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REPOR T SUMMARY

This report describes in detail the formation and quenching kinetics

in e-beam pumped ArF 0 and KrF~ lasers.  For moderate fast electron cur-

rent densities and mixtures containing a few tenths of a percent F2 the forma-

tion proceeds via the ionic channel. From our measurements we have deter-

mined that both the atomic and molecular rare gas ions recombine with F

to form the rare gas fluoride exciplex. The quenching rate constants of

A r F~ and KrF by Ar , Kr and F2 have also been measured.
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I. FORMATION AND QUENCHING PROCESSES IN F-BEAM
PUMPED ArF~ AND KrF* LASERS

1 . IN T RODUC TION

Muc h research has been performed on the rare gas monohalide ex-

ciplexes sinc c their spectra was f i rs t  reported by Velazco and Setser. (1)

In the two years following the Velazco-Setser publication many of these

molecules have been made to lase by both pure e-beam~
2
~ and disc harge

pump ing. 
(3) 

The most promising candidate s that are scalable to hi gh output

power and eff icienc y are the rare gas fluorides . (4 , 5) To facilitate the

scaling of these lasers to high ave rage power a detailed knowled ge of the

kinetic processes are necessary.  Velazco , Kolt s and Setser ~
6
~ have shown

(1)  J . E . Velazco and D .W . Setser , Quenc hing of the Xe Meta stable Atoms , “
JQE ii , 708-709 (1 97 5) .

(2)  J .J.  Ewing and C. A . Brau , “Laser  Action on the 2
~~~/2 —. ~~~~~ Bands

of K rF and XeC 1, ” AppI. Phys . Lett. 27 , 350-352 (197 5) .
C. A. Brau and J. J. Ewing, “354 rim Laser  on XeF , ” Appl. Phys . Lett.
27 , 43 5-437 (1 975 ) .
S. K. Searies and G. A. Hart, “Stimulated Emission at 281. 8 nm from
XeBr , ” AppI . Phys . Lett . 27 , 243-24 5 (1975).
E . R. Ault , R. S. Bradford and M. L. Bhaumik , “Hi gh Power Xenon
Fluor ide Laser , ” Appl. Phys . Lett. 27 , 4 13-415 (1 97 5) .

(3)  J . A . Mangano and J. H . Jacob , “Electron Beam Controlled Discharge
Pumping of KrF Laser, ” Appl. Phys . Lett . 27 , 495-497 (197 5).
R. Burnham, H. W. Harris and N. Djeu , “ Xenon Fluoride Laser
Excitation by T ransverse Electric Discharge , ” Appi. Phys. Lett . 28 ,
86-87 (1 976 ) .
C. P. Wang, H. Mirels , D .G .  Sutton a n d S . N . Suchard , “Fast Dis-
charge Initiated XeF Laser, ” Appi. Phys . Lett . 28 , 326-328 (1976) .
J. A . Ma rigano, J. H. Ja cob and J. B. Dodge , “Electron-Beam-
Controlled Discharge Pumping of the XeF Laser, ” Appl. Phys. Lett.
29, 426-428 (1976).

(4) J. A . Mangano, et al , “An 8. 5 Liter E- Beam Pumped KrF’~ Laser ,”• (unpublished).

( 5) R . Hunter (unpublished).
(6) J .E . Ve lazco , J . H. Kolts and D .W . Setser , “Quenching Rate Consta nts

for Metas table Argon , Krypton , and Xenon Atoms by Fluorine Containing
Molecule s arid Branching Ratios of XeF* and KrF4’ Formation, ” J. Chem.
Phys. 65 , 3468-3485 (1976) .
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that the rare gas fluoride s are formed with high effic iency f rom excited

rare gases .  We will show that the rare gas ions also produce these exciplex

specie s with hi gh efficiency.  The formation rate of these excited molecule s

is rapid since they can be accessed through an ion-channel: e -beam ioniza-

tion of the rare gas followed by rap id dissociative electron attachment to

the haloge n and subsequent extremely rap id ion-ion recombination .

In this paper we will discuss the formation and que nc hing of the

A r F~ and KrF~’ exc olexes. The kinetic p rocesses  were inve sti gated by

irradiating mixture~ of rare gases and fluorine by a beam of fast electrons.

The fluorescence er ianating from these mixes was monitored and recorded.

The kinetic process ~s were isolated by studying the dependence of the fluo-

rescenc e on the par ial pressure of one of the constituents of the gas mix-

ture , while the part  al pressures  of the remaining gases in the mixture were

ke pt constant . By a nalyzi ng the depe ndence of the quasi-stead y state fluo-

rescence  on the pa r ial pressure  of the rare gases and f luorine and the powe r

deposited into the g~ s mixture , we obtained the various quenching rate con-

stants. It should bt noted that onl y relative intensity measurements  were

required by the aria 1 ys i s.~~
7
~

In Section 2 he experimental apparatus used to make the measure-

ments is presented.  The formation and quenching processes  in ArF ’  are

p r esented an d discu ~sed in Section 3. A similar presentat ion for  KrF ’~ is

made in Section 4.

2. EXPERIMENTA L SET-UP

The experin ental se t -up  is shown schematically in Figure 1. The

gas mixtures were • xcite d by a hi gh ene rgy  e-beam . The e lec t rons  w e r e

(7)  M. Rokni , J. H. Jacob , J. A . Ma n gano and R. Brochu , ‘ Two and Three
Body Que nching of XeF ’~ b y Ar and Xe , ” Appi . Ph ys .  Lett .  30 , 45 8-4 60
(1 977 ) .
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generated f rom a c ld cat hode and accelerated to an e n e r g y  of 1 50 keV in a

vacuum chambe r at a back ground pressure  of 5 l0~~ t o r r . The fas t  d cc-

trons passed throug i a 2 mil Kap ton foil that sepa rated the gas mixture f rom

the high vacuum chamber con taining the cold cathode . The mixture was con-

tam ed in a teflon ce L l  with dimensions 22 x 2 x 0 . 2 cm 3 . The dimension of

the cell alo ng the irit ial  e-beam direc tion was 0. 2 cm to ensure  un i f o r n

energy deposition by the c -beam up to mixture p ressures  of 4 atm . The e-

beam curre nt density,  after attenuation by the foil and supporting s t ruc tu re ,

was 5 A/cm2 . The current  density could be fur ther  attenuated b y in t roduc ing

a partially t ransmitting sc reen  on the hi gh vacuum side of the foil. The e-

beam pulse length was 300 nsec long, enabling the f luorescence amplitude to

reach a steady state. . 
-

The fluorescence intensities were monitored by appropriate fi l ters

and photodiode s , and spec tra were recorde d on a 1 meter Hu ger spectro-

graph. In the case of the ArF ’~ radia tion , the side of the filter facing the

photodiode was coated with sodium salicy late . The sodium salicy late con-

verts the 193 nm photons into visible and near UV radiation . Care was taken

to ensure that the spectra l width of the fi l ters were large e noug h so that the

transmitted ra diation was representative of the overall kinetic p roces se s .

The gases w .~re premixed in a Teflon coated stainless steel tank .

Ade quate time was allowed to ensure  complete diffusi ve mixing. The gas

mixtures were introduced into the Teflon cell which could be evacuated to

pressures  of ~ 10~~ torr . Research grade (Matheson) Ar and Xe were

used without any  fur ther purif ication.  The gases were anal yzed by Gollob

Ana l ytical Service , Inc . ,  and found to have less tha n 100 ppm of 02, N 2,

H 20 and CO 2 impurities.  The F2 was 98% pure .

10
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3. FORMATION AND QUENCHING OF ArF~

Since Ar is the main const i tuent  in most rare g is f luoride laser

mixe s , most of the e-beam ene rgy  is deposite d in the 1.rgon . So it is reason-

able to f i r s t  investigate the kinetic processes  in e-beam pumped Ar/F 2 
-

mixes.

(a)  Formation of ArF ’~

Table 1 lists the dominant format ion kinet ics  for  low c u r r e n t  densi t y

(
~ 10 A/cm 2 ) e-beam pumped sys t ems . About 55% of the e -beam energy

deposited in the gas is channele d into Ar + format ion  as g iven by react ion

( 1 ) .  Approximately 10% of the deposited e n e r g y  is cha ineled into Ar~’ forma-

tion by the energet ic  secondary  electrons formed in re~.ction ( 1 ) .  (8)

For our experimental  conditions , i . e .,  Ar pre~ sures  be low 4 atm ,

mixtures conta ining ~ 2 torr  of F2 and e -beam c u rr e n t s ~ 5 A/c m2
, the

main loss mechanism for secondary electrons is disso iative attachment

by F2 resul t ing in the formation of F .  Hence the dorr i na nt ArF* formation

mechanism proceeds via the ion channel (see reactions (4) and (7)  in Table 1) .

If the pump power or pressure  stated above are exceeced , dissociative re-

combination of e with Ar~ (e + Ar~ — Ar~’ + A r )  beccme s important.  The

exciplex formation will then proceed via the metastabli channel ( react ion 5,

Table 1) .  When the exciplex formation proceeds via t i e  rnetastables , losses

due to Penning ionizat ion (Ar * + Ar ~’ — Ar + + e + A r )  m d  r a re  gas excirner

format ion ( A rk )  must  be cons idered .  Figure 2 shows he var ia t ion of e ,

F , Ar + and Ar~ for a mixture conta in ing  2 to r r  of F2 plus Ar . The Ar~ and

(8) L . R . Peterson and J. F . Allen , J r . ,  “Elec t ron  Impact Cross Sections
for Argon , ” J. Chem . Phys .  56 , 6068-6076 ( 1 9 72 ) .

11
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TABLE 1 . DOMINANT FORMATION KINETICS FOR ArF~’

+e + Ar -~~ Ar + e + e ( 1)

e + F2 
.— F + F 5 x 10~~ cm 3

/sec~
’8

~ ( 2 )

e + Ar -÷ Ar * + e ( 3 )

F + Ar + + (M) ArF’~ + (M) 10~~ + 10~~ p;p < 1 atm (4)

Ar ’~ + F2 — A r F~’ + F ( 5 )

P r e s s u r e  > 1 atm

Ar + F + (M) -
~~ ArF’~ + (M) 1. i x i o 6 cm 3/sec (4a )

Ar + + 2Ar  -, A4 + Ar 2 . 5 x i~~~
3’ cm 6

/sec ( 1
~~ (6 )

Ar~ + F -
~ ArF* + Ar (7~

12
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Ar + densit ie s are n’~arl y equa l at an atmosphere .  At 4 atmo sphere s the

elec t ron densi ty is li ghtl y grea ter  than the F densi t y Even at these hi gh

pressures  onl y 20% of the ArF’~ format ion  proceeds via the e l ec t ron - ion

recombination cha n tel.

At pressure  below an atmosphere ArF’~’ is mainly forme d via reac-

tion (4) .  In this pr ssure range the ion-ion equivalent two bod y recornhina-

tion rate constant inc reases linearly with p r e s s u r e  (3-bod y p r o c e s s ) .  Th~o

- . 3-bod y reaction becomes diffusion limited at p r e s s u r e s  > 1 atm . Be tween

pressures  of 1-4 atm this reaction is expected to reach an effect ive two-

bod y rate of — 10 -6 cm 3/sec.~~
9
~ At p re s su re s  1 atm , Ar~~ and Ar + have

almost the same number densi t ies .  A4 recombines with F via 2-bod y re-

action to form ArF* (reaction 7).  The molecular ions could possibly fo rm

Ar 2F* via Ar~ + F + M -~~ Ar 2F~ + M. However , it will be shown subse-

quently that this process  is unimporta nt . Once ArF’~ is formed it can radiate

or be que nched b y F2 or othe r constituents of the gas rr ixture . The domina nt

quenching  processes  and measured rate constant s are  liste d in Table 2 .

(b) Que nching of ArF ’~

A series of experime nt s were run with 2 torr  of F2 and va ry ing Ar

p ressu re  f rom 60 torr  to 1 atmosphere.  The signa l increased  l inear ly to

about 200 torr  of Ar . As the e-beam powe r deposited into the mix inc reases

linearly with the Ar partial p re s su re , this result  shows that  Ar quenching of

ArF’~ is neg li gibly small at partia l p r e ss u r e s  of ~ 200 t o r r .

We next observed the ArF* f luorescence  keep ing the A r  partia l pres-

sure fixed at 150 torr U °)  and varying the F2 partial p ressure  from 2 - 2 0  t o r r .

(9 )  M . R. Flannery,  “Ionic Recombination” (unpubl ished) .

( 1 0 )  It was determined aposter ior i  that at 150 to r r  the Ar quench ing  of ArF 1~
introduces  a 5% e r ro r .  This e r ror  was cor rec ted  for subsequent l y.

14
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TABLE 2 . DOMINANT QUENCHING PROCESSES OF ArF*

(Rate Constant)x (a)Reaction (ArF* Lifetime) Rate Consta nt

ArF* + F , -
~~ Products 7 .6 + 0 . 7  x io .

~ 8 cm 3 1 .9  x i0~~ cm 3
/sec

ArF* + Kr — KrF* + Ar 6 . 1  
± 

0. 5 x io
_
~ 8 cm 3 1 .6  x i0~~ cm 3

/sec

Ar F *  + Ar  .-
~ Products 3 .6 ± 1 x ~ø 2° cm3 9 x io ’2 crn 3/sec

ArF~ + 2Ar -~~ Ar 2F* + Ar 1 .6  ± 0 . 3 x l0~~~~ cm 6 4 x io _ 31 
cm 6/sec

(a) The rate constants  have been evaluated assuming an ArF* lifetime of

(10)4 r i sec.
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A Stern-Volmer plot of the ArF~ f luorescence  data as a function of the F
2

partial pressure is shown in Figure 3. From this p lot , the ha l f -p ressu re

for F2, i. e . ,  the p re s su re  of F2 where the inverse  quenching rate becomes

equa l to ArF* lifeti~rie , is 4 . 0 to r r .

To determine the quenching of ArF~ by Ar , experiments were per-

formed keeping the partial pressure  of F2 fixe d at 2 torr  and vary ing the

partial pressure  of Ar f rom 100 torr  to 4 atm. Figure 4 shows the data for

a t ypical set of runs . Notice that the signal  increases up to a p re s su re  of

about one atmosp here and the n decreases  slowly.

There are two possibilities for the observed decay:

(1) ArF* quenching by Ar in two and three body processes, or

(2) Decreasing formation eff iciency of ArF*

As the Ar p ressure  ~s inc reased , reaction (6) (in Table 1) occurs more fre-

que ntly to form molecular ions A rt .  In fact , f rom Fi gure 2 , we see that at

the hi ghest p ressure  the density of Ar~ is ten time s that of Ar +. These mole-

cula r ions will recombine with F and can form ArF~ or possibly the excited

triatomic Ar 2F*. The formation of the Ar 2F’:’ by this channel will result  in

a smaller formation eff iciency of ArF’~ and could account for the observe d

decrease in the f luorescence with increasing p ressu re .  To ensure that this

was in fact not the cm s e , we attenuated the e-beam cur ren t  b y a factor  of 25.

This causes a d e c r em s e  of the F density by at least a factor of 5 , resul t ing

in a hi gher probabil ty of Ar~ formation at a give n p r e s s u r e .  So chang ing

the cu r ren t  factor o 25 should st rong ly af fec t  the f luorescence  eff ic iency of

A r F~ if the A4 plu~ F form Ar 2 F~ Fi gure 5 shows the experimentally

determined ratio of the ArFe  f luorescence  intensi ty as a func t ion  of p r e s s u r e

16
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when the e -beam current  is changed by a factor  of 25 . Also show are  pre-

dicted ratios for three cases: ( 1)  100% of Ar~ forms ArF~~, (2)  80% of Ar~
f o r m s  ArF*, and (3) 60% of Ar~ form A r F~~. From Figure  5 we can conclude

tha t almost all the A4 forms ArF~1 . Note tha t as the f ract ion of Ar~ that

forms ArF ’~ decreases , the predicted ratio of the f luorescence  in tens i t ie s

become s larger  tha n the ratio of the cor responding  e-beam c u r r e n t s  (2 5 ) .
( 11)  . +This is because for branching rat ios-  < 1, losses re su l t ing  f rom Ar

2
formation become more important as the cu r ren t  is decreased.  The resul ts

in Figure 5 prove that the domina nt product  of (Art + F )  recombination is

ArF’~ and not Ar 2F’:’. Recent ab initio calculations by Wadt and Hay~~~~ show

tha t the stable configuration of Ar 2F* is triangula r . So for  A4 + F to

form Ar 2F* the F ion trajectory has to be containe d in the plane that is

norma l to the axis of symmetry.  Any other trajectory will result in a

strong interaction between the F and Ar + and re duce the attractive force

between the Ar + and Ar resulting in ArF* formation .

As a result of the experimental resu l t s  and calculations shown in

Figure 5 one can conclude that the decrease in the f luorescence amp litude

with increas ing  Ar  pressure  is caused by quenching of ArFC by Ar . So the

A r Fr ~ fluorescence signa l S can be writ ten as

aN
= Ar 

( 1)
I + (kF N F + kA NAr + k 2 Ar N Ar ) r

where  a is a constant , T is the ArF’~ radiative lifetime, kF is the q u e n c h i ng

rate constant  of ArF~’ by F2, k Ar and k ZA are  the two and th ree  bod y quench ing

( I I )  B y b ranching  ratio we mean the fract ion of A4 that fo rms  A rF .
( 12 )  Wi lla rd  R.  Wa dt and P. Je ff r ey  Hay, “The Low-Lying E lec t ron ic  States

~ f Ar ) F , ‘ A ppI . Phy s .  Lett . 30 , 573 -575  (1977).
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rate constants of ArF’~ by Ar .  N and N are the number densit ies of
F2 

Ar

F2 and Ar respectively.  We have ignored the three bod y que nching of A rF~

by F because of the low concentrat ion (2 torr )  of F used. For example ,

a three bod y rate constant of lO
_ 30  

cm6/sec for  F2 would change the results

by ~i 10%. Analysis of Eq. (1) to obtain the kr  products has been discussed

in detail previously. (7)  The curve in Figure 4 is a plot of Eq. (1 )  using the

quenching rate constant s obtained by tha t analysis .

- - Figure 6 shows the Ar 2F’~ f luorescence amplitude as a function of

Ar pressure .  Since ArF’~ is formed f i r s t , we postulate that Ar 2F* is formed

by the following reaction

ArF~’ + ZAr .-~ Ar 2F’~ + Ar

As evidence of this thesis , the shape of the Ar 2F’~ f luorescence amplitude

versus Ar pressure has been calculated assuming ArF~1 is formed f i rs t  and

subsequently recombines with Ar to form Ar 2
Fe . The result of this calcula-

tion is shown as the solid curve plotted in Figure 6. The deviation of the ex-

perimental da ta from the curve at hi gh pressures  is probably due to the

quenching of Ar 2F* by Ar .

(c)  Displacement Reaction

The rate consta nt for the displacement reaction Kr + ArF* -÷ KrF * +

A r  was obtained by observing the decay of the steady state fluorescence inte n-

s ity at 1930 R as the partial pressure of Kr was increased. These measure-

merits were made in mixes containing a constant amount of Ar and F2. The

argon pa rtial pressure  was 100 torr  to minimize the fo rmation of A4 (see

Fi gure 2) .  In fact , at this low pressure and for an e-beam current  of 5 A/c m2

we have numerically evaluated that Ar + is about an orde r of ma g nitude greater

21 

~—~--— - 
-- 

~~~~~~~~~~~~~~~ 
;__

~~
__ . . . , .  .‘



€ I I

5 -

~~F2
I-
Z 4 -

Ui
>

~~~~
3 . .

0
Iii

S
“ 2 -  0

0
H

o I I
0 I - 2 3 4

67917 Ar PRESSURE ( A T M )  - .
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than Ar~ Figure 7 shows the predicted dt cays of ArF’ for our experi rne nt~ I

conditions for two cases: (1) ignoring the Ar + cha nnel; (2) ~ricluding the Ar~

channel; the Ar~ channel  in t roduces  a var ia t ion of about  10% in this compari-

son . Fi gure 8 shows a S te rn-Volmer  plot of the ArF fluorescence data as

a func t ion  of the Kr par t ia l  p r e ss u r e .  From these p lots we obtain the half

quenching p ressu re  of ArF* by Kr .  The disp lacement react ion rate constan -

was also measured by observing the increase  in the KrF~1 f luorescence ampli-

tude with increas ing  Kr partial  p ressu re . This measurement  g ives the sam-

rate constant to within 10%, so one can conclude that Kr disp laces ArF~ to

form KrF~’ with a branching ratio near unity.

The radiative lifetime of ArF~ has been calculated to be 4 ns by

Dunning  and Hay. (13)  Such a short lifetime gives a disp lacement rate con-

sta nt (Kr  + ArF~ -
~ KrF~’ + A r )  of 1 . 6  x l 0~~ cm 3 . This rate constant

seems unusually large eve n for  this sort of react ion.  For example , the

kinetically simila r alkali-halide reaction Rb + KF -. RbF + K has a rate

constant  about an order  of magnitude smalle r tha n these ra re  gas halide

disp lacement reactions . 
(14) One reason for the diffe rence may be related

to the much hi gher exothermici ty of the r are  gas halide disp laceme nt reac-

tionS . (15)  Another possible expla nation for the rapid disp lacement rate

constant is that at low pressure  the Kr atom displaces the A r  atom when

the ArF 1~ is in a high vibrational le vel and thus has a large cross  section .

(13)  Thom. H. Dunning and P. Jef f r ey  Ha y, “Elect ronic  States of K r F , ”
Appi. Phys . LE tt . 28 , 649-65 1 (1976 ) .

(14)  S. Stolte , A . E. Proctor  and R. B . Berns te in , “Trans la t iona l  E n e r g y
. Dependence of the Branching Fraction and Cross  Sections for the Deca~

of Collision Complexes: K + CsF, RbF*, ” J. Chem . Phy s. 65 , 4990
(1 976).

(15) M . Krauss, N. B.S., (private communication).
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At highe r p r e s su res  the v ibrat ional  relaxation of ArF ’  will proceed more

rap idl y .  Therefore , one mi ght expect the measured  d i sp lac~~in t ’n t  r a te  to

decrease with inc reasing pressure . P re l imina ry  m e a ,ur em e nts at 2~~0 and

300 tor r Ar indicate that this indeed may be the case.

4. FO RMATION AND QUENCHING OF KrF~

(a) Formation of KrF’~

In mixtures ..onta in ing  mainly Ar  at low total p r e s s u r e s , A r f ’  is

formed first. KrF is subseque ntly fo rmed by the disp lacement reaction

as discussed in the previous section . At pressures of about an atmosphere

and greate r (depending on e-beam current density), molecula r argon ion

formation becomes important . The A4 rapidly charge transfers with Kr

to form Kr+. 
(16) For lean Kr mixes the Kr

+ recombines with F to form

KrF’~. As the Kr partial pressure ari d total mixture pressure are increased , - j

K4 will be formed . By experimental measurements similar to those dis-

cussed in the previous section, we have shown that Kr~ recombines with F

to form mainly KrF~’. Once KrF ’~ is formed it can radiate or be quenched

by the const i tuents  of the gas mixture . The dominant quenching processes

and reaction rate s are listed in Table 3 .

(b) Quenching of KrF ’~

The rate constant  for quenching of KrF~ by F2 was measured  by ob-

se rv ing  the KrF ’~ f luorescence amp litude versus  p re s su re  in b inary  mix tures

of Kr and F2. The procedure was simila r to the measurements  of Ar F~

quenching by F 2 
desc r ibed  in the previous  sec t ion . The two-bod y q u e n c h i n g

of K r F  b y Kr  and the t h re e  bod y quenching by 2Kr were  studied  in K r/F )

mixes , similar to the  analogous case of A r F  quenching  by Ar as d i s c u s s e d

in the previous sect ion.
(16)  D. K.  Bohme , N G .  Adams , M. Moselma n , D. B . D u n k in  and  I .E .

Fe rguson , “Flowing  A f t e r g low Studies  of the Reac t ions  of the R a r e - ( I i s
Mo 1ecul~ar  Ions }1e~~ N4 and Ar~~ with Molecule s ~ nd Ra re - Ga s A t , rn .  -

J . Che rn . Phy s .  52 , 5094 ( 1 9 7 0 ) .
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TABLE 3 . 1)OMINANT Q UENCHING PROCESSES OF KrF

Reaction iR (I<
~~

’ )  
~~-~-R = 6. 5 nsec)

K r F~ + F2 
— Products 5 x 10 ’8cm 3 

7.8 x 10~~
0cm 3 sec~~ ( 1 )

K r F~ + 2Kr  Kr 2 F’~ + Kr  4 . 4  x 10~~~~ cm 6 6 . 7  x io 31 cm 6 sec 1 ( 2 )

KrF~ + Kr —. Products ~ 1 . 1  x 10 20 cm 3 (3

K r F~ + Kr + Ar  — Kr 2F* + Ar 4 . 2  x i~~~~~~cm 6 6. 5 x io 31 cm 6 sec ’ ( 4 )

Kr F~- + 2A r -
~ Products  4 . 6  x io 40 cm 6 7 x 10 32 cm 6 sec 1 ( 5 )

27
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Figure 9 shows the spontaneous emiss ion spectra in m ix t u r e s  t on-

tam ing 0.3% F2, 6% Kr and 93.7% Ar at various total p r e s s u r e s .  The un-

ca l ibra ted  spectral in tens i ty  scale is approximatel y loga r i thmic .  At 0. 5

a tmosphere essentially all of the radiation from the mixture  is contained

in the KrF~ 
2~. 2 .5. band at 248 nm. However , two other broad

bands , conta in ing  much less energy ,  are observa ble . The f i r s t  is cen tered

at 41 5 nm and has been identified with the 2 B2 
-~ A 1 

t ransi t ion of the exci ted

tr iatomic Kr 2F~~. 
(17 )  The other broa d band , centered roughly at 270 -2 80  nm ,

is most likely a combination of radiation f rom the band of K r F~ and

pe rhaps radiation from the exc ited triatornics Ar 2 F~~~~~ and A r K r F-~. Identi-

f icat ion of the Kr 2F’~ and Ar 2 F~’ band s was in fe r red  by observ ing  the radi .tt ion

from b ina ry  mixtures of Ar/F 2 and Kr/F 2. From the Kr/F 2 mix we observed

the same spectra excpet that some of the st ruc ture  in the band cen te red  at

270-280 nm disappeared.  From the Ar/F 2 mixture , the spectra showed onl y

a very broad band cen te red  at 290 -300  nm which has been ident i f ied  as

radiation. The spectrum obtained at a total mixture pressure  of 4 atm m di-

cate s that , compared with the 0. 5 atm spectrum, essent ia l ly the same e n e r g y

is contained in the KrF~’ 
2~~~

/ 
-~ E

1/2 
band , although the electron beam

ene rgy  deposited increased by a factor  of — 8. This spectrum indica tes  that

most of the additional energy  deposited by the c-beam w a s  channele d to Kr , F - .

This decrease in the KrF’~ f l u o r e s c e nc e  e f f ic iency  and  i n c r ea se  in the Kr 2 F’~

f luorescence  ef f ic iet i c y could be due to two possible ef fe cts:

( 1 7 )  M Krauss , N .  B . S . , (private communica tion) .

(18)  Hao - L i n-Ch e n , R .E .  Center , Daniel  W. Tra ino r  and Vv . 1. Fy fe ,
‘Dissociat ive Attachment  of Electrons to F2, ” Appi . Phy s .  Lett . 30 ,

99 ( 1 9 7 7 ) .
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( 1 )  KrF ’~ quenching by Ar and Kr , or

(2)  Decreasing fo rmation efficiency of KrF ’~. Such a decrease

+ .is expected if Kr 2 recombines with F to fo rm KrF”  with a

branching ratio < 1.

Exper iments  performe d with d i f fe ren t  e-bearn cur ren t s , simila r to those

discussed in the previous section, show that Kr 2 recombines with F to

form KrF~ with a branching ratio near unity.

To further substantiate this conclusion, an experiment was pe r formed

in which some of the KrF~ formed were deactivated by stimulated t rans i t ion

induced by a KrF* laser before they could be collisionally quenched . If

Kr 2F* is formed by the quenching of KrF ’~ as our measurements indicate ,

then stimulation of the KrF5 transi t ion (B 2
~~1/2 

—
~ X 2

~~112
) by intense radia-

tion at 249 rim should lead to a decrease in the Kr 2
Fe f luorescence amplitude .

The experimental se t -up  for the measurement is shown in Figure 10 . Radia-

tion from a KrF~ TEA laser was transmitted along the length of the cell con-

taining a KrF* laser mixture. The side light emission at 249 nm band ( K r F  - )

and 410 rim (Kr 2F*) we re monitored by photodiode s with appropriate f i l te rs .

The results of these measurements are shown in Figure 11. Figures  11 (a )

and (b) disp lay the KrF* and Kr
2F* sidelight fluorescence upon introduction

of the KrF~ laser pulse. Figure 11( c)  shows the Kr2F’~ sideli ght fluorescence

when no KrFO laser radiation is present . The results of this set of experi-

ment s conf i rm that Lr 2 F’~ is a product of the KrF’~ quenching .  The re fo re ,

the decrease of the LrF ’~ fluorescence effic iency with increas ing  pr e s s u r e

is a result of quenching  b y Ar and Kr .

The quenchin g of KrF ’~ by processes  (4)  and (5)  in Table 3 were

studied in Ar/Kr/F 2 mix tures .  !~.eaction (5 )  was de termined  by ana ly z i n g

30
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the depende nce of the KrF~ f luorescence  on the Ar part ial  p r e s su re .  The

F2 
and Kr partial pressures were kept constant for these runs. For such

a mix reaction (4) appears as an effective two-body reaction (Kr cons tant ) .

Because of their d i f ferent  pressure  depende nce , two and three body pro-

cesses  can be differentiated by an analysis similar to that discussed in

detail in Ref .  ( 1 9 ) .

To measure reaction (4) more accurately, the KrF °  f luorescence

intensi ty as a function of the Kr partial p re ssu re  was measured.  In these

measurement s the Ar and F2 partial p re s su re s  were  kept constant . Figure

12 shows typical data for the KrF* f luorescence in tens i ty  as a function of —

Ar partial p ressure .  The curve s represent  the pred icled  p r e ssu re  dependence

of the KrF  intensity using the rate constant s in Table 3.

5. CONCLUSION

In the preceding  sections we have shown that the ArF~ and KrF ’~ ex-

ciplexes can be formed via the ion channel with unit b ranch ing .  From our

measurements  we can conc lude that the decrease of the f luorescence in tens i ty

with inc reas ing  p ressu re  is a result  of two and three bod y quenching of the

exciplex.

Interception of the precursors  (Ar +, Kr + and F )  of these exciplexes

are a neg li gibl y small effect  when the experimental conditions are  chosen

properly.  In a laser it is possible to minimize the loss due to the que nching

processes by sa tura t ing the lasing transition. We ha ve ide ntified the domi-

nant quenching processes of ArF~ (B 2�
172

) and KrF~’ (B 2
~~172

) and measured

their rate constants.  Th e only important two bod y que nc hing is due to F2 .

(1 9)  E. W . Mc Danie l , V . Cermak , A . Dal ga rno , E .E . Ferguson and
L. Friedman , ‘Ion- Molecule Reactions ,” (Wi ley - I rter sc ience , New
York , 1970) pp 338-339 .
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Three body quenching by the rare gases becomes important at p r e s s ures

above one atmosp here . These quenching processes  resul t  in the format ion

of exci ted t r ia tomic s Ar 2 F ’  and Kr 2F~~. The format ion of the excited tria -

tomic s can be understood by looking at the schematic pote ntial curve s shown

in Fi gure 13 . The rare  gas R approaches the rare gas fluoride , RF~~, ~in

a repulsive curve tha t intersects  the R~~F pote ntial curve . The surface  of

the in terac t ion  will be dependent  of ~ E the exotherrn ici ty of the in terac t ion .

The larger  z~.E the larger  the surface  area and he nce the interact ion will p ro-

(12)ceed with a higher probability. According to Wadt and Hays calculation

~~E ~~0 . 6 e V  for Ar
2F and Kr 2F~

” . For Xe 2 F , ~~E is only 0 . 2  eV . This

small exothermicity might be responsible for  the fact that Xe 2 F ’ has  not

been observed . From the spontaneous emission spectra and the measured

quenching rate constant s the saturat ion flux can be calculated for a particu-

lar m i x t u r e .  This information, coup led with the  knowledge of the photo-

absorption of the active medium, can be u sed to optimize laser  mixes .
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APPENDiX A

FO1’~M A T l O N  AND Q u E N C H I N G  K IN E T I C S  C F ArF~’

R e c e n t l y the re  has been  c o n s i d e r a b l e  r e s e a r c h  into the f o rm a t ~~ n m d

q u en c h i n g  k i n e t i c s  of the exc i t ed  s t a te s  of t h e  r~~r t - g a s ha l ides . 
( 1~~~ Such in-

f o r m a t i o n  is n e c e s s a r y  for  de s i gni i i~z a lase r  s y s t e m  based on these  ‘ e x c i u l ex ’

molecules  arid choos ing  the appropr ia te  m i x t u r e . W h i l e  ArF~’ is itself ar in-

t e r es t i n~z specie s fo r  a laser capable of a c h i e v i n g  lar tz e  output ene r~~v , it is

also a ‘ precursor” for the KrF and XeF lasers . 
(4. 6) This is because t h ~

K r F  and XeF laser  mixes contain � 90% Ar . C o n s e q u e n t l y most  of t h e  e- -

beam power deposited into the gas ends up as Ar + or Ar~’. These  exc i t e c.

state s react  with F and F 2 to f o r m  ArF*. The a r g o n  atom in A r F ’~ is then

disp lac ed by Kr or Xe to form KrF~ or XeF’.

Formation of ArF’ and KrF’~ for studie s of their quenching kinetic s

is comp licated by t)~e fact that these molecule s have unstable ground states.

( 1 )  A . Hawry luk , J . A . Mangano, and J . H. Jacob , 3rd Summer Colloquium
on Electronic Transition Lasers, 1976 (unpublished).

( 2 )  D . C .  Lorents , R. M. Hill , D. L. H u e s t i s , M. V . Nl c Cusker , and N . H.
Nakano , in Ref .  1.

(3) J. E. Vel azco , J. H. Kolts and D. W. Setser , 3. Chem . Phv s - (~5 . 34 t - 8
(1 p76).

(4 )  .T . A . Mangart o , 3. H. Jacob , M. Rokn i , and A . l ia w r y luk , App i. Phy s .
Let~ . 31 , 26 ( 1 9 7 7 ) .

(5 )  H . ( .  Brashears , Jr ., D.W . Setser , and D. MesMarteau (unpublished).

( 6) M . R o kn I , J. H. Jacob , J. A . Mangano , and R .  Brochu , Appi . Ph y s .
Let . 30 , 4~~ ( 1 9 7 7 ) .

( 7 )  D. V - Setser  (pr iva te  co m m un i c a t i o n ) .

(8 )  J . N~ . H o f f m a n , A K .  Hays , and C C .  Tisonc , App i . Phys . Lett . 2~~~ ,

53 8 ( 1 9 7 6 ) .
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.-\ convenient way, which we util ze in this work , for generating these exc i-

mer s  is b y i r rad ia t ing  the  re levant  mix tu re s  with fas t  e l e c t r o n s . In th is

letter we report on the formation, quenching, and di splaceme nt kinetics of

Ar F

The kinet ic  channels  and quenching rate s a r e  de termined by an a 1y , im .~

the dependence  of the A r F O  ( 2~~~
/ 

2~~~
/

) fluorescence intensity as

function of pump power , mixture rat io , and p res su re . B road -band  en.is-

sion centered at 290 nm, which has been attribute d to Ar 2
F’~ emission,

has been observed .  Our data s t r o n g ly indicates  tha t the Ar 2 F~ is f o r r r i e d

b y a t h r e e - b o d y recornb ina t ior i  of ArF~ with A r .  We have  d e t e r m i n e d  the

produc t  of the rate consta nt s k and A r F~ radiat ive li fe t ime~~~
0
~ r fo r  the

processes listed in Table A- I . In measuring these rate constants care v-a s

taken to discriminate and isolate the reaction of interest. The hi gh-en ergy

e -beam app ara tus  used for  the exci ta t ion  of the gas mix tu re  has : ce n  des-

c r ibed  prev ious 1y .~~~~ The ArF~’ f luo rescence  was detected b y - i s s i n g  the

1930-R radiation throug h two zso-R band pass  f i l t e r s .  The secor d filter was

coate d with a solution of sodium silicitate that fluoresced in the ‘ i s ib le . This

fluorescence was assumed to be proportiona l to 1930-R radiat ior  imp ing ing

onto it. The visible f luo rescence  was detected by a photodiode .  The e-Ute , rn

pulse was 300 ns lon g . The obser’~ed fluorescence at 1930 ~ re- Lhed steady

state , th ereb y simplif ying the analysis of the data.

As we use Ar and F 2 in all the experiments , the first objective is I c

de t e rmine  the quench ing  of A r F ’~ b y F2 and Ar .  A ser ies  of e x p e r i m e n t s

( 9 )  M. Krauss  (private c o m m u n i c a t i o n ) .

( 10 )  T . H. Dunning and P. J. Hay, 7th Winte r Colloquium on Hi gh Power
Visibl e Lasers, Park City , Utah , 1977 (unpublished).

(11 ) J. A . Mangano and 3. H. Jacob , App i. Phys . Lett . 27 , 4 ? ’  ( 1 9 7 ) .
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TABL E A - i . DOMINANT QUENCHING KINETICS OF A r F~’

(Rate Constant )  a
Reaction x (A r F ’~’ Lifetime) Rate Con~ ta nt

+ F2 7 . 6  ± 0 . 7  x l0~~~ cm 3 1. 9 x i 0~~ cm
3/sec

-. Products

Ar F~ + Kr -
~~ K r F ’~’ 6 . 1  ± 1. 5 x io~~~

8 cm 3 
1.6 x l0~~ cm 3

/sec
• + A r

A r F”  + Xe XeF~ 1 . 8  + 0 . 2  x ~~~~~ cm
3 

4.5 x 10~~ -:m 3
/sec

+ Ar

A rF~ + Ar 3 . 6 + 1 x l0 20 cm 3 9 x lO ~~~ cm
3
/sec

Products

Ar F~ 4 2Ar 1. 6 + 0. 3 x l0~~~~ cm 6 4 x io 31 cm 6/sec
-~~Ar 2 F + A r

aThe rate consta nts have been evaluated assuming an ArF” lifetime of 4 ns
( R e f .  1 0 ) .
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were run with 2 to rr  of F2 vary ing Ar  p r e s s u r e  f rom ( 0  t o r r  to 1 at m .  The

si gna l increased linearly to about 200 to r r  of Ar .  As the c-beam p ower  de-

posit ed int o the mix inc reases linear ly with the Ar pa r tial pressure , this

result shows tha t Ar quenching of ArF* is neg ligibl y sma ll at par t ia l  pres-

sures  of ~ 200 to r r .

We next observed the ArF* f luorescence, keeping the Ar  part ial

pressure  fixed at 150 torr~~
2
~ and va rying the F2 partial p r e s s ur e  f rom 2

to 20 torr . A Stern-Volmer  plot of the A r F”  f luorescence  data as  a funct ion

of the F2 partial  p ressu re  is shown in Figure A - I .  From this plot , the

ha l f -pressure  of F2, i . e . ,  the p ressu re  of F2 where the i nve r se  quenching

• rate become s equal to the ArF* lifetime is 4 . 0 t o r r .

To determine the quenching of ArF’I by Ar , exp er iments  were p e r -

formed keep ing the partial pressure of F 2 fixed at 2. torr and va ry ing the

part ial  pressure  of Ar f rom 100 torr  to 4 atm. Figure A-2  shows the data

for  a typical set of runs .  Note that tl--e signal inc reases up to a p r e s s u r e

of about 1 atm and then decreases  slowly.

There are two possibilities fo r  the observed decay: (a )  A r F”  quench ing

by Ar or (b) a decrease in the format ion e f f ic iency  of A r F~~. Table A -2  l is ts

the dominant format ion  kinetics for our experimental  condi t ions .  
( 1 3 )  As the

A r p r essu re is inc rease d, reaction (4) proceeds with a higher prob ability to

form molecular ions Ark . These molecula r ions will recombine with F

and can form either ArF* or the excited t r iatomic Ar 2F~’. The fo rmat ion
— ( 12)  It was determined aposterion tha t at 150 torr the Ar quenching of ArFe

introduces a 5% e r ro r .  This e r ror  was cor rec ted  fo r  subsequently.

( 1 3 )  About 10% of the e-bearri powe r .ioe s directly int o producing the rare-
gas rnetastables, See for examp le , L .R . Peterson and J . E . Allen ,
3. Chern . Phys .  56 , 6068 ( 1 9 7 2 ) .  In the exper iments  p e r fo r m e d  the
prima r y loss fo r Ar ” is by F2 qienc hing to form ArF ’~.
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TAB LE A-2 . DOMINANT FORMATION KINETICS FOR ArFe

+ Ar -
~ A r”  ÷ + e ( 1 )

e + F2 F + F 5 x i 0~~ cm
3
/sec

a ( 2 )

F .
~~ Ar c + (M) — ArF* + (M) (3)

Hi gh Pressure

Ar c + 2Ar — Ar~ ~ - Ar 2. 5 x l0 31 
cm

6
/sec

b (4)

Ar 2 + F -
~ ArFc I- A r (5 )

aHao~.Lin Chen , R . E . Cente r , Danie l W . Tr a inor , and W. I .  Fyfe , Appi.
Ph ys . Lett . 30 , 99 (1977) .

b
E~~V Mc Daniel, V . Cermak , A . Dalga rno , E . E . Fe rguson , and L.
Fr iedman, Ion-Mo~ecule Reactions (Wiley - Intersc ience , New York , 1 9~i O ) ,
p. 338.
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of the Ar 2F’~ by this channel  will resul t  in a smaller  fo rma t ion  e f f i c i e n c y  of

Ar F~ and could account  for the observed  decrease  in the f l u o r e s c e nc e . To

ensure  tha t this was in fact  not the case , we changed the c - b e a m  c u r r e n t  by

a factor  of 30 . This causes a decrease  of the F- densi ty  of at least  a f ac to r

of (30) 1/2 resul t ing in a h igher probability of Ar~ formation at a g iven pres-

sure . So chang in g the current  by 30 should affect  the decay of the Ar F~
f luorescence  if the decrease is the resu l t  of an i n t e r f e r e n c e  with the forma-

tion k ine t ics .  The data in Fi gure A -2  shows the decay of ArF~ is the same

(within experimental sca t te r )  for both low and hi gh e -beam c u rr e n t s . For

comparison the low-cur ren t  f luorescence was multiplied by a constant  factor .

This result prove s that the dominant product of (Ar
2 + F )  recombina t ion  is

ArFc and not Ar
2

Fc . Hence the decrease in the fluorescence with increasing

Ar press ure is because of quenching of ArFc . So the ArF - fl uo re scence  si g-

nal S can be written

oN Ar 
(A-I)

1 + (k
F N F + kAr N Ar +

where  a is a constant , T is the radiative lifetime , k F is the q u e n c h i n g  ra u~-2
cons tan t  of ArF~ by F2, k A and k 2A a re  the two - and th ree  -bod~’ q u e r c h i n g

rate constants  of ArF’~ by Ar . 
~~F and N A are the n umb e r  der ~ . I ’  es  of F ,

2 r
and Ar , respect ively. We have ignored  the t h r ee - b o d y que nc h ing  of A r F  -

by F2 because of the low concent r a t i on  (2 t o r r )  of F
2 

u s e d . For e x a mp le , a

th ree -body  rate constant  of i o
_ 30 

cm 6/sec fur  F2 would c h a ng e  ‘he r , -~~ i ! t ~

b y ~ 10%. Ana lysis of Eq. ( A - i )  to obtain the k r  p r o d u c t s  has ie t n  d i s c u s s ed

in deta i l  previously. 
(6)  

The curve  in Fi gure A - Z  is a p lot of E q. ( A - i t  u s n ~

the q u e n c h i n g  rate cons t an t s  obtained b y that  a n a l y s i s .
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Fi gure A - 3  shows the Ar 2F~ f luorescence  as a funct ion  of the Ar

pres su re .  We ha ve a rgued  ear l ier  that A4 + F recombination predominantly

fo rms  ArF’~ rathe r tha n Ar 2F*. Since ArF* is formed f i r s t , we postulate

that Ar 2
Fc is formed by the following react ion:

ArF’~ + 2Ar -~~ Ar 2Fc + Ar.

As f u r t h e r  evidence of this thes is , the curve in Fi gure A - 3  is the format ion

of Ar 2F~ calculated a s sumin g  ArF’~ is fo rmed  f i r s t  and subseque ntly recom-

bine s with Ar to fo rm Ar 2 F The deviation of the exper imenta l  data f rom

the curve  at hi gh p r e s s u r e s  is probably due to the quenching of Ar 2
Fc by A r .

From experimental observa t ions  of the temporal decay of the Ar 2F* fluores-

cence , its radiative lifetime is of the order of 100 ns . Comparing Figures

A -3  and A-4 , this would imply tha t the Ar 2F” que nching b y Ar is at least an

order  of magnitude slower tha n the A r Fc  quenching by Ar .

The disp lacement rate constants  of ArF* by Kr and Xe were obtained

by observ ing  the decay of the steady-s t a t e  f luorescence  intensi ty at 1930 R

as  the partial pressure  of K r  and Xe was increased. These measurements

we re made in mixe s conta in ing  a constant  amount of Ar and F2 . The a r g o n

pa rtial p re s su re  was low 
~~~~~ 

= 100 t o r r )  to minimize the format ion  of A4 .

In fact , at 100 torr  Ar and fo r  an c-beam cur ren t  of 5 A/c m2 we ha ve nu-

mer ica l ly eva luated that Ar~~ is about an order  of magni tude  greate r tha n

A4 .  These molecula r ions rap idl y charge t ransfer~~
4
~ to form K4. Fi g-

u r e  A -4 shows Stern -Volmer plots of the f luorescence data as a function of

K r  and Xe pa rtial p ressures .  From these plots we obtain the half quench-

• ing p re s su re  of ArF * by K r  and Xe. The displacement reaction rates were

( 1 4 )  D. K. Bohme , N.  C. Adams , M . Moselma n , D. B. Dunkin , and E . E .
• Ferguson , J . Chem . Phys.  52 , 5094 ( 1 9 7 0 ) .
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also measured  b y observin g the inc r ease  in the K rFc und  XcF fluo re i~ - n .  e

w i t h  increasin g K r  m d  Xe , r esp ec t ive ly. The~~ r l i e a s t lr e n l en t s  g iv e  t~ i’-

s atn e  rate constants  to within 1 0V o , so we conclude that  hr  and Xe disp laces

Ai - F* respectivel y with uni t  b ranchin g ratios.

The r a d i a t i v e  li fe t ime  of A r F -  has been ca lcu la ted  to be 4 ns by

D~ nning and Hay. (1 ~ Such a shor t  l i fet ime g i~.es q u t - n e h i n c  ra te  c o n s t a : - t s

of ArF~- b y Kr and Xe to be 1 . 6  x 10~~ and 4 . 5  x 10 ~~ cm 3
/sec , res pec-

ti~ el y - These rate cons t an t s  seem unusua l l y la rge  ev e n  fo r  1 h i s  ‘. u e  of re -

ac t ion .  For examp le , the k ine t ica l ly simila r alka l i -ha l i de  r e sc ’. i u n  Rb ±

KF Rbl-’ ÷ K has a rate cons tan t  about an  o r d e r  of n . -Ignitude sr ea l l er

than these r a re - g a s -halide d i sp lacement  r eac t i ons.  ( 15) 
One p e s s ib l e  r e t s o n

fo~ the d i f f e r e n ce  is the much hi gher exo thermic itv  of the  r ar e - g a s - h a l i de

di~~p lacenient  r e ac ti ons . ( 16) Another  exp lanat ion for  the rap i d d i - ~~la~ er e e : .t

ra te  c o n s U m n t s  is tha t  the Kr (or  Xe )  atom disp laces the A r  a ton — wh e n  he

.-‘c~ F~- is in a hi gh v i b r a t i o n a l leve l . This would be especial i y t r u e  ~or l he

Ar F :- fo rmed  t h ruu .~h the ion channe l ( reac t ion  (3)  of Table .‘\ - 2 ) .

The authors acknowled ge many d i s c u s s i o ns  wi th  Dr .  C.  ~V

v o i l~u s e n b e rg ,  J r .

( l i )  S. Stoft e , A .E .  Procte r , and R. B . B er n s t e i n , J. Chem . Ph ys . b e- .
4990 ( 1 9 7 6 ) .

( 1 - ’ )  - Kr a u s s  (p r iv a te  e u n l mu n i c a tj o n  .
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T H R E E - B O D Y  QUENCHING OF KrF ’~ hY Ar A N D  I -R O A D - B A N D
EMISSION AT 4 1 5  nm
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APPENDIX B

T H R E E - B O D Y  Q U E N C H I N G  OF K r F ’~ BY Ar A N D  B R O A D - B A N D
EMISSION AT 41 5 nm

In this lette r measu remen ts of the K r F  (B 2
~~1 /2 

-. X 2
~~1/2

) fluores-

cence e f f i c i e n c y  as a func t ion  of mix ture  ratio and p r e s s u r e  are  g iven for

e - b e a rn - e x c i t e d  A r/Kr /F 2 mix tures . Mixtures  con ta in ing  0. 3% F2 ane I 5°7~-

K r  were  studied s ince  they a re  typ ical of those used ir KrF ’~ lasers . ~1 he

e l e c t r o n -~zu n  appa ra tus , capable of de l iver ing  a beam with an ene rgy  of 150

keV and a c u r r e nt dens i ty  of 0. 16-5  A/c m 2 for  300 nst ’c , has been des r ibed

p r e v i o usl y .  ( 1)  The c r o s s  -sect iona l dimensions  of the c -beam were 2 cm x

22 cm . The bean deposited its e n e r g y  in the gas mixture which was contained

in a Tef lon  cell. The cell was 0. 5 cm long in the beam direct ion to ensu re

u n i f o r m  e n e r g y  deposi t ion over the volume of the cell u p  to p re s su res  ef 4

( 2 )atm -

The KrF~ f luo rescence  amplitude was measured  us ing  a pair of ape r-

t ’~r e s  to def ine  the solid ang le of the detected  radia t ion f rom the e -bean- -

excited mixtures . A calibrated photodiode was used tc detect the emission .

A 5 -nm bandpass j i l ter centered at 250 nm was placed in f ron t  of the photo -

diode . The K r F ’~ f luorescence  amplitude in W/cm 3 could then be related to

the flux seen at the photodiode by integrat ing ove r the d is t r ibuted  f l u o r e s c e n c e

s o u r c e  excited b y the electron beam. Isotropic K r F*  i luo rescence  was

assumed in this caLculat ion.  This condition was a s su red  by ut i l izing a small

beam c u r r e n t  densi ty (~~ 5 A/cm
2 ) to avoid the e f fec ts  of amplified spontane-

• ous emission.  Be ‘ause Kr F  is unbound in the groun d sta te  the medium is

optically thin.

( 1 )  J . A . Mangano and J~ H. Jacob , A pp i. Ph ys .  Lett. 27 , 495 (1975 ) .

( 2 )  J. H. Jacob , J. A ppI. Phys. 45 , 467 (1974).
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The Kr F~ stead y-state fluorescence intensit y lLi r i e i x tu r e ~ cun ta i n i n ~

1% and 1 5% Kr is shown in Fi gure  B - i  as  a f u n c t i o n  of to ta l  m ix tu re  p r es s u r e .

Simila r data was also taken with mixes con ta in ing  3~/ , and  6~ K r .  A lt h o u ch

the KrF*  f l u o r e s c e n c e  amplitude peaks  at p r e s s u r es .  of 1. 0 -2 . 5 a tm , the

K r F  laser  out put (unde r comparable exper ime nta l cond i t i ons )  I r o n  these

mixtures  can continue to ris e with inc r e a s i n g  p r e s s u r e  up te  a p p r u ’:izr.~~ e~ y

4 atm . 
( 3 )  In a l aser  de vice , the c o n c e n t r a t i o n  of K r F~ can be r e d u c e d  by a

suitably hi gh laser  cavit y flux which can compete with and pe rhaps  d o n l i r u t t e

collisional quench ing  p r o c e s s e s . These resu l t s  imp ly th a t the dcc rea ’- e  in

K r F~ f l u o r e s c e n c e  amplitude for  hi gh p r e s s u r e s  is caused  by cj i e r a  h : n ~ of

the K r F  d i rec t l y and  is not a p r o c e s s  which i n t e r f e r e s  with the for ~~ a t i u n  of

KrF ’~. Because the cavit y d imens ion  in the d i r e c t i o n  of the e -bearn  is onl y

0 . 5 cm , the e n e r g y  deposite d in the mix tu re  i n c r e a s e s  l i n e a ri y w i t h  p r e s su r e .

As a resul t , if there is no K r F O  quench ing ,  the f l u o r e s c e n c e  wi l l  r i se  11’ u - m r l y

with p r e s s u r e .  At hi gh p r e s su re s  a two-bod y quench ing  p r o c e s s  w i l l  r e s e l l

in a constants  radia t ion with i nc r ea s ing  p r e s s u r e .  The K r F~ f lu o r c s . t flee

data shown in Fi gure B - i  indicates that the dominant  qu e n c h in c  p r o r u s s  at

hi gh p re s su re . The KrF~ f luo rescence  amp litude even tua ll y d~~c r •~ s e S  at

hi gh p r e s s u r e s .

In orde r to obtain fu r the r in fo rma t ion  c o n c e r n i n g  the Kr F~ c 1uun ~~hing

p rocesses , spectra  shown in Fi gure  B -2  of the spontaneous  erni~~sion I r w i

e-beam-exc ited mixtures were obtained at mix tu re  pr ess~~res  ni 0. 5, 2 , a n d

4 a tm .  The uncalib~ ated spectra l  in t ens i t y scale is a p p r o x i m a tel y Io~ a r ~ t i .na c .

At 0. 5 atm essen t i a l ly all of the rad ia t ion  f rom the n ix tu re  is e r i t a t n en  i n  t l~-

K r F  ~~~~~ /z -~ X ’~~~1/2 
band at 248 nm.  However , two othe r b road  b a u d s ,
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Fi gure B - i  Curves Showing the Radiated Power on the KrF * 2~~1/z -~~
2E l/ Z  Band as a Function of Total Pressure  for 1% and 15%
Kr Mixtures. The ope n tr iangles and circles are experi-
mental data. The curves are  the product of the e fficiency
given by E q. (B.-4) and the e-beam power deposited.
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conta in ing  much less e n e r g y ,  a re  observable . The f i r s t  is centere d at

• 415  rim and has been identifie d with the 2 B 2 
-~~ A 1 t ransi t ion of the excited

t r ia tomic  K r 2F~~. (4) The other broad ba nd , cen te red  roug hl y at 270-280  nm ,

is most likely a combination of radiation from the 2~~ 2~ band of KrF~ and

perhaps radiation f rom the excited triatomics Ar 2F~~
4

~ and A r K r F* . Iden-

tification of the Kr 2F* and Ar 2F~ bands was infer red  by observing the radia-

tion f rom binary mixtures of Ar/F 2 and Kr/F 2.. From the Kr/F 2 mix we

observed the same spectra except that some of the structure in the band

centered at 270-280 nm disappeared . From the Ar/F2 mixture, the spectra

showed only a very broad band centered at 290-300 nm which has been ide nt i-

fied as Ar 2 F* radiation. The spectrum obtained at a tota l mixture p ressure

of 4 atm indicates that , compared with the 0. 5-atm spectrum, essentially

the same energy  is contained in the KrFe  B 2E
1/2 

-
~ X 2

~~1/2 
band , although

the e-beam ene rgy  deposited inc reased by a factor  of — 8 . This spectrum

indicate s tha t most of the additiona l ene rgy  deposited b~ the e-beam was

channe led  to Kr 2F~ Consequently (because of the lase result of Ref . 3

and our measurements which will be discussed subsequently), three-body

K r F -  quenching  mechanisms ultimately result in Kr 2F’~ formation.

In orde r to calculate the KrF* fluorescence effIc iency f rom the data

show.’i in F igure  B-i , the beam energy  densi ty deposited in the mixture was

determined b y monitoring the pressure  rise in the cavit~,r . The steady-s ta te

powe r deposited in the mixture was then calculated. TI-ese measurements

agreed  with beam e n e r g y  deposition calculations for the ~e mixtures to within

i o~0. (2)  The KrFt ’  f luorescence  e f f i c i ency  (shown in Fi~ ure B-3 )  was the n

(4)  M. Kra us s (private communica t ion) .
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Figure B-3 The Curves are  the KrF* Fluorescence Efficiency as
Predicted by Eq. (B-4).  The points are experimental.
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computed as a func t ion  of total mixture p ressu re  b y d iv id ing  the f luorescenc

amp litudes (shown in Fi gure B - i )  b y the cor responding  beam powe r dens i ty

deposi ted.

The domina nt reactions describing the KrFe  formation kinetic s at

beam cu r r en t  densi t ies  of — 1 A/c m2 are listed in Table B - i .  Since the

mixture contains ~ 85% argon , the hi gh -ene rgy  beam electrons ~ deposit

most of their ene rgy  into the a rgon . Approximately 55% of this e n e r g y  goes

into forming argon ions , ~~ Ar + . At low p ressu res  (< 1 a tm) ,  these ions

rapidl y recombine with the negative ions F with a dif fusion- l imited equiva-

lent two-body rate consta nt of approximately (2 -3 )  x 10 6 cm~~/sec~
6
~ to form

ArF~~. The ArF’~ can radiate at 193 nm and f o r m  ground-s ta te  Ar and F

atoms (react ion 4) .  The radiative lifetime of ArF * has been calculated to

be 10 nsec .  (7)  However , at suff icient ly hi gh k ryp ton number densit ies , the

k r y p t o n  will exchange with the ArFe  to fo rm Ki-F ( reac t ion  5) .  (8 )  In fact ,

the decrease  in the KrF O f luorescence eff iciency seen in Figure B-3  at low

total  mixture p res su re s  can be exp lained if some si gnif icant  numbe r of the

A r F - - radiate before the exchange reaction can occur .

At hi gh p re s su re  the a rgon  ions and neutrals  form Ar~ with a three-

bod y rate consta nt of 2. 5 x ~~~~~~ cm 6/sec. ~~ The Ar~ can undergo charge

( 5 )  L . R .  Peterson and J . E . Allen , J. Chem . Phys.  56. 6068 ( 1 9 7 2 ) .

(6)  M. R . F lannery,  in Case Studies in Atomic Collision Physics  2, edited
by E . W. Mc Daniel and M . R . C. McDowell (Nor th-Hol land , Amste r da m,
1972) ,  p. 3.

( 7 )  11 . Michels (private communicat ion).

(8)  3 .  J. Ewing (private communication).

(9 )  I-i . W . McDaniel , V . Ermak, A . Dal garno , E . E. Ferguson , and L.
Friedman , Ion- Molecule Reactions (Wiley-Intersc ie  oce , New York ,
1970) ,  p. 338.
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TABLE B - i .  FORMATION KINETICS

e-beam ionization
4- Ar -~~ Ar + + + e ( 1 )

Low Pressu re

e + F2 
— F + F 2 -3  x 10~~ cm 3

/sec ( 2 )

F + Ar + + ( M) -~ ArF~ + (M) ( 3 )

A r F~ —~ Ar + F + h0 10 nsec ( 4 )

ArF” + Kr -. KrF~ + Ar 5 x 10 10 cm 3
/sec ( 5 )  a

Hi gh Pressure

Ar + + Ar + M A4 + M 2. s x io 31 cmn 6
/sec (6)

Ar~ + Kr Kr + + 2Ar 7. 5 x 10~~~~ cm 3/sec (7)

Kr + + F + M KrF~’ + M ( 2 - 3 )  x 10 -6 cm 3 /sec ( 8)

Kr + + Kr + M —
~~ Kr~ + M 2 . 5 x io 31 cm 6/sec ( 9 )

+ F KrF~- + Kr ( 2 - 3 )  x io 6 
cm

3
/sec (10)

B- 0
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t r a n s f e r s  with Kr to form Mr + with a rate constant of 7 . 5 x l 0~~~~ cm 3
/

sec. ( 1 0) For lean krypton n~~xes the Kr + will combine with the negative

f luor ine  ions to form K r F” . As the Kr density is inc reased , 1(4 will be

formed .  By vary ing the e-beam pump power by a factor of 30 , we have

ver i f ied  tha t 1(4 recombines with F to form KrF *. ~~1) The Kr F~’ can

spontaneously decay with a lifetime of 6. 5 nsec (calculated by Dunning and

Hay)~
’2

~ or can be collisionall y quenched. Three-body quenching of KrF~

is primari ly responsible for  the decrease  in the KrF~ f luorescence ef f ic iency

seen at higher p r e s su re s .  From Figure B-3 this collisional quenching is

seen to be depe ndent on the krypton densi ty . The dominant KrF*  quenching

mechanisms consis tent  with all the data presented above are two-body

. ( 13 )quenching by F2
Ic

1KrF* + F2 -÷ products , ( B - i )

thm~ee-body quenching by Ar

k 2KrFv + 2Ar -* products , ( 13-2)

and th ree-body quenching by Kr

k 2K rF* + Kr + Ar -~~ products . ( B - 3 )

We postulate that ArKrF* is forme d b y reaction (2)  and is rap idly displaced

to fo rm Kr 2
Fe . In reaction (3) Kr 2F* can be formed di rec t l y.  The excited

triatomic Kr
2
F~ then radiates 

‘2B
2 

-~~ A 1) to g ive a broad band centered at

(10) D.K. Bohme, N.G. Adan s, M. Moselman, D.B. Dunkin, arid E.E.
Ferguson, J. Chem. Ph y.~ . 52 , 5094 (1 970 ) .

( 1 1)  For a detailed d i scuss ion  of this verification procedure see M. Rokni ,
J .I- 1. Jacob , J . A . Mangano, and R. Brochu , Appi . Phys . Lett . 30 , 458
( 1977) .

( 1 2 )  T . H.  Dunning a~ d P . J .  Hay,  Appi. Phys .  Lett . 28 , 649 (1976) .

( 13 )  M . Rokni , J . ki . Jacob , and J . A . ivIa~~~ano (unpub l i rhed) .
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415 nm . The products k 2 r 1 of the rate constant s ( for  the K r F-~ que nch ing )

and the radiative lifetime -

~~~ 

can be determined by f i t t ing the pred ic t ions  of

the kinetic model summarized in Table B - i  and above to the KrF ’~ fluores-

cence  ef f ic iency data . At hi gh p ressure s (> 1 atm) the resu l t ing  fit is espe-

cial ly sensitive to the value assumed for these products . Us ing  the measu red

value of k
1 r 1 = 5 x 1o 18 cm 3 (Ref . 2)  and ana lyzing all the data we have

de te rmined  the products  k 2 T 1 and k 3 T 1 . For mixes containing 1% Kr the

e f fec t  of reaction (3)  on the quenching of i<rF~ is ~ 10% . So , f rom the very

lean Kr mixe s , a va lue of k 2 r 1 is measured  to be

k 2 r 1 = (5 . 2  + 0 . 5) x i~~~
40 cm 6 .

As the Kr part ial  p r e ss u r e  is increased react ion (3 )  becomes more impor tan t

�~nd an a l yz ing  the data for  the various mixe s , the k 3 T 1 product  is dete rmine d

to be

k 3 r 1 = (4 . 2 + 1) x 10~~~~ cm 6 .

Assuming  the Dunning and Hay U 2 )  calculated KrF”  lifetime of 6. 5 nsec ,

k
2 = 8 x 10 32 cm 6/sec and k 3 = 6 . 5  x i ü 3’ cm 6/sec .

At low p r e s s u r e s  (< 0 . 5 a tm) ,  the KrF  f luorescence  e f f i c i i - i o  is

sensi t ive to the product of the rate constant , k , for the exchange  reac t ion

k
Kr + ArF ’~ —

~~ KrF~ + Ar

and the ArF~ radiative lifetime r 2. The va lue for  this p roduct  c iv in ~ the

best fit to the low-pressu re  data

k r = ( 5 . 5 + 0. 7) x i o~~ 8 cm 3 .e 2  —

1 3- 12
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Assuming  the value of the ArF  radiative lifetime calc ulated by Michels , 
(7)

10 nsec , the exchange rate constant k e is 5 . 5 x ~~~~~ crn 3/sec.~~~
4

~ Cc m-

bination of the exchange reaction and the three-body quenching results  in

the following approximate expression for the steady~ state U S )  f luorescenc e

effic iency ~~:

/ k r N  \ I
i e 2 Kr it 1

11 2 ,, ( B - 4 )
\ i  + k T 2 N 1( / \ l  -t- k i r 1N~, + k 2 T I N A + k 3 T 1N K N A ‘

where N Kr is the density of krypton , N F is the density of F2, and N Ar is

the a rgon  densi ty .  The code agrees  with Eq. (B-4 ) ,  over the parameter r ange

invest i gated in this paper , to within 10% . The maximum eff ic iency 1M for

producing  KrF~ is about 25% . The curves  shown in Fi gure B-3 are a plot of

E q. ( B -4 ) .  In Fi gure B - i  the curves  plotted are the product of 1 and the e-

beam power deposited.

The saturation flux can now be calculated for the KrF~ laser . If the

K r F~ quenching processes  are  included , the saturation flux can be wri t ten  as

~ SAT = ( hv/ ~ 5~~ i ) (1 + k I T I NF + k 2 T 1N~~ + k 3 T l N K N A~~ , ( B -5 )

where h~ is the KrF~ photon ene rgy  (5 eV)  and is the stimulated emission

c ross  section.  The product of the KrF~ st imulated emission cross  section

and lifetime have been measured to be 1 . 6 x io 24 cm 2 sec .  ( 16) This

( 1 4 )  We have recently measured the exchange reaction by observing the de-
crease  in the ArF~ f luorescence and obtained a value of k e ~ 6. 5 >~

i O 18 cm 3/sec . This work was reported by us at the 7th Winte r Col-
loquium on Hi gh Powe r Visible Lasers , Park City, Utah , 1977 .

( 1 5 )  The steady-s ta te  assumption is valid because the dominant inverse  rate s
are much less than the 300-ns  e-beam pulse length.

( 1( )  .~~~ . Ir awr y~’~ , J. .4 . Mangano , and J. H. Jacob , Proceedings of the Third
Summer Colloquium on Electronic Transition Lasers, Snowma ss , 1976
(unpublished).
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result  is in good agreement  with that in fe r r ed  by Tel1i~~ghuisen  et al~~
7
~

b y ana lyzing the KrF~’ fluorescenc e spe ctr um , Using ‘:he measured value

of c~~ r~ and E q. ( B - 5 ) ,  the sa tu rat ion  flux for  the KrF”~ laser is approxi-
2mately 0. 85 MW/cm for a mixture con ;alnlng 0. 3% F ) and 1% Kr at a total

pressu re  of 1 atm .

The authors wish  to tha nk Dr . M . Kraus s for  s uig e s t i n g  the in te rp re -

tation of the spectra shown in Fi gure B-2 .  Numerous informat ive d iscussions

with Dr. 0. Trainor  concerning  the kinetic cha nnel ing  proposed here  are  also

acknowled ged.
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