. RESONANT SCATTERING THEORY
tion whose validity has been established by comparison
with attachment data will yield additiona l information Formally, a nuclear wave equation is solved in terms
about the unknown vibrational excitation cross section. of a complex potential for the compound state F(2~~h, 2’ .‘~

Because little is known about the real and imaginary
Ab Eel /j o  calculations” for the 2

~~F ion indicate tha t parts of the compound state potential, these are treated
the potential energy curve for this state crosses the as adjustable parameters. Adjustments are made to the
grou nd state nea r the latter ’s equilibrium internuclear potential parameters in a trial-and-error fashion until
sepa ration . A shape resonance in low energy electron- the predicted attachment cross sections reproduce ex-
F2 scattering is likely because the lowest vacant anti- perimental rate constants for this process. This pro-
bonding orbita l in F2 (a~ 2/’) possesses nonzero orbita l cess can be expected to give credible results only if the
angular momentum. A spherical harmonic expansion “best fit” potential parameters are physically realistic.
of this orbital has only odd components (p, 1, . . .  elec-
trons), and thus a centrifugal barrier , the necessary Calculations for F3 differ mathematically from those
condition for the existence of a shape resonance, will for N2’ in severa l relatively minor respects. Because
exist, the assumed F2 resonance Is pa , the barrier penetration

factor required for the calculation of the resonance width
In low energy electron- F2 scattering, the resonance should be the expression appropriate to a p wave, and

nuclear wavefunction will conaist solely of an outgoing the vibrational excitation cross section Is divided by a
wave because there is no turning point at larger Inter- factor of 2 because the compound state Is nondegenerate
nuclear distance to give rise to a reflected wave . Thus, [see Eqs. (8) and (12) in Ref. 7]. The boundary condi-
no interference between outgoing and reflec ted waves tion at Infinite Internuclea r separation Is changed from
can occur, as in the “boomerang” model ,’ and there will bound state to outgoIng wave.
consequently be no structure In the F3 vibrational cross
sections as a function of electron energy. This analysis The nuclear wave equation Is based upon the adiabatic
is limited to consideration of a single resonance, F(’E~ 

and local potential approximations. Exchange and spin
At higher electron energies, there Is the possibility of dependent forces are neglected, leading to
contributions from excited states of F ,.L* However, Un- 

( 
a

til attachment measurements at higher energy provide ~— 
~~~~~~~~ 

+ W(R)— 
~~~~~~ ~o~jti,

a~~~~5 work was supported by the Offtce of Naval Research u~~ where — N’/2M x ~/ 8R ’ is the kinetic ene~~~ operator
der Contract N00014-76-C-0847. for the nucleI; W(R ) is the electronic energy of the corn-
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io-~ t I I I 0~~~~~ 641r~I.L 2

where V~ is the velocity of the scattered electron, g~ is
the electron mass, X~ is the excited vibrational state

—p—— I / d R  x:C~l~, (4)

wavefunction, and C is an exit amplitude (or the electron
whi ch is set equal to C ’.’

vs The boundary conditions applied to Eq. (1) areI
U

—
0

1~~ _ .. 
]~~~ 

(5)10 • - - 
lim

L
— iJt~~

4

where
(2

2 2M 1K im (E-E 1R)) .
4 R~~

PACSSNT THIORETICAL F i t The two-point boundary value problem (1) and (5) was
MAXW ELL IAN DISTRIPUTION solved by a conventional centered difference method ,— — — OISTRICUTION FuNCTION FOR 

~ 2 with numerical accuracy monitored by evaluating both
sides of the equation

I I I
0.0 0.2 0.4 o.e o.s 1.0 1.2 —

~~~
— lim 1

AV ERAGE ELECTR ON ENERGY -

FIG. 1. Fit of resonanc e scatteri ng theory to expe rimental at- + / ~ (R)  I i ~dR = — 2 1m I ~~
‘ ~~

‘ ~0dR ( 6 )
tachment data. Solid curve represents rate constant calculated
on basis of Maxwellian electron energy distribution. Dashed which results t rom multiplying ( 1) by t” . subtracting
curv e represents use of non-Maxweliian distribution function the complex conjugate , and integi’ating.
calculated for N 2— rich mixture . Theoretical attachment cross
section fr om which these rate consta nts are derived is given III . CALCULATED RESULTS
In Fig. 2 . E xperimental data: 0—Ref. ~. e—Ref. 4.

The F2 ground state potential energy curv e was repre-
sented by a Morse potential with parameters taken from

pound state; E is the total energy (including the zero-
point energy) ; ~ is the wavefunction of the nuclei ; C ’( R )  1O~t~
is an entry amplitude for the incident electron; and x0(R )
is the vibrationa l wavefunction of the target. The com-
pound state energy is represented by

w (R) = E - (R) —~~i r (R) ,  (2)

where r(R ) is the autoionization rate multiplied by ft . ~e’t - —
r is assumed to vary with R in accordance with the pene-
trability of a p-wave centrifugal barrier ’3

r (R)= 2y( k (R) p ) 3
1 + (k(R )p) 2 ’

where k(R ) is the wavenumbe r of the emitted electron , p
is the “radius” of the F~ ion , and y Is the reduced width. 

- -

The expression for the entry amplitude C ’ Is as given in
Ref. 7 [E q. (14)1

The dissociative attachment cross section Is given by
the expressIon. ~

c7DA jf~a j1—p ilm ~(R , E) l’ , (3) 
10 - —

where V,, and V0 are the nuclea r dissociation and Inci-
dent electron velocities , respectively; g, Is a spin de-
generacy factor (unity); and lI~J’ Is the squared am-
plitude of the Incident wave (8~1r’ . Cross sections for

It. i i I I I I I I Ithe vibrational excitation processes , 10~ I 2 3 4 5
II~~~~ (T B.ECTRON It~~RQY ‘CV

+ F,(v 0)— e~ + 7,(v ) 
VIO . 2. B..t fit att achment cross section as a function of In—

are calculated from the overlap Integral, eldest electron energy.
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3.0 . a value of O. ’tx IO” cm2 at an incident energy of 0.01 eV
and falls rapidly with increasin g energy. A bump at
0.2 eV appears to be a consequence of the approach to
zero of the incident electron velocity and the entry am-
plitude, C’.

2.0
The real and imaginary parts of the negative ion po-

tential which give this fit are show n in Figs. 3 and 4 ,
respectively. As shown in Fig. 3, the best (it negative
ion and ground state curves cross about 0. 1 a. u. from
R0. This result is consistent with the ab in i/j o calcula—

1.0 - tion of Ref. 11 in which a crossing at about 2 .6 a u .  is
predicted. The inferred I’(R ) in Fig . 4 also is quite

I reasonable for a low energy shape resonance. Averag-
tag r with the nuclear wavefunction over the range 0 <R
~R3 yield values in the rang e 0.3 —0.4 eV. The fact that

0.0 
~~~~

- this width is larger than that for the low energy reso-
2.0 2.5 

\ R ( )  
3.0 3.5 nance in 0~ is expected, because this is a p-wave reso—

nance , while tha t in 03 is d-wave . ” Because of the
sca tter in the attachment data , these potential pa ram-

F ~2 _ _ ___
__2 eters must be tentative , More extensive measurements ,

- 10  
2 -~~ particularl y at the higher electron energies , are needed.

If the compound state potent ial given in Figs . 3 and 4
is correct , the dissociative attachment cross section is
likel y to have a strong dependence on the vibrational
quantum state of the target F2 molecule. Reolacing the

2.o t =0 wavefunction on the right hand side of Eq . ( 1) with
FIG . 3. Real part of best fit compound state potential~ ground an excited state target wavefunction and modifying the
state represented by Morse potential. collision energy make it possible to calculate the r—de—

pendence of the attachment rate. The results of such
calculations are presented in Fig. 5, which shows the

Ref . 15. Morse vibrational wavefunctions were also ra tes for 1 =0, 1, and 2. The predicted v dependence is
employed. The real part of the compound state energy very strong, with the peak a ttachment rate increasing by
was represented by a Taylor series for energies greate r
than an asymptotic limit deduced from the F3 elec tron
affinity and grou nd state well depth . ’5

A. Dissociative attachment I 
- 

-

< I >  ‘O 3 . -O E iV
The predicted attachment cross sections were fou nd

to be quite sensitive to the internuclear distance , R3, -

at which the compound state potential crosses that of
the ground state (equilibrium sepa ration R0). For R,,
‘R 0 it was found that the predicted attachment rates ,
when compared with the data of Refs. 3 and 4 , were .0

either too large or had peak s too far displaced from
zero electron energy. The best (it, obtained for R~ CR 0, ~
is show n in Fig. I. A non- Maxwellian rate constant cal- ~culat ior , has been m ade because electron distribution
function effects are impor tan t  in one of the experiments,
The data of Chen and co-workers 3 were obtained In N2 0.5

buffer ~as with F, mnle fractions on the order of i0-~;depa rtures from Ma xwell ian due to excitation of the N3
vibrational mod e become ,mportant at electron energies
around I eV . The results of making a non- Maxwellian
electron energy distrit ’I~tion atta chment rate calculation
is shown as the dashed line in Fig. I. ~ It is apparent 0.0 I

that better agree ment with the higher energy experimen- .0.4 .0.3 ~0.2 .0.1 0

tel da ta is obtained using this distribut ion function. The
fi t exhibited in Fig. 1 is judged to be as good as is war- FIG. 4 . Imaginary part of best fit compound state potentIal
ranted by the scatter in the available experimental rate (the autolonization rate multiplied by 4) . r varies with R In
data accordance with penetrability of p-wave barrier. Averaging

r over the resonance wavefunction yields values of 0.3—
The predicted attachment cross section (Fig. 2) has 0.4 eV.
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that reflects the sca tter In the experimental data pre-I I
sented in Fig . 1. The sensitivity ci the predicted vi-
bra tiona l excitation cross sections is substantially great-
er; the cross-section peak at low incident energy is ap-
proximately proportional to r. wi th a i’~ dependence at
high energy . For an attachment cross section as large

iO-8 — — as that reported in Ref . 5, i t is estimated that the pre—
V~~~1 dicted peak vibrational cross section would be 0(10’”

- cmi).
V The resonant cross sections shown in Fig. 6 are much

- larger than those calculated on the basis of direct scat-

to-9 - 
tering. Depending on the value assumed for the unknow n

— quadrupole moment derivative, a Born approximation /
- 

quadrupole calculation gives a peak cross section of
10”~0 _ iO~ ° cm2 for the 0—1 trans ition . Raman scatter-
ing data 1’ yields a value of 0.2 1 a .u .  for the matrix,_ . . element of the derived polarizability tensor. Using this

x value in a polarization potential calculation ’6 gives a
10~ 0 - — peak cross section ci iO~’~— iO’~’ cm2 , depend ing on the

cutoff parameter.

C. Non~locaI r co ction

- - The predictions might be improved at thermal ener-
gies by employing a nonlocal r formu lation . 2° In reality,

to- I ’  the term r(R) .~(R)  in Eq. (1) should be a sum of termsO.Ot 0 1 1.0 10.0
AVERAGE ELECTRON ENERGY - cv  representing negative ion decay to different vibrational

states. This effect is accounted f or approximately 20’2’FIG.  . . Predicted dependence ol attachment I-ate on vibrational
quantu m numbe r of targe t F~. Rate constant calculated for by replacing the term r (R) ~ R) in (1) by:
M ax wel l i an  electron energy distr ibution.

I I I t I I
about a (actor of 5 from r 0 to ‘ 2. This prediction
is quite sensit ive to the value of R,~ as R3 approache s 

—R0. the vibrational enhancement is reduced . For R, t o - I t
- =R 0, surviva l factor is a more important consideration
than capture , and the predicted rates decrease with in- V 1

I screasing 1 . However , at this point a good fit  to the r = 0 ISV I
da ta could not be obtained.

B. Vibrational excitation
Vibrationa l excitation cross section s have been evalu- 10.17 —

V . 4

ated for the best fit attachment case f or the process e
a

• F2(0)~ ~‘ F2(t ). Figure 6 shows the calculated cross ~
sections for :- 1, 4 , 8, and 12 , and the sum of the cross
sections for excitation up to r - 15. The first vibrational 

~,,

state has a peak cross section value of about 10.26 cm2 ; ~
at 15 the maximum has fallen to about 0.00 1 that of ~ 

-

S 1. Significant excitation of high lying levels is pre— ~ - .
dicted because this is a “strong coupling” case54; the ~o~~’ —

ratio of momentu m imparted to the nuclei to the initial
r. m. s. momentum , 2a(dt dR) (T) , is approximately -
unity . Here a Is the vibrational amplitude of the ground
state. The lack of structure in these cross sections Is
due to the absence of reflected components In the nuclear
wavefunction .

iO.11Because of the scatter in the experimenta l a tta chment 0 i 2 3 4 s
data, the sensitivity of the vibrationa l cross sections to INCIDENT ELECTRON ENERGY -eV
reasonable variations in predicted attachment rates has FIG . 5. Predicted vibrational excitation cross sections for
been examined Repeating the base case ca lcu lati on w ith ta rget F 3 In ,— 0 state . Shown ai’e the individual cross aectiona
v = 2.3 and 0.58 eV ((F) ~ 0.7 and 0. 17 eV, respectively) for excitati on of v — i , 4, 8 and 12, and the total vibrational
gives rise to a variation In predicted attachment rate cross section.
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~~ Xc(R ) T’(E Ei~) J dR ’)( . ( R’) ~ (R ’. E l .  (7) data suggest that the uncertainty in the predicted vibra-
tiona l cross section is about a factor of 2 at the peak .
and a factor of 4 at higher electron energy .where the i summation extends over open channels and

Nole added in proof: Measurements of electron at-
r (E —  E,,) =  2) tachment in F2—He mixtures in the average energy range1 (k ,,P) 2

3— 7 eV have recently been made by Nygaard el al . 22

(E E~) When the attachment cross section of Fig. 2 is integrated
over an electron distribution function for He , good
agreement is obtained with this new data .23

In the high energy limit the expression (7) returns to
r (R) .~(R) .  The governing nuclear wave equation ( 1)

ACKNOWLEDGMENTthus becomes an integro-differential equation . This
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