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Time-dependent fluorescence measurements were made on Ar-F,, Kr-F,, and Ar-Kr-F, mixtures excited by a
short-pulse, low-current electron beam excitation in pressure ranges appropriate for rare-gas—halide lasers. A kinetic
model was assembled that correctly analyzes integrated intensities and time dependences of the various emission
bands of ArF*, Ar,F*, KrF*, and Kr,F*. We present the structure of the model and several revised rate coefficients
obtained from it. The model also fits other published experimental data and agrees well with KrF laser pulse shapes
and efficiencies. Cross sections for electron-impact dissociative excitation of F,, which were obtained from analysis

of published data, are also presented.

I. INTRODUCTION

Because the krypton-fluoride laser is the most
efficient high-power short-wavelength laser avail-
able, there has been much effort devoted to under-
standing the formation and quenching kinetics of
this excimer. The kinetics of KrF* and Kr,F* are
well understood now although the rates of certain
processes, such as B-C state mixing and electron
quenching, are not accurately known. The rare-
gas—fluoride kinetic scheme has been discussed
in great detail in the literature.!*>3 Briefly, it
involves production of excited rare-gas atoms,
rare-gas ions, and F~ negative ions by the elec-
tron beam. In one mechanism this is followed
by recombination of the positive and negative ions
to form an excited rare-gas—fluoride molecule
(exciplex). At pressures greater than about one
atmosphere the positive ions are primarilydimers.
The exciplexes so produced then either radiate or
are quenched by one of a variety of processes.
Three-body quenching by rare-gas atoms pro-
duces the R,F* trimers. In addition to the ionic
channel just described the rare-gas—fluoride
exciplex may also be formed by the so-called
“harpoon” reaction between an excited rare-gas
atom and an F, molecule. This neutral channel
is thought to be more important in a discharge
laser than it is in an electron-beam pumped laser.?

In an effort to assemble a kinetic model for
Ar-Kr-F, mixtures, in order to investigate scaling
of the KrF* laser for laser fusion applications,
we have performed kinetics experiments on Ar-
F,, Kr-F,, and Ar-Kr-F, mixtures. A short-
pulse, low-current e-beam was used to excite
the rare-gas—halogen mixture. Time-dependent
experimental fluorescence data were collected
at various wavelengths, pressures, and concen-
tration ratios. The kinetic model was used to fit
these results both in integrated (relative) inten-
sity and in its time dependence. A few of the

kinetic constants were varied to get a best fit to
the experiments thereby constructing a self-con-
sistent set of kinetic data. Calculations were then
performed to model experiments appearing in the
published literature. The model was found to give
good agreement with these data as well. With
such a kinetic model we may explore the param-
eter space of operation for a KrF* laser with
respect to gain, loss, and efficiency in terms of
Ar-Kr-F, partial fractions, total pressure, gas
temperature, and e-beam power deposition and
pulse length.

II. EXPERIMENTAL

Mixtures of the noble gases, argon, krypton,
and fluorine at total pressures of 250-2000 Torr
were excited by an electron beam of short dura-
tion, and their fluorescent spectra were studied
with time and spectral resolution. A block dia-
gram of the apparatus is shown in Fig. 1. The
electron gun has 80 keV of energy and provides
a pulse of electrons of 24-nsec duration, with
rise and fall times of 1 nsec. The current den-
sity at the foil is approximately 0.15 A/cm? The
pulse repetition rate is variable up to 50 pulses
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FIG. 1. Schematic of experimental apparatus.
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per second, but was run typically at 10 pps. The
electron beam enters the cell through a narrow
0.5 mm X 3 cm slit covered with a 2.5 micron-
thick foil. We did not attempt to correct for the
divergence of the electron beam in our results.
The gases were slowly flown through our cell,
typically at 100 standard cm®/minute speed.

The gases were flown through individual flow
meters, their concentrations being taken as the
ratios of their mass flows. Every concentration
and pressure was flown for at least one hour prior
to taking measurements in order to establish
equilibrium. We found experimentally that at fixed
concentration ratios and varying pressures the
gases reach equilibrium faster than vice versa
but, in any case, we always waited long enough °
that the results did not change during any given
run. The fluorescent siganl was viewed through
LiF lenses and a 300-mm monochromator, detected
with a photomultiplier (GaAs photosurface), re-
corded on a transient recorder, and averaged on
a minicomputer. It was found experimentally
that the total time resolution of the system was
better than 5 nsec. The signal was averaged
between 100 and 400 times, depending on the sig-
nal strength. The computer also calculated the
logarithm of the signal, displayed it, and fitted
a straight line (weighted by the signal strength)
in an interval selected by the operator. In this
way the decay times were found. The integrated
signal was obtained electronically with an RC
integrator, and averaged by photographing the
face of an oscilloscope. It should be pointed out
that the computer models were fitted to the whole
fluorescence curve, not only to its decay. In
particular, the parameters are integrated inten-
sity, peak intensity, delay of the peak intensity,
decay rates, and deviations from exponential
decay.

Research grade Ar am Kr were used without
further purification. Fluorine was first diluted
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to 5% with Ar (or Kr) in a bottle, and this gas
mixture was used for flow.

In our experiments we used binary mixtures of
Ar-F, and Kr-F,, and ternary Ar-Kr-F, mix-
tures. In the binary mixtures the total pressures
of 250, 500, 1000, 1950 Torr, and F, concen-
trations of 0.035, 0.1, and 0.3% were systemat-
ically explored. In Ar-Kr-F, mixtures several
“cuts” were made with concentrations of Kr and
F, in the 0.3-3% and 0.035-0.3% range, respec-
tively, but not all combinations were measured.

Emissions were measured on the peaks of
ArF* (B—X) at 195 nm (the apparent red shift
from 193 nm was caused by the falling sensitivity
of the photomultiplier) and on the Ar,F* band at
295 nm. In KrF* all three bands were monitored:
the D - X at 221 nm, the B—X at 249 nm, and
the C—A band at 280 nm. Also Kr,F* emission
at 380 nm, and the Kr[4p' (4)J=1-4s"(3)°J=0]
line was monitored at 772.4 nm. In ternary mix-
tures there is an overlap between the Ar,F* and
KrF* (C—~A) emission such that their intensities
can not always be separately measured.

Sample spectra are shown in Fig. 2, for 1000-
Torr Ar and 0.1% F,, together with the results
of our computer model. The spectra in these
cases were averaged 100 times. The slits were
always adjusted so that the maximum photo-
multiplier output did not exceed 300 mV. The
time dependences of these spectra are typical:
The ArF* emission “integrates” the e-beam pulse
and starts to decay immediately, in an exponential
way, and later in a way that is slower than ex-
ponential (more like 1/¢). The Ar,F* emission
peaks with a delay and becomes very nearly ex-
ponential at later times.

It should be pointed out that the dependence of
any given band intensity on the various gas pres-
sures can be found this way reliably. We did not
attempt to establish the relative intensities of
various bands.
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FIG. 2. Comparison of measured and calculated time dependence of fluorescent intensity for 1000-Torr Ar and

1-Torr Fy; (a) ArF* fluorescence, (b) Ar,F* fluorescence.
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III. MODEL

A. General description

The kinetic model used in this analysis in-
cludes electron-impact collisions, heavy-par-
ticle kinetics, and photon processes.

The computer program is constructed to read in
symbolic chemical reactions, rate coefficient
data, and electron-impact data. The rate co-
efficients are given as functions of the gas and
electron temperatures. The computer constructs
the appropriate rate equations for the various
chemical species and solves for the time-depen-
dent populations, using a special integrator for
stiff problems. By extensive use of computer
graphics, the program can quickely determine
decay rates and integrated intensities for com-
parison with experimental data.

Electrons are taken to be of two kinds: high-

energy beam electrons and low-energy electrons.
The beam electrons cause excitations and ioniza-
tions the rates of which are the result of a high-
energy electron slowing down calculation. This
process eventually results in slow electrons. All
slow electrons produced are assumed to have a
Maxwell-Boltzman energy distribution. The elec-
tron temperature and gas temperature are cal-
culated as a function of time using energy balance
in all kinetic processes.

B. Electron impact processes
1. Discrete slowing down calculation

Using the high-energy electron-impact cross
sections referenced in Table I, a discrete elec-
tron slowing calculation'”!®!° jg performed. In
this calculation a high-energy electron is slowed
down by collisions and a record is kept of the

TABLE I. References for electron-impact cross-section data.

Electron-impact process References Remarks
1. Momentum transfer—Ar 4
2. Ar—Ar(p,+3p,) 5,6 Arx
3. Ar—Ar(p)) 5,6 Ar*
4, Ar—Ar(‘p)) 5,6 Ar*
5. Ar —~'Ar(4p) 5,6 Arx*
6. Ar—Ar* 7
7. Ar* — Ar** 8 K (4s —4p) cross
section
8. Ar*_ Ar* 9
9. Ar**_LAr* Scaling of cross
section (8)
10. Momentum transfer—Kr 4
11. Kr— Kr* 5 Total excitation cross
section including Kr (5p)
12, Kr—Kr* 7
13. Kr*— Kr** 10 Rb (5s — 5p) cross
section
14, Kr* - Kr* 9
15, Kr** . Kr* Scaling of cross
; section (14)
16. Momentum transfer—F, 11,12 Apparent resonance not
included (12)
17, F, vibrational excitation 13
18, F;—F+F~ 14
19. Fy(X)—~Fy(1m,)— 2F 15 See text
20. Fp(X)— Fy(lm,)— 2F 16 See text

21, Fyp(X)—~F§—2F 16




number of excitations and ionizations that occur.
The secondary electrons resulting from ionization
by a primary of energy E, are produced with a
distribution of energy E, given by the differential
ionization cross section do(E,,E,)/dE,. These
secondaries are in turn slowed down and the num-
ber of excitations and ionizations recorded. This
calculational procedure is continued until all
electrons have been slowed to some minimum en-
ergy. This calculation provides the total number
of excitations N, to each state j, the energy loss
per electron-ion pair, the total number of sec-
ondaries produced, and a secondary electron en-
ergy spectrum (electrons/eV) for electrons be-
tween E=0 and E = E4,. As defined by Peterson
and Allen®* the excitation efficiency for each state
jis

¢ = Wby

E, ’

where W, is the excitation energy of state j. They
have pointed out that for E, sufficiently large,
above 500-1000 eV, the ¢; are constant for all

E,. This is because the high-energy tails of all
allowed electron-impact cross sections have the
same energy dependence. In these calculations
we took E,=1000 eV and E,;,=15.8 eV, the ion-
ization energy of argon., This provides a source
of low-energy, 0-15.8 eV, electrons. If P, is the
electron beam power deposition rate per unit
volume, the rate of excitation of state j due to the
e beam is equal to P,€;/W,. The rate of heating
of the free electrons is then P, (1-27 = ).

2. F, cross sections

Substantial effort was involved in assembling
the set of F, electron-impact cross sections. For
dissociative attachment of F, we used the cross
section measured by Chantry.'* This cross sec-
tion, as discussed in the review by Nygaard et
al.?! gives attachment rates that agree well with
experiment over a wide range of electron tem-
perature.

Because the low-lying excited states of F, have
repulsive potential curves, low-energy elec-
trons that do not dissociatively attach or vibra-
tionally excite F, are expected to dissociate the
molecule. This destruction of F, by electron-
impact dissociation has been shown by Nighan??2%
to be responsible for instability in a KrF dis-
charge. This process may also have a deleterious
effect on the performance of e-beam pumped la-
sers. There have been two experiments reported
on that have yielded data related to F, dissoci-
ation. Electron beam experiments of Wilson
et al.?* have shown that approximately three F
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atoms are produced for each electron molecule
ionizing collision. This gives an energy loss of
about 12 eV for each F atom produced assuming
an energy loss of 35 eV per electron-ion pair.
Using an ¢ beam sustained N,-F, discharge, Chen
et al.”® measured a sustainer enhancement factor
for the production of F atoms as a function of
applied electric field. This enhancement factor
is defined as the rate of F atom production by
e beam plus sustainer divided by the production
rate due to the e beam alone.

We are able to perform calculations simulating

. these experiments using the electron slowing down

code described above for the Wilson et al.?* ex-
periment and using a Boltzmann code for the Chen
et al.®® experiment. The Boltzmann code?® solves
the time-dependent Boltzmann equation for a dis-
charge including momentum transfer, inelastic,
superelastic, dissociative attachment, and elec- -
tron-electron collisions., Included also is the
source function arising from the electron slowing
calculation. In these calculations we used Chan-
try’s'* F, dissociative attachment cross section,
Hall’s'® F, vibrational excitation cross sections,
the Born cross sections of Rescigno et al.'® for the
allowed F, electronic transitions, and the dis-
torted wave cross sections of Fliflet et al.'® (shown
in Fig. 3) for exchange excitation of the 3.35-eV
F,(*IT,) state. The cross sections for excitation to
F,(°1,) and F,(*3,) were parametrized using an
analytic expression?” and then adjusted to give best
agreement between the calculations and the ex-
perimental data. The calculations performed using

10.16 T T T T T T
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FIG. 3. ‘Electron-impact excitation cross sections for -
F,. Dashed curves: calculations by Fliflet et al.!5 for
excitation of F, (3Hu) without target polarization effects
(upper curve) and with polarization effects (lower curve).
Solid curves: cross sections for excitation of F,(IL,)
(upper curve) and Fz(iﬂu) (lower curve) derived from
analysis of experimental data as described in the text.
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the F, cross sections shown by the solid lines in
Fig. 3 yielded sustainer enhancement factors in
good agreement with the Chen et al.?® data. For
the conditions of the Wilson et al.?* experiment the
calculations gave a 32.4 eV energy loss per elec-
tron-ion pair for electrons in F,, a 10.8-eV en-
ergy loss per F atom, and an F-atom production
rate of 3.0 per ionizing collision.

C. Heavy particle kinetics

In our work we concentrated on the detailed
understanding of the formation kinetics, leaving
most of the destruction rates unchanged. The
basic formation and quenching kinetics of ArF*
and KrF* in electron-beam pumped Ar-Kr-F,
mixtures has been described by Rokni ef al." The
most important reactions and rate coefficients
are shown in Table II. We discuss below the
treatment of some of the important rate processes
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as well as some of the limitations of our model.

In our e-beam experiment operating at gas pres-
sures of greater than 500 Torr the primary rare-
gas halide (RGH) formation process is positive-
negative ionic recombination. Little experimental
data exists at all for positive-negative ion re-
combination rates and none at high pressure where
the effective two-body rate is determined by the
rate of diffusion of the ions toward each other in
the background gas. A theoretical description of
this process was given by Bates and Flannery®*
and has been recently modified by Flannery.3®
Flannery and Yang®? have computed recombination
rates for the rare-gas atomic and dimer ions with
F™ in rare-gas buffers. We have used in our
model the Flannery and Yang®® formula to cal-
culate the ionic recombination rates. The mobili-
ties of the positive and negative ions in the buffer
gas are used in the formula to calculate the ef-
fective two-body rate for the molecular recom-

TABLE II. Reactions and rate coefficient data for Ar-Kr-F, kinetics.

Reaction Rate coefficient

This work Literature
Ar* +2Ar —Ar* +Ar 2.5x1073! (Ref. 28)
Kr* +2Kr —Krj +Kr 2.5%107% (Ref. 28)
Kr* + Ko+ Ar — Kr} +Ar 2.5x1073! (estimate)
Kr* + 2Ar — ArKr* +Ar 1.0 x107% (estimate)
Ar; + F +Ar —ArF*+2Ar 0.3FY? FY
ArF*+2Ar —Ar,F*+ Ar 2.0x1073! 4.0 x10%! (Ref. 29)
Ar,F*+F, —PROD 4.0x10710 2.1 x1071° (Ref. 39)
Ar,F*+Ar — PROD 1.2x1078
Kr*+F +Kr — KrF*+ Kr 0.25 FY FY
Krj+ F~+Kr — KrF*+2Kr 0.25 FY FY
KrF*+2Kr — KryF*+ Kr 1.0x 10-% (2.9-9.7) x10~%! (Ref. 29)
Kr)F*+F, - PROD 1.5x10"10 4.3 x10™10 (Ref. 30)
Ar*+F, —~ArF*+ F 4.0x10"10 (4.0~10.0) x10~10 (Ref. 31—33)
ArF*+ Kr — KrF*+Ar 3.0x10710 1.6 X107 (Ref. 1)
KrF*+2Ar —ArKrF*+Ar  4.0x107% 7.0 X103 (Ref. 29)
ArKrF*+ Kr — KryF*+Ar 6.0 x10-11
KrF*+Kr+Ar  —KryF*+ Ar 8.0 x10™3! 6.5 x107%! (Ref. 29)
Ari + Kr — Kr*+2Ar 7.5x10~10 7.5 x10710 (Ref. 28)
Krs+ F~ +Ar — KrF*4+Kr+Ar 0.7FY FY
ArKr* + Kr — Krj +Ar 1.0 %1071 3.2 x10710 (Ref. 28)
ArKr* +F +Ar — KrF*+2Ar 0.5 BF® BF

2 FY: calculations of Flannery and Yang, Ref. 36.

b BF: theory of Bates and Flannery, Ref. 34.



bination process. This allows the code to eval-
uate the rate coefficient for any pressure and
temperature.

In our model we have assumed KrF* to be a
single species even though it really consists of two
states, KrF*(B’Z) and KrF*(C?’z). The states
are nearly degenerate, the estimated separation
being approximately 0.08 eV, with the B state
calculated to lie lower in energy although there is
experimental evidence that the C state may lie
lower. In using a single KrF* state we are
assuming that the B and C states are statistically
mixed by collisions on time scales short com-
pared to the other important kinetic processes in-
volving KrF*, There is some experimental evi-
dence to support this-assumption.®’

IV. RESULTS OF EXPERIMENTS AND MODELING

The experiments were performed systematically
on Ar-F,, Kr-F,, and Ar-Kr-F, mixtures. Decay
rates, integrated intensities, and delay times of
peak fluorescence were measured for the diatomic
and triatomic RGH exciplexes. Using the model,
key rate coefficients can be determined by varying
systematically those rates that influence the
results most and that were judged to be most im-
portant or most in doubt, until good agreement
between calculation and experiment was obtained.
This always involves a great amount of judgment,
therefore the fitting procedure will be described
in the following in detail.

A. Ar-F, and Kr-F, kinetics

Figure 4 shows the decay rates of ArF* flu-
orescence as a function of F, percentage and pa-
rametric in total pressure. The decay rate is
measured during the period immediately following
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FIG. 4. ArF* fluorescence decay rates as a function
of F, percentage and parametric in total gas pressure of
Ar-F, mixture.
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e beam termination. The kinetic chain for for-
mation of ArF* is these experiments, even at
500-Torr total pressure, consists of rapid Ar,”
dimer ion formation from Ar’ and subsequent
recombination with F° to form ArF*. Due to its
very short radiative lifetime [4 nsec (Ref. 38)],
the apparent decay rate of ArF* in the afterglow
is a measure of its formation rate. Flannery and
Yang find the effective two-body rate for ionic
recombination

Ar,"+ F+ Ar—ArF*+ Ar )

to increase linearly with pressure at pressures
of less than about one-half atmosphere. At higher
total pressure the rate becomes diffusion limited
with a peak value of 3.1 X10"® cm®-sec at 1.6 atm.
We fitted the results by scaling these calculations
with a constant scale factor for all pressures
although, in reality, it probably is a function of
pressure. In the model calculations, compared
with experiment in Fig, 4, it was found that a re-
combination rate coefficient of 5 the Flannery

and Yang value gives the best results.

Due to the low electron beam current density
the electron density in the plasma is in the range
10'2-10*° cm™ during the pulse. It of course van-
ishes very rapidly in the afterglow due to F, dis-
sociative attachment. Because there are no elec-
trons in the afterglow, electron quenching of the
excimer is negligible and dissociative recom-
bination of the dimer ion is not competitive with
ion-ion recombination. Due to the weak excitation,
the myriad other excited state-excited state col-
lisional processes may be neglected also. Ad-
ditionally, effects due to F, burnout and subsequent

" gas heating are minimized.

The integrated intensity of ArF*, as a function
of pressure, is sensitive to the rate of

ArF* 4+ 2Ar - Ar,F*+ Ar. (2)

This is the primary Ar,F* formation process.
Because the stable configuration of Ar,F* is
triangular, the probability of its being formed
directly by ionic recombination is small.. The
rate coefficient for three-body formation of Ar,F*
from analysis of ArF* integrated intensity is
2x10™** cm®/sec. The decay rate of Ar,F* as a
function of total pressure and parametric in F,
fraction is shown in Fig. 5. Due to the long ArF,*
radiative lifetime (185 nsec) the loss of Ar,F*

is due primarily to quenching by molecular flu-
orine. The slopes of the solid lines in Fig. 5

that fit the experimental data quite well give an
apparent rate of 2x 10°*° cm®/sec for F, quenching.
In fact the solid lines were calculated by the model
using a value of 4 X10™*° cm®/sec. This anomaly
appears because we are not looking at a purely
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FIG. 5. Ar,F* fluorescence decay rates as in Fig. 4.

decaying system: the formation rate Ar,F* is not
negligible with respect to the destruction rate.
For the same reason the extrapolated zero pres-
sure intercept does not give the correct radiative
lifetime (which was actually used in the model).
Another comparison of experimental data and
model calculation is shown in Fig. 2(b). Here the

two curves are normalized in peak amplitude only.

Note that the predicted delay time to peak fluor-
escence is in excellent agreement with the ex-
perimental value. For small current densities,
such as in this experiment, the delay time is

sensitive to e-beam current, decreasing as current

increases. This is'a result of electron-impact

dissociative attachment of F, being the rate limiting

step in the chain of reactions leading to Ar,F*.
We followed the same procedure to analyze the
Kr-F, mixtures., As one might expect, the kin-

etics of Kr-F, mixtures is nearly identical to that -

of Ar-F, mixtures. In Kr-F, in contrast to Ar-
F,, the reaction

Kr'+ F-+Kr —=KrF*+Kr (3)

is the primary Kr F* formation process at 500
Torr. We find the rates for both this and the
dimer-ion recombination reaction to be & the
theoretical Flannery and Yang rates.

As in the Ar-F, mixture we were able to deduce
Kr,F* formation and quenching rates, which are
shown in Table IL

In summary, for the binary rare-gas—halogen
mixtures we have been able to estimate kinetic
rate coefficients by systematic modeling of ex-
perimental fluorescence data. We start the an-
alysis procedure by studying the decay rates of
the diatomic RGH molecules. These, as dis-
cussed above, reflect the formation rate of the
ArF* or KrF*, Analysis of the pressure depen-
dence of the integrated RGH fluorescent intensity
provides the three-body quenching rate of ArF*

or KrF*. This is alsothe formation rate of the
triatomic species, Ar,F* or Kr,F*. The decay
rates and integrated fluorescence intensities of
the triatomics then provide information on the
quenching of these species.

We will now discuss the extension of this ap-
proach to study of mixtures, which are used in
krypton-fluoride lasers.

B. ArKr-F, mixtures

The kinetics of the Ar-Kr-F, mixture is much
more complicated than the kinetics of the binary
mixtures. A schematic diagram of the kinetic
chain is shown in Fig. 6. There are clearly many
different channels, ionic and neutral, to form
KrF* through the argon and krypton species.
Which ones are dominant depends upon the total
pressure and the fractions of Ar, Kr, and F,.

By performing the experiments over a wide range
of values of these variables we have been able to
isolate some of the reaction paths. Using the
model we have then been able to determine the
rates of key reactions in the various paths.

In all of the Ar-Kr-F, mixtures the F, fraction
was 0.1%. The largest Kr fraction in the experi-
ments was 3%. In this case the KrF* is formed
via the dimer-ion recombination channel,

Kr,+ F + Ar -KrF*+Kr+ Ar. )

The rate inferred for this reaction from the analy-

Electric discharge
or
E-beam
secondary electrons

P— l LF2.®

<
Fz ., xv. 2Ar
<
Kr
F~+Ar
2Ar  Kr+Ar
e 2Ar
Kr
/ @ @ e
? Fy
F"+Ar F +Ar
Kr
F,.RG, e
' hy
? 2Ar
e\\ N
qab Kr ‘a
. ?

FIG. 6. Schematic kinetic pathways leading to forma-
tion of KrF* and Kr,F* in an Ar-Kr-F, mixture.
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sis of the pressure dependence of KrF* decay
rates is 0.7 times the Flannery and Yang®® the-
oretical rate. The trimer Kr,F* is formed by

KrF*+Kr+Ar —Kr,F*+ Ar. (5)

This rate was determined to be 8 X 107! ¢m®/

sec based on the pressure dependence of inte-
grated KrF* fluorescence. Typical laser mix-
tures are composed of 6-9% Kr so that these would
be expected to be the dominant formation mech-
anisms for the Kr-F exciplexes,

For very low Kr fractions, 0.3% in this ex-
periment, KrF¥* appears to form primarily via
ionic recombination of ArKr*. This recombination
rate is found to be 0.5 times that predicted by
the theory of Flannery.?® Calculation of the re-
combination rate requires the knowledge of the
mobility of ArKr® in the Ar buffer. This was
computed using the Langevin formula. For low
Kr partial pressures the KrF is quenched pri-
marily by the three-body process

KrF*+ 2Ar — ArKrF* + Ar. (6)

Although the existence, not to mention the phy-
sical characteristics, of ArKrF* is in questions?
it is useful in this model to provide the proper
pressure dependences of the KrF* and Kr,F*
integrated signals. The Kr,F* is produced by
Kr replacement in ArKrF*. The rate coefficients
inferred for these processes are listed in Table
1L

The Stern-Volmer plot in Fig. 7 indicates the
role of Ar* and Ar’ in the kinetic chain leading,
ultimately, to the formation of KrF*. This is a
plot of the reciprocal of the integrated ArF* inten-
sity versus krypton partial pressure. The total
gas pressure is 1000 Torr. From the dashed
line in Fig. 7 we obtain the half quenching pres-
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FIG. 7. Stern-Volmer plot of ArF* integrated intensity
as a function of Kr partial pressure in a 1000-Torr Ar-
Kr-F, mixture with 0.1% F,. A—experimental points;
o-calculated points.

sure. From this we infer a rate coefficient of
3.3x107° cm?®/sec for the displacement reaction

ArF*+Kr -KrF*+ Ar. (7)

As can be seen in Fig. 6, the calculations and
experimental data agree well. The deviation from
linearity at low partial pressure is due to the
interception of the Ar;-F" recombination channel
by charge transfer between Ar, and Kr. The
previously measured rate coefficient for this
charge transfer is 7.5% 10™'° cm®/sec,?® which is
consistent with our modeling of the ArF* for-
mation kinetics. Because of this, we observe

a near exponential decay of the ArF* fluorescence
in the experiment at high pressures. Consequently,
most ArF* at high Kr partial pressures is formed
via the so-called “harpoon” reaction

Ar*4+ F,~ArF*+ F. (8)

Our analysis gives a rate coefficient of 4 X 107

cm?®/sec for this reaction based on the observed

ArF* decay rate. This is in agreement with the

most recent measurement of Kolts and Setser.3?
We observe from the experimental fluorescence

data that the KrF* decay (formation) rate is slower

than the ArF* decay (formation) rate. Because

of this we postulate the displacement reaction

Ar,F*+Kr ~KrF*+2Ar 9)

as another channel for formation of KrF*. Be-
cause the analagous displacement reaction for
ArF* is relatively slow (k=3 X 107° cm®/sec) the
three-body formation of Ar,F* would be expected
to be competitive to moderate pressurés. Reac-
tion (9) then provides an efficient means of forming
KrF* that makes up for the slowness of reaction
(7). This reaction looks structurally very sim-
iliar to the ionic displacement reaction (2="17.5

X 107° ¢m®/sec) and would be expected to have

a similiar rate coefficient. Unfortunately, we
have no data on the Ar,F* fluorescence because
it overlaps the KrF* (C —A) band.

As the figures presented above have shown, this
model, using the rate coefficient data just dis-
cussed, gives excellent agreement with our own
experimental data. In Figs. 8 and 9 are shown
comparisons between model prediction and other
experimental data taken from the literature.?*
In Fig. 8 relative KrF* fluorescent intensity for
Ar-Kr-F, mixtures containing 0.3% F, and 1 and
15% Kr is shown for a variety of pressures be-
tween 0.25 and 4.0 atm and an e-beam current
density of 10 A/cm? The calculations are nor-
malized to the experimental data at 1% Kr and 1
atm total pressure and, as can be seen, the-
agreement is excellent over the whole pressure
range and for both Kr fractions. Absolute KrF*
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FIG. 8. Relative intensity of KrF* as a function of
pressure and Kr fraction in an Ar-Kr-F, mixture with
0.3% F,. a, o—experiments of Mangano et al. (Ref, 40)
with 1% Kr and 15% Kr, respectively. A ,e—calculations
using the model presented in this paper.

fluorescence efficiences are plotted similarly in
Fig. 9. Again the agreement is good although the
model predicts a somewhat different pressure
dependence of the fluorescence efficiency for the
larger Kr partial fraction.

V. CONCLUSION

In the preceding section we have presented
the results of an experimental and computational
effort to determinerate coefficients for some
important rare-gas—fluoride kinetic processes.
We have assembled a detailed model of the kin-
etics of e-beam pumped Ar-Kr-F, mixtures and
have used this model to analyze our experimental
fluorescence data, We have also shown that the
model gives good agreement with the experimental
data of others as'well as our own. As a general
result we have found the rate coefficients for
positive-negative ionic recombination to be slower
than predicted by theory. - There is further sup-
port for this conclusion from the recent Monte-
Carlo calculations of Bardsley and Wadehra*! and
of Morgan et al.*? which also yield lower recom-
binationrates. These classical trajectory cal-
culations avoid some of the less rigorous assump-
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FIG. 9. KrF* flurorescence efficiency as a function
of pressure and Kr fraction for the conditions of Fig. 8.
The lines are the experimental curves of Mangano et al.
(Ref. 40) and the symbols (4,0) are calculations using
the model presented in this paper.

tions, such as the concepts of “trapping radius”,
“average” ion pair, and recombination via a single
three-body collision, inherent in the available
analytic theories of ionic recombination.3*+3* In
addition, the calculations of Morgan ef al.** i
clude the effects of plasma screening of the inter-
ionic potential, which leads to a further reduction
in the recombination rate. This results in a
reduction in the efficiency that such a model would
predict for a KrF* amplifier. Results from this
kinetic model have beeii used to predict laser
amplifier performance.*® In addition, this model
used in conjunction with a laser extraction code
has given good agreement with experimental data
on pulse shape and extraction efficiency from a
KrF* amplifier.* This gives us reason to have
confidence in the predictive capabilities of the
model presented in this paper.
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