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Abstract. The VUV spectrum of gaseous mixtures of krypton with a small amount of xenon added was
investigated in the range 115-200 nm. The mixtures were excited in a capillary DC discharge where the
capillary could be cooled by using liquid nitrogen. The mixed molecule band around the Xe I resonance
line at A = 147 nm and the mixed molecule continuum to the long wavelength side from the line were
analysed. The band around A = 147 nm was identified as transitions between a weakly bound excited state
and the weakly bound ground state of XeKr molecules. When cooling the capillary wall, the appearance
of the Xez continuum was observed. The effect is ascribed to energy transfer between molecular states as
a consequence of radiation trapping in the band around A = 147 nm. The role of the mixed molecule in

the formation of the VUV spectrum of the gas mixture is discussed and underlined.

PACS. 33.20.Ni Vacuum ultraviolet spectra — 33.50.Hv Radiationless transitions, quenching

Introduction

The main part of the research on rare-gas excimers has
been centered around the homonuclear species Arj, Kr}
and Xe3 and the interest in the VUV fluorescence of rare
gases is to a large extent connected with the development
of VUV light sources, including lasers. Not so many publi-
cations are devoted to the excitation processes and optical
spectra of heteronuclear rare-gas excimers like the XeKr
molecule.

The lowest excited states of the Xe*Kr molecules are
built up by the same Xe atomic states, i.e. the resonant
3P, and the metastable 3P, states, as the lowest excited
states of the Xe3 molecule (Fig. 1). Therefore transitions
from excited states of XeKr and Xes to the weakly bound
ground states give overlapping VUV continua. This is the
reason why the identification of the XeKr molecule spec-
trum was a debated topic in many previous studies.

Like the spectra of other rare gas mixtures, the Xe—
Kr VUV spectrum is intriguing because of the manifesta-
tion of energy transfer processes between the rare gases
(from a light gas to a heavier one). The authors of [1,2]
studied, among others, gaseous krypton-xenon mixtures
excited with a pulsed electric discharge (70-640 torr total
pressure, 0.001-0.1% of xenon) [1] and with an a-source
(1000 torr total pressure, 0.0025-2.5% of xenon) [2]. They
reported that small amounts of another rare gas admix-
ture, e.g. Xe in Kr, acted as a very eflicient electronic
energy acceptor. This led to a gradual disappearance
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Fig. 1. Morse potential curves for the lowest XeKr and Xes
(dashed curves) electronic states. Potential curve parameters
and references are listed in Table 1. See also comments in Sec-
tion 3. The main optical transitions discussed in the work are
indicated.
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of the molecular continuum of the host gas and to the ap-
pearance of the resonance atomic line and the molecular
continuum of the admixture. The relative contributions of
two energy transfer mechanisms involving atom-atom and
molecule-atom energy transfer were estimated. The au-
thors [1,2] underlined that molecule-atom energy transfer
is a resonant process for a wide range of excitation en-
ergies and that this process is characterised by a large
(~ 107 c¢m?) cross section.

Also, a spectroscopic study of krypton-xenon mixtures
with a-particle excitation [3] (total pressure 100-500 torr,
0.001-10% of xenon) verified that energy transfer from
krypton atoms and molecules to xenon is very efficient.
The spectra of mixtures with only a few percent of xenon
were very similar in shape and intensity to those of pure
xenon. In contrast to [1,2], where the reaction constants
were obtained from measurements of spectral intensity ra-
tios, reaction rates and a kinetic scheme of the transfer
phenomena were determined from measurements of the
time constants governing the decay of the main krypton
and xenon emissions in the VUV.

Many additional details of the kinetic scheme of the
energy transfer processes, including reaction rates, were
obtained with pulsed electron-beam excitation and time-
of-flight techniques in the publications [4,5] (total pres-
sure 25-900 torr, 0.1-10% of xenon, time-dependent and
time-independent measurements). In particular, the trans-
fer rates to the excited mixed molecule (KrXe)* were
obtained.

The results of the recent work [6] obtained with a
pulsed discharge excitation (total pressure 5-140 torr, 0.4—
50% of xenon), have elucidated the nature and the position
of the emission maximum in the region of 156 nm. It is
definitely ascribed to transitions in the Xe*Kr molecule as
the analogy of the second continuum of homonuclear inert-
gas molecules. The relaxation constants of Xe*Kr and Xe3
molecules with Kr as buffer gas were estimated and found
to have similar values for both excimer systems.

Interesting results were also obtained when excimers
formed in aggregates of condensed phases were investi-
gated [7-10]. For example, in [8] solid layers of Kr were
bombarded with thermal Xe atoms in the metastable 2Py
state. From the observed VUV emission, the potential pa-
rameters for the Xe(®Ps) 4+ Kr(*Sp) excimer system were
deduced.

Semiempirical calculations of the Xe(*Py,®Pa)-
Kr('Sp) interaction potentials, the radiative lifetimes of
the XeKr lower excited states and the VUV spectra of the
heteronuclear molecules were performed in [11-13].

Part of the cited works also contains a considerable
amount of data about other inert gas mixtures (xenon-
argon, krypton-argon and others) which might be useful
for understanding krypton-xenon spectra.

In this paper we present spectra of krypton-xenon mix-
tures obtained in uncooled and cooled capillary DC dis-
charges. The spectra show that the role of mixed XeKr
molecules has not been adequately taken into account in
the previous publications. Intense formation of excited
XeKr molecules begins at very low partial densities of
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Fig. 2. Scheme of the gas discharge tube used for the experi-
ments.

xenon and takes place in a xenon concentration range up
to more than 1%. These molecules were often not included
in the kinetic models or were included only passively as a
final emitting product. We have tried to analyse carefully
the participation of the mixed molecules in the energy
transfer processes. The result forces us to consider the
mixed molecules as a necessary component of the kinetic
models.

Furthermore, the spectra recorded at relatively high
both total and partial xenon pressures have demonstrated
that the spectral intensity distribution depends strongly
on the gas temperature.

1 Experiment

Spectra have been recorded in the range 115-200 nm from
a DC capillary discharge at total gas pressures of 30—
300 torr and with 0.01-1% xenon admixture to the kryp-
ton gas. The gas inside the capillary could be cooled down
to the temperature of condensation.

The discharge tube (see Fig. 2) was made of fused silica
with windows of magnesium fluoride to allow detection of
the VUV spectrum down to 115 nm. Two cold tungsten
electrodes were melted into side branches of the tube. The
DC discharge (10-50 mA) took place in a capillary tube of
0.30 m length and 1.5 mm inner diameter and the tube was
connected to a vacuum system to be evacuated and filled
with gas. An initial pressure of less than 2 x 10~7 torr was
achieved before filling the system. The distance between
the magnesium fluoride windows and the capillary ends
could be changed but was usually about 10 mm.

It is a well-known phenomenon for a DC discharge in
a gas mixture that the gas can be separated by the run-
ning discharge so that one of the gaseous components is
collected near the anode while the other component gath-
ers around the cathode. To prevent this separation, a flow
of the gas mixture through the capillary was maintained
with a specially designed fan.

The capillary was surrounded by a concentric tube
also made of fused silica. The volume inside this tube was
flushed with cold nitrogen vapour in order to cool the cap-
illary walls. The capillary wall temperature was adjusted
by changing the inlet pressure of the vapours and mea-
sured with a copper-constantan thermocouple within the
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range 100400 K. To prevent unnecessary evaporation of
liquid nitrogen, the outer wall was thermally isolated.

Krypton-xenon mixtures were prepared in a special
volume, connected to high pressure gas bottles contain-
ing high purity krypton and krypton-xenon mixtures (1%
and 0.1% of Xe). It took about one hour to prepare a
homogeneous gas mixture.

The spectra were recorded using a 1 m normal-
incidence vacuum spectrometer with 0.417 nm/mm dis-
persion. The spectral resolution, determined by the widths
of the entrance and exit slits, was 0.015 nm. A pm-tube
with a magnesium fluoride window and a cesium-tellurium
photocathode, operating in the photon counting mode,
was used as detector. The photon counting time per chan-
nel was in the range 0.1-0.5 s and the peak count rate
reached 8 x 10* counts per second. The main part of the
wavelength region 115 to 200 nm was usually recorded
with 640 channels per spectrum, i.e. with a recording
system spectral resolution of 0.125 nm. However, sev-
eral narrow spectral ranges, including in particular the
atomic lines of xenon and krypton and lines of impuri-
ties, were usually recorded with higher spectral resolution,
down to 0.02 nm or better. No corrections for changes in
window transmission, grating efficiency and detector effi-
ciency within the investigated wavelength range have been
made for the spectra shown in this article.

The krypton, xenon and krypton-xenon molecular con-
tinua and the resonance lines of atomic krypton (A =
116.487 nm, A2 = 123.584 nm) and xenon (A3 =
129.559 nm, Ay = 146.961 nm) were observed in the spec-
tra. Besides, the resonance line of impurity hydrogen (A =
121.567 nm) and groups of carbon lines (A\; = 156.1 nm,
A2 = 165.7 nm) were observed. The intensities of the im-
purity lines decreased as the discharge was cooled. We also
examined the effect of the impurities on the intensities of
the continua. According to our observations, a change of
intensity caused by the impurities cannot have been more
than a few percent after conditioning of the capillary tube.

2 Results of the experiment

When a small quantity of xenon (less than one percent of
the total pressure) was added to krypton, the VUV emis-
sion spectrum changed in the same manner as in the above
cited works, namely that the intensity of the krypton con-
tinuum decreased with increasing xenon partial pressure,
and an intense peak of narrow-band radiation arose in
the immediate vicinity of A = 147.0 nm. Figure 3 illus-
trates the aforesaid: as an example, the spectra of pure
krypton and krypton with an admixture of 0.1% of xenon
are shown at a total pressure of 300 torr and a discharge
current of 20 mA.

The narrow-band radiation at A\ = 147.0 nm was in
previous works completely ascribed to the atomic reso-
nance line of xenon (A = 146.96 nm). However, this iden-
tification is not correct in many cases. In reality, even at
relatively low pressures of the “krypton-small amount of
xenon” mixture, a structure of nonatomic origin appears
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Fig. 3. Emission spectra from the capillary gas discharge show-
ing the change of the spectral intensity distribution when a
small quantity of xenon is added to krypton. 1 — pure krypton;
2 — krypton with an admixture of 0.1% of xenon. The total
pressure was 300 torr and the discharge current 20 mA (no
cooling).

near the xenon resonance line. Spectra of this mixture in
the wavelength interval 146.5-147.3 nm, at the total pres-
sure 30 torr and with different concentrations of xenon
(0.05%, 0.25%, 1%), are shown in Figure 4. The figure
demonstrates that at a concentration of xenon of 0.05%,
corresponding to a partial pressure of 1.5 x 1072 torr,
the emission profile is already clearly asymmetric and a
“shoulder” appears on the long wavelength side directly
adjacent to the peak position of the atomic line which co-
incides with the peak of the absorption profile at higher
xenon pressures. The shoulder is shifted from the atomic
line by 0.06 nm. As the xenon concentration increases to
1% (0.30 torr), self-absorption becomes stronger and the
upgrowing shoulder seems to be the main emission com-
ponent. Also, with increasing xenon pressure, a relatively
broad emission structure with several maxima, at least
three, appears on the short wavelength side in the band
146.4-146.95 nm. This structure becomes more clearly de-
fined at higher total pressures of the mixture, for example
at the pressure 90 torr (Fig. 5).

If one compares the spectra in Figures 4 and 5, it is
evident that the intensity of the atomic line and the com-
ponents to the left and right of A = 146.96 nm depend
both on the partial pressure of xenon and on the total
pressure of the mixture. The dependence on the krypton
pressure is demonstrated more distinctly in Figure 6 where
spectra recorded at the same xenon pressure of 0.15 torr
and different total pressures (30, 60, and 300 torr) are
presented.

Figures 4-6 also demonstrate the influence of self-
absorption (in the emitting volume and in the gas layer
between the discharge column and the exit window) on
the spectrum. With increasing pressure, the absorption
band becomes deeper and more asymmetric (wider to the
long wavelength side) and the absorption profile seems
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Fig. 4. Spectrum of narrow-band radiation of the krypton-
xenon mixture near the xenon resonance line. The total pres-
sure was 30 torr, the discharge current 20 mA and different
concentrations of xenon: (a) 0.05%, (b) 0.25%, (c) 1%. The
figure demonstrates that even at low pressures a structure of
nonatomic origin appears near the xenon resonance line. The
spectral resolution was 0.015 nm.

to consist of two components (Fig. 5c), one appearing at
the same wavelength as the emission “shoulder”. The in-
tensity of the absorption band depends both on the xenon
pressure (Figs. 4 and 5) and on the krypton pressure
(Fig. 6). The dependence on the krypton pressure indi-
cates that the self-absorption also includes molecular ab-
sorption.

It should be pointed out that the emission peak at
147 nm in Figure 3 (spectrum 2) has a profile similar (ac-
tually, more self-absorbed) to the profile presented in Fig-
ure 6, spectrum 3. The total pressure in both cases is the
same (300 torr), but the xenon partial pressure in Figure 3
is twice higher.

The influence of self-absorption on the emission spec-
trum is best shown in Figure 7a. Absorption maxima ap-
pear instead of emission maxima when the mixture Kr—
Xe (0.25%) at 90 torr was replaced by the mixture Kr—Xe
(1%) at 300 torr. Figure 7b shows densitometer traces of
absorption spectra of Kr—Xe mixtures [14] (see also [15])
obtained at the xenon pressure 0.1 torr (all curves) and
at the krypton pressures 6, 162, and 486 torr (curves 1,
2, and 3, respectively) in a 20 cm long cooled (160 K)
absorption cell. It is evident from Figure 7 that the struc-
ture of the emission and absorption spectrum is the same:
the peak positions in emission and absorption coincide
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Fig. 5. Spectra of the krypton-xenon mixture near the xenon
resonance line obtained at the total pressure 90 torr. The other
specifications are the same as in Figure 4. The molecular struc-
ture is clearly defined. The influence of self-absorption on the
spectrum in the vicinity of A = 147.0 nm is distinctly seen.
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Fig. 6. The spectrum of the Kr—Xe mixture around A\ =
147.0 nm and its dependence on the krypton pressure. The
xenon pressure was constant, 0.15 torr. The total pressures
were: (1) 30 torr; (2) 60 torr; (3) 300 torr. The discharge
current was 20 mA. The spectral resolution was 0.015 nm.
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Fig. 7. Comparison of the emission (a) and absorption (b)
spectrum of the krypton-xenon mixture around A = 147.0 nm.
The emission spectra (a) have been recorded at the total pres-
sure 90 torr, 0.25% of Xe (curve 1) and 300 torr, 1% of Xe
(curve 2). The absorption spectra (b) were recorded (densit-
ometer traces are presented) in [14] at the xenon pressure
0.1 torr (all curves) and at the krypton pressures 6, 162, and
486 torr (curves 1, 2, and 3, respectively). As is evident, the
structure of the emission spectrum and that of the absorption
spectrum (peak positions, relative intensities and widths) is
similar. See also specifications and comments in text.

precisely, and the relative intensities and widths are sim-
ilar. The spectra obtained in [14] at high spectral reso-
lution (~ 0.001 nm) showed that the resonance line is
associated with two groups of discrete bands on its short
wavelength side and with one group of bands on the long
wavelength side (altogether more than 20 bands were
observed). These bands appear as a result of bound-
bound or bound-free transitions within the heteronuclear
diatomic van der Waals molecules [14]. Figure 7 therefore
allows identification of the emission spectra observed in
the vicinity of A = 146.96 nm on the basis of the results ob-
tained in [14], namely: the xenon atomic line and bands of
Xe*Kr molecules spanning the atomic line are seen, more
or less self-absorbed by xenon atoms and mixed molecules.

The conclusion is that transitions in Xe*Kr molecules
give a considerable contribution to the narrow-band radi-
ation around A = 147.0 nm that is crucial for the inter-
pretation of the spectra. The identification of this band as
well as the atomic xenon line and its use for measurements
of molecule-atom energy transfer cross-sections therefore
has to be done with care. It should be noted also that the
appearance of the molecular structure in the range 146.40—
146.95 nm is a good indicator that the strong molecular
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Fig. 8. Continua of krypton (curve 1) and krypton-xenon mix-
tures (curves 2 and 3). The total pressure was 300 torr (all
curves), the Xe concentration 0.25% and 1.0% (curves 2 and
3, respectively). The continuous emission intensity in the mix-
ture spectra is not equal on both sides of the band at 147.0 nm.
The difference in intensities depends on the partial pressure of
xenon. An explanation of the asymmetry is given in the text.

emission peak has arisen close to the xenon resonance line
on the long wavelength side.

As can be seen in Figure 3 the krypton continuum goes
down in intensity when xenon is added to krypton. How-
ever, the decrease in the intensity is not equal on both
sides of the band at 147.0 nm: the long-wavelength side
retains its intensity more than the short-wavelength side.
The difference in intensities depends on the partial pres-
sure of xenon (Fig. 8; total pressure 300 torr, 0.25% and
1.0% Xe). The short-wavelength continuum almost disap-
pears when the mixture contains 1% (3 torr) of xenon.
The explanation for the asymmetry is that an additional
molecular continuum has appeared in the spectral region
from the atomic line at 147.0 nm to approximately 190 nm.
The extension of the continuum indicates that this is ei-
ther the mixed molecule or the xenon molecule contin-
uum. As was recently shown [6], each of these continua
can appear as the dominant emission depending on the
gas mixture. It was also verified in [6] that an emission
maximum at A &~ 156 nm is due to the mixed molecules
and is an analogy of the krypton or xenon second
continuum (see Fig. 1).

The maximum at 156 nm appeared in our spectra
at “high” pressures of both krypton and xenon but was
not clearly defined in spectra of the uncooled discharge
(Fig. 9, spectrum 2; 300 torr, 1% Xe), and the maximum
of the xenon second continuum was not seen. However,
the spectrum changed completely when the capillary wall
was cooled (Fig. 9, spectra 3 and 4). With decreasing wall
temperature, an intense growth of the band at 156 nm
was observed and, in addition, the xenon second contin-
uum appeared and grew faster than the mixed molecule
continuum (Fig. 9, spectrum 3). At a wall temperature
close to the temperature of gas condensation, the second
continuum from xenon molecules dominates the spectrum
(Fig. 9, spectrum 4).
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Fig. 9. Spectrum of a krypton-xenon mixture (curves 2—4) at
the total pressure 300 torr, 1% of Xe, and its dependence on the
gas temperature. The curves 2-4 show the change of the spec-
trum as a result of discharge capillary wall cooling from “no
cooling” (curve 2) to a temperature close to the temperature of
gas condensation (curve 4). With decreasing wall temperature,
both the mixed molecule and the xenon continua grow, but the
xenon continuum grows faster than the mixed molecule con-
tinuum (the atomic resonance line is self-absorbed more than
in Fig. 8 because the distance between the discharge capillary
and the exit window was longer than the usually used 10 mm).
The krypton continuum (curve 1) is shown for comparison: the
pressure was 300 torr, the discharge current 20 mA (without
cooling).

A similar growth of the mixed molecule and xenon
continua was observed at room temperature in [2] (total
pressure 1000 torr) and in [3] (total pressure 500 torr)
when the xenon concentration was increased two orders of
magnitude up to 2.5% and 1%, respectively.

Figure 10 exhibits the spectra of mixtures cooled close
to the condensation temperature at 300 torr and different
xenon concentrations (0.1%, 0.25%, 1%, spectra 2, 3 and
4 respectively). It is evident from the spectra that the
growth of the band around 156 nm and, especially, the
xenon second continuum occurs at relatively high xenon
concentrations. A comparison of the krypton-xenon spec-
tra 3 and 4 in Figure 10 with the spectrum of cooled
(down to approximately the same temperature) krypton
(spectrum 1) shows that, if we deal with energy transfer
processes, they should be very effective.

3 Interpretation of the spectra
and mechanisms of energy transfer

A simplified energy-level diagram for the lowest excited
states of atomic Kr and nearby atomic Xe levels is shown
in Figure 11.

Studies of electronic energy transfer processes in Kr—
Xe mixtures were made in [1-5,16] using different methods
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Fig. 10. Spectra of krypton (1) and krypton-xenon mixtures
(2-4) at the lowest possible capillary wall temperature (close
to the temperature of gas condensation). The curves (2-4)
show how the intensities of the continua change with increas-
ing xenon concentration: (1) 0%; (2) 0.1%; (3) 0.25%; (4) 1.0%.
The total pressure was 300 torr, the discharge current 20 mA.
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continuum is also indicated.

for the excitation of the mixtures over a wide range of Kr
host gas pressures and added Xe gas concentrations. Most
of the results were obtained in time-resolved measure-
ments from decay curves of atomic and molecular VUV
emissions. We have tried to collect the most important
processes for the discussion of our results and represent
them in Figure 12. Reaction rates were taken from the
previously cited works and also from [17-26,29,36].
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However, some comments concerning the block dia-
gram in Figure 12 should be made. Higher excited states
of krypton atoms, not included in the diagram, have rather
short (1077 — 1078 s) radiative decay times, and therefore
they can not act as efficient energy donors at low xenon
concentrations. In contrast to the higher states, the low-
est excited krypton states, included in the diagram, have
rather long (107°—1076 s) lifetimes since the optical tran-
sitions from the 3Py and ®P» levels are dipole forbidden
or because of trapping of resonant radiation from the 'P;
and 3P, states. The lifetime of trapped resonance radi-
ation in krypton for atomic densities of 106 cm=2 and
higher is determined, according to [27,28], by the pres-
sure broadening of the resonance line. Under such con-
ditions, the decay constant 3(r) for a cylindrical tube
with radius r is independent of the pressure and is given
by B(r) = (1/7)[0.205()\/r)/?] [27,28], where 7y is the
natural lifetime of the upper state and A is the wave-
length of the resonance radiation. An experimental rate
value of resonant radiation escape for the Kr(1P;) state
at A = 116.5nm, 1.9x10° s~! (r = 1 cm) is given in [4] and
two values are given for the Kr(3P1) state at A = 123.6 nm:
8.6 x 10* s7! (r = 5 c¢m) [3,26] and 1.7 x 10° s~ (r =
1 cm) [4].

A value of the quenching rate (that is, the constant
of the reaction corresponding to the destruction of a Kr
state by binary collisions with ground state Xe atoms)
for the Kr(1P;) resonant state has been found only in
[4] (1.2 x 105 torr~'s™!); thus a comparison with other
works is not possible. However, the quenching rate for the
Kr(®P1) resonant state, obtained from the Kr(®P;) state
decay curves (9.5 x 10° torr~*s~!) [4], can be compared
with the result (7 x 10% torr~*s~!) deduced from the de-
cay curves of the second krypton continuum at 145 nm
[3]. The quenching rate of the Kr(*P2) metastable state
(6.3 x 105 torr~'s™1), measured by the flowing afterglow
technique, has been taken from [16]. The fairly good cor-
relation between the quenching rates obtained in [3,4,16]
is worth noticing.

After energy is transferred from the Kr('Py, 3Pj )
states to excited states of Xel, radiative cascading pop-
ulates the lower-lying states of Xel, eventually the
Xe(®Py, ®P3) levels [1-5] (the role of the Xe('P;) and
Xe(3Py) states has not been published, as far as we know).

The rate of molecule-atom energy transfer from the
krypton molecular 1, state, resulting in direct excitation
of the xenon atomic state *P1, was measured in [3] from
the decay curves of the second krypton continuum at
145 nm (2 x 107 torr—'s™1). This high rate is in agree-
ment with theoretical predictions [1,2] (~ 107 torr~!s™1)
and with estimates of the molecule-atom energy trans-
fer cross-sections [1,2] made with a one order of magni-
tude uncertainty on the basis of spectroscopic experimen-
tal data (~ 10713 cm? and ~ 10714 e¢m? for the Kr3(0;)
and Krj(1,) states respectively, that is ~ 4x 10% torr—1s~*
and ~ 4 x 107 torr~!s71).

It should be pointed out that the products of two-
body collisions of Kr(®Py, 3P3) atoms with ground-state
Kr atoms usually have no definite identification in the
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cited literature and that there is a strong discrepancy be-
tween the measured values of the rate. We suppose that
the mentioned process is, mainly, a two-body conversion
of excited atoms in excited molecules.

One might consider energy transfer from krypton
atoms and molecules to xenon atoms as the “first” stage
of energy transfer in the kinetic model shown in Figure 12.
For the lowest xenon concentrations used the result of
this stage is the accumulation of excitation energy in the
Xe(®P1) level. This conclusion was made on the basis of
the spectroscopic results [1-5] which, at the lowest Xe con-
centrations, showed, besides the Kr emissions, only the
high intensity Xe emission at 147 nm. At low Xe concen-
trations, quenching of the Kr atomic states by Xe ground-
state atoms is not as effective as the two- and three-body
reactions with Kr atoms (Fig. 12), and the main channel
of energy transfer is the molecule-atom channel. One may
speculate that the assumption about a selective “initial”
population of the Xe(3P;) level is less valid for higher Xe
concentrations when atom-atom energy transfer becomes
equally or more efficient than molecule-atom energy trans-
fer and the lowest Xe states are populated through radia-
tive cascading (according to the data collected in Fig. 12,
the two energy transfer channels become equally efficient
when the Xe pressure reaches Px, = 5x 1075P2)). In this
connection we can indicate the ratio between the Xe(*P;)
and Xe(®Py) state populations after a cascade from the
atomic Xe(6p) states (Fig. 12), obtained in [29]: ~ 90 per-
cent of the number of initially excited Xe(6p) states decay
through the Xe(®P;) state and ~ 10 percent bypass to
the Xe(®P5) state. This branching ratio did not vary with
pressure in the range 75-7500 torr [29]. Hence it might be
reasonable to assume a strong population of the Xe(3P;)
state in our whole range of Xe pressures and therefore
not take the “initial” population of the Xe(*P3) state into
account.

The next step of energy transfer is the depopulation
of the Xe(3P;) and Xe(®P3) states. Direct measurements
of collisional depopulation of the Xe(*P;) state in Kr—Xe
mixtures was performed only in [5] as far as we know.
According to time-dependent intensity measurements of
the xenon resonance line [5], the Xe(*P1) state is depop-
ulated by collisions with both Xe and Kr ground-state
atoms. The rate 2100Pk, torr—'s~! was assigned to rep-
resent a collisional transition to the Xe(*P3) metastable
state. The rate 7PZ, torr—2s™! was assigned to repre-
sent the formation of (KrXe)* molecules, while the rate
97 PxoPxr torr—2s™1 represents either the formation of
the Xe;(0}) states or (XeKr)* molecules. Unfortunately
there is no direct information in [5] about the spectral
resolution, so therefore we do not know whether the res-
onance line at A = 147.0 nm was recorded together
with or without the molecular structure around this line
(Figs. 4-7).

The action of Kr ground-state atoms on the metastable
Xe(®P2) states was checked in [3] by carrying out a kinetic
study of the 173 nm xenon second continuum. The two-
and three-body rates of Xe(®Ps) state depopulation have
been estimated, 3080Py, torr 's~! and 37PI%r torr—2s71,
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Table 1. Parameters of the Morse potential curves presented in Figure 1 (see comments in Sect. 5). Dy, is the depth of the
potential well, Ry, is the equilibrium internuclear distance, Ry is the left zero value point of the Morse potential curve.

KrXe Xe,

1CP) | 2CP) | 0°CP) | 1CPy) | 0(CPy) | 0°(Sy | O L 0,

440 580 920 1120 1230 159 4000 3500 196

D, cm™ [13] [11,13] [13] [11,13] [11] [15] [21] [21] [35]

*
4.34 4.23 3.55 3.25 3.25 4.18 32 32 4.36
Ry, A (1] [11] [13] [13] [15] [21] [21] [35]
sk

3.84 3.76 2.86 2.65 2.65 3.7 2.5 2.5 3.89

RO,A [11] [11] [13] [13] [13] [15] [21] [21] [35]
$k seokokeok

* We used the ratio of the depths of the 1(°P;) and 2(°P,) states as in [11] and took Dy, for the 1(°P;) state from [13].

** Slightly corrected (5.5 a, instead of 5 ap) to get a crossing point between the 0°(°P;) and 1(°P,) states as in [11] and [13].

K we have taken the same Ry, as for the 1(°P,) state (like in Fig. 3 in [11]).

sk kok

respectively. The authors did not indicate products of
these reactions, however, so we believe that the mentioned
processes are mainly two- and three-body conversion of
excited atoms into excited Xe*Kr molecules.

Also the rate (40 £ 10) Pk, Pxe torr~2s7! was derived
in [3] from the decay of the 173 nm continuum, and was
attributed to three-body formation of Xe} molecules from
Xe(®P1) atoms. Notice that in [1,2] the formation of the
Xes molecules was ascribed to three-body conversion of
the Xe(3P3) atoms.

It should be underlined that the scheme of processes
indicated in Figure 12 does not include (for simplicity
reasons) reactions with participation of electrons. In our
case the electron density n. is ~ 10 cm™ [30]. There-
fore, reactions having a rate ~ ne x 107 s~ or more
should be taken into account. Collisions of excited atoms
or molecules with electrons resulting in mixing of the level
populations are most important in our case. If the sepa-
ration in the energy between two levels is of the order of
1000 cm ™! or less, the mixing has the rate ~ nex 1077 s~ !
[31,32]. Therefore it is expected, for instance, that there is
a strong mixing of the 3P; and 3P, atomic states in both
Kr and Xe (Fig. 11) in the discharge channel.

From the results of [3,5] (Fig. 12) it follows that the
mixed molecules Xe*Kr are the main product of depopu-
lation of the Xe(3Py, 3Py) states through collisions with
atoms in any “krypton-small amount of xenon” mixture,
at least at Xe concentrations < 7%. The same conclu-
sion could be drawn from general considerations; if the
Kr/Xe concentration ratio is > 100/1 (as in our case),
Xe atoms could compete with Kr in depopulation of the
Xe(®Pq, 3P3) states only if they have a collisional cross
section two orders of magnitude higher than Kr atoms
which is unlikely. The aforesaid is in accordance with our
spectra observed at Xe concentrations < 0.1%. However,
at Xe concentrations > 0.1%, a total pressure ~ 300 torr
and low gas temperature, the Xe5 continuum becomes the
main feature of the VUV spectrum of the mixture (Figs. 9
and 10). Similar results were obtained at higher total pres-
sures than in our discharges and at room temperature in

The same value has been obtained from the absorption spectrum analysis in [37].

[2,3]. The conclusion is that it is appropriate to look for
an additional energy transfer processes.

The Morse potential curves for XeKr molecules (Fig. 1)
will be used in the interpretation of the spectra depicted
in Figures 3-10. These potential curves are derived from
semiempirical calculations for the excited states [11,13]
and data for the ground state presented in [15]. The
restricted experimental results for the 1(*P;) state ob-
tained in [8] were taken into account in the calculations
[11-13]. For convenience, the Morse potentials of Xey are
also shown in Figure 1. The parameters used in the con-
struction of the Morse potentials are presented in Table 1.
For XeKr potentials we tried to use the data of [13] as
the basic data but this publication contains the full sets
of the Morse parameters only for the 07 (*P1) and 1(3P3)
states. Therefore it was necessary to combine the results of
[11,13]. Sometimes the potential curves presented in
[11,13] were used to derive a parameter. We consider the
XeKr potentials shown in Figure 1 realistic but not very
accurate.

A significant feature distinguishes the potential curves
for Xe*Kr molecules from the curves for the Kry or Xeq
dimers, namely, according to the cited works [11-13], that
there are “additional” bound excited electronic states. In
reality, these are weakly bound states: the potential curves
of the 1(3P;) and 2(3P3) states have shallow minima.
These minima are situated at larger internuclear distances
than the minima of the 07 (3P;) and 1(3P2) states and
at about the same internuclear distance as the weakly
bound ground state 07 (1Sp). On the basis of the works
[11,13] one can estimate the depths of the 1(*P;) and

2(3P2) wells to be some hundred cm™1.

As underlined above, the atomic-molecular emission
spectrum around A = 147.0 nm (Figs. 4-6) is similar to
the absorption spectrum of the Kr—Xe mixture close to
the Xe resonance line (Fig. 7). This similarity indicates
that both the emission and absorption spectra correspond
to transitions between the same sets of upper and lower
states. On the other hand, the structure of the Kr-Xe
spectrum around the resonance line A = 147.0 nm, that
is the width and the presence of maxima and minima,
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is quite different from that in pure Xe or Kr (see e.g.
[33,34]). If we take the last two points into account, a
comparison of the spectra (Figs. 4-7) with the potential
curves (Fig. 1) indicates that molecular structure near A\ =
147.0 nm, in absorption and in emission, is quite probably
caused by transitions between the weakly bound ground
state 07 (1Sg) and the weakly bound excited state 1(3Py).

The following remarks about the identification of the
spectrum around A = 147.0 nm can now be made. The
depths of the 07 (1Sy) and 1(3P;) states are so small that
each of them has a more or less uniform density distri-
bution over the vibrational levels when it serves as the
initial electronic state of the discussed transitions, and,
consequently, the same set of molecular transitions and
similar spectra may be observed in absorption and in
emission. The width of the molecular spectrum from the
resonance line at A = 147.0 nm to the short wavelength
side is ~ 0.6 nm, corresponding to =~ 300 cm~! in en-
ergy. This value exceeds by a factor of 2 the depth of
the ground state well (=~ 160 cm™!) estimated in [35].
One may therefore conclude that the spectrum on the
short wavelength side of A = 147.0 nm partially originates
from free-bound transitions between the repulsive part of
the 1(3P;) state and the well of the 0% (1Sy) state. The
presence of the very broad molecular bands on the short
wavelength side in the range 146.3-146.8 nm [14] (part of
them are seen in Fig. 5) supports this conclusion. We may
also conclude that the minimum of the potential curve of
the ground state 07 (1Sp) is situated at a larger internu-
clear distance than the minimum of the 1(3P;) state. The
width of the molecular spectrum from the resonance line
at A = 147.0 nm to the long wavelength side indicates that
the well depths of the 1(3P1) and 07 (1Sg) states should
be about the same. These facts are the starting points for
the identification of the spectrum around A = 147.0 nm.
The previous analysis has shown that all details of the
spectrum, including the strong peak on the long wave-
length side (which was assigned as the atomic line wing in
[14,15], can be considered as transitions between vibra-
tional levels of the 1(*P1) and 07 (1Sy) states.

It is now possible to interpret the spectra in Figures 3,
8-10 and, in particular, give an explanation of the appear-
ance of the Xey continuum. At low xenon concentrations,
the emissions related to the xenon admixture concentrate
around the xenon resonance line A = 146.97 nm (Figs. 3—
6). The long wavelength low intensity “non-krypton” con-
tinuum, originating from transitions in Xe*Kr molecules
from the lower vibrational levels of the 07 (*P1) or 1(3P3)
states, becomes distinguishable only at Xe concentrations
~ 0.1% (Fig. 3). If the total pressure is low enough, the in-
tegral intensity of the band around A = 147.0 nm exceeds
significantly the integral intensity of the mixed molecule
continuum from the strongly bound states. For instance,
at a total pressure of 100 torr and 0.1% Xe admixture,
the ratio of the two intensities is about 10 according to
our spectra. Making this estimate, we did not take self-
absorption in the band into account. In reality the ratio is
higher. The aforesaid indicates, firstly, a high population
of the 1(*P;) mixed molecule state, and, secondly, that

The European Physical Journal D

the band around A = 147.0 nm is the main channel of
radiative losses of the mixed molecules.

When the Xe concentration or the total pressure in-
creases, the ratio between the integral intensity in the
band around A = 147.0 nm and the intensity of the mixed
molecule continuum goes down. Partially this can be con-
nected with a more rapid growth of the continuum inten-
sity than of the band intensity, but the main reason is
growing self-absorption in the band around A = 147.0 nm
since the detection of the light with the spectrometer is
done along the discharge capillary and through the gas
layer between the discharge channel and the exit window.
Therefore, the decreasing ratio of the integral intensities
observed in the spectra does not mean that the main part
of the Xe*Kr emission from the emitting volume begins to
concentrate in the continuum. One should remember that
with a long and narrow emitting volume as in our case, the
radiative losses that are not along the capillary but in the
lateral direction are most important. It is obvious that
the relative intensity of the band around A\ = 147.0 nm
is much higher at the inner capillary wall than what we
obtain in the spectra observed along the capillary. Conse-
quently, the band around A = 147.0 nm is not so strongly
trapped in the uncooled capillary as it seems from the
spectra observed along the capillary.

This conclusion is also confirmed by the following: the
spectra in Figures 3 and 8 and the spectra 1, 2 in Figure 9
show a significant difference between the integral intensity
of the Kr—Xe mixture spectrum and the integral inten-
sity of the pure Kr spectrum. But, in accordance with the
scheme of the processes (Fig. 12), these integral intensities
should not differ significantly because energy, transferred
from the Kr molecules to the Xe atoms and, further, to
the mixed molecules, should be emitted in the VUV range
indicated in the figures.

Cooling of the capillary walls with liquid nitrogen
vapours increases the gas density in the capillary and,
what is more important in our case, increases the con-
centration of the XeKr ground state molecules, especially
near the inner capillary wall. A well-known formula of
statistical mechanics was used in [32] for estimates of the
molecular concentrations in weakly bound ground states.
For the XeKr mixture this formula gives, at a total pres-
sure of 300 torr, 1% of Xe and a gas temperature of 110 K,
a relative density ratio Ny, /N, = 3%, where Ny, and N,
are the concentrations of ground state XeKr molecules
and Xe atoms respectively. However, since the condensed
phase should be taken into account, this could be an
underestimate when the gas temperature approaches the
temperature of gas condensation and the density of the
weakly bound molecule grows much more rapidly than
the formula predicts. A growth of the XeKr molecule den-
sity leads to increasing self-absorption and trapping of
the band around A = 147.0 nm emitted in the lateral di-
rection. Consequently, the efficient lifetime of the Xe*Kr
1(®P;) state increases and the probability of excitation
transfer from the Xe*Kr 1(3P;) state grows.

The spectra in Figures 9 and 10 indicate that excita-
tion energy is transferred to the Xe*Kr states and to the
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Several
processes
(See text)

Xe; states emitting the continua with maxima at 156 nm
and 173 nm. One should remember that Xe3 molecules, as
has been supposed above, will not appear as a result of a
three-body conversion of the excited Xe atoms in compe-
tition with three-body conversion to mixed molecules.

According to our analysis of the spectra, the trapping
of the band around A = 147 nm leads to an increase
of excitation transfer to the Xe*(*P2) state (Fig. 13). A
number of processes may contribute. Firstly, an increas-
ing efficient lifetime of the Xe*Kr 1(*Py) state will lead to
an increase of the efficient lifetime of the atomic precur-
sor, Xe*(®P1). In this case, mixing of the Xe*(*P;) and
Xe*(3P3) states assisted by collisions with electrons and
atoms gives a higher efficiency of excitation transfer to the
Xe*(3P3) state in a cooled capillary than in an uncooled
capillary.

Secondly, the trapping of the band around A =
147.0 nm leads to a growth of excitation transfer to
the Xe*Kr(0*(3P1)) molecule via mixing of the 1(3P;)
and 07 (®*Py) states (see Fig. 1) by electrons, and/or can
initiate the following two reactions:

Xe*Kr(1(*Py), 07 (3Py)) + Xe(*Sp) —

Xe3(05) 4+ Kr(*Sp). (1)
The Xej(0F) and Xe*Kr(0T(*P1)) molecules can be
formed only in the upper vibrational states and therefore,

to emit the second continua at 156 nm and 173 nm, they
must relax (in collisions with the atoms) to their lowest
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N~ 146.4-147.2nm

o Xekr
0+(1 SO)

Fig. 13. Simplified scheme of energy transfer pro-
cesses in a “krypton-small amount of xenon” mix-
ture, in accordance with the results of this work
(see details and comments in text). It is sup-
posed that “initially”, after energy transfer from
Kr to Xe, excitation is mainly concentrated in
the Xe*(®P1) state (see Fig. 12). Reactions of
atomic and molecular state mixing by electrons
are marked by the sign “?” because it is assumed
that energy transfer processes take place not only
in but also outside the discharge channel. HVL
(LVL) means high (low) vibrational levels.

vibrational levels. The natural lifetimes of these upper vi-
brational levels are very short (nanoseconds) which raises
the question if relaxation to the lowest vibrational levels
is possible at our total pressures. In this connection we
refer to results reported in [29] where the observation of
the temporal behaviour of the second Xe} continuum was
carried out in pure Xe. It was shown that a contribution
of the Xej(0) state to the second continuum shows up
at Xe concentrations > 4 x 10'? ecm~2. This result is not
in full agreement with the vibrational relaxation rate for
the Xe5(0;F) state, 7 x 10711 cm3s™!, obtained in [36].
We therefore believe that the latter value of the relax-
ation rate is too high since relaxation from the highest
vibrational levels was not investigated in [36]. We have
derived an estimate for this rate from the results of [29] to
be < 107" cm®s™!. Another result obtained in [36], the
rate for Xe}(0;") vibrational relaxation in collisions with
Ar, is 6 x 1072 cm3s™! which indicates an upper limit
of the rate for Xek(0;) vibrational relaxation in collisions
with Kr. In [6] relaxation constants of Xel and Xe*Kr
molecules with krypton as a buffer gas were estimated to
be 2 x 1072 cm3s~! for both excimer systems. The listed
results give reasons to believe that, at the total pressures
used in our experiments, the relaxation from the upper
to the lowest vibrational levels of both the Xe}(0}) and
Xe*Kr(0T(3P1)) molecular states is unlikely.

In accordance with [29], one can assume that the main
part of the Xe}(0;7) molecules, being in their upper vi-
brational levels, dissociate along the repulsive potential
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curves forming the two atomic Xe*(*P3) and Xe(1Sp)
states (the single repulsive curve shown in Fig. 1 sym-
bolises the 1g, 0g~, and 2u repulsive states). The ratio
0.29 between the relaxation and dissociation rates was ob-
tained in [29]. According to our estimates derived from
the results of [29], the dissociation rate for the Xe3(0;))
molecule is ~ 3 x 107! em3s~!. The same type of dissoci-
ation of the Xe*Kr(0*(3P;)) molecules can occur via the
Xe*Kr(2(3P3)) weakly bound state.

Hence, the growing trapping of the band around A =
147.0 nm leads, in different ways, to an increase of excita-
tion transfer to the Xe*(3P3) state. The Xe*(*P3) atoms,
appearing as a result of a dissociation or a mixing, are
then converted in a three-body process into Xe*(3Po)Kr
molecules, which have longer (approximately one or-
der of magnitude) radiative lifetimes than Xe*(*P;)Kr
molecules. By analogy with conversion of the Xe*(*P;)
state, one can assume that a significant part of the
Xe*(3P2) atoms will be converted into weakly bound
Xe*Kr(2(3P3)) molecules (the optical transitions from the
2(3P3) state to the ground state are forbidden). Therefore,
the two reactions

Xe*Kr(1(3Py), 2(3P2)) + Xe('Sp) —
Xez(1,) +Kr(*So)  (2)

can be efficient. A total pressure of 300 torr is undoubtedly
enough for collisional relaxation of both Xe*Kr(1(3Ps))
and Xe3(1,) molecules to the lowest vibrational levels and
the subsequent emission of the continua around 156 nm
and 173 nm.

If we apply the aforesaid to an interpretation of the
spectra 2, 3 and 4 in Figure 9, we conclude, first of all,
that the growth of the total intensity of the continuous
emission of the mixture with cooling is a result of trap-
ping of the band around A = 147.0 nm emitted in the
direction to the capillary wall. Secondly, the intensity of
the continuum at 173 nm grows faster than that at 156 nm
because the Xe concentration increases under cooling and
the efficiency of the reactions (2) grows. Thirdly, one may
draw the conclusion from spectra 2, 3, 4 that the rate
of the reaction (2) is of the same order of magnitude as
the radiative decay of the mixed molecules taking part in
the reaction. Figure 10 shows that a certain level of Xe
concentration is necessary to obtain “the effect of cool-
ing” (spectra 3 and 4 in comparison with spectrum 2).
Firstly, the Xe concentration should be high enough for
effective trapping of the band around A\ = 147.0 nm. Sec-
ondly, the Xe concentration should also be high enough
for a successful competition with the radiative decay of
the Xe*Kr(2(®P2)) molecules.

As a summary of this chapter, we want to make the
following remarks.

e As mentioned above, a spectrum similar to the spec-
trum 4 in Figure 9 was observed in [2,3] at room
temperature and total pressures of 1000 torr [2] and
500 torr [3] when the xenon concentration increased
up to 2.5% and 1%, respectively. The lateral dimen-
sions of the cells used for excitation of the mixture in
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[2,3] were < 1 cm and 10 cm, respectively. That is:
higher total pressure and Xe concentration are neces-
sary to observe the Xe5 continuum at 173 nm in cells
with small dimensions. One might suppose that the re-
sults from [2,3] confirm that the effect of trapping of
the emission in the band around A = 147.0 nm plays
an important role for the interpretation of our results.

e The intensity of the Kro continuum grows under cool-
ing (spectrum 1 in Fig. 10 and spectrum 1 in Fig. 9).
This effect was investigated in [32]. It should be
pointed out that the integral intensity of the Kr—Xe
spectrum under cooling (spectrum 4 in Fig. 10) is
higher than the intensity of the Kry continuum (spec-
trum 1 in Fig. 10). To understand this, we have to take
into account that excitation is transferred from Kr to
Xe through two channels, the “molecule-atom” chan-
nel as well as the “atom-atom” channel. The difference
in the intensities can be connected with the growth of
the “atom-atom” channel contribution at higher Xe
pressures.

e In reality it is not possible to separate the emission
from the Xe*Kr(1(3P;)) molecules and from the upper-
most vibrational levels of the Xe*Kr(0*(3Py)) state.
When talking about Xe*Kr(1(3*P1)) emission, we also
mean emission from the uppermost vibrational levels
of the Xe*Kr(0T(3P1)) state.

e In this work a contracted discharge was used, hav-
ing a narrow diameter (=~ 0.5 mm) discharge channel
along the axis of the discharge capillary. The molec-
ular self-absorption and trapping of the band around
A = 147.0 nm takes place mainly in cold layers close
to the inner capillary wall. A growth of the trapping
with cooling leads to a consequent increase of the
concentration of excited molecules (and atoms) in
these layers. This in turn means that the processes
of energy transfer described above and, consequently,
also the emission of the continua may occur predomi-
nantly near the inner capillary wall, that is outside the
discharge channel.

e Only the “main route” of excitation transfer from the
trapped Xe*(®*P7) state has been discussed in this pa-
per. A simplified scheme of energy transfer processes
starting from the Xe*(3P1) state is shown in Figure 13.

A number of observations remain to be interpreted. In
particular, a rather intense structure of molecular origin
has been observed near the Kr resonance lines. Possibly,
Kr*Xe molecules can also be the starting point of energy
transfer from Kr to Xe.

4 Conclusion

The results of the work extend the understanding of the
mixed molecule role in generating the VUV spectrum
from a mixture of “krypton-small amount of xenon”. The
creation of excited mixed molecules Xe*Kr is the basic
channel of energy transfer from the atomic xenon state
Xe*(3P1) which is a result of energy transfer from kryp-
ton to xenon. A strong emission peak from a weakly bound
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excited Xe*Kr state is observed around A = 147.0 nm
together with continuous emission from a more strongly
bound excited Xe*Kr state. Mixed molecule emission de-
termines the spectrum of the mixture until emission in
the band around A = 147 nm becomes strongly limited
by self-absorption. In our case this occurs when the dis-
charge capillary wall is cooled down to temperatures close
to the temperature of gas condensation. With cooling, the
Xe5(1,) molecule emission becomes the main feature of
the spectrum. However, the mixed molecules work as an
important link in the energy transfer processes, even when
their contribution to the spectrum is small.
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