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REPORT SUMMARY 

In the period from September 1975 to February 1976, we have 

actively investigated the discharge physics of the rare gas fluoride lasers. 

KrF* prototypical of this class of lasers. 

Shortly after lasing of KrF* was obtained in a discharge, the dis- 

charge physics was thoroughly researched.    We determined that the dis- 

charge physics was dominated by electron impact of the rare gas meta- 

stables.    The dominant ionization was two step ionization.    Fortunately, 

the discharge can be stabilized if the attachment rate is twice the equili- 

brium ionization rate.    This stability criteria was derived theoretically 

and verified experimentally.    Details of the theory and experiment are 

discussed in the following sections.   Under stable discharge conditions, 

we have obtained metastable production efficiencies of 70% with discharge 

enhancements (discharge power/e-beam power) of 3-4. 

V:i 

H 
«0,« 

-?■■??,> f*yrr~*^**m 



■■IT  ■ ■^■^r^^?*^,ww*Wmm'r-r ^W!«,W,~li-Hl^g^p|l!lip»Wlii'  "^-—rBe»w 

TABLE OF CONTENTS 

Section 

I. 

II. 

Report Summary 

List of Illustrations 

INTRODUCTION 

DISCHARGE MODELING 

A. Metastable Product Efficiency 

B. Discharge Stability 

C. Discharge Enhancement 

D. Kinetic Discharge Model 

E. Conclusions 

References 

Appwitdices 

A TOTAL ELECTRON IMPACT EXCITATION CROSS 
SECTIONS OF Ar and Kr 

References 

B TOWARD EFFICIENT EXCIMER LASERS 

References 

Page 

1 

5 

7 

9 

10 

17 

21 

23 

29 

31 

A-l 

A-U 

B-l 

B-17 

r:\,r— •— ——— ■■ 



.,„„,,,,„„..       .....,,.,..,.,,..,,,,,      ,„,,,,.,,^,,T ...r^,,r,,,.,- ■   .:,,, :        ,,      ,,„.,-.        ;,.,,,      ,....,        -._..-.._.      ,..■.,.,;,,,,.;•■,,.„.. ,.,.  „,,,,.-.. :„r~„,,,. 

LIST OF ILLUSTRATIONS 

,..■-1 

Figure JP^E 

1 Electron Impact Cross Section for Rb (Kr ') and Ar as 12 
a Function of Electron Energy 

2 Percentage of Discharge Power into Kr    as a Function 14 
of Fractional Kr'' Population for Various Applied 
Electric Fields 

3 lonization Rate as a Function of Fractional Kr* Population 15 

4 Avgrage Electron Energy as a Function of Fractional 16 
Kr    Population 

5 Results of a Numerical Analysis to a System of Equations 20 
Similar to Eqs.  (1) and (4) 

6 Experimental Data Showing Stable and Unstable Discharge 22 
Conditions 

7 Plot of Discharge Enhancement as a Function of Meta- 24 
stable Production Efficiency for the Limiting Case of 
a Stable Discharge 

8 Measured and Predicted Pluorescence for Pure E-Beam 26 
Pumping 

9 Measured and Predicted Fluorescence when Capacitor 27 
is Charged to 10 kV 

10 Measured and Predicted Fluorescence when Capacitor 28 
is Charged to 16 kV 

A-1 Curves Showing the Experimental and Predicted Values A-6 
of the First Townsend Coefficient a    as a Function of 
E/P 

A-2 Electron Excitation Cross Sections for Argon as A-7 
Measured by Shaper and Scheibner (solid curve) 

A-3 Same as Figure A-1 Except that the Gas in Question A-9 
is Krypton 

irmiMi imiiti 



11 P»apip»M|pppip ' HiPW r<wm'mm^mm^mmmm^mmmimvmm^''^^v'^- 

Figure 

B-l 

B-2 

B-3 

B-4 

Elrctron-Impact Cross Sfclions of Rubidium (krypton 
equivalent) and Argon as functions of Electron Energy 

Percentage of Discharge Power into Kr ' as a Function 
of Fractional Kr '" Population for Various Electric Fields 

lonization Rate as a Function of Fractional Kr'  Population 

Discharge Enhancement as a Function of Metastable- 
Production Efficiency in a Stable Discharge 

Page 

n-i i 

B-13 

B-14 

B-15 

i 

6 

- -r- ■ r^vrimiiatisti» —-?:.-—■  ■-■■ 



■     ■ •fmmmw7 •■■ i^^ws^mOTw»^^ 

I.    INTRODUCTION 

ARPA/ONR sponsored laser programs at AERLhave recently led 

to the  discovery of several rare gas-monohalide laser systems. 

This new class of laser offers the potential of both high overall electrical 

efficiency (>10%) and high average laser power (>:100 kW/aperture),    In 

particular,  under the ARPA/ONR sponsored Laser Discharge Studies pro- 

gram for FY 75,   e-beam controlled discharge pumping of the KrF* laser 

at 248. 5 nm was achieved (See Appendix A)}       Pulse energies of 60 mJ 

at efficiencies of 1.4% have been achieved to date.    In a well-designed, 

scaled-up version of this laser,  these results have been extrapolated to 

give from 10-20% overall electrical efficiency.    Scaling studies show that 

with discharge pumping this laser can give up to 1 MW average power per 

aperture. 

The experiments were performed with existing apparatus that has 

been built under previous ARPA/ONR programs.    The cold cathode electron 

gun provides a 150 keV beam of electrons with currents up to 25 A/cm   . 

This beam is fired into a 20 cm long discharge cavity having a cross- 

sectional area of 2 x 2 cm   .    The discharge energy that is deposited into 

the laser mix is stored in a 0.3 juF capacitor.    The capacitor, which can be 

charged up to 30 kV,  is switched across the anode and cathode about 40 ns 

after the e-beam is fired. 

■ ; 

(1) J.J.  Ewing and C.A.  Brau, App.  Phys.  Lett.   27,   350 (1975). 

(2) CA.   Brau and J.J.  Ewing, App.  Phys.  Lett. _27,  435 (1975). 

(3) J.J.  Ewing and CA.  Brau, App.  Phys.   Lett. _27,   350 (1975). 

(4) J.J.  Ewing and CA.   Brau, App.  Phys.   Lett.   27_,   557 (1975). 

(5) J.A.  Mangano and J.H.  Jacob, App.  Phys.   Lett.   27,  495 (1975). 
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II.    DISCHARGE MODELING 

In this report a model for the KrF laser discharge is given.    The 

key physical processes dominating the discharge have been identified and 

are included in this model.    The predictions of this model quantitatively 

agree with our discharge and fluorescence data over a wide range of dis- 

charge operating conditions.    For example,  the temporal evolution of the 

discharge current,  voltage and the KrF fluorescence predicted by the model 

agree to within +  20% of those observed experimentally.    In addition,  the 

model predicts that the efficiency of producing KrF* by discharge pumping 

can be as much as 50% higher than for direct e-beam pumping.    (By e-beam 

pumping the efficiency of producing KrF* is predicted to be 22%).'   '   The 

e-beam controlled discharge experiments which we report here also substan- 

tiate this prediction. 

The physics of rare gas/halogen discharges is dominated by the ex- 

cited species when the fractional population of the rare gas metastables ex- 

-9   (7   8) ceeds 10     .     * For example,  an important process in KrF laser dis- 

i i - 5 charges (Kr*/(Kr + Ar)   =* 10     ) is the excitation of low lying metastables 

(9) to higher lying states. This process can strongly influence the secondary 

electron energy distribution and therefore the efficiency of producing the 

i 
i 

(6) J.J. Ewing and C.A.  Brau,  unpublished. 

(7) At fractional metastable populations of 10"°, metastable ionization 
begins to dominate. The metastable pro* uction efficiency however 
is not affected until the fractional population reaches 10"^. 

(8) The possibility of the excited species having a strong effect on the 
discharge physics was brought to our attention by P.W. Hoff. 

(9) In our code we have assumed that excitation of Kr " to higher lying 
levels will result in an electron energy loss of 1.6 eV.    This assump- 
tion is valid if the higher lying levels are rapidly quenched (by three- 
body processes) back to Kr'". 

9 
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metastables (which react with F    to form KrF"~ -- the upper laser level). 

The dominant ionization mechanism in KrF laser discharges is ionization 

of the krypton and argon metastables,   i.e.,  two-step ionization.    For this 

7 - 1 discharge,  metastable ionization rates of 1-5 x 10    sec       are typical so 

that this process strongly influences discharge stability.    Fortunately this 

ionization can be balanced under certain conditions by fluorine attachment 

so that stable discharges are possible.    These important excited state 

processes will be described in more detail in subsequent paragraphs.    In 

particular,   quantitative criteria will be developed for making rare gas 

metastables efficiently and for maintaining discharge stability.    In addition 

it will be shown that efficient metastable production under stable discharge 

operating conditions can be achieved at large discharge enhancements 

(ratio of discharge power input to e-beam power input). 

A.    METASTABLE PRODUCTION EFFICIENCY 

In our model the discharge is assumed to heat the secondary elec- 

trons produced by the e-beam until they have sufficient energy to make 

argon and krypton metastables.    The krypton metastables are formed 

either by direct electron impact or by cc'lisional transfer from argon 

metastables.    It is then assumed that KrF' is created by the following 

reactions: 

Kr    +   F, KrF   + F 

or 

- 
followed by 

Ar    +   F2 - ArF   + F 

ArF*  + Kr  -► KrF*  + Ar 

10 
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(10) * 
Since KrF is very weakly bound or unbound in the ground state, KrF 

decays into krypton and fluorir    after emitting a photon. 

The discharge physics is,  as we have stated previously,   strongly 

affected by electron impact excitation and ionization of the rare gas meta- 

stables.    To model these effects we have treated the krypton metastable 

as rubidium and the argon metastable as potassium.    This analogy has b^en 

used successfully in predicting the emission spectra of the excited rare 

gas monohalides and is justified phyrically by the atomic similarity between 

rare gas metastables and the alkalis/     '   Some of the electron impact 

cross-sections used in our model are shown in Figure 1.    The cross-section 

for excitation from the 5s configuration to the 5p configuration in Rb 

(KrV) has a peak value of 75 R    at 8 eV.    Also shown are the ionization 

(12) .     (13)       , .     . (14) 
cross-section of Rbx     ' and the excitation and ionization cross- 

sections of Ar.    From Figure 1 it is clear that the peak value of the meta- 

stable excitation cross-section is 30 times the peak value of the argon exci- 

tation cross-section.    More important, however,  is that most of the elec- 

trons can excite the 5s to 5p transitions which have a threshold of 1.6 eV 

whereas only the high energy tail of the electron energy distribution can 

produce metastables from the ground state. 

(10) CA.  Brau and J.J. Ewing,  J.  Chem.  Phys. 63,  4640 (1975). 

(11) H. Hyman, private communication. 

(12) R.H. McFarland and J.D. Kinney,  Phys.  Rev.   137,   1058 (1965). 

(13) The shape of the total excitation cross-section was obtained from 
H.SkW. Massey and E.H.S.   Bishop,  Electronic and Ionic Impact 
Phenomena,  Vol. I, p.   259.    To obtain the amplitude of the cross- 
section we used the Boltzmann code.    The amplitude shown in 
Figure 1 gave the best fit to the first Townsend coefficient that 
was measured by D.E.  Golden and L.H.  Fisher,   Phys.  Rev.   123, 
1079 (1961). 

(14) D.  Rapp and P.  England er-Golden,   J.  Chem.  Phys. 43,   1464 (1965) 
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We have put these cross-sections into a computer code which  solves 

the Boltzmann electron transport equation. (1 5)   This Boltzmann code takes 

the cross-section data and the electric field and calculates self-consistently 

the electron energy distribution and the partitioning of discharge energy 

amongst the various excited states and ionization.(l6)   The predictions of 

the code are shown in Figures 2,   3 and 4.    Figure 2 shows the percentage 

of energy that goes into producing Kr* as a function of the fractional meta- 

stable population Kr7(Kr + Ar) for electric fields of 2-6 kV/cm atm.    It 

is apparent from Figure 2 that the efficiency of producing the metastables 

is a strong function of the Kr* population.    For example, the efficiency of 

forming Kr* is almost 60% when the fractional population is 10" 5 and the 

electric field is 2 kV/cm atm.    This efficiency decreases to less than x0% 

when the fractional population is increased to 10"4.    The decrease in 

efficiency can be made up by increasing the electric field.   However,  the 

ionization rate (see Figure 3) rapidly becomes so large that it precludes 

discharge stabilization by electron attachment (Fj.) for cases where the 

discharge power exceeds the e-beam power into the laser medium.    Figure 4 

is a plot of the average electron energy as a function of the fractional meta- 

stable population.    Notice that the electrons cool as the metastable popula- 

tion increases.    The cooling effect is much stronger at smaller electric 

fields. 

V,' 

Tr^     l-S.   Frost and A. V.  Phelps,   Phys. Rev.   127.   1621 (1962). 

(16)     The effects of fluorine on the secondary electron distribution have 
not been included since the electronic impact excitation cross- 
section is not known.    The electron impact cross-sections of F-, 
could be large enough to change the predictions of Figures 2    3 
and 4 by as much as 20%.    When we ran mixtures of 99. 7% Ar and 
0. 3% O2,  the Boltzmann code predicted 20% of the discharge enerev 
was absorbed by 03. l"-l&y 

13 
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B.,    DISCHARGE STABILITY 

Two equations are important in determining the stability of the 

discharge in the presence of rapid metastable ionization.    The first 

describes the production and loss of discharge electrons 

dn 

ca =   S^+U.-ß)^ 

while the second describes the production and loss of the krypton 

metastables 

dKr 
dt < a v >   n   Kr e 

Kr 

In these equations 

eb 

v. 
i 

ß 

Kr* 

= electron density 

= electron production rate resulting from the e-beam 

= ionization rate 

= attachment rate 

= metastable density 

<av>""      =    rate constant for production of Kr* by direct 
electron impact 

Kr =    ground state Kr density 

^cj) =    loss rate of metastables (by F- to produce KrF*) 

Since metastable ionization dominates ground state ionization by six ord 

of magnitude at fractional metastable popxilations of interest, 

(i; 

(2) 

v.   = < a i 

ers 

(3) 

where 

<av>i =    metastable ionization rate constant by electron impact. 

mss 
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Under these conditions,   Eq.   (2) can be rewritten as 

dv, 
-—!-   =  A n    -  Bv. 
dt e i 

where 

(4) 

<av>.    <CTV>     Kr 
i 

and 

B      =        1/T, 

(5) 

Equations (1) and (4) are a pair of non-linear simultaneous differen- 

tial equations in n    and v! .    If the discharge electric field is constant in 

time,  we can linearize by letting 

n     =   n  „ + n  , (t) 
e eO        el 

and (6) 

v.   =     vi0 +   v^t) 

The equilibrium electron density  n  „ and ionization rate   v.- are given bv 

S 
n eb 

eO     -     (ß-v10) 
;?) 

vi0     =   Aneo/B (8) 

Equations (7) and (8) can be solved to give 

and 

n 
eO   "    2A 

!   +    h.-i^S     f1/2 

j—' yj 
2    eb 

'iO     "     2 {■ 1+    <1-   -^V    S 
Bß 

2        eb ]•"] 

(9) 

;io) 

18 
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The perturbed electron density n^ and ionization rate   v     are given by 

d n 
el 

dt"   ::   vilneO+ "el^iO"^ 111) 

and 

dv 
il 

j.       =   A n , -  Bv.. at el il 12) 

Differentiating Eq, (n) w. r.t. time we get 

"el   =   <'ilheO+ nel(viO-'3) 

Using EqS.  (8),   (11) and (12),   Eq.  (13) reduces to 

"el" "el   [viO-P- B]+    "el^iO-^T 

(13) 

(14) 

From Eq.  (14) it is clear that   nel will have temporally decaying solutions 

if ß > 2 V.Q.    When (3   = 2v      one of the roots vanishes and when ß <   2V 

Eq.  (14) predicts a temporally growing solution for n^.    So we can conclude 

that the discharge will be stable if ß > ZV.Q.    Going back to Eqs.  (9) and 

(10) it becomes clear that for stable equilibrium we want the negative root, 

so that  for a stable equilibrium, 

/ \1/2 

p^fKb) 
,1/2 

_    / R _ 
n 

(15) 

-   (I ^eb) 

^iO  ^   (l Seb) 

1/2 

(16) 

(17) 

We have numerically solved a system of non-linear equations similar 

to Eqs. (1) and (2). In this analysis we have also included Penning ionization 

and ionization of the ground state atoms.    Figure 5 shows the results of such 

19 
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an analysis.    On the lefl-hand side we have the stable discharge condition, 

i.e. ,  the attachment rate is slightly greater than the equilibrium ionization 

rate.    Notice that the discharge current reaches a constant value asymptoti- 

cally.    Another important feature for the stable discharge rase is that the 

metastable production efficiency  ru,   remains above 75%.    If we keep every- 

thing constant but decrease the attachment rate by 20% we observe that the 

ionization rate increases and after about 70 ns becomes greater than the 

attachment rate.    For this case the discharge current increases faster than 

exponentially in time. 

In Figure 6 we see experimental current,  voltage and fluorescence 

traces for a KrF discharge under stable and unstable operating conditions. 

The discharge cavity was filled to 2 atm with 0.1% F      2% Kr and 97.9% Ar. 

Stable discharge conditions were achieved when the 0.3 pF capacitor was 

charged to 8 kV.    Notice that tht; discharge current reaches a steady state 

value before the end of the e-bec'.m current pulse.    When the capacitor was 

charged to 10 kV the discharge was unstable.    The discharge current in- 

creases slowly at first and has a shape very similar to the unstable case 

shown in Figure 5.    The discharge current is volumetrically unstable be- 

fore it arcs.    This assertion is verified if one observes that the fluorescence 

is increasing for 40 ns subsequent to the onset of rapid current growth. 

C.    DISCHARGE ENHANCEMENT 

In an e-beam controlled discharge one is interested in discharge 

stability and large (>5) discharge enhancement.    The discharge enhance- 

ment is defined here as the ratio between the power deposited in the laser 

mix by the discharge P, to the power deposited by the e-beam P . .    This 

ratio is given by p 
d VDJ1' 

peb =   (F^TE: (18) 
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» where   Vn is the discharge electron drift velocity;   E  is the applied elec- 

tric field and   E. is the energy required to create an electron-ion pair by 

the beam electrons.    For discharge stability we have shown that ß >   2vi0, 

so Eq.  (18) can be rewritten as 

P 

v.nE. 
lO   i 

(19) 
eb 

Figures 2 and 3 show the predictions of the Boltzmann code for the 

efficiency of producing metastables, and the ionization rate as a function of 

the fractional metastable population.    With these curves the ionization rate 

can be expressed as a function of the metastable production efficiency TIM 

for a given electric field.    Thus we can plot the discharge enhancement fac- 

tor as a function of the metastable production efficiency.    Figure 7 shows 

such a plot for an electric field of 3 kV/cm atm.    A result of the analysis 

is that one can obtain a stable discharge with a large enhancement  (> 5) and 

a large metastable production efficiency (70-80%).   However,  this is obtained 

at a price,  i.e. , the power into the laser mix decreases as one moves along 

the curve from left to right.    It appears reasonable however to obtain discharge 

enhancement factors of 5-10, metastable pumping efficiencies of 70-80% at a 

discharge power input of 100 j/liter-atm/ju sec. 

D.    KINETIC DISCHARGE MODEL 

Using the rate constants predicted by the Boltzmann code, we have 

developed a self-consistent kinetics code that follows the temporal evolution 

of the secondary electrons, positive and negative ions, Ar   , Kr    and KrF   . 

We couple our kinetics code to a simultaneous set of differential equations 

that describe the electrical circuit.    The outputs of this code include the 

23 
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temporal evolution of the discharge current and voltage and the KrF 

fluorescence for a given preionization level,  discharge capacitor charge 

voltage and gas mixture. 

The predictions of this discharge model have been compared with 

our KrF laser discharge experiments.    The top trace in Figui e 8 is the 

e-beam current in the discharge cavity.    The lower trace is the fluores- 

cence as observed by a photomultiplier after the signal passes through a 

l/4 meter Jarrel Ash moncchromator tuned to 2485 R.    The cavity was 

filled with ?. 2 atm mix of 93.7% Ar,  6% Kr and 0.3% F2.    The 'dashed trace 

is the prediction of the code.    The amplitude of this predicted trace is ad- 

justed to closely match the measured fluorescence.    This amplitude normali- 

zation was necessary as we did not have an absolute calibration on the fluor- 

escence emanating from the discharge.    For subsequent comparisons be- 

tween experiment and theor/ no further adjustments were made. 

Once the KrF    fluorescence amplitude was normalized, we measured 
•V- 

the magnitude and efficiency of discharge produced KrF   fluorescence en- 

hancement.    Figure 9 shows the experimental results and theoretical pre- 

dictions when the 0.3 jxF capacitor is charged to 10 kV.    The top trace is 

the discharge voltage.    The second trace is the discharge current.    The 

third trace is the KrF   fluorescence.    By the end of the pulse the enhance- 

ment in the fluorescence is 3.    The metastables are being produced with a 

maximum efficiency of 1.4 times the efficiency of producing the metastables 

by a pure e-beam.    Figure 10 shows the results when the capacitor is 

charged to 16 kV.    In this case the discharge current continually increases 

until the discharge goes through the glow to arc transition which is marked 

by an abrupt decrease in KrF   fluorescence.    We believe that the initial 

25 
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Figure 9 Measured and Predicted Fluorescence when Capacitor is 
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of 93. 7% Ar, 6% Kr and 0. 3% F^. 
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(slow) increase in the discharge current is caused by a volumetric dis- 

charge instability discussed previously.    The efficiency for producing the 

metastables rises rapidly to 1. 7 .tijtnes the efficiency of producing meta- 

stables in a pure e-beam and then begins to fall despite the fact that the 

voltage is constant.    The KrF    production efficiency decreases because the 

metastable density increases and the discharge pumping efficiency of Ar 

and Kr    falls. 

E.    CONCLUSIONS 

In conclusion,  our discharge model predicts that rare gas metastables 

can be produced with high efficiency (70-80%) as long as the fractional meta- 
_ 5 

stable population is kept sufficiently small (< 2-3 x 10     ).    This high meta- 

stable production efficiency can lead to KrF    production efficiencies as high 

as 35% under carefully controlled discharge conditions.    The model also 

shows that large metastable ionization rates accompany fractional metastable 

- 5 / populations of 2-3 x 10     .    In rare gas/halogen mixtures we have shown that 

this rapid ionization can be balanced by attachment so that long,   stable dis- 

charge pulses become possible. 
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APPENDIX A 

TOTAL ELECTRON IMPACT EXCITATION 
CROSS SECTIONS OF Ar AND Kr 

The rare-gas metastables have played an important role in the 

kinetics of visible and UV lasers.    Recently,   the use of metastables as an 

energy reservoir has grown because of the possibility of achieving high- 

power high-efficiency (wlO%)   visible and UV lasers.    Initially the energy 

was pumped into the metastables by high-energy e-beams.    The rare-gas 

excimers       were the first lasers built with this pumping method.    Subse- 

quently the Ar-N2 laser was pumped using high-energy beams/2'   More 

recently,  lasing action has been observed in the rare-gas monohalides^ 

cind the molecular halogens. These lasers have also been pumped by 

e-beam-controlled discharges(   ' and avalanche discharges.(6)   By discharge 

(1) H.A. Koehler, L.J. Ferderber, D.L. Redhead, and D.J. Ebert 
Appl. Phys. Lett. 21, 198 (1972); P.W. Hoff, J.C. Swingle, and 
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O5D (1976). 
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pumping the rare-gas metastables are excited by secondary electrons.    For 

a detailed knowledge of the laser kinetics and excited state populations,  the 

electron impact cross sections should be known to accuracies of 20% and 

better/7' 8) 

In this letter we describe a method of accurately determining the magni- 

tude of the total excitation cross sections of Ar and Kr.    The procedure de- 

pends on knowing the electron impact ionization cross section of the rare 

gas and the first Townsend coefficient.    As we will show subsequently,  a 

30% change in the magnitude of the metastable cross section results in a 

change of 2-3 in the first Townsend coefficient.    The ionization cross sec- 

tions of the rare gases have been measured by Rapp and Englander-Golden, 

The absolute magnitude of the electron impact cross section of Ar was first 

measured by Maier-Leibnitz. Using a similar apparatus,  Schaper and 

Scheibner have,  more recently,  measured the electron excitation cross 

section in the rare gases.    For the special case of Ar the cross section 

measured by Shaper and Scheibner is a factor of I smaller than Maier- 

Leibnitz's measurement.    The shape of the electron impact cross section 

(12) obtained by Olmsted et al. is similar to that of Schaper and Scheibner, 

(9) 

(7) J.D.  Daugherty,   J.A.  Mangano,  and J.H.  Jacob,  Appl.  Phys. 
Lett.  28,  581 (1976). 

(8) J.H.  Jacob and J.A.  Mangano,  Appl.  Phys.   Lett.   28,   724(1976). 

(9) D. Rapp and P.  Englander-Golden,  J. Chem.  Phys. 43,   1464 (1965), 

(10) H. Maier-Leibnitz,   Z.  Phys. 95,  499 (1935). 

(11) M.  Schaper and H.  Scheibner,  Beit.  Plasma Phys,  9,  45(1969). 

(12) J.  Olmsted,  A.S.  Newton,  and I.E.  Street,   J,  Chem.  Phys.  42, 
2321 (1965). 
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The first Townsend coefficient in the rare gases has been measured 

by Kruithof and Penning (KP).    Golden and Fisher (GF) have care- 

fully investigated the first Townsend coefficient a   in argon.    They have 

obtained,  for E/P <7 V cm"   /mm of Hg,   values of a that are considerably 

less than those of KP.    Figure A- 1  shows the results of KP and GF.    The 

results of GF are represented by a dashed curve at low E/P because at 

these E/P values they found that  a  was a strong function of the electrode 

spacing.    At the larger values of E/P the dependency of a was a much 

weaker function of electrode spacing.    At an E/P of 5 V cm"   /mm of Hg, 

there is an order-of-magnitude difference between the two measurements. 

For E/P greater than 8 V cm"   /mm of Hg, the two measurements agree 

to better than 10%. 

Also shown in Figure A- 1 are the predictions of the AERL Boltzmann 

code.    For these results we have used the ionization cross section as mea- 

(9) sured by Rapp and Englander-Golden. When the excitation cross section 

of Schaper and Scheibner is used,  the predicted a /P is about 30% larger 

than the measured values when E/P > 7 V cm"   /mm of Hg.    If the Schaper 

and Scheibner cross sections are increased by 10%,  the predicted and mea- 

sured values agree to ^10% for E/P > 8 V cm    /mm of Hg.    For E/P < 8 

V cm    /mm of Hg, the predicted values are in closer agreement witli the 

measurement of GF than with the measurement of KP.    Finally,  in Figure A-1 

we also see the predicted a /P when the electron impact cross sections of 

(15) Eggarter are used.    Figure A-2 shows the electron impact cross sections 

'-A (13) A.A. Kruithof and F.M.  Penning,   Physica (Hague) 3,   515 (1936), 

(14) D.E.  Golden and L.H.  Fisher,   Phys. Rev.  123,   1076 (1961). 

(15) E. Eggarter,  J. Chem. Phys. 62,  833 (1975). 
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Figure A-1 Curves Showing the Experimental and Predicted Values 
of the First Townsend Coefficient a as a Functxon of t/F. 
The experimental results of Kruithof and Penning agree 
to within 10% with the results of Golden and Fisher for 
E/p 2:9 V/cm cm Torr.    Also shown are the predicted 
values of a/p when Shaper and Scheibner,  and Eggarter 
cross sections are used.    The crosses are the predicted 
values of a /p when Shaper and Scheibner' s measurement 
is increased by 10%. 
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as measured by Schaper and Scheibner and the values recommended by 

Eggarter.    Also shown is the total cross section that gives the best fit to 

the measured first Townsend coefficient.    This cross section is about 10% 

larger than that measured by Schaper and Scheibner; however,   it changes 

the predicted value of a by 30%. 

The results shown in Figure A-1 for the predicted values of the first 

Townsend coefficient have assumed that the electron energy loss is 11. 55 eV, 

which is the lowest excited energy level of argon.    There are,  of course, a 

manifold of 4p and 4s states.    We have attempted to model these on the com- 

(15) 
puter.    This was done by having the same ratio of   a4p/(T4s as Eggarter. 

However,  the total cross section used was the same as shown by the crosses 

in Figure A-2.    The difference in the predicted values of a was only 5%. 

So it appears that for the rare gases one can treat the electron impact cross 

section as a single level.    This is fortunate because detailed data on the 

electron impact cross sections of the rare-gas metastables are not available. 

Figure A-3 shows the measurements of KP of the first Townsend 

coefficient as a function of l/P for krypton.    Also shown are the values of 

a /P as predicted by the Boltzmann code.    For the ionization cross section 
(9) 

of Kr we have used the measured values of Rapp and Englander-Golden. 

When the electron impact excitation cross sections of Schaper and Scheibner 

are used,  the predicted values of a /P are 10% smaller than the measured 

values for an E/P of >9 V cm'1/1""1 of Hg.    If Shaper and Scheibner   i cross 

section is decreased by 3%, the predicted and measured values of a /P are 

in much closer agreement for larger values of E/P.    As in the case of Ar 

when the E/P < 9 V cm'V^m of Hg,  th^ measured and predicted values of 

a /P are considerably different.    At an E/P of 5 V cm'   /mm of Hg,  for ex- 

ample, the difference is almost in order of magnitude. 
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Figure A-3 Same as Figure A-1 Except That the Gas in Question 
is Krypton.    The crosses are the predicted first 
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measurements are decreased by 3%. 
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Thus it appears that the predicted value of the first Townsend 

coefficient is sufficiently sensitive to the magnitude of the excitation cross 

section of the rare gases.    In fact,  a 10% change in the magnitude of the 

cross section results in a 30% change in a /P.    It is also fortunate that a /P 

is relatively insensitive to the detailed assignment of the cross section.    As 

a result,  one can assume that the total cross section is the result of the 

lowest excited state.    It would be valuable if more accurate and recent mea- 

surement of the first Townsend coefi cient were available for the rare gases. 
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APPENDIX B 

TOWARD EFFICIENT EXCIMER LASERS 

An e-beam can drive mixture of rare gases and halogens to läse at 

high powers in the visible and ultraviolet,   (see Table B-l) but the efficiency- 

decreases as e-beam power increases.    E-beams can be eliminated with 

avalanche-discharge pumping,  but at a sacrifice in power.    To achieve both 

high pc>ver and efficiency,  the two pumping methods must be combined. 

The discovery of rare-gas-monohalide'   "   ' and molecular-halogen'7- 

lasers led rapidl/ to development of krypton- and argon-fluoride systems 

capable of producing iCO-joule pulses under direct excitation by e-beams. *     ' 

To date the highest laser efficiency achieved by e-beam pumping of rare-gas 

monohalide is 15%.*     '      '   Although the molecular halogens (Br,,   !_) have 

high fluorescence efficiencies,  laser efficiency greater than 1% has yet to 

be achieved.    These lasers have the potential of achieving over-all efficienci 

as high as 15%. 
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TABLE B-l.    CANDIDATE MOLECULES FOR VISIBLE AND UV LASERS 

Molecule 
Wa velength 

(nm) 
E-beam 
Pumping 

Discharge Pumping 
E-beam Control Avalanche 

XeBr 282 X 

XeCl 308 X 

XeF 352 X X                      X 

KrCl 222 X 

KrF 249 X X                     X 

ArF 192 X 

»j 
342 x x 

E'2 
292 X X 
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I.    CONTROLLED VS AVALANCHE PUMPING 

Discharge pumping of rare-gas monohalide and halogen lasers was 

first demonstrated at Avco-Everett. (13' 14'   Most,   but not all,  the discharge 

electrons were produced by a high-energy e-beam.    The discharge which 

provided most of the pump power was then run in the ionization produced 

by the e-beam. 

Avalanche discharges were used subsequently to pump rare-gas 

monohalides at both the Naval Research Laboratory and the Aerospace 

^orp. Instead of controlling ionization with an e-beam,  this method 

preionizes the laser medium with ultraviolet radiation.    The electrons freed 

by photo-ionization rapidly form negative halogen ions 

e   + X2  -* X"   + X 

The negative ions then provide an easily ionizable source for production of 

discharge electrons. (17)   Electron detachment presumably occurs by 

discharge-electron impact and laser-photon detachment.    The negative ions 

which are lost by recombination result in a more uniform spatial distribu- 

tion.    When the discharge electric field is applied,  the electron density 

avalanches rapidly by several orders of magnitude,  and large discharge- 

energy inputs are possible. 

An avalanche discharge yields higher pulse-repetition rates and is 

simpler than other pump methods,   so it should have wide application in iso- 

tope separation and other photochemical processes which require pulses of 

(13)     J.A.   Manganoand J.H.   Jacob.  Appl.   Phys.   Lett.   27.  495(1975). 

(14, Lett.E28!n581H(W6,)aCOb,   J'A*   Man^n0'  andH-A.   B^own.  Appl.  Phys. 

(15) R.   Burnham,   D.  Harris and N.   Djeu.  Appl.  Phys.   Lett.   28,   86(1976). 

(16) LeS:  iTTiz^ie^0^6'   0,L-   ^^  andC-P-   Wang'  AP?1-   phys. ' 
(17) Jim Hsia.  Avco-Everett Research Laboratory,  private commanication. 
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one joule or less.    But avalanche pumping exacerbates the effects of dis- 

charge nonuniformities,  limiting the power and pulse lengths attainable. 

If the lower laser level does not bottleneck the laser transition - and for 

many excimer lasers it does not - the controlled-discharge technique gives 

much higher average power than the avalanche approach. 

2.    COMPARING OVER-ALL EFFICIENCIES 

For two reasons,  the controlled discharge is more efficient than 

direct e-beam or avalanche pumping.    Controlled discharges are more 

efficient at producing the rare-gas metastables through which pump power 

is channeled to the vpper laser level.    E-beam control permits  stable dis- 

charge pulses to maintain excited-state populations at optimum levels for a 

microsecond or longer.    Our studies show that a controlled discharge can 

be 1. 5 times more efficient in producing the upper laser level than direct 

•        (18) e-beam pumping. 

In contrast,  no method of stabilizing an avalanche discharge is 

available and excited-state populations cannot be maintained at the optimum 

level for a significant portion of the discharge pulse.    Consequently,   for 

excited-state populations higher than optimum,  the processes of metastable 

excitation and ionization reduce the metastable-production efficiency.    Over- 

all efficiency is also limited by photon absorption due to large excited-state 

populations and by electron quenching of excited states which can accompany 

electron avalanches.    For excited state populations lower than optimum,  the 

reduced small-signal gain implies lower efficiency in extracting laser power, 

(18)     J.H.  Jacob and J.A. Mangano Appl.  Phys.  Lftts.   28,   724 (1976). 

t B-6 

.      - !    -   _- -^-     —     1.«-' __     ■ - .;   • _ --■ : . — --■_;- 



m wppipp ' «fippip 

■1 
■it I 

i.    STABILIZING AND ENHANCING DISCHARGES 

Another advantage of e-beam control is more efficient coupling of 

electrical power into the laser medium than with pure e-beam or avalanche 

approaches.    With suitable pulse-forming networks,  about 90% of electrical 

power can be coupled efficiently to the nearly constant impedance of a con- 

trolled discharge.    In pure e-beam pumping,  energy losses in the foil and the 

support structure limit the over-all system efficiency; in an avalanche dis- 

charge, the order of magnitude changes indischarge impedance severely 

limit the efficiency with which electrical energy can be coupled into the 

laser mix. 

The keys to realizing the advantages of e-beam control are discharge 

stability and the degree of discharge enhancement - the ratio of discharge 

power to e-beam power.    We have found that for gas nuxtures typical of 

these  lasers,  rapid metastable ionization can be balanced by electron attach- 

ment to maintain discharge stability.    Further,   stability can be maintained 

with both large enhancement ratios and high-efficiency of production of 

metastables and excimers.(l8' l9)   Achieving the best balance between 

efficiency and output power, however, will require more detailed knowledge 

of the kinetics of pumping reactions. 

In rare-gas monohalide lasers the highest efficiencies have been ob- 

tained using argon as the buffer gas.    In KrF the optimu     mix contains no 

more than  15% Kr and in xenon fluoride no more than 1% Xe.    A possible 

explanation is that Kr and Xe quench the upper laser level at a gas kinetic 

rate. 

(19)     J.D.  baugherty.   J.A.  Mangauoi  and J. H.  Jacob.   Appl.   Phys.  Lett. 
28.   581 (1976). 
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In e-beam-controlled pumping of the KrF* laser,  argon atoms are 

first ionized by high-energy elections   e 

e   + Ar  -♦ Ar     + e   + e (B-l) 

The secondary electrons   e   gain energy in the applied electric field and 

most of the discharge energy initially goes into producing argon metasta- 

bles, Ar 

e +   Ar -► Ar   + e (B-2) 

These metastables are very reactive and can have numerous exit channels. 

At pressures below 3 atmospheres the most probable reaction is 

(-3-3) Ar" +   F2 ^ ArF" + F 

10 Reaction (B-3) proceeds with a rate constant of 7 x 10 cubic 

centimeter per second and ArF* is formed with a unit branching ratio 

Other possible reactions,  especially at higher pressures,  are 

Ar" +   2Ar -► Ar2    + Ar 

and 

(20) 

(B-4) 

Ar* +   Ar +   Kr - ArKr"  + Ar (B-5) 

The rate constant for reaction (B-4) is about 2 x 10" 32 cm°/sec.       ' 

Unfortunately, the rate for reaction (B-5) has not yet been measured.    How- 

ever,  because 10 times more argon than krypton is used,  the rate will have 

to be about 2 x 10     * cm"/sec to compete with reaction (B-4).    The rate will 

have to be about 10"       cm"/sec if it is to compete with reaction (B-3),   so 

(20) J.E.  Velazco,  J.H.  Kolts and D.W.  Setser (unpublished) 

(21) See for example M.   Bourene,   O.  Dutuit and J.   LeCalve,   J.   Chem. 
Phys.  63,   1668 (1975). 
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clearly it is of prime importance to know the reaction rate for (B-5) if 

the detailed kinetic chain for KrF    formation is to be understood. 

4.    FORMING THE UPPER LASER LEVEL 

The upper laser level is then formed by one of the displacement 

reactions 

ArF*+   Kr-*KrF:::+ AR (B-6) 

and 

ArKr* +   F2 - KrF* +   F + Ar (B-7) 

The detailed kinetic chain will depend of course on the rates of reactions 

(B-5) and (B-6).    We have measured KrF' production efficiencies of 30% to 

35%; such efficiencies are only possible if the KrF'" is formed from Ar'' 

with almost unit branching ratio. 

In molecular-halogen laser - the bromine laser for example - the 

reaction equivalent to (B-3) i& 

Ar* +   Br2 - Ar +   Br* + Br (B-8) 

122) ■' Gundel et al have established that Br? quenches Ar    with a rate constant 

— 10 ^ / iN 
of 6. 5 x 10"       cm /sec and Br    is formed with a branching ratio 0.98.    The 

radiative lifetime of Br'  Is short but at high pressures the radiation is 

trapped,   so excited bromine atoms give up their energy to B^ to form the 

upper laser level 

Br* +   Br2-* Br2* +   Br (B-9) 

There are,  of course,   reactions that result in inefficiencies.    The 

metastablcs probably have large electron-impact crosssection to higher 

lying levels Ar""'" .„ 
e +   Ar*-*Ar*""+ e (B-10) 

(2 2)     L.A.  Gundel et al (unpublished) 

B-9 



■ •.-..-.,,.-.,■     '   .    -n^piipipK:. ■-     ■•.,..•.,=■,» 

•i 

Further,  the ionization rate is greatly enhanced because of the ionization 

of the metastables 

* +   Ar* -* Ar+  + 2e (B-U) 

Fortunately this rapid ionization can be balanced by electron attachment 

e   + F2   - F"   + F (B-12) 

therefore stabilizing the discharge. 

For the remainder of this article we will discuss the physics of the 

KrF* laser,  because its discharge has been modeled in the greatest detail. 

However,  the physics of other rare-gas monohalides and halogen discharges 

will be similar.    The discharge physics is strongly affected by electron- 

impact excitation and by ionization of the rare-gas metastables.    To model 

these effects we have treated the krypton metastable as rubidium and the 

argon metastable as potassium,  an analogy used successfully in predicting 

the emission spectra of excited rare-gas monohalides. 

Some of the electron-impact cross sections used in our model are 

shown in Figure B-1.    The cross section for excitation from the 5s config- 

uration to the 5p configuration in Rb (Kr*) has a peak value of 75 square 

angstroms at 8 electronvolts.    Also shown are the ionization cross section 

of Rb and the excitation and ionization cross sections of Ar.    From Figure B- 1 

it is clear that the peak value of the metastable-excitation cross section is 

30 times the peak value of the argon-excitation cross section.    More impor- 

tant,   however,   is the ability of most of the electrons to excite the 5s- to- 5p 

transitions  - which have a threshold of 1. 6 eV - but only the high-energy 

tail of the electron-energy distribution can produce metastables from the 

ground state. 
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Discharge enhancement is defined here as the ratio between the 

power deposited in the laser mix by the discharge   P    to the power deposited 

by the e-beam Peij.    This ratio is 

VDE 

eb r      lO     i 

(B-13) 

where Vn is the discharge electron drift velocity; E is the applied electric 

field and E. is the energy required to create an electron-ion pair by the 

(19) beam electrons.    For discharge stability we have shown that ß 2: Zv 

where (3   is the electron-attachment rate and   v.- the equilibrium ionization 

rate,   so Eq.   (B-13) can be rewritten as 

Pd    ^      VDE 

Peb  "   ^10^ 
(B-14) 

Figures B-2 and B-3 show the predictions of the Boltvr.iann code for 

the efficiency of producing metastables,  and the ionization r^Le as a function 

of the fractional metastable population.    With these curves the ionization 

rate can be expressed as a function of the metastable productit itucy 

ru, for a given electric field.    Thus we can plot the disc1 arge-t.^ancement 

ratio as a function of the metastable production efficien. 

Figure B-4 shows such a plot for c\n electric field of 3 kilovolts per 

centimeter.    Clearly,   one can obtain a stable discharge with enhancement 

greater than five and metastable-production efficiency 70% to 80%.    This is 

obtained at a price; the power into the laser mix decreases as one moves 

along the curve from left to right.    It appears reasonable,   however,   to ob- 

tain such enhancement factors and metastable pumping efficiencies at 

discharge-power inputs near 100 j/liter-atm-jusec. 
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Figure B-2       Percentage of Discharge Power into Kr* as a Function of 
Fractional Kr* Population for Various Electric Fields 
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To compute over-all efficiency,  extraction of laser power has to 

be considered.    For the KrF'" laser a detailed analysis of extraction efficiency 

(23) including photo-absorption of the active media, has been made and it 

appears that an over-all laser efficiency of 10% to 15% is possible for a 

carefully designed system. 

(23)    J.A. Mangano (unpublished) 
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