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THE ROLE OF 6p STATES OF Xe IN THE
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The role played by 6p metastable Xe level in the kinetics of discharge pumped XeC1 laser emission is
investigated by performing time resolved and time integrated fluorescence studies of the Xe 6p-6s emissions
produced in the discharge plasma at various pressures of chlorine donor compounds. The results analyzed
according to a simple kinetic model suggest that 6p level is populated through a cascading mechanism
involving various Xe levels which is enhanced by the presence of the halogen donor compound. The laser
emission dependence is also investigated as a function of the halogen donor pressure. The observations
lead to the conclusion that 6p states do not play a relevant role in the formation of XeCI* molecules and
that other Xe excited states should be considered to account for the participation of the neutral channel
in the XeCI* formation mechanism.
KEY WORDS: Excimer laser, xenon states.

INTRODUCTION
Despite the importance of excimer lasers in many areas of research and industry, the
complicated kinetics of the processes occurring in the laser plasma is still not without
uncertainties. The case of XeC1 deserves special attention as it tends to be the most
widely used excimer. XeCI* formation presents special characteristics because the
harpooning mechanism from singly excited 6s and 6s’ Xe levels does not produce
XeCI* emission with the preferred halogen donor HC1 and also because the electron
dissociative attachement rate of vibrational ground state HC1 is very small.
In the last few years a number of publications dealing with XeCI* laser models 2’3
and spectroscopic investigations of Xe excited-state density have appeared. ’-6 As a
result of these studies it has become evident that highly excited Xe metastables are
necessary to understand the neutral channel formation kinetics of the XeC1 laser gas
mixtures both pumped by electrical discharges and by electron beams. Observation
of XeC1 formation from Xe 6s with vibrationally excited HC1 has been reported. 7
Hammer and Botticher 6 have stressed the importance of a second escited Xe level
including 6p and 6p’ states for a correct interpretation of the experimentally deterrnined
particle densities in the XeC1 discharges. Recent measurements 8 indicate that other
Xe* states (5d, 7s and presumably higher excitation states) react with HCI(v 0) to
give high XeCI* formation yield. Nevertheless the importance of the neutral channel
in the XeC1 formation is still under debate. The discussion is centered around the
role of excited state kinetics which in the past has been assumed to be less important
in XeC1 than in other rare-gas halide lasers, such as KrF and has been considered
to be of secondary importance as compared to formation of XeCI* through Xe /--C1recombination.
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The present work intends to give further insight into the role played by 6p Xe
metastables in the kinetics of UV preionized discharge pumped XeC1 laser. Time
integrated and time resolved fluorescence studies of 6p-6s transitions occurring in
the UV preionized discharge plasma were carried out using different halogen donor
compounds. Measurements of laser output dependence on halogen donor pressure
were also performed. To explain the observed dependences, a simple kinetic model
was developed. The model helps to understand the 6p emission as a result of a
cascading mechanism which is enhanced when increasing pressures of halogen donor
are present in the discharge gas mixture.

EXPERIMENTAL
The object of the investigation was a home made UV preionized TEA excimer
laser.9-11 The LC inversion discharge circuit discharges at 40 nF capacitor a 28 KV.
The length of the active medium was 47 cm and the electrode spacing 2cm. All
measurements in the present study were made for a base gas mixture of He/Xe
(3.2 bar/45 mbar) to which different pressures of various halogen donor compounds
were added. The composition of the base gas mixture corresponds to the optimum
for laser action.
Three types of measurements were performed:
1. Detection of the spontaneous emission spectra of the discharge plasma in the
820-890 nm region. The spectra were automatically recorded with the system described
in 12 in which the trigger of the discharge, the wavelength in the monochromator
and the data acquisition were controlled by an IBM/XT microcomputer based data
acquisition system. The fluorescence light, leaving the discharge tube through a 25 mm
diameter Spectrosil window, is focussed at the entrance slit of a 1/2 rn monochromator
(B&M Spectronic) equipped with a 1200mm-1 hollographic grating. The selected
light was collected by a photomultiplier (Hamamatsu R-409) placed at the exit slit
of the monochromator whose signal is sent to a gated integrator and Boxcar averager
(SR250). Calibration of the relative quantum efficiency of this system was carried
out using radiation from a quartz halogen Bellaphot Osram lamp and the spectra
were corrected accordingly.
2. Time resolved and time integrated fluorescence studies of the different rare
gas/halogen donor mixtures. For these experiments the fluorescence light was observed
at a fixed wavelength selected with the monochromator. The photomultiplier analog
signal output was digitized by a Tektronix 2430A oscilloscope (40 MHz bandwidth)
connected to the above mentioned microcomputer. The time resolution of the
detection system was about 40ns. To obtain a good signal-to-noise ratio up to 128
decays were averaged in the oscilloscope.
3. Laser output measurements. Laser emission from He/Xe/HC1 mixtures was
studied using a plane resonator including a plane mirror and a partially reflectant
window placed at both ends of the laser tube. When laser emission was observed the
energy of the laser was measured with a Gentec ED 200 pyroelectric detector.
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The rare gases used in the experiments, He and Xe had 99.998% and 99.995 purity
respectively. The halogen donor compounds were used as supplied, after degassificao
tion in the case of vapours and their purity is as stated: Cl 2 99.8%, HC1 99.99%,
CH2C12 99.6%, CHC13 99.8%.

RESULTS
1. Emission Spectra

The emission spectrum of the He/Xe mixture (3.2 bar/45 mbar) was recorded in the
820-885 nm region with 2.5/ resolution and is shown in Figure 1. Each point in the
spectrum is an average over 15 shots. In this spectral region the observed lines are
due to Xe(I) 6p-6s transitions which were assigned using Aymar and Coulombe
tables. 13 Lines corresponding to 6p(3/2)2-6s(3/2)2 and 6p(5/2)3-6s(3/2) transitions
at 8231.6 and 8819.4/ respectively were chosen for subsequent fluorescence studies.
These two transitions are shown in Figure 1.
2. Fluorescence Decay Curves

The time dependence of the two selected 6p-6s Xe(I) transitions was observed for
different pressures of halogen donor compounds. The base mixture of He/Xe was
maintained constant (3.2 bar/45 mbar) and increasingly higher pressures of halogen
donor compound were added. The range of pressures for each compound was limited
by the pressure at which the discharge reaches an instability regime tending to become
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Figure
Xe(I) emission spectrum. Gas mixture Xe/He: 45 mbar/3.2 bar. Resolution 2.5 A. 6p-6s transitions
for fluorescence studies (see text) are indicated by arrows.
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an arc. These limiting pressures are 57,50,40,11 mbar for HC1, CH2C12, C12, CHC13
respectively. As the number of C1 atoms in the molecule becomes higher, the limiting
pressure is lower. This result is consistent with simple theories correlating the time
scale z of the discharge instability with initial halogen donor concentration [H.D.]o
and rate coefficient K for electron dissociative attachment to the halogen donor: 14

1/Z 2 K 2 [H.D.]o
According with published data, the value of K is higher for the molecule containing
the higher number of C1 atoms, 15 hence the limiting pressure for which the discharge
becomes instable will be lower in good qualitative agreement with our results.
Figure 2 depicts the decay characteristics of the 6p(3/2)E-6S(3/2) line upon addition
of increasing pressures of HC1. For all the cases the decay rates decreased with
increasing halogen donor concentration in a range of pressures which depend on the
type of molecule. Both 6p(3/2)E-6S(3/2) and 6p(5/2)a-6S(3/2) lines show the same
type of behaviour but 6p(5/2)3 decays are somewhat slower than 6p(3/2)2 decays
obtained at the same chlorine donor compound pressure.
Time integrated fluorescence from the two 6p Xe levels was also measured. Figure 3
displays the dependence of the time integrated fluorescence of the 6p(3/2)2-6s(3/2)
line on the halogen donor pressure. The behaviour of the 6p(5/2)a-6S(3/2) is very
similar. The total emission from these states increases continuously with pressure
although a kind of saturation regime is reached at a pressure which depends on the
chosen compound.
3. Laser Emission

XeC1 laser emission at 308nm was investigated for the He/Xe/HC1 mixtures. The
laser energy depends on the HC1 pressure. Maximum laser emission was observed
at pressure of 9mbar approximately and it ceased at pressures over 45 mbar. It is
interesting to indicate that the dependence of laser emission on HC1 pressure differs
considerably for the dependence of the integrated fluorescence depicted in Figure 2.

ANALYSIS OF DECAYS
Davis and King 16 studied the time dependence of emissions corresponding to 6p-6s
Xe transitions excited by a pulsed discharge. The decay curves were fitted by double
exponentials with a short lived component (,- 200ns) and a long lived component
( ts). In every case the short lived component was identified with emission from
the directly excited 6p level which is terminated when the voltage excitation pulse
is switched off. The long lived components have their origin in cascades from
metastable 5d levels whose transition to 6p levels is allowed by selection rules. We
performed a similar analysis of our experimental data for the 6p(3/2)z-6S(3/2) and
6p(5/2)3-6s(3/2) transitions. Each decay, as the ones shown in Figure 1, was fitted
to a double exponential of the form:

I(t)

A exp(-t/zt) + Bexp(-t/z2) + C
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Figure 2 Natural logarithm of the fluorescence intensity I divided by its initial value

1o

of the

6p(3/2)2-6s(3/2) line as a function of time for various HCI pressures. Base mixture He/Xe 3.2 bar/45 mbar.
(a) 6.7 mbar, (b) 24 mbar and (c) 57 mbar. The dashed line corresponds to the fitting by the kinetic model.
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Figure 3 Time integrated fluorescence intensity of the 6p(3/2)2-6s(3/2)2 line as a function of the halogen
donor pressure. Gas mixture He/Xe 3.2bar/45mbar. O CHCI3, /k CH2C12, + C12, HC1. The circles
represent the calculated values according with the model.

were A, B and C are constant, C including the effect of any constant background
on the resultant form of the digital data. Trying to fit the data to a higher order
multiple exponential was considered not reliable and hence not attempted. In Table 1
we show the results of the fittings for the rare gas mixture He/Xe (3.2 bar/45 mbar)
in absence of chlorine containing compound together with the values reported in 16
for a total pressure of 35 mTorr. The differences between the two sets of values can
be attributed to the higher total pressures used in our experiments which shortens
the lifetime of the cascading level. The values of Zl are not included in the table as
the obtained value is limited by the time resolution of our experiment (40 ns). Radiative
lifetimes for the 6p(3/2)2 and 6p(5/2)3 have been measured 17 and their values are
36.0 and 32.3 ns respectively. In consequence direct emission from 6p level cannot
be observed in our present experimental conditions. Table 1 also includes a list of
Table

Long lived components of the decay curves

z2(ns)

Transition

This work

Ref.

6p(3/2)z-6s(3/2)

516 + 100

1020 + 100

6p(5/Z)3-6s(3/2)

510 + 100

1330 + 90

16

5d levels

Lifetimes

main

(ns)

contributors
to the
cascade

5d(5/2)2
5d(5/2)3
5d(7/2)
5d(7/2)

1700121]
720[22]
1000 [21]
]020121]
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the 5d levels which are known to have strong radiative transitions into their respective
6p levels and could be the main contributors to the cascade together with reported
lifetimes.

KINETIC MODEL

As indicated above, the decay of the 6p(3/2)2 state of Xe monitored via the
6p(3/2)2-6s(3/2)2 transition becomes slower as the concentration of halogen donor
compound becomes higher. This effect could be interpreted as a competition between
several deexcitation channels of the energy levels of Xe involved in a cascade leading
to the observed fluorescence, some of these channels being enhanced in the presence
of halogen donor compound. To check this interpretation and to assess the role of
6p states in the kinetics of XeCI discharge laser we elaborated a simple kinetic model.
This is not a model of all the processes involved in the discharge, as this falls out of
the scope of this work and has been attempted in other publications, 2’3 but only a
model of the 6p(3/2)2-6s(3/2) emission intending to reproduce the results concerning
its temporal decay and its pressure dependence when HCI is the chlorine donor
compound. As in other kinetic models of XeC1 laser, 9’1 the electronic manifold of
atomic Xe is described by a number of excited states, each chosen to represent a
group of actual metastable levels. In the present model five excited levels have been
considered. Some of them are directly involved in the cascade, as is the case of
6s(3/2), 6p(3/2)2 and 5d(5/2) levels, and the rest are virtual excited Xe levels higher
in energy representing groups of real levels with different lifetime ranges.
The five level kinetic model is schematized in Figure 4. Level represents the Xe
level with highest energy and longest lifetime considered in this model. It could be
identified with a group of Xe Rydberg states nd’(3/2)1 n > 15 with a nominal energy

Figure 4. The kinetic model used for interpretation of the results. See text for notation.
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of 108000cm-1 19 and calculated lifetimes around 10fls. 20 Level 1 decays into level
2 with a global first order decay constant k. Level 2 corresponds to the most excited
level considered in other models in the literature. 2’3 It could represent Rydberg states
nd’(3/2) n= 11-1512 with a radiative lifetime shorter than level 1 lying in the
microsecond range. This level is depopulated via two different processes. In the first
process it decays into the next level in the cascade, level 3, with a global first order
constant k2. In the second process the excitation is carried out of the cascade with
a first order rate constant k3. Level 3 is identified with the 5d(5/2)] level which,
according with selection rules in jK coupling, 16 has the highest transition moment
to the 6p(3/2)2 state (level 5 in this model). 7 Level 3 decays into level 5 either
radiatively with a first order decay constant k, or through quenching with HCI with
a second order rate constant ks. Its excitation can be carried out of the cascade via
a set of processes governed by first order constant k6. Level 4 is the representation
of a group of levels in the same range of energies as level 3 but with smaller transition
moment to level 5. It could include other 5d and 6p levels. 9’1 Level 4 decays into
level 3 by collisional quenching with HCI with rate constant klo and into level 5
trough quenching with HCI and by radiative emission with constants kl and k2
respectively. Level 5 is the upper level of the 6p(3/2)2-6s(3/2) transition. Level 5
decays radiatively with a decay constant k or through collisions with rare gas and
HC1 with second order rate constants ks and k9 respectively.
The initial step in the set ofkinetic processes described by the model is the population
of each of the Xe levels induced by the electric discharge, which is assumed to occur
in a time scale shorter than the subsequent temporal evolution of the system. The
set of rate equations may be written as"

dN1/dt -kN
dN2/dt kin (k 2 + k3)N2
dNa/dt k2N2 + kIoN,[HCI] (k6 + k4 + k[HCI])N3

--k12N 4 (klo + k11)[HCI]N,,
dNs/dt (k, + ks[HCI])Na + (k12 -I- k11[HCI])N, (k 7 + ks + k9[HCI])N5
5 states respectively. IF,
where N
N are the population densities of the
dN,/dt

the fluorescence intensity, is represented by the expression"

IFotNsk.t/(k. + k a + k9[HCI])
The rate constants needed to solve the set of differential rate equations were either
taken from available experimental data or estimated. The rest, due to the lack of
data were considered as adjustable parameters in the model. Table 2 provides
information about all the rate constants of the processes included in this model. The
initial concentration of each of those levels were also considered adjustable parameters
depending on the HCI pressure except the initial concentration of level 5 which was
assumed to have a constant value of 3 1012 molecules/cm
The numerical integration was done by a fourth order Runge-Kutta routine. The
agreement between the model and the experiment is very satisfactory for the set of

.
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Table 2 Rate constants involved in the kinetic model
(in s- unless otherwise noted)

k 2.5 l07 (d)
ka 9 107 (e)
k =4105 (b)
cm3s -t (f)
k9=4.310-It
k4 1.39 l0s (c) -t klo 2.0 lO-tt cm3s-t (b)
k 3 lO-Xcmas (b) ktt= 3.510-ttcm3s-t (b)
k6=5105(b)
k12=810 (g)
kt 510’* (a)
k 5 IO (a)

(a) Estimated as an average of radiative decay rates according with reference 20.
(b) Taken as an adjustable parameter in the kinetic model.
(c) Experimental value from reference 22,
(d) Experimental value from reference 17.
(e) Calculated as the product of the quenching constant taken from reference
by the Xe partial pressure in the gas mixture.
(f) Estimated by analogy using data taken from references and 24,
(g) Estimated as an avera of radiative decays of 5d-6p transitions according
with reference 13.

constants of Table 2 and the initial concentrations represented in Figure 5. in this
figure the optimum values of the initial concentration of levels to 4, which give the

best agreement between data and model, are represented for each HCI pressure. From
Figure 5 it appears that levels 1, 2 and 3 have initial concentrations which grow
continuously with HCI pressure. This result indicates that an increasing concentration
of HCI in the gas mixture enhances the qenching mechanism through the excited Xe
ladder resulting in a higher initial population of the corresponding level. Level 4 is
the only level with nonzero initial concentration in absence of HCI in the gas mixture.
From the point of view of the model this explains the observation of Xe* emission
at zero pressure of HCI. The initial concentration of level 4 decreases as HCI pressure
increases and it appears that this behaviour is compensated by the increase of the
initial concentration of the other Xe levels.
The good agreement between the model and the experiment can be observed in
Figure 2 where the time dependence of the 6p(3/2)2-6s(3/2) fluorescence at several
HCI pressures, calculated according with the model are depicted as continuous lines.
In Figure 3 we show the calculated time integrated fluorescence as depending on the
HCI pressure. The validity of the present kinetic model is mainly supported by the
idea that, despite the high number of adjustable parameters, it has been possible to
find a set of values for these parameters, indicated in Table 2 and in Figure 5, which
can reproduce the experimental data in a wide range of cases.
The kinetic model described above seems to support the mentioned ideas about
competition between deexcitation channels of the Xe energy levels. In absence of
halogen compound in the gas mixture, the observed time dependence is the global
result of a series of processes which transfer the population between the different Xe
states in the cascade and processes which depopulate those levels out of the cascade
trough reaction, ionization, etc. When the halogen donor is present in the gas mixture,
additional quenching processes take place, increasing the rate of population transfer
between the successive levels in the Xe cascade and competing favourably with the set
of processes which send Xe atoms out of the cascade, in other words, it seems that
increasing pressures of halogen donor facilitate the transfer of excitation inside the
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Figure 5 Initial concentrations of Xe levels involved in the kinetic model as a function of the HCI
pressure. (a) Squares: level and asterisks: level 2. (b) Squares" level 3 and asterisks: level 4.

ladder of Xe energy levels and emission from 6p levels is increasingly contaminated
of emission from longer lived states higher in energy, leading to the observed time
dependence behaviour.
As it was already mentioned, the behaviour of the time integrated fluorescence
corresponding to the 6p-6s emission as a function of HC1 pressure (see Figure 3) is
very different from the laser output. For pressures above 9 mbar of HC1 laser emission
drops until it disappears at pressures over 45 mbar. On the contrary Xe 6p fluorescence
increases continuously until reaching a stable regime at pressures around 35 mbar.
These experimental findings lead to the conclusion that participation of 6p levels into
the neutral channel in which Xe excited states react with HC1 to form XeCI* is small
and that other excited states of Xe presumably higher in energy should account for
XeC1 formation yield via the neutral channel.
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