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Dominant formation and quenching yrocesses in E-beam yumyed ArF* and KrF* lasersT

M. Rokni, ~ J. H. Jacob, and J. A. Mangano
Avco Everett Research Laboratory, Inc. , Everett, Massachusetts 02149

(Received 7 July 1977)

The dominant formation and quenching processes in E-beam pumped ArF* and KrF* lasers are discussed.
The quenching of ArF* by F, and Ar has been measured by analyzing the ArF* (B X»2 —+X X&&,)
Auorescence as a function of the F, and Ar Phrtial pressures. We have also measured'the displacement of the
Ar in ArF*. by Kr to form KrF*. The dominant quenching processes of KrF* were identified, and the rate
constants were measured. The ArF~ and KrF* are formed from the ionic states with high eAiciency.
Interception of the precursors can be made negligible by choosing the experimental conditions properly. The
quenching of KrF~ by Ar and Kr is mainly a three-body process resulting in the formation of Kr,F*. The
emission from Kr,F~ was observed in a broadband centered at 410 nm. We have verified that the Kr,F* is
produced subsequent to the KrF* formation by performing a laser saturation experiment.

I. INTRODUCTION

Much research has been performed on the rare-
gas monohalide exciplexes' since their spectra
frere first reported by Velazeo and Setser. ' In the
two years following the Velazco-Setser publication,
many of these molecules have been made to lase by
both pure E-beam' and discharge pumping. ' The
most promising candidates that are scalable to
high output power and efficiency are the 'rare-gas

'fluorides. ' ' To facilitate the scaling of these las-
ers to high average power, a detailed knowledge
of the kinetic processes is necessary. Velazco,
Kolts, and Setser' have shown that the rare-gas
fluoride' are formed with high efficiency from ex-
cited rare gases. We will show that the rare-gas
ions also produce these exciplex species with high
efficiency. The formation rate of these excited
molecules is rapid since they can be accessed
through an ion channel: E -beam ionization of the
rare gas followed by rapid dissociative electron
attachment to the halogen and subsequent extremely
rapid ion-ion recombination.

In this paper we will discuss the formation and
quenching of the ArF* and Krp* exciplexes. The
kinetic processes were investigated by irradiating
mixtures of rare gases and fluorine by a beam of,

fast electrons. The fluorescence emanating from
these mixes was monitored and recorded. The
kinetic processes were isolated by studying the
dependence of the fluorescence on the partial pres-
sure of one of the constituents of the gas mixture,
while the partial pressures of the remaining gases
in the mixture were kept constant. By analyzing
the dependence of the quasi-steady-state fluores-
cence on the partial pressures of the rare gases
and fluorine and the power deposited into the gas
mixture, we obtained the various quenching-rate
constants. It should be noted that only relative

intensity measurem'ents were required by the anal-
ysis.

Section II presents a discussion of the experi-
mental apparatus used to make the measurements.
The formation and quenching processes in ArF*
are presented and discussed in Sec. III. A similar
presentation for KrF*.is made in Sec. IV.

F ILTER

PHOTO
DIODE

-BEAM

QUARTZ WINDOW~

SPECTRO
METER

FIG. 1. Schematic of experimental set-up.

II. EXPERIMENTAL SETUP

The experimental setup is shown schematically
in Fig. 1. The gas mixtures were excited by a
high-energy E beam. The electrons were generat-
ed from a cold cathode and accelerated to an ener-
gy of 150 keV in a vacuum chamber at a back-
ground pressure of &10 ' torr. The fast electrons
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passed through a 2-mil Kapton foil that separated
the gas mixture from the high-vacuum chamber
containing the cold cathode. The mixture was con-
tained in a teflon cell with dimensions 22 x 2 x0.2
cm'. The dimension of the cell along the initial E-
beam direction was 0.2 cm to ensure uniform en-
ergy deposition by the E beam up to mixture pres-
sures of 4 atm. The E-beam current density, after
attenuation by the foil and supporting structure,
was 5 A/cm'. The current density could be further
attenuated by introducing a partially transmitting
screen on the high-vacuum side of the foil. The
E-beam pulse length was 300 nsec long, enabling
the fluorescence amplitude to reach a steady state.

The fluorescence intensities were monitored by
appropriate filters and photodiodes, and spectra
were recorded on a 1-m Hilger spectrograph. In
the case of the ArF* radiation, the side of the fil-
ter facing the photodiode was coated with sodium
salicylate. The sodium salicylate converts the
193 nm photons into visible and near-uv radiation.
Care was taken to ensure that the spectal width of
the filters were large enough so that the transmit-
ted radiation was representative of the overall
kinetic processes.

The gases were premixed in a Teflon-coated
stainless steel tank. Adequate time was allowed to
ensure complete diffusive mixing. The gas mix-
tures were introduced into the Teflon cell, which
could be evacuated to pressures of ~10 4 torr. Re-
search-grade (Matheson) Ar and Xe were used
without any further purification. The gases were
analyzed by Gollob Analytical Service, Inc. , and
found to have less than 100 ppm-of O„N„H,O,
and Co, impurities. The F, was 98% pure.

III. FORMATION AND QUENCHING OF ArF*

Since Ar is the main constituent in most rare-gas
fluoride laser mixes, most of the E-beam energy
is deposited in the argon. So it is reasonable to
first investigate the kinetic processes in 8 -beam
pumped Ar/F, mixes.

A. Formation of ArF*

Table I lists the dominant formation kinetics for
low-current-density (&10 A/cm') Z-beam pumped
systems. About 55% of the E-beam energy deposit-
ed in the gas is channeled into Ar' formation as
given by reaction (1). Approximately 10% of the
deposited energy is channeled into Ar* formation
by the energetic secondary electrons formed in
reaction (1).'

For our experimental conditions, i.e., Ar pres-
sures below 4 atm, mixtures containing ~2 torr of
F, and E-beam currents &5 A/cm', the main loss
mechanism for secondary electrons is dissociative
attachment by F, resulting in the formation of F .
Hence the dominant ArF* formation mechanism pro-
ceeds via the ion channel" [see reactions (4) and (7)
in Table I]. If the pump power or pressure stated
above are exceeded, dissociative recombination of
e, with Ar, ' (e, +Ar, '-Ar*+Ar) becomes impor-
tant. The exciplex formation will then proceed via
the metastable channel (reaction 5, Table I). When
the exciplex formation proceeds via the metasta-
bles, losses due to Penning ionization (Ar*+Ar*
-Ar'+e, +Ar) and rare-gas excimer formation
(Ar,*) must be considered. Figure 2 shows the
variation of e„F,Ar', and Ar,' for a mixture

TABLE I. Dominant formation kinetics for ArF*.

e+ Ar Ar'+ e+ e~
e +y, —F-+ F
es+ Ar —Ar*+ es
F + Ar'+ (M) —ArF*+ (M)
Ar*+ F~ —ArF*+ F

26.4 eV/ion pair
5x 10 cm /sec"

10 ~+ 10 ~ p, p &1 atm
7.5 x 10 cm /sec

Pressure & 1 atm

{1)
(2)
(3)
(4)
(5)

Ar'+ F + (M) —Ar F*+ (M)
Ar++ 2Ar Ar2'+ Ar
Ar2'+ F —Ar F*+Ar

1.1 x 10,6 cm3/sec
2.5x 10-' cm6/sec'
1.1 x 10 cm /sec

(4a)
(6)
(7)

/

~See, for example, U. Pano, Ann. Rev. Sci. 13, 54 (1963).
"Reference 21.
'About 10% of the E-beam power deposited in the gas results in metastable formation

(Ref. 9).
dReference 7.
'Reference 22.

In the numerical results presented we have assumed that the rate constants for reactions
(4a) and (7) are the same.
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FIG. 2. Calculated densities of e~, Ar+, Ar~+, and F
as a function of pressure in a Ar/F2 mixture containing
2-torr F2.

containing 2 torr of F, plus Ar. The Ar, ' and Ar'
densities are nearly equal a,t 1 a.tm. At 4 atm the
electron density is slightly greater thap the F
density. Even at these high pressures only 20/~

of the ArF* formation proceeds via the electron-
ion recombination channel.

At pressures below 1 atm, ArF* is mainly form-
ed via reaction (4). In this pressure range the ion-
ion equivalent two-body recombination-rate con-
stant increases linearly with pressure (three-body
process) This .three-body reaction becomes dif-
fusion limited at pressures &1 atm. Between pres-
sures of 1-4 atm, this reaction is expected to
reach an effective two-body rate of -10 cm'/
sec. At pressures =1 atm, Ar,' and Ar' have al-ta .

most the same number densities. Ar,' recombines
with F via a two-body reaction to form ArF* [re-
action (7)J. The molecular ions could possibly
form Ar, F* via Ar, '+F +M-Ar, F*+M. However,
it mill. be shorn'n subsequently. that this process is
unimportant. Once ArF* is formed, it can radiate
or be quenched by F, or other constituents of the
gas mixture. The dominant quenching processes
and measured rate constants are listed in Table II.

B. Quenching of ArF~

A series of experiments were run with 2 torr of
F, and varying Ar pressure from 60 torr to 1 atm.

The signal increased linearly to about 200 torr of
Ar. As the Z-beam power deposited into the mix
increases linearly with Ar partial pressure, this
result shows that Ar quenching of ArF* is negli-
gibly small a,t partial pressures of &200 torr.

We next observed the ArF* fluorescence keeping
the Ar partial pressure fixed at 150 torr 2 and

varying the F, partial pressure from 2-20 torr.
A Stern-Volmer plot of the ArF* fluorescence data
as a function of the F, partial pressure is shown
in Fig. 3. From this plot, the half-yressure forF„i.e., the pressure of F, where the inverse
quenching rate becomes equal to ArF* lifetime, is
4.0 torr.

To determine the quenching of ArF* by Ar, ex-
periments were performed keeping the partial
pressure of F, fixed at 2 torr-and varying the par-
tial pressure of Ar from 100 torr to 4 atm. Fig-
ure 4 shows the data for' a typical set of runs. No-
tice that the signal increases up to a pressure of
about 1 atm and then decreases slowly.

There are two possibilities for the observed de-
cay: (i) ArF* quenching by Ar in two- and three-
body processes or (ii) decreasing formation effi-
ciency of ArF*. As the Ar pressure is increased,
reaction (6) (in Table I) occurs more frequently to
form molecular ions Ar,'. In fact, from Fig.2, we
see that at the highest pressure the density of Ar,'
is ten times that of Ar'. These molecular ions .

will recombine with F and can form ArF* or pos-
sibly the excited triatomic Ar, F . The formation
-of the Ar, F* by this channel will result in a small-
er formation efficienc y of Ar F* and could account
for the observed decrease in the fluorescence with
increasing pressure. To ensure that this mas not'
the case, we attenuated the E-beam current by a
factor of 25. This causes a decrease of the F
density by at least a factor of 5, resulting in a
higher probability of Ar,' formation at a given
pressure. » So changing the current by a factor of
25 should affect the fluorescence efficiency
of ArF* if Ar, '+E forms Ar, F*. Figure 5
shoms the experimentally determined ratio of the
ArF* fluorescence intensity as a function of pres-
sure when the E-beam current -is changed by a fac-
tor of 25. Also shown are predicted ratios for

TABLE II. Dominant quenching yrocesses of ArF*.

Reaction

ArF*+ F& —Products
ArF*+ Kr —KrF*+Ar
ArF *+Ar —Products
ArF~+ 2Ar —Arpg*+Ar

Bate constant
x ArF* lifetime

7.6 + 0.7 x 10
6.1+ 0.5 x 10"cm'
3.6+ 1 x 10-"cm'
1.6+ 0.3x 10 3 cm

Rate constant

1.9 x 10 cm /sec
1.6 x 10-' cm'/sec
9 x 10 cm~/sec
4 x 10 3~ cm6/sec

The rate constants have been evaluated assuming an ArF* lifetime of 4 nsec (Ref. 10).
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FIG. 8. Stern-Volmer quenching curve for ArF~ with
Kr.

FIG. 6. The Ar2F* fluorescence in the presence of
2-torr F& as a function of Ar partial pressure. The
curve is the predicted Ar2F* fluorescence for negligible
quenching of Ar2F*.

the decay of the steady-state fluorescence intensity
at 1930 A as the partial pressure of Kr was in-
creased. These measuremerits were made in
mixes containirig a constant amount of Ar and F2.
The argon partial pressure was 100 torr to mini-
mize the formation of Ar,' (see Fig. 2). In fact, at
this low pressure and for an E-beam current of 5
A/cm' we have numerically evaluated that the den-
sity of Ar' is about an order of magnitude greater
than that of Ar,'. Figure 7 shows the predicted de-
cays of ArF* for our experimental conditions for
two cases: (i) ignoring the Ar' channel and (ii) in-
cluding the Ar,' channel; the Ar,' channel intro-
duces a variation of about 1(P/q in this comparison.
Figure 8 shows a Stern-Volmer plot of the ArF*

PAr = 100 To«
PF2 = 2 Torr

x EXPERIMENTAL POINTS

hJ

UJ

fluorescence data as a function of the Kr partial
pressure. From these plots we obtain the half
quenching pressure of ArF* by Kr. The displace-
ment-reaction rate constant was also measured by
observing the increase in the KrF* fluorescence
amplitude %ith increasing Kr partial pressure.
This measurement gives the same rate constant to
within 1(P%%d, so one can conclude that Kr displaces
ArF* to form KrF~ with a branching ratio near
unity.

The radiative lifetime of ArF* has been calcula-
ted to be 4 ns by Dunning and Hay. " Such a short
lifetime gives a displacement rate consta. nt (Kr
+ArF*-KrF*+Ar) of 1.6x10 ' cm'. This rate
constant seems unusually large even for this sort
of reaction. For example, the kinetically similar
alkali-halide reaction Rb+KF- RbF+K has a rate
constant about an order of magnitude smaller than
these rare-gas halide displacement reactions. "
One reason for the differ'ence may be related to the
much higher exothermicity of the rare-gas halide
displacement reactions. " Another possible ex-
planation for the rapid displacement-rate constant
is that at low pressure, the Kr atom displaces the
Ar atom when the ArF* is in a high vibrational lev-
el and thus has a large cross section. At higher
pressures the vibrational relaxation of ArF* will
proceed more rapidly. Therefore, one might ex-
pect the measured displacement rate to decrease
with increasing pressure. Preliminary measure-
ments at 200- and 300-torr Ar indicates that this
indeed may be the case.

I2 l6 ' 20
Kr PRESSURE (Torr)

FIG. 7. The predicted and measured ArF* fluorescence
as a function of the Kr partial pressure. %hen the
charge transfer channel is excluded, the predicted decay
of the ArF* signal as a function of Kr pressure is about
10/o slower.

IV. FORMATION AND QUENCHING OF KrF*

A. Formation of KrF*

In mixtures containing mainly Ar at low total
pressures, ArF* is formed first. KrF* is sub-
sequently formed by the displacement reaction as
discussed in the previous section. At pressures
of about 1 atm and greater (depending on E-beam
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TABLE III. Dominant quenching processes of KrF*.

2221

Reaction

KrF *+F2 —Products
KrF*+ 2Kr —Kr2F*+ Kr
Kr F*+Kr —Products
KrF*+Kr+ Ar —Kr&F*+Ar
Kr F*+2Ar Products

k~„(KrF*)

5 x10 cm
4.4x 10 39 cm6

~1.1 x io-20 cm'
4.2 x 10+9 cme
4.6 x 10+ cm

k(7z ——6.5 nsec)

7.8 x 10 0 cm3 sec
6.7 x 10 3~ cme sec

r

6.5 x 10 3~ cm6 sec
7x 10 3 cm sec

(1)
(2)
(3)
{4)
(5)

current, density), molecular argon-ion formation
becomes important. The Ar,' rapidly charge
transfers with Kr to form kr'. ' For lean Kr
mixes the Kr' recombines with F 'to form KrF*.
As the Kr partial pressure and total mixture pres-
sure are increased, Kr,' will be formed. By ex-
perimerital measurements similar to those discuss-
ed in the previous section, we have shown that Kr,'
recombines with F to form mainly KrF*. Once
KrF* is forpined it can radiate or be quenched by
the constituents of the gas mixture. The dominant
quenching processes and reaction rates are listed
in Table III.

8. Quenching of KrF*

The rate constant for quenchirig of KrF* by F,
was measured by observing the KrF* fluorescence
amplitude versus pressure in binary mixtures of
Kr and F, . The procedure was similar to the mea-
surements of ArF* quenching by F, described in
the previous section. The two-body quenching of
KrF* by Kr and the three-body quenching by 2Kr
were studied in Kr/F, mixes, similar to the anal-
ogous case of Arp* quenching by Ar as discussed
in the previous section.

Figure 9 shows the sporitaneous emission spectra
in mixtures containing 0.8%%uo F„6%%ua Kr, arid 93.7/o

Ar at various total pressures. The uncalibrated
spectral-intensity scale is approximately logarith-
mic. At 0.5,atm essentially all of the radiation
from the mixture is contained in the KrF* 'Zz/2
-'Z, &, band at 248 nm. However, two other broad
bands, containing much less energy, are observ-
able. The first is centered at 415 nm and has been
identified with the 'B, -A, transition of the excited
triatomic Kr, F*." The other broad band, centered
roughly at 270-280 nm, is most likely a combina-
tion of radiation from the 'Z-'Il band of KrF* and
perhaps radiation from the excited triatomics
Ar, F*"and ArKrF~. Identification of the Kr, F*
and Ar, F* bands was inferred by observing the ra-
diation from binary mixtures of Ar/F, and Kr/F, .
From the Kr/F, mix we observed the same spectra
except that some of the structure in the band cent-
ered at 270-280 nm disappeared. From the Ar/F,
mixture, the spectra showed only a very broad

I
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FIG. 9. Spectra of a 6% Kr mixture at various total
pressures.

band centered at 290-300 nm which has been iden-
tified as Ar, F radiation. The spectrum obtained
at a total mixture pressure of 4 atm indicates that,
compared with the 0.5 atm spectrum, essentially
the same energy is contained in the KrF* 'Zy/2
-'Z,

&, band; although the electron=beam energy
,deposited increased by a factor of -8. This spec-
trum indicates that inost of the additional energy
deposited by the E beam was channeled to Kr, F*.
This decrease in the KrF* fluorescence efficiency
and increase in the Kr, F* fluorescence efficiency
could be due to two possible effects: (i) KrF*
quenching by Ar and Kr or (ii) decreasing forma-
tion efficiency of KrF*. Such a decrease is ex-
pected. if Kr,' recombines with F to form KrF~
with a branching ratio &1. Experiments performed
with different E-beam currents, similar to those
discussed in the previous section, '

show that Kr,'
recombines with F to form Kr F* with a branching
ratio near unity.

To further substantiate this conclusion, an ex-
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FIG. 11. Data showing the KrF* and Kr2F* fluores-
cence inthe presenc'e of KrF* laser radiation. The
bottom oscillogram is the Kr2F* fluorescence when
there is no laser radiation present.

periment was performed in which some of the KrF*
molecules formed were deactivated by stimulated
transition induced by a KrF* laser before they
could be collisionally quenched. If Kr, F* is formed
by. the quenching of KrF* as our measurements in-
dicate, then stimulation of the KrF~ transition
(B'Z, &, -X'Z, &, ) by intense radiation at 249 nm
should lead to a decrease in the Kr, F* fluorescence
amplitude. The experimental setup for the mea-
surement is shown in Fig. 10. Radiation from
a KrF* transversely excited (TEA) laser was
transmitted along the length of the cell con-
taining a KrF* laser mixture. The sidelight emis-
sion at the 249-nm band (KrF*) and at 410 nm

(Kr, F*) were monitored by photodiodes with appro-
priate filters. The results of these measurements
a.re shown in Fig. 11. Figures 11(a) and 11(b) dis-
play the KrF* and Kr, F* sidelight fluorescence
upon introduction of the KrF* laser pulse. Figure
11 (c) shows the Kr, F* sidelight fluorescence when
no KrF* laser radiation is present. The results of
this set of experiments confirm that Kr, F* is a
product of the KrF* quenching. Therefore, the
decrease of the KrF* fluorescence efficiency with
increasing pressure is a result of quenching by Ar
and Kr.

The quenching of KrF* by processes (4) and (5)
in Table III were studied in Ar/Kr/F, mixtures.
Reaction (5) was determined by analyzing the de-
pendence of the KrF* fluorescence on the Ar par-
tial pressure. The F, and Kr partial pressures
were kept constant for these runs. For such a mix,
reaction (4) appears as an effective two-body re-
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FIG. 12. KrF~ fluorescence signal for Ar/Kr/F2
mixtures containing 4-torr F2 and 100- and 200-torr Kr.
The data was taken varying only the Ar partial pressure.
The curves are the calculated fluorescence using the
rate constants listed in Table III.

action (Kr constant). Because of their different
pressure dependences, two- and three-body pro-
cesses can be differentiated by an analysis similar
to that discussed in detail in Ref. 8.

To measure reaction (4) more accurately, the
KrF* fluorescence intensity as a function of the Kr
partial pressure was measured. In these measure-
ments the Ar and F, partial pressures were kept
constant. Figure 12 shows typical data for the
KrF* fluorescence intensity as a function of Ar
partial pressure. The curves represent the pre-

, dicted pressure dependence of the KrF* intensity
using the rate constants in Table III.
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V. CONCLUSION

In the preceding sections we have shown that the
ArF* and KrF* exciplexes can be formed via the
ion channel with unit branching. From our mea-
surements we can conclude that the decrease of the
fluorescence intensity with increasing pressure is
a result of two- and three-body quenching of the
exciplex.

Interception of the precursors (Ar', Kr', and
F ) of these exciplexes are a negligibly small ef-
fect when the experimental conditions are chosen
properly. In a laser it is possible to minimize the

loss due to the quenching processes by saturating
the lasing transition. From the spontaneous emis-
sion spectra and the measured quenching-rate con-
stants, the saturation flux can be- calculated for a
particular. mixture. This information, coupled with
the knowledge of the photoabsorption of the active
medium, can be used to optimize laser mixes. The
dominant quenching processes of ArF* (8'Z«, ) and
KrF* (B'Z, &,) have been identified and their rate
constants have been measured. The only important
two-body quenching is due to F, . Three-body
quenching by the rare gases becomes important at
pressures above 1 atm. These quenching process- .

es result in the formation of excited triatomics
Ar, F* and Kr, F*.

The formation of the excited triatomics can be
understood by looking at the schematic potential
curves shown in Fig. 13. The rare gas R ap-
proaches the rare-gas fluoride RF* on a repulsive
curve that intersects the R,'F potential curve.
The surface of the interaction will be dependent on
~F-, the exothermicity of the interaction. The
larger &8, the larger the surface area, and hence
the interaction will proceed with a higher probabil-
ity. According to the calculation of Wadt and
Hays' ~E =0.6 eV for Ar, F* and Kr, F*. For
Xe,F*, ~E is only 0.2 eV. This small exother-
micity might be responsible for the fact that Xe,F*
has not been observed.
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