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ABSTRACT 
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VUV emission spectra of Xe-X (X = He, Ne, Ar and Kr) and of Kr-Y (Y = He, Ne and Ar) 

mixtures with low concentrations of the heavier gases (0.1 - 1 %) and moderate total 

pressures (50 - 200 hPa) are recorded near each of the two resonance lines of Xe and Kr in 

DC glow capillary discharges. A tentative identification of the emission structures is given. 

Numerical simulations of absorption spectra from Kr-Xe mixtures close to the Xe 

resonance line at 146.96 nm are performed. It is shown that the absorption structures can 

result from bound-bound and bound-free transitions in XeKr molecules between the ground 

state and the weakly-bound 1(3P1) excited state. The depth of the excited state is estimated. 

 Simultaneous observations of the VUV and visible - near IR emission from DC and RF 

discharges in gaseous Kr with small Xe admixture concentrations are conducted. A scheme 

of energy transfer processes in Kr-Xe mixtures is proposed. The emission spectra are used 

for investigation of energy transfer from the lowest excited states of both atomic krypton 

and krypton molecules to the ground state xenon atoms. Values of energy transfer rates from 

the 1u state of Kr2* molecules and from the system of the four lowest Kr excited states to Xe 

ground state atoms are obtained. 

Energy transfer processes in gaseous Ar with a small admixture of N2 excited in a 

transverse pulse discharge are investigated and an energy transfer scheme is proposed. The 

results confirm that all emitting species have Ar metastable state 3P2 as their common source 

of excitation energy. Evidences of strong energy transfer from Ar2*(1u) molecules and the 

reabsorbed Ar state 3P1 to atomic nitrogen are also obtained. 
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1. Introduction. 
 

The vacuum ultraviolet (VUV) wavelength region is the 
spectral range between the ultraviolet (UV) and the soft X-ray 
regions. The long wavelength limit of the VUV range (200 nm) is 
where the continuous absorption by oxygen begins and expands 
towards longer wavelengths. For this reason all observations of 
emission and absorption in this range are carried out in vacuum and 
the region is therefore called the “vacuum” UV. 

Recently an increasing attention has been paid to VUV 
emission from various types of discharges in rare gases and their 
mixtures. The main reason for the interest is connected with a great 
scientific and technological demand for VUV radiation sources, 
including VUV lasers. Nowadays a specially great technological 
need exists for short wavelength radiation sources suitable for 
microlithography. 

Discharges in rare gases have served for long time as simple 
and versatile broad VUV radiation sources in VUV spectroscopy. 
The principal properties of the emission from rare gas discharges 
originate from the structure of rare gas diatomic molecules, which 
belong to the excimer class of molecules. The word ‘excimer’ was 

created by combining the two words excited and dimer (diatomic 
molecule). The term is used for a broad class of diatomic molecules, 
homo- and heteronuclear, which have stable excited states while the 
ground state is repulsive or has just a very shallow potential well 
(van der Waals minimum). 
 However, the VUV emission from pure rare gas discharges 
usually cannot be used in applications that require narrow-band and 
intense radiation. This is why the emission from rare gas mixtures 
became the subject of a considerable number of experimental and 
theoretical studies: it was shown that at certain conditions these 
mixtures produce intense VUV radiation in a narrow band around the 
atomic resonance lines of the heavier gas admixture [1-3]. 
 A second stimulating factor for these studies was that at even 
very small heavier gas admixtures did not only these intense bands 
appear, but it was observed that the VUV emission from the main gas 
could undergo a drastic reduction [1-3]. This suggests the existence 
of very efficient energy transfer processes from the main gas to the 
admixture. 
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 Nevertheless, while the understanding of the internuclear 
potentials of the ground and excited states of homonuclear dimers is 
well established and emission spectral structures from pure rare gas 
discharges are reliably identified, the situation for heteronuclear 
dimers is much less satisfactory. Detailed data exist only for the 
ground states and were obtained by fitting theoretical potentials to a 
compilation of experimental results [4]. Data on the lowest excited 
states is much more scarce. Some information has been obtained 
from absorption spectroscopy [5,6] and from surface VUV emission 
results [7]. A few theoretical studies in the form of semiempiric 
calculations on the lowest excited states have been performed. These 
supply the principal information on the internuclear potential curves 
for some of the lowest excited states [8,9]. 

Therefore considerable work is still to be done to obtain 
reliable parameters of the excited heteronuclear dimer potentials and 
to identify the emission structures from discharges in rare gas 
mixtures. In this thesis an attempt is made to interpret these emission 
spectra based on spectroscopic data, both from emission (Paper I) 
and absorption (Paper II), using data supplied by semiempiric 
calculations [9]. The results of these studies were in turn used in 
energy transfer studies in an attempt to build a reliable scheme of the 
energy transfer processes in Kr – Xe mixtures (Paper III) and to 
obtain the values of the energy transfer rates (Paper IV).  
 Energy transfer processes in Ar – N2 mixture discharges, 
which are known to produce intense N I lines in the VUV, were also 
studied and a scheme of energy transfer from Ar to atomic nitrogen 
was proposed (Paper V). 
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2. VUV emission from pure rare gas discharges. 
 
2.1 General VUV emission features and molecular 

properties. 

 

The first feature which attracted the attention of spectroscopists 
to the rare gas excimers was the observation of a broad VUV 
emission from discharges in rare gases and its identification as the 
emission from homonuclear rare gas dimers [10] (see Fig. 1). 
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Fig. 1 Schematic diagram of the emission continua from pure rare gases. 
 

The general emission features can be shown taking krypton as an 
example since the rest of the rare gases have similar molecular 
structure and, as the result, exhibit similar spectroscopic properties. 
Fig. 2 shows a typical emission spectrum from a direct current (DC) 
capillary discharge in 200 hPa of Kr. 
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Fig.2 Emission spectrum from a DC capillary discharge in 200 hPa of Kr. 

 

One can see that the emission, which starts from the first resonance 
line of Kr I at 123.58 nm, is a broad continuum with two maxima. 
The first maximum is situated close to the strongly self-absorbed 
resonance line and the second is located near 150 nm. The part of the 
continuum emission from the resonance line to the minimum at about 
135 nm is usually called ‘the first continuum’, while the part from 

this minimum and towards longer wavelengths is called ‘the second 

continuum’. 
To explain the origins of these structures we regard the 

potential curves of Kr2 molecular states. Fig. 3 contains schematic 
potential curves of Kr2 molecules for the ground state and the two 
lowest excited 0+

u and 1u states. These are the states that are involved 
in the molecular bound-free transitions which form the continuous 
emission: transitions from vibrational levels of the excited states 
down to the repulsive part of the ground state result in a broad 
continuous emission. 
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Fig.3 Schematic potential curves of the ground state and the two lowest excited 
states 0+

u and 1u of the Kr2 molecule. DE indicates how broad in an energy scale 
the contribution from a single vibrational level of the excited 0+

u state could be in 
bound-free transitions. 

 

The potential well depth of the excited states is about 4000 
cm-1 while the ground state well is only about 200 cm-1 deep, which 
is of the same order as kT for room temperature. Note that the 
internuclear equilibrium distance (the internuclear distance where the 
potential energy is lowest) for the excited states is considerably 
(about 1 Å) smaller than the equilibrium distance for the ground 
state. Therefore even the transitions from the lowest vibrational 
levels of the excited states produce broad spectral profiles. Note that 
the highest vibrational levels contribute mainly to the first continuum 
(short wavelengths) while the lowest vibrational levels are mainly 
responsible for the second continuum emission (long wavelengths). 

The shape of the emission profiles from excimer molecules 
depends critically on the gas pressure and temperature, but also, on 
the method of gas excitation. 
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2.2 DC glow discharges in rare gases 

 

The main gas excitation technique used in our studies was the 
DC (direct current) glow discharge. This discharge appears in a gas 
between two electrodes when a sufficient voltage is applied. The 
current in this type of discharge is of the order of milli-amperes, 
which is in contrast to the two other types of discharge that could be 
formed between two electrodes: at low pressures a Townsend 
discharge with typical currents of micro-amperes could occur as well 
as an arc discharge in the form of short-living sparks with currents 
reaching the level of amperes [11] (see Fig. 4). 
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Fig. 4 Volt-current characteristics of a DC discharge. 

 

A glow discharge has several regions with quite different 
properties, as can be seen from luminous phenomena. Fig. 5  presents 
these phenomena for a particular case.  
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Fig. 5 A simplified diagram of a glow discharge between cathode C and anode A2. 
The upper part shows the optical phenomena, while a typical potential distribution 
between the electrodes is presented below. 

  

Note that a positive column is formed only if the cathode-
anode separation is long enough: if we take A1 to be the original 
position of the anode and increase the cathode-anode separation to 
CA2 we will see how the positive column appears gradually, while 
the phenomena at the cathode end remain practically unchanged. A 
further increase of the distance between the electrodes merely 
lengthens the positive column. 

It is the positive column that was used for gas excitation in our 
studies. More precisely, we used a homogeneous positive column, 
i.e. a column with the same structure throughout the length of the 
discharge tube. The most remarkable fact about the homogeneous 
column is that the strength of the electric field in the column is 
constant [11]. From this we may immediately conclude that the gas 
in the column contains an equal number of positive ions and 
electrons per cm3. Here, then, we have a perfect example of a plasma. 

The type of gas excitation determined the design of our 
discharge tubes. The principal details of the setup will now be 
discussed. The DC discharge tube (see Fig. 6) which was used in our 
studies of VUV emission from rare gases was made of fused silica 
with windows of magnesium fluoride to allow detection of the VUV 
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spectrum down to 115 nm. Two cold tungsten electrodes were melted 
into side branches to reduce the deposition of sputtered metal on the 
windows. The DC glow discharge with currents of 10 - 40 mA and a 
voltage across the tube of about 1 kV took place in a cylindrical 
capillary of 100 - 800 mm length and 1.4 mm inner diameter which 
was connected to a vacuum system so that it could be evacuated and 
filled with gas. 

 

Working gas
IN and OUT

LN2 vapours
IN and OUT

ElectrodesMgF2 Window MgF2 Window

Discharge
capillary

 
Fig. 6. Scheme of a DC discharge tube. 

 

The capillary was surrounded by a concentric tube also made of 
fused silica. The volume inside this tube could be either flushed with 
cold nitrogen vapours or filled with liquid nitrogen in order to cool 
the capillary wall. 

 
 

2.3 Creation of excimer molecules in rare gas discharge 

media. 

 

The main process of excimer formation in rare gas discharge 
media has two phases. The first stage is the creation of excited atoms 
in the lowest excited and relatively long-living states 3P2 and 3P1. The 
state 3P2 is metastable and the state 3P1 is resonant, but due to strong 
radiative trapping the 3P1 state usually has an effective lifetime of the 
same order as the metastable state.  

The second stage is the formation of dimers in three-body 
collisions between an excited atom in one of these two states and two 
atoms in the ground state (see e.g. [12]): 

X* + X + X à X2* + X, 
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where X could be any rare gas: Ne, Ar, Kr or Xe. Note that for the 
dimer creation, the probability of the three-body reaction is much 
higher than the probability of the two-body reaction, when only one 
ground state atom is participating, as follows from the law of energy 
and momentum conservation (we do not treat the cases of extremely 
low pressures). Note that since the dimers are created in three-body 
collisions, the formation rate is proportional to the square of the rare 
gas pressure. 

As for the first stage, the excited atoms in the lowest states 
are created in two different ways. Firstly, by direct electron 
excitation: 
 X + e-  à X* (3P1, 

3P2) + e-,  
and secondly, from rare gas ions, after recombination and radiative 
cascades: 
 X+ + X + X à X+

2  + X (creation of molecular ions), 
 X+

2 + e- à X** + X + X (recombination), 

 X** ¾®¾ nh  ... ¾®¾ nh  X* (3P1, 
3P2) (radiative cascades), 

where X** are highly excited states of the rare gas atoms, which 
have very short lifetime. Note that the atomic ion recombination is 
not included, since its rate is much smaller than the rates for the 
molecular ion creation and molecular recombination if the total 
pressure is not extremely low. 
 There is also another possible way of excimer formation by 
direct electron excitation of ground state dimers: 
 X2 + e- à X2* + e-, 
However, the rate of this reaction [12] is quite low in comparison 
with the rate of the process discussed above for the pressure range 
and excitation technique used in our present studies. 

 
  

 2.4 Pressure, current and temperature dependencies of 

emission profiles. 

 

Our experiments with Ar, Kr and Xe showed a quite weak 
dependence of the continuum intensity on the discharge current in 
the range 10 – 40 mA. This might seem strange, since an increase of 
the current from 10 to 40 mA should increase the power input in the 
gas at least four times. There is, however, an optical process that 
hinders the light propagation along the axis inside the capillary. This 
process is the so cold “thermal lens” – a defocusing effect due to the 
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temperature gradient (and consequently, density gradient) from the 
capillary axis, where the temperature is highest, towards the capillary 
wall. Thus an increase of the current also increases the strength of the 
thermal lens which reduces the observed intensity. The very strong 
influence of the current on the thermal lens effect was confirmed by 
passing visible laser light through the discharge capillary and 
observing the laser beam spot size for different currents. The increase 
of the temperature also reduces the gas density in the discharge 
volume, decreasing the emission intensity.  

DC discharges in rare gases exhibit strong dependence on the 
gas pressure. As an example, the emission from 300, 130 and 80 hPa 
of xenon is shown in Fig. 7. 
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Fig. 7 Xe2

* emission from DC discharge in 300, 130 and 80 hPa of xenon. 
 

The first resonance line of Xe at 146.9 nm is completely self-
absorbed in all spectra. The second continuum intensity grows with 
the gas pressure. The reason is that the formation rate of excimers in 
three body collisions, as was discussed earlier, is proportional to the 
square of the gas pressure. The growth rate is stronger for lower 
pressures, most probably due to the strong reduction of the 
continuum intensity by the thermal lens effect at high pressures, 
since the higher is the gas pressure the stronger is also the gas 
heating. The intensity of the first continuum, on the contrary, 
decreases with increasing gas pressure. This is because of the strong 
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absorption close to the resonance line by Xe2 ground state molecules 
but also because of an increased rate of collisional relaxation, which 
depopulates upper vibrational levels in favour of the lower 
vibrational levels. 

The effect of the gas temperature on emission intensity is 
shown in Fig. 8. 
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Fig. 8 Emission spectra from a DC discharge in 200 hPa of Kr without 
cooling and with liquid nitrogen vapour cooling. 
 

One can see that the intensity of the second continuum greatly 
increases with gas cooling, while the intensity of the first continuum 
remains practically unchanged. This increase of intensity could in 
part be explained by the increased Kr density and by the freezing of 
impurities, since a considerable reduction in CO bands (emission and 
absorption) was observed. However, improved relaxation down the 
vibrational levels of the Kr2* molecules at low gas temperatures can 
also be a highly contributing factor. Indeed, an increase in population 
of the lowest vibrational levels will cause a growth of the second 
continuum, while a decrease of the highly situated level populations 
would cause a decrease in the relative intensity of the first 
continuum. 
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3. VUV emission from DC discharges in rare gas 

mixtures. 
 

The VUV emission of homonuclear rare gas excimers, which 
was described in the previous chapter, has found a broad range of 
scientific application, especially where a continuum VUV source is 
required (e.g. in absorption spectroscopy [6]). The complete 
population inversion of the bound-free transitions, which give rise to 
the second continuum, has attracted the attention to the rare gases as 
an active medium for VUV lasers. As a result, Ar2, Kr2 and Xe2 laser 
action with electron beam pumping was obtained (e.g. [13,14]). 
However, the gain of these media is quite weak, and the power 
output of such lasers is very low. Nevertheless a strong technological 
demand for bright and practical VUV light sources stimulated 
research in a related area, namely the VUV emission from discharges 
in binary rare gas mixtures. In this chapter we discuss firstly the 
general properties of emission from such mixtures, then give a 
detailed description of the intense and narrow VUV emission that 
appears close to the resonance lines of the heavier gas admixture and 
finally discuss the origin of the spectral structures. 

 
 
3.1 General VUV emission properties. 

 

The first observations of VUV emission from discharges in 
rare gas mixtures were performed in the beginning of the 1970’s 

[1,2] and showed a remarkable feature: if a small amount of a rare 
gas admixture is added to a lighter main rare gas, an intense and 
narrow emission appears close to the atomic resonance lines of the 
admixture gas. This effect is accompanied by an intensity decrease of 
the continuum emission from the main gas homonuclear excimer, 
and the higher is the concentration of the admixture, the stronger is 
this decrease. As an example, Fig. 9 shows the VUV emission from 
DC discharge in 400 hPa of pure Kr and from a mixture of 400 hPa 
of Kr with 0.1% of Xe. 
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Fig. 9 Emission spectra from a DC discharge in pure Kr and in a Kr-Xe mixture. 

 

When one gradually increases the admixture concentration, 
new broad spectral structures appear towards longer wavelengths 
from the resonance lines. A spectral structure which is easily 
identified as the second continuum of the admixing gas (e.g. [15]) 
appears already at about 0.5 % of admixture concentrations if the 
total gas pressure is high enough (starting from ~ 300 hPa). Fig. 10 
gives an example of this phenomenon with emission spectra from a 
DC discharge in a Kr-Xe gas mixture. 
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Fig. 10 Emission spectra from a DC capillary discharge in 400 hPa of Kr with 
0.1% and 1% of Xe. The temperature of the capillary wall is kept very low, but 
higher than the gas condensation temperature. 
 

The broad structure at ~ 157 nm in Kr-Xe mixtures (see 
Fig. 10), as well as the corresponding structure in Ar-Xe and Ar-Kr 
mixtures close to the first resonance lines of the heavier gas 
admixtures, were identified as the emission from heteronuclear 
excimer molecules (e.g. see [3,7]). The origin of the structure was 
found to be in bound-free transitions from the relatively strongly 
bound lowest excited states of the binary heteronuclear molecules 
down to the repulsive part of the ground state, that is the spectral 
structures are similar in origin to the first and second continua from 
the discharges in pure rare gases. 

Already the earliest studies [1] showed that such a reduction of 
the host gas emission intensity and the appearance of the strong 
admixture-related emission could not be the result of direct electron 
excitation of the admixture atoms. The only possible explanation is 
then the existence of an efficient energy transfer process from the 
main gas to the admixture. Chapter 4 is devoted to the discussion of 
this phenomenon. 

While the origins of the broad structures were established, the 
nature of the narrow emission around the resonance lines is still to be 
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established. The next two chapters describe our contribution to the 
study of the spectral profiles of these narrow structures and present a 
discussion of their possible identifications. 

 
 

3.2 VUV emission spectra from binary rare gas mixtures close to 

the resonance lines of Kr I and Xe I. 

 
 The authors of the first experimental studies of VUV 
emission from rare gas mixtures [1,2] interpreted the intense and 
narrow bands close to the resonance line of the admixture solely as 
self-absorbed resonance lines. However, emission spectra recorded at 
higher resolution showed that the emission profiles are quite complex 
and show a number of structures. As an example, a spectrum from an 
Ar-Xe mixture is shown in Fig. 11: 
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Fig. 11 Emission spectrum from a DC capillary discharge in an Ar-Xe mixture 
close to the first resonance line of Xe. 
 

Paper I presents a study of emission spectra of Xe-X (X = He, 
Ne, Ar and Kr) and of Kr-Y (Y = He, Ne and Ar) rare gas mixtures 
with low concentrations of the heavier gases (0.1 - 1 %) and 
moderate total pressures (50 - 200 hPa), which have been recorded 
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near each of the two resonance lines of Xe and Kr in DC glow 
capillary discharges. In this review only a short discussion of the 
principle results is given. 

Fig. 12 shows the pressure dependence of spectral profiles 
from Xe-X (X = He, Ne, Ar, Kr) mixtures close to the first resonance 
line of Xe at 146.96 nm. Note that the intensity is given in a 
logarithmic scale and the wavelength range is different for all four 
charts, while the wavelength scale increment is the same. 
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Fig. 12 Emission spectra from binary mixtures containing small amounts of Xe 
with He (top), Ne, Ar and Kr (bottom) near the first resonance line of Xe I. The 
conditions are: 100 hPa main gas pressure + 1 % Xe (thin line), 50 hPa main gas 
pressure + 0.25 % Kr (dotted line) and 50 hPa main gas pressure + 0.1 % Kr (thick 
line). The arrow marks the position of the atomic resonance line.  
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The analysis of the emission profiles around the four resonance 
lines (two of Kr I and two of Xe I) gave the following facts for the 
mixtures with heavier gas concentrations ≤ 1 %: 

* The spectra have the highest intensity in the vicinity of the 
resonance line (± 0.05 nm) 

* The self absorption, which appears around the resonance 
lines, depends heavily on the geometry of the discharge and on the 
pressures of both the admixture and the main gas.  

* All the spectra have ‘blue’ and ‘red’ wings on the short and 

long wavelength sides of the resonance lines.  
* Starting from a certain admixture concentration and for 

higher concentrations, the blue wings have a fairly well defined cut-
off wavelength, i.e. where the intensity reaches the background level. 
The cut-off wavelength decreases very slowly with an increase of the 
main or admixture gas pressure. 

* For a certain admixture gas, the lighter the main gas, the 
longer is the blue wing for the same pressures and the fewer are the 
structures that appear in the wing. 

* The red wings from the heavy mixtures (mixtures with Ar 
and Kr as the main gas) contain a narrow and intense shoulder in the 
vicinity of the resonance lines. The spectral profiles from light 
mixtures (mixtures with He and Ne as the main gas) do not have this 
structure. 

* The red wings for the heavy mixtures expand significantly 
towards longer wavelengths with increasing admixture concentration. 

 
In the mixtures with Kr, the effect of gas cooling was also 

studied. To decrease the temperature of the gas mixture in the 
discharge volume, the wall of the capillary was cooled with liquid 
nitrogen (details of the experimental setup are the same as discussed 
in section 2.2). The spectral profiles close to both resonance lines of 
Kr behave in a similar way: the intensity of the blue wing decreases 
while the intensity of the red wing increases with cooling. Fig. 13 
gives an example of this effect in Ne-Kr and Ar-Kr mixtures. 
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Fig. 13 The effect of cooling on emission profiles near the first resonance line of 
krypton is demonstrated for Kr mixtures with Ne (top) and Ar (bottom). Dashed 
lines represent the case when no cooling is applied while solid lines show the 
spectral profiles from discharges when the outer wall of the capillary was cooled 
with liquid nitrogen. 
  

 The information obtained from the emission profiles near the 
resonance lines, which was described above, together with data 
supplied by the corresponding high resolution absorption spectra, 
which are available in the literature, will serve as a basis for the 
identification of these spectral structures, presented in the next 
section. 
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 3.3 Identification of the emission structures from binary 

rare gas mixture discharges close to the resonance lines of 

admixture atoms. 

 

 When one compares emission spectra from rare gas mixtures 
close to the atomic resonance lines of the heavier gas admixture with 
the corresponding high resolution absorption spectra, there is a 
striking similarity between the absorption and emission spectral 
profiles for all mixtures. This is demonstrated in Fig. 14, where two 
pairs of emission and the corresponding absorption spectra are given 
for Kr – Xe mixtures near the first resonance line of Xe and for Ar – 
Xe mixtures near the second resonance line of Xe.  
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Fig. 14 A comparison of emission and absorption [6] spectral profiles is given for 
mixtures of small amount of Xe with Kr (left) and Ar (right). The top charts show 
the emission spectra, while the bottom charts present the corresponding absorption 
spectra (densitometer traces). Two emission profiles are given: 100 hPa main gas 
pressure + 1 hPa of Xe (solid line) and 50 hPa main gas pressure + 0.13 hPa of Xe 
(dotted line). The absorption spectra from [6] were recorded with a Xe pressure of 
0.13 hPa and main gas pressures of 8, 215 and 650 hPa.  
 

This similarity suggests that the same transitions give rise to the main 
spectral features in both absorption and emission. This can help to 
identify the origins of the emission structures, using the data on the 
transitions obtained from absorption studies. There are two factors 
that make it considerably easier to interpret absorption spectra. First 
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of all, in absorption studies practically all atoms and molecules are in 
their ground states, while in emission studies several molecular and 
quasimolecular excited states could be populated and give their 
spectral contribution at the same wavelengths, and therefore their 
relative populations, which depend on the type of excitation and the 
gas conditions, should be taken into account. The second important 
factor is that absorption studies can be performed at very low 
temperatures (e.g. the temperature of liquid nitrogen), assuring that 
the rotational blurring will be quite weak. In emission studies with 
DC discharge excitation, the gas heating may cause closely situated 
discrete structures to overlap. 
 
 

 3.3.1 Absorption structures and their identification. 

 

 The absorption spectra from binary rare gas mixtures were 
studied experimentally at very high resolution (~ 0.002 nm) by 
Castex [5] and by Freeman et al [6].The studies showed that the 
absorption spectra close to the resonance lines of the heavier gas 
admixture contain a number of bands in both the red and blue wings, 
and the heavier the gases, the larger is the number of bands. As an 
example, an outline of Kr – Xe mixture absorption data around the 
first resonance line of Xe is given in Fig. 15. 
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Fig. 15 An outline of experimental results obtained by Freeman et al [6]. Vertical 
lines represent the positions (in nm and cm-1) of spectral bands. The height of the 
lines gives only the relative absorption of the band within the Band Group it 
belongs to. Where available, the width of a band is shown on top of the line. The 
Xe resonance line is marked with a diamond. Band Group III (triangles) contains 
also the diffuse wing, adjoined to the resonance line: two of the most intense bands 
represent the maxima of the wing. Band Group I (hollow dots) consists of four 
very broad and diffuse bands. Band Group II (rectangles) is composed of seven 
very narrow bands with widths less than 1.5 cm-1. 
  

 A tentative identification of the bands, involving 
heteronuclear molecular states, was also suggested. The authors of 
[6] believed that the blue wing is due to bound-free transitions 
between the vibrational levels of the ground state and the repulsive 
part of the excited state (see Fig. 16) and that the red wing originates 
from bound-bound transitions between the vibrational levels of the 
ground and excited states. Castex gave a different identification: the 
blue wing is the result of all bound-free and bound-bound transitions, 
while the red wing arises from free-free transitions (i.e. transitions in 
free atomic pairs). In the latter type of transition, the absorbing atom 
is perturbed by a nearby atom of the main gas, but the atoms do not 
actually form a stable molecule with discrete vibrational levels. The 
wavelength of the transition is in this case given by the energy 
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difference between the potential curves of the heteronuclear molecule 
at the actual internuclear distance.  
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Fig. 16  A scheme of potential curves for the two lowest excited states and the 
ground state of the XeKr molecule. Examples of bound-free, free-bound, bound-
bound and free-free transitions are marked with a, b, c and d respectively. The 
atomic resonance transition and its wavelength (146.96 nm) are also shown. For 
the free-free transition between the levels with total energy u1 and u2, Ek marks the 
kinetic energy of the Kr atom in the rest-frame of the Xe* atom. Since it is 
conserved in the emission/absorption, the wavelength of the transition corresponds 
to the energy difference between the excited and ground state potentials at the 
actual internuclear distance. 
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 The idea that heteronuclear atomic pairs (bound or unbound) 
are responsible for the blue wing absorption was supported by the 
pressure dependence of the absorption intensity: the integrated 
intensity of every band in the blue wing increased linearly with the 
product of the main gas and admixture partial pressures [5]. Castex 
also reported that the dependence of the absorption intensity of the 
red wing on gas temperature supports her identification of the red 
wing. 
 One of the main obstacles to perform a reliable identification 
of the absorption structures was the lack of information on the 
potential curves of the excited states of heteronuclear molecules. 
Later semiempiric calculations were performed [8,9], and the 
existence of the weakly-bound molecular states 1(3P1, 

1P1) and 
relatively strongly bound states 0+(3P1, 

1P1) was predicted for some 
configurations of Xe*Kr, Xe*Ar and Kr*Ar molecules. The 
parameters of these states (the equilibrium distances and well depths) 
were also estimated. The potential curves presented in Fig. 16 were 
prepared in the Morse form on the basis of these calculations. 
 The information supplied by the semiempiric calculations 
allowed us to support Freeman’s identification for the Kr-Xe 
mixtures in a numerical spectral shape simulation (Paper II). The 
calculations were performed for bound-bound and bound-free 
transitions from the ground state of the XeKr molecule to the bound 
or repulsive part of the 1(3P1) state of the Xe*Kr molecule in order to 
simulate absorption structures close to the first Xe atomic resonance 
line. The simulations involved numerical calculations of the 
vibrational level energies and the corresponding radial nuclear wave 
functions for the ground and excited states from the radial 
Schroedinger equation. This information was then used to calculate 
the absorption profiles of bound-bound transitions in the adiabatic 
approximation from the overlap of the wave functions. As an 
example, the result of such a calculation is shown in Fig. 17. 



             30 

146.8 146.9 147.0 147.1 147.2 147.3 147.4

0

20

40

60

80

X
e 

re
so

na
nc

e 
li

ne Wing
A

bs
or

pt
io

n,
 a

.u
.

Wavelength, nm

147.10 147.15 147.20 147.25

0.0

0.2

0.4

0.6

 
Fig. 17 A numerically calculated absorption spectrum which consist of all possible 
transitions between bound vibrational levels of the ground state and the excited 
state 1(3P1) of the XeKr molecule. Potentials in the Morse form were used for both 
states. The inset shows the long wavelength spectral structure. 
 

 The simulations showed that the red wing could indeed 
originate from bound-bound transitions between the ground state and 
the weakly-bound excited state with parameter values close to the 
values supplied by Zagrebin’s calculations [9] (compare Fig. 17 with 

Fig. 15). The redshift of the center of this bound-bound structure was 
found to be directly proportional to the difference between the well 
depths of the excited and the slightly shallower ground states, since 
the most probable transitions are between levels with a difference of 
0 and ±1 in vibrational quantum number. 
 Calculations on bound-free transitions showed that these 
transitions could produce absorption profiles similar to the 
absorption structures in the blue wing. However, the width and the 
shape of the absorption was found to be very sensitive to the shape of 
the repulsive part of the excited state, which was not supplied by the 
semiempiric calculations. 
 Nevertheless, Castex’s concept [5] that the red wing is due to 

free-free transitions could also be supported. For a total pressure of 
100 hPa, the average density of atoms is 3·1018 cm-3 which means 
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that an excited atom will have within a sphere of radius 7 Å in 
average 4·10-3 atoms. That is, 0.4 % of the excited admixture atoms 
will have an atom of the main gas in their vicinity so the resonant 
atomic transition will be noticeably perturbed. The radius of 7 Å was 
chosen since for longer internuclear distances the difference between 
the potential curves of the weakly bound ground and the excited 
states give practically the unperturbed atomic resonance transition. 
Note that if one considers, as predicted by Zagrebin’s calculations 

[9], that the excited and the ground states have approximately the 
same equilibrium distance and the excited state is somewhat deeper 
than the ground state, the main contribution from free-free transitions 
would indeed be in the red wing. This is based on the fact that, as 
was mentioned before, the wavelength of a free-free transition is 
given by the energy difference between the potential curves of the 
excited and the ground states at the actual internuclear distance of the 
two atoms.  
 All aforesaid indicates that all these types of transitions 
(bound-bound, bound-free and free-free) contribute to some extent to 
the absorption spectra. 
 
 
 3.3.2 Identification of the emission structures. 

 
 By virtue of the similarity between emission and absorption 
structures, we will now discuss how the identification of absorption 
spectra can be applied to determinate the origins of the emission 
structures (see Paper I for details). 

If one assumes that the blue wing in absorption is mainly due 
to transitions between vibrational levels of the ground state and the 
repulsive part of the states 1(3P1, 

1P1), then the same transitions 
should give the main contribution to the emission blue wing. This is 
supported by our results on the spectral temperature dependence in 
emission (Fig. 13) – the short wavelength part of the blue wing 
reduces its relative intensity with cooling, the reason being that the 
shorter the wavelength becomes, the higher kinetic energy is required 
for an atomic pair to produce emission in the blue wing. Another 
experimental fact, namely that the number of emission structures in 
the blue wing is smaller for a lighter main gas than for a heavier 
main gas with the same admixture, is most probably connected with 
the reduction of the number of vibrational levels in the ground state. 
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Concerning the emission in the red wing (see fig. 12), it is 
convenient to start the discussion with the well developed and 
extended long wavelength part of the red wing in the emission 
spectra from the heavy mixtures (mixtures where Ar and Kr is the 
main gas). Because of its width it is reasonable to attribute it to 
transitions between vibrational levels of the strongly bound 
0+(3P1, 

1P1) states and the repulsive part of the ground state in Kr*X 
and Xe*Y heteronuclear molecules (see Fig. 16). We consider the 
contribution from excited Kr2 and Xe2 molecules to be small since 
the maximum concentration of the admixture in this study was 1 % 
and therefore the number of homonuclear molecules, created in 
three-body collisions, should be considerably smaller than the 
number of the heteronuclear molecules. 

There are two other contributions to the red wing. The intense 
shoulder in the emission profile of the heavy mixtures close to the 
resonance lines is partially due to bound-bound transitions between 
vibrational levels of the 1 (3P1 or 1P1) state and vibrational levels of 
the ground state of the heteronuclear molecule.  

Another contribution to the red wings, and possibly to some 
extent also to the blue wing, arises from transitions in free atomic 
pairs (free-free transitions). The free-free transitions are probably the 
only origin of the red wing for the mixtures with He since the 
potential well depths of the lowest excited states of heteronuclear 
rare gas dimers with He are too shallow [8] to contain more than one 
vibrational level or may even contain none. Molecules with Ne also 
contain just a few vibrational levels. This may be the reason why the 
intense red shoulders are absent in the spectra from the light 
molecules (mixtures where He and Ne are the main gases). 

We believe that the main contribution to the emission spectrum 
in the immediate vicinity of the resonance lines (± 0.01 nm), where 
the emission intensity is strongest, is from free-free transitions 
(including the unperturbed atomic resonance transitions), but all 
mechanisms mentioned above and especially the bound-bound 
transitions for the heavy mixtures give their contribution at these 
wavelengths. 
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4. Energy transfer processes in rare gas mixtures. 
 

In this chapter a review of the energy transfer processes in rare 
gas mixtures is given, bases on the discussions and results of Paper 

III and Paper IV. The two papers treat Kr-Xe mixtures only, but 
similar energy transfer processes take place also in Ar-Kr and Ar-Xe 
mixtures. 

 

4.1 Energy transfer or direct electron excitation? 

 

As was discussed in section 3.1, discharges in Ar and Kr show 
a remarkable feature. If even a very small amount of a heavier rare 
gas is added, the intensity of the host gas continuous emission may 
undergo a considerable reduction while narrow and intense bands 
appear close to the atomic resonance lines of the admixture. Fig. 18 
shows that an addition of only ~ 0.5 % of such an admixture seems to 
wipe out completely the emission from the host gas. 
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Fig. 18 VUV emissions from DC capillary discharges in Kr and Kr + 0.25 % Xe 
(left) and in Ar and Ar + 0.5 % Kr (right) at the total pressure of 100 hPa. The 
inserts show the narrow bands that appear close to the self-absorbed atomic 
resonance lines of the admixture. 
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There are two possible mechanisms that could explain these 
phenomena. The first is direct electron excitation of the admixture 
atoms. In order to explain the reduction of the continuum emission 
from the main gas in the mixtures by this process one has to conclude 
that a considerable part of the excitation energy flow, which in a pure 
gas is taken by the atoms from electrons, is diverted to the admixture 
atoms. 

The second possible mechanism involves the existence of 
strong energy transfer processes which depopulate atomic and/or 
molecular states of the main gas and pump the electron excitation 
energy to the admixture atoms. Note that it is the main gas in the 
mixture that still acquires practically all excitation energy from the 
discharge, however a considerable fraction of the energy is 
transferred afterwards to the admixture atoms. 

Both mechanism could actually contribute to the effect 
demonstrated in Fig. 18. Near infrared (IR) spectroscopic studies of 
rare gas mixtures excited in DC and radio frequency (RF) discharges 
(see [1] and Paper IV) have shown that only at concentrations of 
approximately 0.1 % and lower does direct electron excitation have a 
negligible effect. These experiments involved the observation of 
radiative cascades in the main gas (see section 4.3.3), which are in 
the IR spectral range, in the pure gases and in the mixtures. The 
results indicate that at concentrations below 0.1 % the emission lines 
of the cascades have the same intensities in the pure gas as in the 
mixtures at the same total pressures. The intensities should be very 
different if direct electron excitation of the admixture atoms is 
comparable with the direct excitation of the main gas. 

In the next two sections, a discussion of the Kr-Xe energy 
transfer processes is presented in some detail.  

 
 

4.2 Energy transfer processes in Kr-Xe mixtures excited in 

DC discharges. 

 

As was discussed in section 2.3, the population of excited 
atoms of the main gas in the four lowest excited states (two 
metastable and two radiatively-trapped resonant states) is created in 
two ways: by direct electron excitation of the ground state atoms and 
by radiative cascades from ions after recombination. These four long-
lived states, together with the two lowest excited homonuclear 
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molecular states, are the only candidates to be energy donors to the 
admixture atoms. All other atomic states cannot be effective energy 
donors since their radiative lifetimes are too short.  

On the other hand, to be an efficient acceptor of the electron 
excitation energy in an atom-to-atom energy transfer channel,  an 
atomic level of the admixture must have an energy close (difference 
less than kT) to the energy of the donor atomic level. For a molecule-
to-atom energy transfer channel, an admixture atom energy level 
should be within the range of photon energies of the molecular 
continuum to be able to accept the excitation energy. 

For the heavy rare gas mixtures, when the admixture is a 
heavier gas, both conditions are satisfied for the atomic as well as for 
the molecular channels. As an example, Fig. 19 shows an energy-
level diagram for the lowest excited states of krypton and xenon. 
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Fig. 19 Energy-level diagram for the lowest excited states of atomic Kr and Xe. 
The photon energies from the Kr2* continuum are also indicated. The value of kT 

is about 200 cm-1 for room temperature.  
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The diagram shows that some of the atomic Xe 6p, 5d and 7s states 
have energies very close to the energy of some of the four lowest 
excited states of Kr. Besides, some of the excited Xe states, including 
the four lowest, are in the photon energy range of the Kr2 continuum. 
These facts show that an efficient energy transfer, both atom-to-atom 
and molecule-to atom, can indeed exist in the excited Kr-Xe 
mixtures. 

A number of experimental studies of energy transfer 
phenomena were performed for different excitations and gas 
conditions. A review of them is given in Paper III, and a summary 
of the results is presented in Fig. 20, where a simplified energy 
transfer diagram for Kr-Xe mixtures and energy transfer rates are 
shown. 
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Fig. 20 Diagram of energy transfer processes in a Kr- Xe mixture, according to 
literature data. Reactions with a participation of electrons were not included. Rates 
are given in s-1, Torr-1s-1 and Torr-2s-1. HVL (LVL) means high (low) vibrational 
levels. References are to the publications listed in Paper III. 
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Let us now follow the scheme and discuss the channels of 
energy transfer in Kr-Xe mixtures and how they affect the emission 
spectra. The four lowest excited Kr states work as an intermediate 
reservoir of excitation energy: as was mentioned above, no energy 
transfer takes place from higher Kr states. If there is no Xe 
admixture, the excitation energy can be dissipated radiatively from 
the resonant states or the excited atoms could form excited diatomic 
molecules in three-body collisions which emit the broad molecular 
continua.  

If a small admixture of Xe is added, two channels of energy 
transfer start to work. The Xe 6p, 5d and 7s states acquire energy 
from the four lowest Kr excited states and then transfer the excitation 
energy radiatively down to the two lowest excited states of Xe: the 
resonant 3P1 and metastable 3P2. These two Xe states also acquire 
energy from Kr2 molecules in the resonant 0+

u and metastable 1u 
states. Experimental data on VUV emission suggests that the Xe 
resonant state 1P1 and metastable state 3P0, which are situated higher 
in energy, obtain nearly a negligible part of the excitation energy in 
comparison with the two lowest excited Xe states. 

While the Xe concentration is low, the main channel of energy 
dissipation from the lowest Xe exited states is VUV emission: both 
through an unperturbed resonant atomic transition and by way of 
transitions in free Xe* - Kr pairs (especially if the krypton pressure is 
high). The other channels involve the creation of molecules: first of 
all, as it seems from VUV observations, Xe*Kr molecules are 
created in the state 1(3P1) which gives rise to a narrow band emission 
close to the first Xe resonance line. With increasing Xe partial 
pressure the spectral contribution from the Xe*Kr 0+(3P1) state, as a 
broad continuum, becomes more and more significant. We believe 
that this is connected with the increase of the effective lifetime of the 
atomic 3P1 and molecular 1(3P1) states due to enhanced radiation 
trapping. If the Xe partial pressure is increased further, even Xe2* 
molecules could be formed in their lowest excited states 0+

u and 1u 
by three body collisions.  

The observed dependence of the Kr-Xe spectral profiles on the 
discharge gas temperature, i.e. that the contributions from the 0+(3P1) 
Xe*Kr state (center at ~156 nm) and the Xe2* second continuum 
(center at ~173 nm) increase with cooling, could be explained in part 
by the increase of the Xe density. There is however a second 
phenomenon that also contributes to this spectral profile 
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redistribution. This is the improved stability of the XeKr ground state 
molecules at lower temperatures which leads to increased self-
absorption in the narrow band close to the resonance line and thus in 
turn reduces the effectiveness of the radiative energy dissipation 
channel from the Xe*Kr state 1(3P1) and from Xe*-Kr free pairs. 
This reduction weakens the competition for the two other channels: 
creation of 0+(3P1) Xe*Kr and Xe2* molecules. 

 

 

4.3 Determination of energy transfer rates in Kr-Xe 

mixtures excited with RF discharges. 

 

 This section contains a review of experimental details and 
results of the determination of atom-to-atom and molecule-to-atom 
energy transfer rates based on VUV emission spectra from Kr-Xe 
mixtures excited with radio frequency discharges. First the 
experimental setup is described. Then the kinetic model of energy 
transfer and the rate calculation procedures are presented. Finally the 
results of IR emission studies from the same type of discharge are 
analyzed. 
 

4.3.1 Experiment setup. 

 

The gases were excited by radio frequency (RF) discharges. 
RF excitation took place in a very short cylindrical volume that was 
3 mm along the observation axis and 8 mm in diameter (See Fig. 21). 
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Inner and outer
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Fig. 21 Discharge tube for RF excitation. 
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This geometry greatly reduces the influence of self-
absorption on the narrow band emitted from Kr – Xe mixtures close 
to the Xe resonance line at 147 nm in comparison with capillary DC 
discharges. The importance of this will be explained in section 4.3.2. 
RF excitation at 13.56 MHz was produced by a 15-turn 10 mm 
diameter helical coil of 1 mm copper wire, which surrounded the gas 
volume. The power inserted into the plasmas was estimated to be 
about 25 W for all gas conditions. Upon ignition, the entire discharge 
volume inside the RF coil was homogeneously filled with plasma.  
 

 

 4.3.2 Kinetic model and rate calculations. 

 

The determination of the atom-to-atom and molecule-to-atom 
energy transfer rate values is based on the same kinetic scheme as 
was discussed in section 4.2: 

Kr*

(1P1,  
3P0, 

3P1,
3P2)
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(6p, 5d, 7s)

Kr2*

1u

Xe*

(3P1, 
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Xe*Kr

1(3P1)

kA

kM

k

Kr cascades

Xe IR transitionsDirect e-

excitation

IKr2 IXe’

IXe’’   
Fig. 22 Simplified diagram of energy transfer processes in Kr – Xe gas mixture 
discharges. IKr2 represents the broad continuum emission (125 - 190 nm) from 
krypton dimers. Xe resonance emission (IXe’) and emission from Xe*Kr 1(

3P1) 
molecules (IXe’’) overlap and form a strong narrow band at 147 nm (IXe). 

 

Excited Kr atoms in their lowest metastable and resonant 
states (3P0, 

3P1, 
3P2 and 1P1) are created by radiative cascades from 

highly excited states (and ionic states after recombination) or by 
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direct electron excitation. The 3P1 and 1P1 resonant states can in our 
case be considered as metastable because of the strong radiative 
trapping which results in their effective lifetimes being of the order 
of tens of microseconds. Since the radiative losses are quite weak, 
the metastable Kr atoms could either form Kr2* molecules (1u, 0+

u 
states) in three body collisions (conversion rate k) or transfer their 
energy to ground state Xe atoms (transfer rate kA), exciting them to 
6p, 5d and possibly 7s states (see section 4.2). The exited Xe atoms 
relax radiatively (near-IR wavelength region) to the lowest resonant 
and metastable states of xenon. Kr2* molecules, for their part, could 
either emit VUV radiation (the first and second continua) or transfer 
their excitation energy to ground state Xe atoms (transfer rate kM), 
exciting them to their lowest excited states. 

If the total gas pressure and xenon concentration are low 
enough, the Xe-related VUV emission from Kr-Xe gas mixture 
discharges is concentrated near 147 nm as shown in Fig. 23.  
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Fig. 23 A VUV emission spectrum from a RF gas discharge in 200 hPa Kr with 
0.01 % Xe. The insert shows the region near the Xe resonance line at 146.97 nm 
from RF and DC discharges, demonstrating the very low self-absorption in the first 
case. The spectrum from the DC setup was scaled to have the same intensity as the 
RF spectrum in the long wavelength part of the shoulder, where absorption is 
minimal. The spectral resolution is 0.015 nm. 

 

Therefore one has to conclude that the main final product resulting 
from energy transfer is the lowest pair of the excited Xe states (i.e. 
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the resonant 3P1 and metastable 3P2). These two states are mixed by 
electrons and emission from the resonant state is strongly self-
absorbed. At the moderate Kr pressures (< 400 hPa) and small Xe 
concentrations (< 0.1 %) used in this study, the main emission is in 
part from Xe*Kr molecules in the weakly-bound state 1(3P1), which 
are created in three body collisions with two ground state Kr atoms. 
The other part comes from the transitions in free Xe* - Kr pairs 
which give a narrow band also near the atomic resonance line (see 
section 3.3.2).  
 To determine the energy transfer rate values we have used a 
steady state balance technique, which involves the following 
reactions: 
 
1) Kr* + Xe ® Xe** + Kr (atomic energy transfer channel),  

         with rate kA 
2) Kr* + 2Kr ® Kr2* + Kr, with rate k 

3) Kr2* + Xe ® Xe* + 2Kr (molecular energy transfer channel), 
         with rate kM 

4) Kr2* ® 2Kr + hv, with lifetime t. 
 
Here Kr* and Xe* represent the four lowest excited states of krypton 
and xenon; Kr2* - krypton molecules in the lowest 1u state; Xe** - 
xenon in the 5d, 6p or 7s configurations; Kr and Xe – ground state 
krypton and xenon atoms. It is also assumed that all energy acquired 
by Xe atoms in the 3P1 and 3P2 states is emitted only in the narrow 
band around 147 nm. 
 Applying the steady state condition to these four reactions, 
one obtains that the ratio of the integrated intensity IXe in the narrow 
band at 147 nm to the integrated intensity IKr2 of the continuous 
emission of Kr2* does not contain the unknown population of the Kr 
metastable state which is the common energy source. Thus, to obtain 
the energy transfer rates (atomic and molecular channels), only the 
experimental dependence of the ratio on Kr gas pressure has to be 
known for a constant Xe admixture [1]: 
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where PKr and PXe are the pressures of Kr and Xe. The first term in 
the sum is independent of the Kr pressure. This allows one to 
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calculate the molecular channel rate kM if t is known and then to use 
this rate in the second term, which is linear with (PKr)

-2, to calculate 
the atomic channel rate kA.  
 The fact that the ratio of the integrated intensities is directly 
involved in the calculations makes it necessary to take precautions to 
minimize the effect of self-absorption in the Xe band. That is why 
the discharge geometry and the type of excitation described in 
section 4.3.1 were chosen (compare the spectra from DC and RF 
discharges at the same gas pressures in the insert of Fig. 23). 

This method of determination of the energy transfer rate from 
Kr atoms to Xe does not allow one to distinguish the contributions 
from each of the four lowest excited Kr states. However, electron 
mixing, which was estimated to be strong, is working in favour of the 
lower pair and besides, a big difference in population rates of these 
four states with a strong preference to the lower pair was established 
(see section 4.3.3). 
 Experimental data of the dependence of the band-to-
continuum ratio on the Kr pressure are presented in the Fig. 24. 
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Fig. 24 The ratio of integrated intensity in the narrow band around the Xe resonant 
line at 146.97 nm to the integrated intensity of the Kr2* continuum is shown for Kr 
– Xe mixtures in the Kr pressure range from 100 to 400 hPa for five different Xe 
admixtures with partial pressures from 0.005 to 0.05 hPa. 
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 The analysis of the data, using Eqn. (1), gave the following 
energy transfer rates: 
for the atomic channel: kA = 1.7×106×PXe hPa-1s-1 and 
for the molecular channel: kM = 3.9×107×PXe hPa-1s-1. 
However, the presented kM value might be the lower limit of the 
molecular channel energy transfer rate, and the actual value could be 
2 to 3 times higher because of the possible shortening of the effective 
lifetime of the 1u Kr2 state (the radiative lifetime of 250 ns [16] was 
used in the calculations) by the collisions with electrons (for details 
see Paper IV). 
 

 

 4.3.3 IR emission studies. 

 

The observations of the near IR emission from Kr – Xe 
mixtures allowed us to check the maximum Xe admixture for which 
direct Xe excitation would still be negligible in comparison with 
energy transfer from the Kr system. Our observations of Kr I 
radiative cascades in pure Kr and in mixtures with Xe showed that 
direct Xe excitation starts to play a noticeable role (i.e. when the 
difference in Kr radiative cascade intensities in pure Kr and in a Kr-
Xe mixture become greater than a few percent) at Xe concentrations 
above 0.1 % when the Kr pressure is in the range of 80 – 400 hPa. 

It was also established that, at low admixture concentrations 
and for both RF and DC discharges, the visible and near IR spectra in 
the range 400 – 1000 nm show no other spectral features besides Kr 
and Xe radiative cascades. The latter, together with the fact that at 
low Xe concentrations the lines of Kr radiative cascades have the 
same intensities as in pure Kr, suggests that there are no other strong 
energy transfer mechanisms which pump energy to Xe from ionic Kr 
or from excited Kr states other than from the four lowest excited 
states. 

The dependence of the Xe 6p – 6s transition line intensities 
on Xe concentrations at constant Kr pressure allowed us to make an 
independent estimate of the atomic energy transfer rate. Using the 
same kinetic scheme as before (Fig. 22), one can estimate the 
fraction of the excitation energy that is transferred to the excited Xe 
states and afterwards emitted as Xe 6p - 6s transitions (IX) from the 
ratio: 
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where PXe and PKr are the Xe and Kr pressures and c is the radiative 
decay rate for the system of the four lowest Kr states. This ratio is 
based on the fact that the intensity of the Xe 6p – 6s transitions is 
proportional to the energy transferred to xenon per second in Kr* - 
Xe collisions, and that this energy is a fraction of the total Kr* 
energy loss, which is the sum of energy transfer, conversion and 
radiative decay. 

Taking into account that at a constant Kr pressure the energy 
that is acquired by these Kr states per second does not change with 
Xe concentration if this stays lower than a critical value 
(approximately 0.05 %), one can calculate from equation (2) how the 
Xe 6p – 6s transition intensities change if the Xe pressure is halved: 
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Here IX/2 is the emission from a mixture with the half of the original 

Xe concentration ( 2
1

PXe). Equation (3) shows that if the energy 

transfer to Xe is much stronger than the sum of the conversion rate 
and radiative decay, then the ratio is unity and the Xe transition 
intensities do not change at all. In the opposite case the ratio is two 
and for equality one obtains a ratio of 1.5. 

In our experiments all Xe 6p – 6s lines showed a similar 
dependence on Xe pressure. As an example, the line at 823.16 nm, 
which was the most convenient for measurements, gave the 
following results for Kr pressure of 80 hPa and Xe admixtures of 
0.025, 0.0125 and 0.00625 %: The ratios between the intensities of 
the line (averaged over five experimental points) for the adjacent 
pairs of admixtures are 1.81, 1.86 and approximately 2. For the latter, 
at low Xe concentrations, the experimental uncertainty becomes too 
large because of the low intensity of the Xe lines. 
 From equation (3) and the experimental intensity ratios we 
estimated the atomic energy transfer rate kA. It was found that the kA 
values obtained for different gas conditions are in a fairly good 
agreement and give an average atomic channel energy transfer rate 
kA = 1.6×106×PXe hPa-1s-1. This value is practically the same as was 
obtained in our VUV studies. 
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Finally, the IR observation of radiative cascades in Kr 
showed that the integrated intensity of the lines having the states 3P2 
and 3P1 as the lower state is about four times higher than the 
integrated intensity of the transitions to the 3P0 and 1P1 states (see 
Fig. 25). 
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Fig. 25. Near-IR emission spectrum from a RF gas discharge in 160 hPa Kr with 
0.1 % Xe. Krypton and xenon lines are marked with Kr and Xe. For all Kr lines the 
lower transition state, which belongs to the 5s or 5s` electron configurations, is 
indicated. 
 

This suggests that the main part of the electron excitation energy, 
originating from krypton ionic states and being transferred to the four 
lowest excited states of krypton in radiative cascades is directed 
towards the lower pair of the krypton states. Direct electron 
excitation should also be more efficient for the lower pair than for the 
higher pair, since it has approximately 0.6 eV lower energy (see 
Fig. 19) and higher statistical weight. Taking into account that the 
electron mixing of the states is also in favour of the lowest pair, one 
can conclude that the Kr to Xe atomic channel energy transfer rate 
obtained in this study can most probably be ascribed to transfer from 
the 3P2 and 3P1 pair of states.  
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5. Energy transfer processes in argon-nitrogen 

mixtures. 

 
 Our search for an optimal rare gas mixture in attempts to 
create a bright and narrow VUV radiation source stimulated the 
research in a related area, namely the VUV emission from discharges 
in argon with a small admixture of nitrogen. At certain conditions 
these discharges produce intense and narrow N I lines at 149 nm and 
174 nm as the result of a very strong Ar à N energy transfer. These 
atomic nitrogen transitions have metastable 2Do

1/2,3/2 and 2Po
3/2,5/2 

atomic nitrogen states as their lower transition state. This is in 
contrast to the rare gas mixtures, where the narrow and intense VUV 
bands, discussed in chapter 3, originate from transitions to the 
ground atomic or molecular states, so these bands are usually 
affected by strong self-absorption. These facts suggest that one 
should consider Ar-N2 mixtures not only as a promising medium for 
narrow band VUV sources but also as a possible candidate for an 
active medium for pulsed VUV lasers. 
 
5.1 VUV emission from Ar-N2 mixtures. 

 

 It is well known that gas discharges in Ar - N2 mixtures emit 
UV light in molecular nitrogen bands (e.g. the molecular transition 
C3Pu®B3Pg at 337 nm). Mixtures of argon with a small admixture 
of nitrogen are used also in conventional narrow band sources which 
produce atomic nitrogen lines in the VUV region at 149 and 174 nm. 
An example of such VUV emission is shown in Fig. 26, where a 
spectrum from a DC discharge in 440 hPa of Ar with 0.01% N2 is 
shown. 
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Fig. 26 A VUV emission spectrum from a DC discharge in 440 hPa of Ar with 
0.01% N2. The intensity of the lines around 149 nm is considerably (~ 6 times) 
reduced by lower detection efficiency in comparison with the lines around 174 nm. 
 

 The origin of these VUV lines is shown in Fig. 27 which 
presents a schematic diagram of energy levels of the lowest excited 
states of atomic nitrogen. 
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Fig. 27 A schematic diagram of the lowest excited states of Ar I and N I. VUV 
transitions are indicated with arrows and the wavelengths are shown. 
 

The same figure contains also the two lowest excited states of Ar: the 
metastable 3P2 and resonant 3P1. Both states have long effective 
lifetimes (note that the resonant state is usually strongly self-
absorbed when the total pressure is a few hPa or higher). Besides, 
there are nitrogen excited states with energy close to the energy of 
the 3P1 and 3P2 states of argon (see Fig. 27). These considerations 
suggest that a strong energy transfer could indeed exist from Ar I to 
N I. 
 
  
 5.2 Pulsed transverse discharge excitation: experiment 

and results. 

 

The study of energy transfer processes in Ar – N2 mixtures 
was conducted using time resolved VUV and UV spectroscopy, 
which provides a powerful tool in kinetic analysis. In this section we 
discuss details of pulsed discharge excitation and give examples of 
the experimental results (for details see Paper V). 



             50 

Ar-N2 mixtures with total pressures of 150 - 600 hPa and 
with N2 concentrations of 0.125-1.5 hPa were excited in a pulsed 
transverse discharge with spark preionization. The excitation was 
performed by filling the gas mixtures into the discharge chamber of a 
modified commercial UV excimer laser Model MSX-250 of the 
MPB Technologies Inc. The discharges were formed between two 
electrodes of 250 mm length with a 7 mm gap between them. A 
primary capacitor (16.2 nF), charged to 12 kV, provided current 
pulses with a duration of less than 100 ns. One side of the chamber 
was equipped with a MgF2 window and was used for VUV 
observations. The other side, containing a sapphire window, served 
for UV observations. 
 The time dependence of the emission intensity from the 
discharge afterglow was recorded for the following emissions: the 
VUV Ar2 continuum at 126.0 nm, the VUV nitrogen atomic lines at 
149.47 nm and 174.52 nm, and the UV N2 band at 337.0 nm. To 
record smooth and reproducible decay curves, accumulation of 9000 
pulses was usually performed for each wavelength setting. Fig. 28 
shows an example of an Ar2 continuum decay curve for an Ar – N2 
mixture with a total pressure of 150 hPa and a nitrogen concentration 
of 0.125 hPa. 
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Fig. 28. Decay curves of the Ar2 continuum at 126 nm from an Ar-N2 mixture with 
a total pressure of 150 hPa and a nitrogen concentration 0.125 hPa. To show the 
reproducibility, two curves recorded with same conditions are given. 
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Note that no attempts to compare the relative intensities of the bands 
were made in this study and that all analysis is based on the time 
dependencies only. 
 Fig. 29 shows Ar2 decay curves for pure Ar (150 and 300 
hPa) and for Ar – N2 mixtures with different N2 concentrations.  
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Fig. 29. Time dependence of the Ar2 decay at 126 nm from pure Ar and Ar- N2 
mixtures at the total pressures of 150 and 300 hPa. The intensity is given in 
logarithmic scale. 
 

As one can see from the figure, the higher Ar pressure or the higher 
N2 concentration, the faster is the Ar2 decay and the earlier appears 
the maximum of the emission. 
 Much information on the argon to nitrogen energy transfer 
processes can be obtained from a comparison of the decay curves for 
all three systems (Ar2, N2 and N) recorded at the same gas pressures. 
As an example, such a comparison is given in Fig. 30 for an Ar 
pressure of 150 hPa and two nitrogen concentrations. 
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Fig. 30. Decay curves for the Ar2 continuum at 126 nm, N2 band at 337 nm and N I 
lines at 149.47 and 174.52 nm for two different Ar- N2 mixtures. All curves were 
scaled in intensity to show in the best way the region where all curves have the 
same decay rate. 

 
As one can see from the figure, the Ar2 and N2 decays look very 
similar. The maximum in atomic nitrogen emission appears about 1 
ms earlier than in the molecular decays, but the decay rate after the 
maximum and until a certain time is similar for all three systems. 
However, for high Ar pressures and N2 concentrations, the N2 decay 
was found to be faster than the decay of Ar2 and N (see PAPER V) 
since the decay rate of Ar2* molecules is limited by the effective 
lifetime of the 1u metastable state which is about 1 ms. This effective 
lifetime is determined by the radiative lifetime (~ 3 ms [16]) which is 
shortened by strong electron mixing with the resonant state 0+

u. 
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5.3 Kinetic scheme of energy transfer processes in Ar- N2 

mixtures. 

 

 The analysis of the decay curves of Ar2, N2 and N showed 
that the Ar metastable 3P2 state is the common source of excitation 
energy for three acceptors: argon dimers, nitrogen molecules and 
atomic nitrogen. The competition between energy transfer channels 
to these three acceptors is controlled by the conditions in the 
discharge volume, first of all by the partial pressures of the gases. 
The results also indicate that atomic nitrogen can acquire energy 
from the reabsorbed Ar resonant state 3P1 and excited Ar2 molecules 
in the 1u state. 

The scheme of energy transfer from Ar to atomic and 
molecular nitrogen can be summarized in the diagram, shown in 
Fig. 31. 
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Fig. 31. A diagram of energy transfer processes in an argon-nitrogen mixture. The 
arrows contain a circle with a symbol of an electron (e-), a nitrogen atom in the 
ground state (N), a metastable nitrogen atom (N*), nitrogen molecule (N2) or argon 
ground state atom (Ar) to show which species participate in the reaction.  
 

In this diagram the processes of nitrogen atomization are also given. 
The result of these processes are nitrogen atoms in their ground state 
4So

3/2 and the lowest metastable states 2Do
3/2,5/2. These are the atoms 

that participate later in energy transfer processes, acquiring energy 
from the lowest excited Ar states and from excited Ar2 molecules. 
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Abstract
Emission spectra of Xe–X (X = He, Ne, Ar and Kr) and of Kr–Y (Y = He,
Ne and Ar) mixtures with low concentrations of the heavier gases (0.1–1%)
and moderate total pressures (50–200 hPa) have been recorded near each of
the two resonance lines of Xe and Kr in DC glow capillary discharges. The
recorded intense emissions have narrow spectral profiles with FWHM of
about 0.1 nm. The profiles are very similar in shape to profiles of known
high resolution absorption spectra recorded at comparable gas pressures.
A tentative identification of the emission structures is given, which involves
transitions in heteronuclear molecules and quasimolecules between
weakly-bound states.

1. Introduction

Binary rare gas mixtures with a small admixture of the heavier
gas (61%) emit under certain excitation conditions intense and
narrow vacuum ultraviolet (VUV) bands around the resonance
lines of the admixture atoms (see, e.g. [1–3]). Such discharges
can therefore serve as VUV light sources, which are in a great
demand from science and technology.

The intense and narrow emission has initially been
interpreted to be of atomic origin [1–6]. Later, absorption
studies [7, 8] of binary rare gas mixtures, performed with
high resolution, have shown that absorption spectra near
the resonance lines have a considerable number of discrete
structures and that the intensity of the structures depend on
both the host and admixture gas pressures, demonstrating that
heteronuclear atomic pairs (bound or unbound) are responsible
for the absorption structures. This suggests that the emission
spectra may also have strong contributions from heteronuclear
molecules (or quasimolecules).

High resolution VUV emission spectra of bands near the
resonance lines of the admixtures with reliable identification
of the structures have not yet been presented for binary rare
gas mixtures. To our knowledge, only limited information
exists on the band structures for some mixtures: Ne–Xe in
[9] and Kr–Xe in [10–12]. In this paper we report emission

spectra from capillary DC glow discharges of Xe–X and
Kr–Y mixtures (X = He, Ne, Ar, Kr and Y = He,
Ne, Ar) near the first and second resonance lines of Xe
(146.961 and 129.559 nm) and Kr (123.584 and 116.487 nm).
A spectral resolution of 0.015 nm, which is considerably higher
than in the previous emission studies [1–6], allowed us to
record the profiles of the short and long wavelength emission
structures around the resonance lines, which definitely
indicate a molecular or quasimolecular origin of these
structures.

In our previous studies [10–12] we have presented a
possible identification of such VUV spectra from Kr–Xe
mixtures. It was shown that transitions between KrXe
molecules in the weakly bound excited state 1(3P1) and the
ground state could be responsible for the strong emission
(and absorption) in the vicinity of the Xe resonance line
at ∼147 nm, while transitions between the more strongly
bound state 0+(3P1) and the repulsive part of the ground state
contribute to the broad low intensity continuum extending from
the resonance line to longer wavelengths.

In this paper we extend our identification attempts to all
VUV emission spectra which are reported here. The analyses
of possible origins of the emission structures is based on the
currently available data on the internuclear potentials of the
atomic pairs. A review of the data is given in section 4.

0022-3727/03/091126+09$30.00 © 2003 IOP Publishing Ltd Printed in the UK 1126



VUV emission spectra from binary rare gas mixtures

Both the presented experimental spectra and tentative
identification of the spectral structures may be useful in the
development of intense narrow-band VUV radiation sources
utilizing rare gas discharges.

2. Experimental set-up

The experimental set-up was described earlier in detail [11],
so here we briefly outline only the main features. The gas
mixtures were excited in DC glow discharges with currents
of 20 mA inside a 600 mm long capillary of 1.4 mm inner
diameter, which was made of fused silica. A fan was used
to sustain a constant mixture circulation through the capillary
to prevent separation of gases, which might occur in DC
discharges. The mixtures of rare gases were prepared from
high purity gases in a special volume, connected to the rest of
the vacuum system. Both the discharge tube and the mixing
volume were outgased at the pressure of 10−6 hPa before being
filled with the working mixtures in order to reduce the impurity
C I lines and CO bands.

The capillary was mounted inside a special volume which
could be filled with liquid nitrogen to cool the excited gas.
The emitted VUV radiation, after passing a MgF2 window,
was resolved spectrally with a 1 m normal incidence vacuum
spectrometer with 0.83 nm mm−1 dispersion. The spectral
resolution was 0.015 nm. A PM tube with a MgF2 window
operating in the photon counting mode was used as detector.

The range of the total pressures (50–200 hPa) and
the admixture concentrations (0.1–1%) were chosen to
demonstrate the emission profiles in the best way. Low partial
pressures of the heavier gas admixture (equal to or less than
2 hPa) were used to reduce self-absorption, ensuring intense
emission near the resonance lines.

Figure 1. Emission spectra from Ar–Xe gas mixtures at two gas conditions: 100 hPa Ar +1% Xe (——) and 50 hPa Ar +0.1% Xe (- - - -).
In the left-hand chart a linear scale of intensity is used. The right-hand chart shows the same curves in a logarithmic scale.

3. Results

An example of VUV emission spectra from Ar–Xe gas
mixtures is given in figure 1. A linear scale of intensity is
used in the left chart since it is convenient to present intensity
and width of the structures. However, to show the low intensity
part of the spectral profile and to present several profiles with
quite different intensity on the same chart a logarithmic scale
is much more convenient (see the right-hand chart in figure 1).
Therefore, in the following figures, a logarithmic scale of
intensity is used.

The spectra from mixtures with krypton admixture near
the first (123.584 nm) and second (116.487 nm) resonance lines
of Kr are shown in figures 2 and 3, respectively. Each figure
contains three charts with spectra from He–Kr (top), Ne–Kr
and Ar–Kr (bottom) mixtures, showing the dependence of the
emission profiles on the density of the species. All charts
show spectra from mixtures with 50 hPa main gas pressure
+0.25% Kr and 100 hPa main gas pressure +0.5% Kr. The
charts for Ne and Ar also show spectra from 200 hPa main
gas pressure +1% Kr. Since our experimental set-up could
not support a stable DC discharge in 200 hPa of He, we give
spectra from 50 hPa He +0.1% Kr for the helium mixtures. For
convenience, the position of the resonance line is shown with
a vertical arrow. The integration time of photon counting was
the same (2 s) for all spectra around both resonance lines.

The spectra from mixtures with xenon admixture near
the first (146.961 nm) and second (129.559 nm) resonance
lines of Xe are shown in figures 4 and 5, respectively. Each
figure contains four charts for He–Xe (top), Ne–Xe, Ar–Xe
and Kr–Xe (bottom) mixtures. All charts show spectra from
mixtures with 50 hPa main gas pressure +0.1% Xe, 50 hPa
main gas pressure +0.25% Xe and 100 hPa main gas pressure
+1% Xe. The position of the resonance line is shown again
with a vertical arrow. A CO impurity band at about 147.9 nm
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–

–

–

Figure 2. Emission spectra from binary mixtures containing small
amounts of Kr with He (top), Ne and Ar (bottom) near the first
resonance line of Kr I. The conditions are: 200 hPa main gas
pressure +1% Kr (——), 100 hPa main gas pressure +0.5% Kr
(· · · · · ·) and 50 hPa main gas pressure +0.25% Kr (——). The thin
line with hollow squares shows the spectral profile from 50 hPa of
He +0.1% Kr. The arrow marks the position of the atomic
resonance line.

which was easily excited in the He–Xe and Ne–Xe mixtures
did not allow us to record the long wavelength part of the
emission profiles for these mixtures at the first resonance line.
The integration time of photon counting was 1 s for the spectra
recorded around the first resonance line and 5 s for the spectra
around the second resonance line. Different integration times
were used because the excitation of the Xe 3P1 state is favoured
in comparison with the 1P1 state in DC discharges (see, e.g.
[11] for details on Kr–Xe mixture emission).

The intensity of the spectral profiles around the second
resonance lines is also reduced in comparison with the intensity
of the corresponding profiles around the first resonance lines
due to the lower transmittance of the MgF2 windows (one
at the capillary tube and one at the PM tube) at shorter
wavelengths [13] and the grating efficiency, which decreases
with decreasing wavelength in the spectral range of this study.

All emission profiles in figures 2–5 have common features.
The spectra have highest intensity in the vicinity of the
resonance line (±0.05 nm), and there are ‘blue’ and ‘red’
spectral wings on the short wavelength and long wavelength
sides of the resonance lines. One can also see self-absorption

–

–

–

Figure 3. Emission spectra from binary mixtures containing small
amounts of Kr with He (top), Ne and Ar (bottom) near the second
resonance line of Kr I. The conditions are: 200 hPa main gas
pressure +1% Kr (——), 100 hPa main gas pressure +0.5% Kr
(· · · · · ·) and 50 hPa main gas pressure +0.25% Kr (——). The thin
line with hollow squares shows the spectral profile from 50 hPa of
He +0.1% Kr. The arrow marks the position of the atomic
resonance line.

at the wavelengths of the atomic resonance lines in the spectral
profiles from the mixtures with the highest partial pressures of
both gases. Most probably it is caused mainly by radiation
absorption in the 4 mm long zone between the end of the
capillary discharge and the capillary output window but also,
to a certain degree, in the discharge volume itself.

For a mixture of two given gases the blue wings usually
have a well-defined cut-off wavelength, where the intensity
of the wing reaches the background intensity. This cut-off
wavelength does not change much when varying the partial
pressures of the gases, until the admixture concentration
becomes so low that the wing intensity is too weak to be
reliably detected above the background noise. Keeping the
same admixture gas and changing the host gas from the heaviest
to the lightest, one can note two features common for all
mixtures. The lighter the main gas, the broader becomes the
blue wing, and the fewer the number of structures that appear
in the wing (see figures 2–5).

The red wing profiles are very different for the heavy
(Ar and Kr as the host gas) and light mixtures (He and Ne
as the host gas) as one can see in figures 2–5. The spectra
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Figure 4. Emission spectra from binary mixtures containing small
amounts of Xe with He (top), Ne, Ar and Kr (bottom) near the first
resonance line of Xe I. The conditions are: 100 hPa main gas
pressure +1% Xe (——), 50 hPa main gas pressure +0.25% Xe
(· · · · · ·) and 50 hPa main gas pressure +0.1% Xe (——). The arrow
marks the position of the atomic resonance line.

from the heavy mixtures, unlike from the light mixtures,
have a ‘shoulder’ immediately on the long wavelength side
of the resonance line. Also, self-absorption appears not in the
centre of the peak, but is shifted towards shorter wavelength.
Another feature of the red wing for the heavy mixtures is
that there is no definite cut-off wavelength of the wing: the
higher the partial pressures, the longer the wing expands. In
contrast, the red wings of the majority of the light mixtures
have a definite length and decrease monotonously or have
only one structure—the wing reaches background intensity
in about 0.6 nm from the resonance line (note that for higher
partial pressures of admixtures than used in the study, the red
wings expand due to emission from homonuclear molecules
of the admixture). The exceptions are the mixtures of Xe
with He and Ne close to the first resonance line. In this
case the red wing expands monotonously for at least 1.1 nm
away from the resonance line, where it has small but non-zero
intensity and is screened in our experiments by the impurity
CO band.

For the purpose of spectral structure identification, the
effect of cooling was investigated in mixtures with Kr
admixtures. Spectra were recorded from mixtures of 1% Kr

–

–

–

–

Figure 5. Emission spectra from binary mixtures containing small
amounts of Xe with He (top), Ne, Ar and Kr (bottom) near the
second resonance line of Xe I. The conditions are: 100 hPa main gas
pressure +1% Xe (——), 50 hPa main gas pressure +0.25% Xe
(· · · · · ·), 50 hPa main gas pressure +0.1% Xe (——). The arrow
marks the position of the atomic resonance line.

with Ne and Ar at the total gas pressure of 100 hPa with
and without liquid nitrogen cooling of the outside wall of the
capillary. Figure 6 demonstrates the effect of cooling on the
spectral profiles around the first resonance line of krypton.

There is a considerable redistribution in the spectral pro-
files as a result of the cooling: the long wavelength part of
the red wing increases its intensity while the intensity of the
short wavelength side of the blue wing decreases, especially
in the mixtures with neon. The spectral profiles near the sec-
ond resonance line behave in a similar way. A comparison
of the intensity of the spectra recorded from discharges with
and without cooling should however be done with care since
there are counter-working effects on the intensity: an increase
of the density of admixture atoms with cooling increases the
intensity, while a thermal lens, i.e. the defocusing effect in the
capillary due to the temperature gradient across the discharge
volume, is more effective in the cooled discharge, decreasing
the intensity. A very strong influence of the wall temperature
on the thermal lens effect was confirmed by passing visible
laser light through the discharge capillary and observing the
change of laser beam spot size.

Drastic changes of spectral profiles with cooling were
observed in mixtures with Xe. However, the interpretation of
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Figure 6. The effect of cooling on emission profiles near the first
resonance line of krypton is demonstrated for Kr mixtures with Ne
(top) and Ar (bottom). Dashed lines represent the case when no
cooling is applied while solid lines show the spectral profiles from
discharges when the outer wall of the capillary was cooled with
liquid nitrogen.

these results is much more complicated since a considerable
part of the xenon atoms freeze on the inner capillary wall.
We could not observe the effect of cooling on mixtures
with helium, since the discharge became very unstable after
applying the liquid nitrogen.

4. Discussion

4.1. Comparison of intensities

All presented spectra were recorded with the same
experimental set-up and in a short period of time, so the loss
of transmittance of the optics from the first measurement to
the last was found negligible. The integration time was the
same for all mixtures with the same admixture near a given
resonance line (2 s for all mixtures with Kr, and 1 s and 5 s
for Xe mixtures close to the 3P1 and 1P1 resonance lines,
respectively). A discharge current of 20 mA was kept constant
for all investigated mixtures. Thus all possible precautions
were taken to record spectra from all mixtures with the same
admixture in similar conditions.

However, there are some factors that affect the intensity
from the mixtures differently. First, it is the input power. The
lighter the buffer gas, the more voltage is required to sustain
a current of 20 mA. Thus the input power was highest in the
mixtures with He (up to two times higher than in mixtures
with Kr). Second, it is the geometrical factor that affects
the observation of the radiation from the discharge channel.
The lighter the buffer gas, the more visually uniform is the
discharge channel. With He as buffer gas the discharge channel
always filled the whole cross-section of the capillary, while
for mixtures with 200 hPa of Kr the discharge channel filled
only the central part of the capillary (broader channels were
observed at lower pressures). Finally, there is the thermal
lens effect. For lighter buffer gases when the gas temperature
is very high due to higher input power, the defocusing lens
effect is considerably stronger than for the mixtures with
heavier host gases. All these factors affect the detected
intensity, but there is not enough information to estimate their
influence quantitatively. Nevertheless, we believe that in a first
approximation all emission spectra for a given gas admixture
close to the same resonance line could be directly comparable
as if they were recorded at the same conditions. This is so
because the more power that is applied the more photons are
emitted but the lower is the fraction that reaches the registration
system due to the increased effect of the thermal lens.

4.2. Internuclear potentials

Since heteronuclear atomic pairs might strongly contribute
to the VUV emission, one has to discuss the internuclear
potentials for these pairs before it is possible to analyse the
origins of the observed emission structures. In the following
paragraphs a review is given on the information that presently
exist on internuclear potentials of the lowest excited states of
the heteronuclear rare gas molecules which have Kr and Xe
resonant atomic states as their origin.

The first attempts to estimate such potentials were made
by Castex [7] for Xe*(3P1) + Ar and Xe*(3P1) + Kr on the
basis of the analysis of high resolution absorption spectra and
the parameters of the ground state potentials. Applying the
quasistatic theory, parameters of potentials of the excited states
were deduced. According to these calculations, the excited
molecular states contributing to the absorption spectra close to
the atomic resonance lines are weakly bound [7] with potential
wells that are shallower than the wells of the corresponding
ground state.

Later, semi-empiric calculations were performed for some
excited states of the heteronuclear molecules [14, 15] which
predicted the existence of pairs of bound states: the states
1(3P1) and 0+(3P1) for Kr*Ar, Xe*Ar and Xe*Kr, and the states
1(1P1) and 0+(1P1) for Kr*Ar (see, e.g. figure 7). Parameters
of the potential curves for these states were also estimated
[14, 15]. According to these calculations, the states 1(3P1,
1P1) have approximately the same equilibrium internuclear
distance as the ground state and their potential well depths
are of the same order as the well depth of the weakly bound
ground state. The states 0+ are usually deeper and have smaller
equilibrium distances (this is especially characteristic for the
heaviest atomic pairs). Parameters of the weakly bound states
1(3P1, 1P1) and 0+(3P1, 1P1) for molecules of Kr (and Xe) with
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Figure 7. A scheme of potential curves for the excited states 1(3P1),
0+(3P1), 1(1P1), 0+(1P1) and the ground state of XeKr molecules.
The curves for the states with the origin in the Xe state 1P1 are given
on the basis of [18]. Two sets of results are given for the states with
the origin in the Xe state 3P1: solid lines represent potentials which
are based on the results of [14] (semi-empiric calculations), while
the dashed lines give potentials according to [19] (laser
spectroscopy).

He and Ne were estimated in another paper [16] using similar
semi-empiric calculations. The depths of all states were found
to be a few cm−1 for molecules with He and a few dozens of
cm−1 for molecules with Ne.

Information on the potential curves of the rare gas dimers
for a number of excited states was also supplied by laser
spectroscopy of jet-cooled rare gas mixtures (e.g. see a
review paper [17]). Thus, the internuclear potentials for the
states 1(1P1) and 0+(1P1) of Xe*Ar and Xe*Kr were obtained
in [18]. For these molecules, in contrast to other atomic pairs,
the 0+(1P1) states were found to be weakly bound (111.8 cm−1

and 51.2 cm−1 for XeAr and XeKr, respectively) and to have
equilibrium distances of 3.77 Å and 3.66 Å, respectively, which
are approximately the same as the equlibrium distances of the
ground states. According to the calculations in [18], the 1(1P1)

states are more strongly bound (243.5 and 1444.6 cm−1) and
have approximately 0.5 Å shorter equilibrium distances (3.23
and 3.01 Å) than the states 0+ (see figure 7).

A similar laser spectroscopic technique was used in [19]
to obtain internuclear potentials for the states 1(3P1) and
0+(3P1) of the Xe*Kr molecule (see figure 7). The results
are in bad agreement with the predictions of the semi-empiric
calculations [14, 15]: the weakly bound state 1(3P1) is found

to be considerably shallower (only 52.2 cm−1 in contrast
to ∼300 cm−1) and to have considerably larger equilibrium
distance (5.24 Å in contrast to ∼4 Å). The 0+(3P1) state was
found to have a double minimum. The parameters of the inner
minimum (equilibrium at 3.09 Å, 624 cm−1 deep) are more or
less similar to the parameters of the state 0+ in the semi-empiric
calculations [14, 15]. The outer minimum has an equilibrium
distance of 5.1 Å (practically the same as the equlibrium of the
state 1) and it is 101 cm−1 deep.

Ab initio calculations of internuclear potentials for the
Xe*Ar molecules were presented in the paper [20] for a
considerable number of the lowest excited states. However we
do not take the results into account since the states 1(3P1, 1P1)

were predicted to be completely repulsive, which disagrees
with the experimental results [18] as well as with the results of
the semi-empiric calculations [14].

As one can see, data on internuclear potentials of heteronu-
clear atomic pairs of rare gases is scarce. Moreover, there is
a bad agreement between the semi-empiric calculations and
the experimental results for the single molecule where results
from both techniques are available. However, there are some
general properties that are practically the same for all these
atomic pairs. All molecules of Kr*Ar, Xe*Ar and Xe*Kr have
pairs of excited states 1 and 0+(1P1, 3P1). Each pair contains
a weakly bound state with an equilibrium distance equal to
or greater than that of the ground state, and a more deeply
bound state with an equilibrium distance smaller than that of
the ground state. These potential wells contain a considerable
number of vibrational levels. Molecules with He and Ne have,
according to the semi-empiric calculations [16], very weakly
bound excited states. The potential wells of molecules with
Ne hardly contain more than a few vibrational levels, while
the molecules with He most probably contain none.

Using these general properties of the internuclear
potentials and the results of high resolution absorption
studies [7, 8] we will now make an attempt to build a
general identification scheme for our emission spectra. This
identification should be regarded only as an approximation,
which will probably need adjustments when new data appear
on the internuclear potentials.

4.3. Identification of the emission structures

When one compares our emission spectra (figures 2–5) with
high resolution absorption spectra reported in [7, 8], one
observes a striking similarity between the corresponding
absorption and emission spectral profiles for all mixtures. This
is demonstrated in figure 8, where two pairs of our emission
and the corresponding absorption spectra from [8] are given
for Kr–Xe mixtures near the first resonance line of Xe and for
Ar–Xe mixtures near the second resonance line of Xe. This
similarity suggests that transitions between the same states
give rise to the main spectral features in both absorption and
emission.

(I). Let us consider first the case of the heavy atom mixtures
(Ar and Kr as the host gas). The authors of the absorption
studies have suggested that the main contribution to the blue
wing arises from Kr*X and Xe*Y molecules in bound–free
[8] or in bound–free and bound–bound [7] transitions from the
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Figure 8. A comparison of emission (this paper) and absorption [8] spectral profiles is given for mixtures of Xe with Kr (left) and Ar (right).
The top charts on both sides show the emission spectra, while the bottom charts present the corresponding absorption spectra (densitometer
traces). Two emission profiles are given: 100 hPa main gas pressure +1 hPa of Xe (——) and 50 hPa main gas pressure +0.13 hPa of Xe
(· · · · · ·). The absorption spectra from [8] were recorded with a Xe pressure of 0.13 hPa and main gas pressures of 8,215 and 650 hPa.

ground state. The identification was supported in particular
by the character of the dependence of the absorption profile
intensities with gas cooling and by the linear dependence of
the absorption band intensities on the product of the pressures
of the main gas and the admixture [7].

Therefore, if one assumes that the blue wing in absorption
is mainly due to transitions between the vibrational levels of
the ground state and the repulsive part of an excited state, then
the most suitable candidate for the excited state is a weakly
bound state due to the fact that the weakly bound states have
larger equilibrium distances than the strongly bound states,
and consequently, the repulsive part is situated closer to the
region of the potential well of the ground state—see figure 9.
Note that in this context the term ‘weakly bound’ is used for
the states 1(3P1) of all heavy atomic pairs, as well as the
state 1(1P1) of Kr*Ar and the state 0+(1P1) of Xe*Kr and
Xe*Ar since all these states exhibit similar properties (see
previous section). Because of the similarity of the emission
and absorption profiles, it is reasonable to expect that the
same transitions give the main contribution to the blue wing
in emission. This is supported by our results on the spectral
temperature dependence (figure 6)—the short wavelength part
of the blue wing reduces its relative intensity with cooling,
the reason being that the shorter the wavelength becomes, the
higher kinetic energy is required for an atomic pair to produce
emission in the blue wing. Another experimental fact, namely
that the number of emission structures in the blue wing is
smaller for a lighter main gas than for a heavier main gas with

Figure 9. Examples of bound–free (a), free–bound (b),
bound–bound (c) and free–free transitions (d) are given for a
schematic diagram of potential curves for the two lowest excited
states and the ground state of a heteronuclear rare gas molecule. The
atomic resonance transition is also shown. Details on free–free
transitions are given in section 4.3.

the same admixture, is connected with the reduction of the
number of vibrational levels in the ground state (see, e.g. [21]).

Concerning the emission in the red wing, it is convenient
to start the identification with the well developed and extended
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long wavelength part of the red wing. Because of its width
(thousands of cm−1 in energy scale—see transitions type (a)
in figure 9) it is reasonable to attribute it to the emission
from highly situated vibrational levels of the strongly bound
states to the ground state in Xe*X and Kr*Y heteronuclear
molecules. We consider the contribution from excited Kr2 and
Xe2 molecules to be small since the maximum concentration
of the admixture in this study was 1% and therefore the
number of homonuclear molecules, created in three-body
collisions, should be about two orders of magnitude lower
than the number of the heteronuclear molecules, and the total
pressure is not high enough to support noticeable energy
transfer to homonuclear molecules of admixture atoms from
heteronuclear molecules (see results on Kr–Xe emission
presented in [11]).

There are two other contributions to the red wing close
to the resonance lines. One of them is from bound–
bound transitions between vibrational levels of the excited
weakly bound state and vibrational levels of the ground state
of the heteronuclear molecule (see our earlier publications
[10–12] concerning Kr–Xe emission). These are probably
the transitions that form the intense shoulders close to the
resonance lines in the emission profiles. Similar shoulders
were observed in the absorption studies [7, 8] (see figure 8),
and a bound–bound origin was suggested in [8]. However,
the shoulders in the absorption studies appeared as diffuse
structures even at the resolution of 0.001 nm, which is probably
explained by an overlap of very closely situated vibrational
components. A special attention should be given to Xe*Kr
emission close to the first Xe resonance line. If the internuclear
potential of the 0+(3P1) state is indeed as predicted in [19] and
has two minima, then bound–bound transitions from that state
to the ground state could also give a considerable contribution
(in comparison with the contribution from the state 1(3P1)) to
the emission in the vicinity of the resonance line and in the
intense red shoulder.

Another contribution to the red wings, and possibly to
some extent to the blue wing, arises from transitions in
free atomic pairs (free–free transitions). In this case an
emitting atom of the admixture is perturbed by a closely
situated atom of the main gas, so that the wavelength of the
transition will be defined by the energy difference between
the potential curves of the excited and the ground states of
the heteronuclear molecule at the given internuclear distance
between the atoms, where the transition takes place (see, e.g.
[22]). The transition (d) in figure 9 gives an example of the
classical description of such a free–free Xe(3P1) + Kr(1S0) →

Xe(1S0)+Kr(1S0) transition, where the system has total energy
u1 before and u2 after the transition. Since the kinetic energy
Ek of the system is conserved in the transition (the photon
momentum is very small), the wavelength of the transition
corresponds to the energy difference between the potential
curves for the actual internuclear distance. Note that for free–
free transitions the kinetic energy of the two-atom system is too
high both in the excited and ground quasimolecular states to
let the atoms form a stable molecule with discrete vibrational
levels.

(II). The light mixtures (He and Ne as the host gas) have
one feature which makes them very different from the heavy

atom mixtures, namely that the states 1 and 0+ are practically
identical and both are very weakly bound [16]. As a
consequence, the excited states hardly have any vibrational
levels and free–free transitions are the dominating origin of
the spectral red wings. The blue wings, as in the case of heavy
atom mixtures, arise through a combination of free–bound and
free–free transitions. The number of structures in the blue wing
is smaller since the ground states contain just a few vibrational
levels (compare the blue wings in figures 2–5).

5. Conclusion

VUV emission from all presented binary rare gas mixtures
demonstrates narrow and intense emission close to the
resonance lines of the heavier gas. This emission is especially
intense close to the lower energy resonance lines.

The presented emission profiles show a remarkable
similarity with the corresponding absorption spectral profiles.
This suggests that the same transitions give the main
contribution to both types of spectra.

The recorded spectral structures in both the short and long
wavelength wings near the resonance lines can be attributed
to transitions in heteronuclear molecules and quasimolecules
between the excited states 1(3P1), 0+(3P1), 1(1P1), 0+(1P1) and
the ground state. The short wavelength wings originate from
free–bound and free–free transitions. The long wavelength
wings have their origins in free–free and, for heavy mixtures
which have Ar and Kr as the host gas, also in bound–bound
transitions. The extended and low intensity part of the long
wavelength wings observed in heavy mixtures have their origin
in bound–free transitions between the states 0+(3P1) and the
ground state.

The data presented in this paper could be useful for
the development of VUV radiation sources. However, a
separate study is required to compare excitation dynamics in
the different binary rare gas mixtures.
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Abstract. The origins of spectral structures that appear close to the Xe resonance line at 146.96 nm in
absorption spectra of Kr gas with an admixture of Xe are discussed in this paper. It is shown that these
structures can result from bound-bound and bound-free transitions in the Xe–Kr molecule between the
ground state and the 1(3P1) excited state, which both are weakly-bound. The depth of the excited state
is estimated. An introduction of a hump on the 1(3P1) state internuclear potential is suggested.

PACS. 33.20.Ni Vacuum ultraviolet spectra – 33.20.Tp Vibrational analysis

1 Introduction

Recently increasing attention has been paid to vacuum
ultraviolet (VUV) emission spectra of heteronuclear rare
gas diatomic molecules [1, 2]. This is connected with a
number of practical applications such as broad band radi-
ation sources [3,4], and with discussions of the possibility
to achieve VUV laser generation using heteronuclear rare
gas molecules [5]. However, while the understanding of the
internuclear potentials of the ground and excited states of
homonuclear dimers is well established and seems to be
quite reliable (see e.g. [6, 7]), the situation for heteronu-
clear dimers is less satisfactory. Detailed data exist only
for the ground states [8], and were obtained by fitting theo-
retical potentials to a compilation of experimental results.
Some information on the lowest excited states has been ob-
tained by Castex [9] from absorption experiments and by
Novak and Fricke [10] from surface VUV emission results.
Theoretical investigations of the lowest excited states have
been performed by Zagrebin and co-workers [11,12], who
obtained fundamental information on the internuclear po-
tential curves for the lowest excited states. Application
of these data in an attempt to define the origins of the
observed spectral structures in emission and absorption
could contribute to further adjustments of the shape and
parameters of the internuclear potentials.

In this paper we discuss only the XeKr molecule. A
basic scheme of internuclear potentials for the ground and
the lowest excited XeKr molecular states (these excited
states have their origins in the atomic Xe states 3P1 and
3P2) is presented in Figure 1. The potentials are shown
in the Morse form. All excited-state potentials in Figure 1
are based on calculations [11], which predict the existence
of bound (well depth about 1000 cm−1) and weakly-bound
(well depths about or less then 500 cm−1) excited states.

a e-mail: andreim@trym.fysik.uu.se

Fig. 1. Internuclear potentials for the ground and lowest ex-
cited states of the XeKr molecule. All curves are presented in
the Morse form. Examples of bound and repulsive levels are
shown by horizontal lines. Vertical arrows represent principal
classes of transitions, including the atomic Xe∗ resonance line
and examples of bound-bound and bound-free transitions.
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The weakly-bound states have equilibrium distances sim-
ilar to that of the XeKr ground state, unlike the more
strongly-bound excited states.

A Xe–Kr gas mixture emission spectrum shows a very
intense and relatively narrow band around the Xe∗ res-
onance line at 146.96 nm (see [1]) with a width of 0.1–
0.7 nm depending on the gas pressure. A reliable determi-
nation of the origins of this emission structure and detailed
information on the internuclear potentials of the involved
states would be useful for developing narrow band high in-
tensity VUV radiation sources and for attempts to create
a VUV laser working on molecular transitions in XeKr. In
this article we present an attempt to analyse these poten-
tials based on spectroscopic data.

We restrict our discussion to the state 1(3P1), since
transitions from this state dominate the emission close to
the Xe resonance line at 146.96 nm. This restriction is
motivated by a number of facts: the atomic state 3P2 is
considerably shifted down in energy from the state 3P1,
so the transitions from the states 1(3P2) and 2(3P2) are
situated at longer wavelengths; in addition the transition
from the state 2(3P2) to the ground state is dipole for-
bidden. The relatively strongly-bound state 0+(3P1) has
an internuclear potential with a small equilibrium dis-
tance, so that emission from that state (similar in ori-
gin to the second continua of homonuclear dimers – see
Fig. 1) appears as a broad continuum with maximum near
153 nm. Emission (absorption) from (to) this state close to
146.96 nm should also be small in comparison with emis-
sion (absorption) from (to) the state 1(3P1), because the
weakly-bound state 1(3P1) has about the same potential
well depth and equilibrium distance as the ground state,
so the emission (absorption) from (to) this state will be
more concentrated around the Xe∗ resonance line than for
the 0+(3P1) state. Moreover, due to the large difference
in equilibrium distances between the ground and 0+(3P1)
states, their nuclear wave functions will have smaller over-
lap than the nuclear wave functions of the ground and
1(3P1) states.

However, it is quite difficult to identify the origins of
the emission spectrum around 146.96 nm. No experimen-
tal emission data of high enough resolution (of the or-
der of 0.001 nm) to be used as a detailed description of
the bands have been published to our knowledge. Exist-
ing experiments show only general features, without the
necessary details. Furthermore, for emission it is usually
problematic to estimate relative populations of excited vi-
brational levels. In contrast to this, there are at least two
high resolution experimental absorption studies performed
by Castex [9] and Freeman et al. [13] (the resolution was
0.002 and 0.001 nm respectively) which describe absorp-
tion spectra around 146.96 nm in detail. Moreover, low
resolution data (see e.g. our recently reported [1] results
with a resolution of the order of 0.02 nm) show that emis-
sion and absorption spectra near the Xe resonance line at
146.96 nm exhibit remarkable similarity (Fig. 2), which
indicates that corresponding spectral structures of both
types of spectra have similar origins. The relative popula-
tions of the ground state vibrational levels are distributed

Fig. 2. An emission spectrum from a Kr–Xe gas mixture [1]
(top spectrum) and absorption spectra recorded by Freeman
et al. [13] (lower spectra) around the Xe I resonance line
at 146.96 nm. The emission spectrum was obtained from a
DC gas discharge (total gas pressure 120 hPa, Xe concentra-
tion 0.25%). Three absorption spectra are shown for the same
Xe partial pressure 0.13 hPa and three different Kr pressures
(1: 8 hPa, 2: 215 hPa, 3: 646 hPa).

according to Boltzmann statistics, and therefore easy to
calculate. Furthermore, every emission spectrum around
146.96 nm from a Kr–Xe gas mixture light source is a
combination of emission and self-absorption. This requires
reliable and detailed information about the structure and
origins of the absorption spectra in order to draw conclu-
sions about the origins of the emission spectra. The dis-
cussion above indicates that elucidation of the origins of
the emission spectral structures should be conducted after
the origins of the absorption bands have been reliably es-
tablished, which has not been done yet to our knowledge.

In the next section we review the experimental absorp-
tion data to be used in the following discussion. These
data will then be utilised to construct model internuclear
potentials for the XeKr state 1(3P1) and to explain pos-
sible origins of the spectral structures. This will be done
through qualitative analysis of the absorption spectra ob-
tained by numerical simulations. These spectral simula-
tions are obtained through calculations of the overlap of
the nuclear wave functions of the ground state vibrational
levels and bound or repulsive levels of the excited state
(see Fig. 1). We do not expect the spectra obtained in this
way to agree quantitatively with high resolution experi-
mental spectra since model potentials have been used and
rotational structure was beyond the scope of the present
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Fig. 3. A summary of experimental results ob-
tained by Freeman et al. [13]. Vertical lines rep-
resent the positions (in nm and cm−1) of spec-
tral bands. Where it is available, the width of
band is shown on top of the line. The Xe reso-
nance line is marked with the diamond. Band
group III (triangles) contains also the diffuse
wing, adjoined to the resonance line: two of the
most intense bands represent the maxima of
the wing. Band group I (hollow dots) consists
of four very broad and diffuse bands. Band
group II (rectangles) is composed of seven very
narrow bands with widths less than 1.5 cm−1.

calculations. Our aim is, however, to be able to reproduce
qualitatively all important spectral structures.

2 Review of available experimental data

According to Freeman et al. [13], three groups of discrete
bands could be observed in the absorption spectra near
the first resonance line of Xe I at 146.96 nm in Xe–Kr
gas mixtures. In Figure 3 the results reported by Freeman
in his Table I [13] are shown graphically: each observed
band is represented by a vertical line at the appropriate
wavelength, with the height proportional to the relative
intensity of the band in its band group. The band’s width
is indicated if it was reported. The names of the absorption
bands are the same as those used by Freeman [13].

As the first spectral feature, the broadened Xe I res-
onance line appears when only traces of Xe are added
to Kr gas. On its long wavelength side the line has a
wing containing three intensity maxima (146.961, 147.000
and 147.025 nm). At higher Xe concentration, more spec-
tral features appear. The wing intensifies and broad-
ens slightly towards long wavelengths but still exhibits
a fairly sharp long wavelength edge. When p(Xe)× p(Kr)
reaches 0.4 torr2 (p(x) being the pressure of gas x), the
sharp bands of band group II appear close to and on
the short wavelength side of the resonance line (146.827–
146.911 nm). All seven bands of this group have similar
bandwidths of about or less then 1.5 cm−1 (0.003 nm).
Here and onwards we use Freeman’s pressure multiplica-
tion to show the relative intensities of band groups.

At slightly higher pressure, when p(Xe) × p(Kr) is
about 0.5 torr2, the diffuse bands of band group I
(146.360–146.777 nm, bandwidth from 18 to 46 cm−1) ap-
pear on the short wavelength side of band group II. It
was noted that band group I probably extends further to-
wards longer wavelengths, but would be obscured by band
group II.

Finally, at considerably higher pressure, when
p(Xe)× p(Kr) reaches 84 torr2, with p(Xe) at least 1.5 torr,
band group III appears immediately to the long wave-
length side of the fairly well-defined long wavelength edge
of the broadened resonance line plus the wing. This group
covers the range from 147.079 to 147.292 nm. No estimates
were made of the bandwidth of the bands of that group.

In the Castex paper [9] only seven absorption bands
were reported. The pressure and temperature dependen-
cies of the blue satellite (Freeman’s band groups I and
II) and the red satellite (Freeman’s wing) were discussed.
The author reported that the blue satellite exhibits a
strong temperature dependence, while the intensity of the
red satellite changes only slightly with temperature. By
analysing the pressure dependence the author drew the
conclusion that Xe–Kr atomic pairs, bound or unbound,
are responsible for the absorption around the Xe resonance
line.

3 Computational technique

In the adiabatic approximation, the following formula is
used to estimate the relative absorption probabilities W12

between a ground level 1 and an excited level 2 (bound or
repulsive):

W12 ∝ p1

∣

∣

∣

∣

∫

Ψ1(r)µ12Ψ2(r)r
2dr

∣

∣

∣

∣

2

, (1)

where µ12 is the dipole transition moment, Ψ(r) = P (r)/r
are the radial parts of the nuclear wave functions for the
ground and excited levels, and P (r) are solutions of the
radial Schrödinger equation:

d2P

dr2
+

2m

~2
[E − V (r)] P (r) =

l(l + 1)

r2
P (r). (2)

p1 represents the relative population of a ground state vi-
brational level, which was calculated from the Boltzmann
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distribution, and E is the energy – the eigenvalue for a
bound level or the energy of a repulsive level.

In our calculations the dependence of the dipole transi-
tion moment on the internuclear distance is ignored, since
no data on this dependence has been found in the liter-
ature. However, the dependence of the dipole transition
moment on internuclear distance for heavy homonuclear
inert dimers (see data on Ar2, Kr2 and Xe2 in [14]) is rel-
atively minor in comparison with the oscillations of the
nuclear wave functions. It is therefore reasonable to con-
clude that in the case of heteronuclear dimers this simpli-
fication will not cause overly large deviations between the
calculated and experimental spectra.

Nuclear wave functions for bound vibrational levels
and for repulsive levels were calculated numerically. The
code used to determine energy eigenvalues and nuclear
wave functions is based on the method described by
Hajj [15]. It is an iterative technique that determines
the eigenvalue and produces the corresponding wave func-
tion by solving the Schrödinger radial equation (Numerov
method). In the case of repulsive levels, the wave functions
were normalised to a delta function in energy. The ground
and excited state internuclear potentials were defined in
numerical form or as mathematical functions.

We have tested the method on numerical calculations
of eigenvalues for Morse potentials when these could also
be determined analytically. A comparison of the results
showed excellent agreement.

Results on simulations of absorption spectra for
bound-bound and bound-free transitions are presented in
this paper. For bound-bound transitions, the total absorp-
tion spectrum was obtained as the sum of the intensi-
ties of all possible transitions between vibrational levels
of the excited and ground states with the weight factors
W12 = exp {−E/kT} (see Eq. (1)), where E is the ground
state vibrational level energy and T is the temperature.
The spectrum is composed of a large number of transition
lines, which makes it difficult to analyse it or compare
it with experimental spectra. In experimental absorption
spectra all these lines are broadened and superimposed
due to limited resolution of the spectrometer and because
of the presence of the rotational structure which “blurs”
the spectrum. Therefore an additional simple recalculation
of the absorption spectra was applied to imitate the lim-
ited resolution and rotational “blurring”, the latter being
beyond the scope of our calculations: the intensity I(λ) at
a succession of wavelengths λ in the range 146.0–147.4 nm,
where each wavelength was separated from the next by
a sufficiently small step to keep all spectral details, was
calculated as the sum of all neighbouring transition line
intensities Ii, multiplied by a Gaussian weight factor de-
termined by the wavelength difference between the current
wavelength λ and the transition line wavelength λi:

I(λ) =
∑

i

Iiexp

[

−
(

λ − λi

∆/
√

ln2

)2
]

. (3)

The HWHM of the Gaussian ∆ was selected to be not
less than the wavelength resolution of the experimental

spectrum used as a model, and large enough to imitate
rotational “blurring” of the spectrum.

For bound-free transitions, the total absorption spec-
trum is a sum of transition probability continua: each of
them was obtained for a given ground vibrational level
and a set of excited repulsive levels in the energy range
from 5 to 400 cm−1 above the 3P1 Xe∗ atomic state with
a step of 0.1 cm−1. Each continuum also has a Boltzmann
weight factor determined by the ground state vibration
level energy.

4 Results and discussion

All calculations in this work were performed with the
XeKr ground state taken in the Morse form:

V (r) = D [1 − exp {−α (r − Rm)}]2 − D, (4)

where

α =
ln(2)

Rm − R0

·

The following values of the parameters for the ground
Morse potential were used: well depth D = 159 cm−1,
equilibrium distance Rm = 4.18 Å and zero-potential dis-
tance R0 = 3.73 Å. The same values are used in the multi-
parameter potential of Lee [16]. By choosing these values
for the simple Morse potential we obtain a quite good ap-
proximation for the more realistic, but very complex po-
tential of Lee: the potentials are in very good agreement
in their lower repulsive parts and around the equilibrium
point. However, the Morse curve approaches the atomic
origin faster than the potential of Lee, which gives 14 vi-
brational levels while the potential of Lee has 18 levels
according to Bobetic and Barker [8]. We believe that the
use of the Morse potential for the ground state is justified
since we chose to use a Morse potential for the excited
state.

The first spectral feature to identify is the most in-
tense structure, namely the diffuse wing with several max-
ima located to the long wavelength side of the reso-
nance line (Fig. 3). We have tried to demonstrate that
this structure can be explained in the frame of bound-
bound transitions between the ground state and the ex-
cited state 1(3P1) (Fig. 1). The result of our spectral sim-
ulation is presented in Figure 4. The excited state was
taken in the Morse form with the following parameters:
D = 170 cm−1, Rm = 4.4 Å, R0 = 4.0 Å. Rm and R0

were taken directly from Zagrebin’s calculations [11]. The
value of D = 500 cm−1 given in [11] has lately been cor-
rected to 300 cm−1 [17]. However, the proposed value of
D = 300 cm−1 is too large according to our spectral sim-
ulations: the resulting spectral structure expanded much
farther to the long wavelengths than in the experimental
spectra. Therefore a more suitable value of 170 cm−1 was
chosen and used instead. The position and width of the
calculated structure as well as the location of the maxi-
mum are in rather good agreement with the experimental



A. Morozov et al.: Identification of absorption structures in Kr–Xe gas around 146.96 nm 383

Fig. 4. Calculated absorption spectrum consisting of all possi-
ble transitions between bound vibrational levels of the ground
state and the excited state 1(3P1). Both states have internu-
clear potentials in the Morse form. The inset shows the long
wavelength spectral structure.

spectrum (compare the wing in Figs. 3 and 4). Of course,
with the model potentials used and the assumptions that
were made, one cannot expect detailed agreement. How-
ever, this calculations demonstrate that the wing can in-
deed have its origin in bound-bound transitions in XeKr
molecules. This differs from the explanation that it is the
broadened Xe atomic resonance line (transitions in free
atomic pairs), which was proposed by Castex [9]. The tem-
perature dependence of the wing, that was considered to
be a proof of its atomic origin [9], will be discussed at the
end of this section.

In Figure 4 an area directly adjoined to the long wave-
length edge of the wing is expanded in a special window.
One can see a number of peaks with much weaker in-
tensities than the wing described above. We suggest that
this structure (note that there is nothing similar on the
short wavelength side of the resonance line) corresponds
to the band group III (Fig. 3). It is quite possible that
in a model using potentials which give a larger number
of vibrational levels (e.g. the multiparameter potential of
Lee [16]), this structure will intensify and expand slightly
to longer wavelength. If this assignment of the origin of the
band group III is correct, and this group does result from
bound-bound transitions, the distance between the reso-
nance line and the band with the longest wavelength gives
the minimal depth of the excited state: 153 cm−1. Ob-
servation of the emission spectrum around the resonance
line [1] has shown that the relative intensity of the emis-
sion spectrum at the wavelengths of the band group III
increases considerably with decreasing gas temperature.
This could be explained by assuming that this band group
originates from bound-bound transitions from the lowest
excited vibrational levels, for which the relative popula-
tions increase considerably with gas cooling.

We now discuss the diffuse band group I. Within the
framework of Morse-Morse potentials, the source of this
group is very unlikely to be bound-bound transitions. Con-
sidering the band group I location, which is shifted signif-

Fig. 5. Calculated absorption spectrum consisting of all possi-
ble transitions from ground state vibrational levels to the repul-
sive part of the excited state 1(3P1) from 5 cm−1 to 400 cm−1

above the 3P1 Xe∗ atomic state.

icantly to shorter wavelength from the resonance line, and
the large widths of the bands (see Fig. 3), the natural con-
clusion is that this group originates from bound-free tran-
sitions. In Figure 5, a calculated spectrum is shown. This
spectrum is composed of the sum of all transitions from
ground state vibrational levels to repulsive levels with en-
ergies given by the repulsive part of Morse potential of
the state 1(3P1) (see Fig. 1). The following parameter
values for the 1(3P1) state were used: D = 170 cm−1,
Rm = 4.4 Å and R0 = 3.7 Å. The positions of max-
ima of the calculated structures and their widths are very
sensitive to the Morse parameters of the excited state,
especially on R0. The spectrum shown in Figure 5 was
obtained for the excited state with the same D and Rm

as in our discussion of the wing (band group III) and only
R0 has been adjusted to achieve a total width of the struc-
ture close to the width observed in the experiments. Note
that the “teeth” on the spectral profile are due to the fact
that the total spectrum is a sum of partially overlapping
continua where every “tooth” is in the place where the
next continuum starts. Each continuum was obtained for
transitions from a certain ground state vibrational level to
an unbound level of the excited state with energy ranging
from 5 to 400 cm−1 counted from the 3P1 Xe∗ atomic level.
This range was taken because no spectral structures have
been seen further than 400 cm−1 towards shorter wave-
lengths. Furthermore, energies less then 5 cm−1 give wave
functions with very slow oscillations, which result in cal-
culational difficulties, but do not provide much additional
information. To summarise the results on band group I,
we believe that the position and width of band group III
as well as the number and widths of its maxima can be
simulated through bound-free transition between poten-
tials mentioned above (only small changes of the param-
eter values are required). However, the numerical fitting
to experimental spectra would require considerable effort,
which makes no sense until reliable and detailed data are
obtained for one of the potentials (the ground or excited
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Fig. 6. The 1(3P1) state internuclear potential, containing a
hump. The potential is composed of three parts: part 1: or-
dinary Morse potential for internuclear distances from 0 to
equilibrium distance. Part 2: third degree polynomial. Part 3:
Morse potential with negative sign from the hump maximum
(corresponds to the equilibrium distance) and towards infinity.

state) and for the dependence of the dipole transition mo-
ment on the internuclear distance.

We find the identification of the band group II to be
the most problematic. It consists of seven sharp and in-
tense bands, especially in comparison with the weak band
group III. We believe that such narrow bands could not
be observed in bound-free transitions between two Morse
potentials: the slope of the repulsive part is too sharp,
which will result in broad structures in the spectra. On
the other hand, the bands are too intense to be assigned
to bound-bound transitions between two Morse potentials,
which still could explain the wing (compare Figs. 3 and 4).
The problem could be solved by a considerable change of
the shape of the excited state internuclear potential. Two
different cases are discussed in the following paragraphs.

I. The band group II is assumed to originate in bound-
free transitions with a non-Morse excited state. We have
found that transitions between the ground Morse poten-
tial and a purely repulsive excited potential could re-
sult in sufficiently sharp bands. However, for the excited
Xe∗ atomic state 3P1 there are only two possible XeKr
states: 0+ and 1. The state 0+(3P1) is bound (emission
from this state appears with a broad maximum around
153 nm), and the state 1(3P1) has to be weakly bound
(as discussed above) to explain the wing and the band
groups III. There is, however, a compromise: the weakly-
bound state 1(3P1) potential could have a “hump” (see
Fig. 6). This potential has both a bound part at small in-
ternuclear distances and a slightly sloping repulsive part
after the hump at large distances. We have constructed
a model potential of that type in the following way: the
potential consists of a Morse curve for small internuclear
distances up to the equilibrium distance (D = 170 cm−1,
Rm = 4.4 Å, R0 = 4.0 Å), then a 3rd degree polyno-
mial until the hump maximum is reached and then a long-
distance tail of another Morse potential taken with nega-
tive sign (D = −25 cm−1, Rm = 6.5 Å, R0 = 6.0 Å). This

Fig. 7. Calculated absorption spectrum consisting of all pos-
sible transitions between vibrational levels of the ground state
and the state 1(3P1) containing the hump. The inset shows
the short wavelength spectral structure composed of relatively
intense and narrow lines.

potential was numerically tested and it was found that the
bound-free transitions from the ground state vibrational
levels ν = 7 and 8 give very narrow bands with FWHM
less then 1.5 cm−1 as the band group II has. Bands from
levels ν = 6 and 9 gave narrow peaks with low intensity
broad shoulders. The rest of the vibrational levels gave rel-
atively low intensity broad structures. This demonstrates
the possibility that all 7 observed bands could have the
same origin (after a slight modification of the excited state
potential) in bound-free transitions from the ground state
to an excited state with a hump.

One should note that it is possible to apply the same
considerations if we assume that the band group II orig-
inates from bound-free transitions between the weakly
bound ground state and the excited state 0+(3P1) if we
introduce the same hump as for the 1(3P1) state.

II. The band group II could also result from bound-
bound transitions in the case of a non-Morse excited
state. An absorption spectrum corresponding to transi-
tions between vibrational levels in the bound parts of the
ground potential and the humped excited state potential
described above is shown in Figure 7. There are sufficiently
intense bands at the wavelengths of band group II, and
still, as for Morse potentials, there are the wing and the
weak structure where band group III is situated. However,
the question of the width of the bands is still open: how
could bands situated far from the centre of the wing (wave-
length of band group II) be narrow while the centre of the
wing is totally diffuse (according to Freeman et al. [13]).
The answer might be given if also the rotational structure
is taken into account, but this is beyond the model used
in this work.

Analysis of rotational structure should also help to de-
termine which alternative gives rise to, or dominates, the
experimental spectra, that is whether the band group I
originates from bound-bound or bound-free transitions.

One should note that the introduction of the hump
for the 1(3P1) state to explain the band group II will not
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lead to drastic changes in the remaining spectral ranges.
This is connected with the fact that the humped po-
tential described above has the same depth and equilib-
rium distance as the Morse potential used to calculate the
bound-repulsive spectrum between two Morse potentials.
Moreover, we inherited the repulsive part of the “humped”
potential directly from the Morse potential. The result is
that the bound-bound spectrum between the humped ex-
cited state and the ground state taken in the Morse form
(see Fig. 7) still shows the diffuse wing with the right
width and the low-intensity structure at the wavelength
of the band group III. The shape of the wing will be dif-
ferent but as we pointed out, we do not expect detailed
agreement. The diffuse structure at the place of the band
group I will not change drastically either – the further
from the resonance line the more similar the structure be-
comes to the one presented in the Figure 5.

Finally we consider the temperature dependence of the
intensity of long and short wavelength structures around
the resonance line in the absorption spectra. Castex [9] re-
ported that the short wavelength satellite (corresponding
to Freeman’s band groups I and II) has a strong tem-
perature dependence – its intensity increases with cooling
of the absorbing gas, while the intensity of the long wave-
length wing depends only slightly on the gas temperature.
The explanation [9] was that the long wavelength satellite,
corresponding to Freeman’s wing, is due to transitions
in free pairs (atomic line broadening), which has a very
weak temperature dependence in comparison with bound-
free transitions which give the short wavelength satellite.
However, another explanation of the temperature depen-
dence can be given by assuming a bound-bound origin of
the long wavelength satellite. The intense part of the long
wavelength satellite is composed mainly of all transitions
with small differences in vibrational quantum number ν
between the ground and excited state vibrational levels
(ν = 0,±1 are dominating). This means that all, low as
well as high, ground state vibrational levels contribute to
the satellite. Decreasing the temperature and thereby in-
creasing the relative population of lower vibrational levels
in accordance with the Boltzmann factor, we only change
the shape of the satellite, increasing some and decreas-
ing other closely situated components without a consider-
able change of the total intensity. On the other hand, the
dominant part of the short wavelength satellite, which is
situated far from the resonance line, receives its main con-
tribution from transitions starting from vibrational levels
close to the bottom of the ground state potential well. For
example, a change of temperature from 300 K to 165 K
will result in an increase of the relative population of the
vibrational level ν = 0 with respect to the level ν = 14
from 2:1 to 4:1, which causes a considerable growth of the
absorption intensity in this structure.

5 Conclusion

We have demonstrated by numerical simulation that all
spectral structure in the absorption spectrum around

the Xe resonance line at 146.96 nm in Kr gas with an
admixture of Xe can be explained by bound-bound and
bound-free transitions between the ground XeKr state and
the weakly-bound excited state 1(3P1). This explanation
is supported by the dependence of the absorption and
emission spectra on gas temperature. The depth of the
potential well for the excited state 1(3P1) is estimated to
be 170 cm−1. To explain the part of the short wavelength
structure that contains a number of narrow bands, we sug-
gest the following modification of the excited state 1(3P1)
potential: the weakly-bound state potential may have a
hump with a maximum height of about 25 cm−1 at an
internuclear distance near 6 Å.
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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 λ = 147 nm and the mixed molecule continuum to the long wavelength side from the line were
analysed. The band around λ = 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 Xe2 continuum was observed. The effect is ascribed to energy transfer between molecular states as
a consequence of radiation trapping in the band around λ = 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 Ar∗2, Kr∗2
and Xe∗2 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
3P1 and the metastable 3P2 states, as the lowest excited
states of the Xe∗2 molecule (Fig. 1). Therefore transitions
from excited states of XeKr and Xe2 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 α-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 efficient electronic
energy acceptor. This led to a gradual disappearance

a e-mail: reinhold.hallin@fysik.uu.se

Fig. 1. Morse potential curves for the lowest XeKr and Xe2

(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
(∼ 10−14 cm2) cross section.

Also, a spectroscopic study of krypton-xenon mixtures
with α-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 Xe∗2
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 3P2

state. From the observed VUV emission, the potential pa-
rameters for the Xe(3P2) + Kr(1S0) excimer system were
deduced.

Semiempirical calculations of the Xe(3P1,
3 P2)–

Kr(1S0) 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 2×10−7 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 100–400 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 × 104 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 (λ1 =
116.487 nm, λ2 = 123.584 nm) and xenon (λ3 =
129.559 nm, λ4 = 146.961 nm) were observed in the spec-
tra. Besides, the resonance line of impurity hydrogen (λ =
121.567 nm) and groups of carbon lines (λ1 = 156.1 nm,
λ2 = 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 λ = 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 λ = 147.0 nm was in
previous works completely ascribed to the atomic reso-
nance line of xenon (λ = 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

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 × 10−2 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 λ = 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

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 λ = 147.0 nm is distinctly seen.

Fig. 6. The spectrum of the Kr–Xe mixture around λ =
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 λ = 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 λ = 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 λ = 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

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 λ ≈ 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

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.

Fig. 11. Energy-level diagram for the lowest excited states of
atomic krypton and xenon. The photon energy from the Kr∗2
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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Fig. 12. Diagram of energy transfer processes in a “krypton-small amount of xenon” mixture, according to literature data.
Reactions with a participation of electrons were not included. Rates are given in s−1, torr−1s−1 and torr−2s−1. References are
indicated to the publications listed at the end of the article. HVL (LVL) means high (low) vibrational levels. See also comments
in Section 3.
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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 (10−7−10−8 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 (10−5−10−6 s) lifetimes since the optical tran-
sitions from the 3P0 and 3P2 levels are dipole forbidden
or because of trapping of resonant radiation from the 1P1

and 3P1 states. The lifetime of trapped resonance radi-
ation in krypton for atomic densities of 1016 cm−3 and
higher is determined, according to [27,28], by the pres-
sure broadening of the resonance line. Under such con-
ditions, the decay constant β(r) for a cylindrical tube
with radius r is independent of the pressure and is given
by β(r) = (1/τN)[0.205(λ/r)1/2] [27,28], where τN is the
natural lifetime of the upper state and λ is the wave-
length of the resonance radiation. An experimental rate
value of resonant radiation escape for the Kr(1P1) state
at λ = 116.5 nm, 1.9×105 s−1 (r = 1 cm) is given in [4] and
two values are given for the Kr(3P1) state at λ = 123.6 nm:
8.6 × 104 s−1 (r = 5 cm) [3,26] and 1.7 × 105 s−1 (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(1P1) resonant state has been found only in
[4] (1.2 × 105 torr−1s−1); thus a comparison with other
works is not possible. However, the quenching rate for the
Kr(3P1) resonant state, obtained from the Kr(3P1) state
decay curves (9.5 × 105 torr−1s−1) [4], can be compared
with the result (7 × 106 torr−1s−1) deduced from the de-
cay curves of the second krypton continuum at 145 nm
[3]. The quenching rate of the Kr(3P2) metastable state
(6.3 × 106 torr−1s−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(1P1,
3P1,2)

states to excited states of XeI, radiative cascading pop-
ulates the lower-lying states of XeI, eventually the
Xe(3P1,

3P2) levels [1–5] (the role of the Xe(1P1) and
Xe(3P0) states has not been published, as far as we know).

The rate of molecule-atom energy transfer from the
krypton molecular 1u state, resulting in direct excitation
of the xenon atomic state 3P1, was measured in [3] from
the decay curves of the second krypton continuum at
145 nm (2 × 107 torr−1s−1). This high rate is in agree-
ment with theoretical predictions [1,2] (∼ 107 torr−1s−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 (∼ 10−13 cm2 and ∼ 10−14 cm2 for the Kr∗2(0

+
u )

and Kr∗2(1u) states respectively, that is ∼ 4×108 torr−1s−1

and ∼ 4 × 107 torr−1s−1).

It should be pointed out that the products of two-
body collisions of Kr(3P1,

3P2) atoms with ground-state
Kr atoms usually have no definite identification in the

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(3P1) 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(3P1) 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 PXe

∼= 5×10−6P 2
Kr). In this

connection we can indicate the ratio between the Xe(3P1)
and Xe(3P2) 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(3P1) state and ∼ 10 percent bypass to
the Xe(3P2) 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(3P1)
state in our whole range of Xe pressures and therefore
not take the “initial” population of the Xe(3P2) state into
account.

The next step of energy transfer is the depopulation
of the Xe(3P1) and Xe(3P2) states. Direct measurements
of collisional depopulation of the Xe(3P1) 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(3P1) state is depop-
ulated by collisions with both Xe and Kr ground-state
atoms. The rate 2100PKr torr−1s−1 was assigned to rep-
resent a collisional transition to the Xe(3P2) metastable
state. The rate 7P 2

Kr torr−2s−1 was assigned to repre-
sent the formation of (KrXe)∗ molecules, while the rate
97PXePKr torr−2s−1 represents either the formation of
the Xe∗2(0

+
u ) 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 λ = 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(3P2) 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(3P2) state depopulation have
been estimated, 3080PKr torr−1s−1 and 37P 2

Kr torr−2s−1,
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Table 1. Parameters of the Morse potential curves presented in Figure 1 (see comments in Sect. 5). Dm is the depth of the
potential well, Rm is the equilibrium internuclear distance, R0 is the left zero value point of the Morse potential curve.
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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)PKrPXe torr−2s−1 was derived
in [3] from the decay of the 173 nm continuum, and was
attributed to three-body formation of Xe∗2 molecules from
Xe(3P1) atoms. Notice that in [1,2] the formation of the
Xe∗2 molecules was ascribed to three-body conversion of
the Xe(3P2) 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 ne is ∼ 1014 cm−3 [30]. There-
fore, reactions having a rate ∼ ne × 10−9 s−1 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−1 or less, the mixing has the rate ∼ ne×10−7 s−1

[31,32]. Therefore it is expected, for instance, that there is
a strong mixing of the 3P1 and 3P2 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(3P1,

3P2) 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(3P1,

3P2) 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 Xe∗2 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

[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(3P1) state ob-
tained in [8] were taken into account in the calculations
[11–13]. For convenience, the Morse potentials of Xe2 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 0+(3P1) and 1(3P2)
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 Kr2 or Xe2

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(3P1) and 2(3P2) states have shallow minima.
These minima are situated at larger internuclear distances
than the minima of the 0+(3P1) and 1(3P2) states and
at about the same internuclear distance as the weakly
bound ground state 0+(1S0). On the basis of the works
[11,13] one can estimate the depths of the 1(3P1) and
2(3P2) wells to be some hundred cm−1.

As underlined above, the atomic-molecular emission
spectrum around λ = 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 λ = 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 λ =
147.0 nm, in absorption and in emission, is quite probably
caused by transitions between the weakly bound ground
state 0+(1S0) and the weakly bound excited state 1(3P1).

The following remarks about the identification of the
spectrum around λ = 147.0 nm can now be made. The
depths of the 0+(1S0) and 1(3P1) 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 λ = 147.0 nm to the short wavelength
side is ≈ 0.6 nm, corresponding to ≈ 300 cm−1 in en-
ergy. This value exceeds by a factor of 2 the depth of
the ground state well (≈ 160 cm−1) estimated in [35].
One may therefore conclude that the spectrum on the
short wavelength side of λ = 147.0 nm partially originates
from free-bound transitions between the repulsive part of
the 1(3P1) state and the well of the 0+(1S0) 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 0+(1S0) is situated at a larger internu-
clear distance than the minimum of the 1(3P1) state. The
width of the molecular spectrum from the resonance line
at λ = 147.0 nm to the long wavelength side indicates that
the well depths of the 1(3P1) and 0+(1S0) states should
be about the same. These facts are the starting points for
the identification of the spectrum around λ = 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(3P1) and 0+(1S0) 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 Xe2 continuum. At low xenon concentrations,
the emissions related to the xenon admixture concentrate
around the xenon resonance line λ = 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 0+(3P1) or 1(3P2)
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 λ = 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(3P1) mixed molecule state, and, secondly, that

the band around λ = 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 λ = 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 λ = 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 λ = 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 λ = 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 Nm/Na ≈ 3%, where Nm and Na

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 λ = 147.0 nm emitted in the lateral di-
rection. Consequently, the efficient lifetime of the Xe∗Kr
1(3P1) state increases and the probability of excitation
transfer from the Xe∗Kr 1(3P1) 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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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∗(3P1) 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.

Xe∗2 states emitting the continua with maxima at 156 nm
and 173 nm. One should remember that Xe∗2 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 λ = 147 nm leads to an increase
of excitation transfer to the Xe∗(3P2) state (Fig. 13). A
number of processes may contribute. Firstly, an increas-
ing efficient lifetime of the Xe∗Kr 1(3P1) state will lead to
an increase of the efficient lifetime of the atomic precur-
sor, Xe∗(3P1). In this case, mixing of the Xe∗(3P1) and
Xe∗(3P2) states assisted by collisions with electrons and
atoms gives a higher efficiency of excitation transfer to the
Xe∗(3P2) state in a cooled capillary than in an uncooled
capillary.

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

Xe∗Kr(1(3P1), 0+(3P1)) + Xe(1S0) →
Xe∗2(0

+
u
) + Kr(1S0). (1)

The Xe∗2(0
+
u ) and Xe∗Kr(0+(3P1)) 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

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∗2 continuum was
carried out in pure Xe. It was shown that a contribution
of the Xe∗2(0

+
u ) state to the second continuum shows up

at Xe concentrations > 4 × 1019 cm−3. This result is not
in full agreement with the vibrational relaxation rate for
the Xe∗2(0

+
u ) state, 7 × 10−11 cm3s−1, 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 < 10−11 cm3s−1. Another result obtained in [36], the
rate for Xe∗2(0

+
u ) vibrational relaxation in collisions with

Ar, is 6 × 10−12 cm3s−1 which indicates an upper limit
of the rate for Xe∗2(0

+
u ) vibrational relaxation in collisions

with Kr. In [6] relaxation constants of Xe∗2 and Xe∗Kr
molecules with krypton as a buffer gas were estimated to
be 2× 10−12 cm3s−1 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∗2(0

+
u ) and

Xe∗Kr(0+(3P1)) molecular states is unlikely.

In accordance with [29], one can assume that the main
part of the Xe∗2(0

+
u ) molecules, being in their upper vi-

brational levels, dissociate along the repulsive potential
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curves forming the two atomic Xe∗(3P2) and Xe(1S0)
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 Xe∗2(0

+
u )

molecule is ≈ 3×10−11 cm3s−1. The same type of dissoci-
ation of the Xe∗Kr(0+(3P1)) molecules can occur via the
Xe∗Kr(2(3P2)) weakly bound state.

Hence, the growing trapping of the band around λ =
147.0 nm leads, in different ways, to an increase of excita-
tion transfer to the Xe∗(3P2) state. The Xe∗(3P2) atoms,
appearing as a result of a dissociation or a mixing, are
then converted in a three-body process into Xe∗(3P2)Kr
molecules, which have longer (approximately one or-
der of magnitude) radiative lifetimes than Xe∗(3P1)Kr
molecules. By analogy with conversion of the Xe∗(3P1)
state, one can assume that a significant part of the
Xe∗(3P2) atoms will be converted into weakly bound
Xe∗Kr(2(3P2)) molecules (the optical transitions from the
2(3P2) state to the ground state are forbidden). Therefore,
the two reactions

Xe∗Kr(1(3P2), 2(3P2)) + Xe(1S0) →
Xe∗2(1u) + Kr(1S0) (2)

can be efficient. A total pressure of 300 torr is undoubtedly
enough for collisional relaxation of both Xe∗Kr(1(3P2))
and Xe∗2(1u) 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 λ = 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 λ = 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(3P2)) molecules.

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

• 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

[2,3] were ≤ 1 cm and 10 cm, respectively. That is:
higher total pressure and Xe concentration are neces-
sary to observe the Xe∗2 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 λ = 147.0 nm plays
an important role for the interpretation of our results.

• The intensity of the Kr2 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 Kr2 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.

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

• 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
λ = 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.

• Only the “main route” of excitation transfer from the
trapped Xe∗(3P1) 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 λ = 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 λ = 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
Xe∗2(1u) 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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Abstract

Simultaneous observations of the vacuum ultraviolet (VUV) and visible–near-

IR emission from radio frequency discharges in gaseous Kr with small (<0.1%)

Xe admixture concentrations were conducted in the pressure range 80–400 hPa.

The spectra were used for investigation of energy transfer from the lowest

excited states of both atomic krypton and krypton molecules to the ground

state xenon atoms. The VUV emission spectra allowed us to obtain a value

of 3.9 × 107
× PXe hPa−1 s−1 for the energy transfer rate from the 1u state of

Kr∗2 molecules and a rate of 1.7 × 106
× PXe hPa−1 s−1 for the energy transfer

rate from the system of the four lowest Kr excited states to Xe ground state

atoms. A value of 1.6 × 106
× PXe hPa−1 s−1 was independently obtained

for this atom-to-atom energy transfer channel based on our observations of IR

emission.

1. Introduction

The vacuum ultraviolet (VUV) emission from mixtures of rare gases has been studied in

a number of works (see e.g. [1–5]) arising from scientific and technological demands for

VUV radiation sources. It has been shown that the emission from binary rare gas mixtures,

when the heavier gas constitutes only a small admixture, concentrates under certain conditions

in a narrow band close to the resonance lines of the admixture [1, 5]. This suggests the

existence of very efficient energy transfer processes from the main lighter gas to the heavy gas.

However, only a few experimental studies exist which give rates for energy transfer reactions

(see e.g. [1–4, 6, 7]) and these rates vary considerably from each other (see review in [5]).

Knowledge of the VUV emission and absorption from rare gases acquired in recent

years [5, 8] permits us to present here a more complete treatment of experimental results

concerning the energy transfer in Kr–Xe mixtures, which takes into account more features

0953-4075/02/081929+12$30.00 © 2002 IOP Publishing Ltd Printed in the UK 1929
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Figure 1. Scheme of the gas discharge tube used for the experiments with RF excitation.

than before, such as the origin of the narrow band emission and radiation trapping properties.

To minimize self-absorption, a new radiation source excited with a radio frequency (RF)

discharge was constructed. Analysis of the recorded VUV spectra made it possible to define

more reliable and consistent rates of energy transfer, especially the relative contributions from

atomic and molecular energy transfer channels, i.e. energy transfer from Kr∗ atoms and from

Kr∗2 molecules to the ground state Xe atoms.

In [5] the observation of emission was limited to the VUV range, while in this work

the observation of atomic cascades in Kr I and Xe I (visible and near-IR ranges) was added.

This allowed us to verify the scheme of energy transfer from Kr to Xe discussed in [5] and

to estimate the rate of atomic energy transfer independently of the VUV observation. Our

observation of Kr I radiative cascades in pure Kr and in Kr–Xe mixtures allowed us to also

establish the experimental conditions when the direct electron excitation of xenon is negligible

in comparison with energy transfer from krypton.

2. Experimental details

We recorded VUV, visible and near-IR emission from pure Kr and from mixtures of Kr with

0.1–0.006% of Xe in the total pressure range 80–400 hPa. The gases were excited by RF

discharges. RF excitation took place in a very short cylindrical volume that was 3 mm along

the observation axis and 8 mm in diameter (see figure 1). This geometry allowed us to greatly

reduce the influence of self-absorption on the narrow band emitted from Kr–Xe mixtures close

to the Xe resonance line at 147 nm. RF excitation at 13.56 MHz was performed via a 15-turn

10 mm diameter helical coil of 1 mm copper wire, which surrounded the gas volume. The

power inserted into plasmas was estimated to be about 25 W for all gas conditions. Upon

ignition, the entire discharge volume was homogeneously filled with plasma.

The VUV radiation was observed through a magnesium fluoride window. The discharge

tube was connected to the rest of the vacuum system for pumping and gas filling through a

long fused silica pipe, which ensured that the VUV radiation did not hit any metallic parts of

the system. This kept the impurity level very low, especially after baking the system. The

presence of impurities was monitored by recording C I lines and CO bands. It was essential to

reach an extremely low level of CO in order to have a reproducible and intense Kr continuum.

To record the VUV spectra (110–200 nm) we used a 1 m normal-incidence vacuum

spectrometer with 0.83 nm mm−1 dispersion. A PM tube, operating in the photon counting

mode, was used as the detector. The highest spectral resolution attained was 0.015 nm. The

registration of the visible and near-IR spectra was performed with a model 1235 spectrometer of
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Figure 2. VUV emission spectrum from a RF gas discharge in 200 hPa Kr with 0.01% Xe. The inset

shows the area near the Xe resonance line at 146.97 nm from RF and DC discharges, demonstrating

very low self-absorption in the first case. The spectrum from the DC setup was scaled to have the

same intensity in the long-wavelength part of the shoulder, where absorption is minimal. The

spectral resolution is 0.015 nm.

EG & G Princeton Applied Research with a spectral range 400–1000 nm equipped with a CCD

detector model 1452A from the same manufacturer. The spectral resolution was approximately

0.2 nm.

Direct current (DC) discharge excitation was used to record visible and near-IR emission

to compare the absolute intensity of Kr radiative cascades in pure Kr with those from mixtures

of Kr with Xe. We took advantage of the fact that the intensity distribution of Kr radiative

cascade lines was identical for RF and DC discharges, while DC discharges gave much better

(about 2% in contrast to 10%) absolute intensity reproducibility. The DC discharge was

arranged in a fused silica capillary 200 mm long with a 1.4 mm inner diameter (details of the

experimental setup could be found in [5]). The discharge current was 10–20 mA. Observations

were performed perpendicular to the capillary axis to avoid self-absorption.

2.1. Experimental VUV spectra

An addition of a small admixture of xenon to a krypton RF or DC discharge plasma results in an

intensity decrease of the Kr∗2 continuum and the appearance of an intense peak of narrow-band

radiation in the immediate vicinity of 147 nm. An example of a VUV emission spectrum from a

RF discharge in 200 hPa of Kr with 0.01% Xe is shown in figure 2. The narrow-band radiation

at 147 nm was earlier ascribed to the atomic resonance emission of Xe (146.96 nm) [1].

However, this identification is not correct, the origin of the narrow band is in part due to Xe∗Kr

molecular emission [5, 8] from the weakly bound state 1(3P1) to the ground state.

Since the method of energy transfer rate calculations used in this work requires the

evaluation of the integrated intensities in the continuum and the narrow band, it was extremely

important to minimize the influence of self-absorption on the band near 147 nm. That was the
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reason why RF excitation and the design of the discharge tube, described above, were chosen.

The insert in figure 2 shows a comparison of the narrow band emitted from a RF discharge with

that from the same mixture in a DC discharge (details on DC observations can be found in [5]).

The spectrum from the DC setup was scaled to have the same intensity in the long-wavelength

part of the shoulder, where absorption is minimal. If one compares the band from the both

types of discharge, it is evident that self-absorption is greatly reduced when RF excitation is

used. The presence of self-absorption is also considerably reduced in the short-wavelength

part of the Kr2 continuum emission close to the Kr resonance line where self-absorption is

very strong.

Note that the effect of self-absorption in the band was not discussed in [1], where the

similar method of calculation of energy transfer rates based on VUV spectral intensities was

used. It is therefore especially important to take into account the length of the source used

in [1] (>140 mm, which is close to our DC discharge source length) when considering a

possible effect of self-absorption. Our DC discharge study [5] also indicates that it is extremely

important to eliminate the ‘cold’ absorption region between the end of the discharge and the

window, which greatly reduces the intensity of the band at 147 nm.

3. Kinetic scheme

The analysis of the emission spectra from Kr–Xe gas mixture discharges and the calculations

of the energy transfer rates are based on the following kinetic scheme.

Excited Kr atoms in their lowest metastable and resonant states (3P0, 3P1, 3P2 and 1P1) are

created by radiative cascades from highly excited states (and ionic states after recombination)

and by direct electron excitation (see figure 3). The 3P1 and 1P1 resonant states can be

considered in our case as metastable because of the strong radiative trapping which results in

their effective lifetimes being of the order of tens of microseconds (see the review in [5]). Since

the radiative losses are quite weak, the metastable Kr atoms could either form Kr∗2 molecules

(1u, 0+
u states) in three-body collisions (see figure 3) or transfer their energy to ground state

Xe atoms, exciting them to the 5d, 6p and possibly 7s states (figures 3 and 4). The exited Xe

atoms relax radiatively to the lowest resonant and metastable states of Xe. Kr∗2 molecules, for

their part, could either emit VUV radiation (the so-called first and second continua) or transfer

their excitation energy to ground state Xe atoms, exciting them to their lowest excited states

(see figure 4).

If the total gas pressure and Xe concentration are low enough, the Xe-related VUV

emission from Kr–Xe gas mixture discharges is concentrated near 147 nm [1,5] (see figure 2),

and one has to conclude that the main final product resulting from energy transfer is Xe in one

of the lowest pair of excited (i.e. resonant 3P1 and metastable 3P2) states. These two states are

mixed by electrons (see below) and emission from the resonant state is strongly self-absorbed.

Therefore, at the moderate Kr pressures (<400 hPa) and small Xe concentrations (<0.1%),

used in this work, the dominant emission should be from Xe∗Kr molecules in the weakly bound

state 1(3P1) [5,8], which are created in three-body collisions with two ground state Kr atoms.

There will also be some emission from unbound Xe∗–Kr pairs resulting in a broadened Xe

resonance line. For details on the Kr–Xe mixture emission see [5].

To determine the energy transfer rate coefficients we have used a technique similar to one

described in [1]. It involves a steady state balance for the following reactions:

(1) Kr∗ + Xe → Xe∗∗ + Kr (atomic energy transfer channel), with rate kA.

(2) Kr∗ + 2Kr → Kr∗2 + Kr, with rate k.

(3) Kr∗2 + Xe → Xe∗ + 2Kr (molecular energy transfer channel), with rate kM .

(4) Kr∗2 → 2Kr +hv, with lifetime τ .
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Figure 3. Simplified diagram of energy transfer processes in Kr–Xe gas mixture discharges. The

four lowest excited Kr states are populated by radiative cascades from higher Kr states and by direct

electron excitation. IKr2
represents the broad continuum emission (125–190 nm) from Kr dimers.

Xe resonance emission (I ′

Xe) and emission from Xe*Kr 1(3P1) molecules (I ′′

Xe) overlap and form

a strong narrow band at 147 nm.

Where Kr∗ and Xe∗ represent the four lowest excited states of krypton and xenon; Kr∗2—krypton

molecules in the lowest 1u state; Xe∗∗—xenon in 5d, 6p or 7s states; Kr and Xe—ground state

krypton and xenon atoms. It is also supposed that all energy acquired by Xe atoms is emitted

only in the narrow band around 147 nm.

It has been shown [1] that taking the ratio of the integrated intensity IXe in the narrow

band at 147 nm (which in that work was considered to be exclusively of atomic origin) to the

integrated intensity IKr2
of the continuous emission of Kr∗2 allows one to cancel the unknown

population of the Kr metastable state (common energy source) and to obtain the energy transfer

rates (atomic and molecular channels) if the behaviour of the ratio as a function of Kr gas

pressure is known for a constant Xe admixture:

IXe

IKr2

= kMτPXe +

[

kAPXe(kMτPXe + 1)

k

]

1

P 2
Kr

, (1)

where PKr and PXe are pressures of Kr and Xe. The first term in the sum is independent of the

Kr pressure. This allows one to calculate the molecular channel rate kM and then to use this

rate in the second term, which is linear with (PKr)
−2, to calculate the atomic channel rate kA.

Note that in our scheme (figure 3) Xe atoms in the 3P1 state, apart from emitting the strongly

reabsorbed resonance line with intensity I ′

Xe, also form Xe∗Kr molecules in the 1(3P1) state

which emit radiation with intensity I ′′

Xe in the band at 147 nm. However, since all energy

acquired by Xe 3P1 state atoms is emitted in the narrow band near the Xe resonance line (see

figure 2), equation (1) is still valid if IXe is the integrated intensity in this band (including the

resonance line and the molecular emission). Note that this concentration of the emission close



1934 A Morozov et al

Figure 4. Energy-level diagram for the lowest excited states of atomic Kr and Xe. The photon

energies from the Kr∗2 continuum is also indicated.

to the Xe resonance line is observed only for very low Xe concentrations and low Kr pressures

such as those which were used in this work. At higher Xe concentrations the emission from

Xe∗Kr molecules in the lowest strongly bound states becomes noticeable in the range of 147–

160 nm [5]. The other reason to use low Xe concentrations is to avoid conditions when direct

electron excitation of Xe atoms plays a non-negligible role in comparison with Kr → Xe

energy transfer (see section 6).

It is necessary to make the following remarks concerning the kinetic scheme:

(1) Frequent electron–atom collisions mix states 3P2 with 3P1 (lower pair) and 3P0 with 1P1

(upper pair), since the energy gaps between these states in both pairs are only about

1000 cm−1 (see figure 4). Despite the considerable gap of about 5000 cm−1 between the

upper and lower pairs, electron–atom collisions also mix them at low pressures, mainly

in favour of the lowest pair. This statement is based on the following estimations: the

mixing rate between the upper and lower pairs was reported to be of the order of 10−6–

10−7 cm−3 s−1 by Lorents [9] and values of 3 × 10−7 cm3 s−1 for mixing from the lower

pair and 8×10−7 cm3 s−1 for mixing to the lower pair were deduced by Eckstrom et al [10].
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We believe the electron concentration to be of the order of 1012–1013 cm−3. This value was

obtained by extrapolating the results of an experimental work of Schwabedissen et al [11],

where a value of 3 × 1011 cm−3 was calculated based on Langmuir probe measurements

in inductively coupled Kr plasmas with the same inserted power as in our experiments but

at considerably lower pressures (about 3 Pa). Since the reported results show near linear

growth of electron concentration with pressure in the range 0.6–2.66 Pa (from 8 × 1010 to

2.8×1011 cm−3), we believe that at considerably higher pressures, as used in our work, the

electron density at least reaches a value of 1012–1013 cm−3. Using these values we obtain

exchange rates of the order of 106 s−1, which is about one order of magnitude higher than

the effective radiative decay rates of the resonant states and considerably higher than the

expected energy transfer rates to Xe (see review in [5]). At low Kr pressures this rate is

also considerably higher than the conversion rate to Kr2 molecules, and only at pressures

near 300 hPa and higher, the conversion rate, which is proportional to the square of the

gas pressure, becomes comparable with the electron mixing rate.

(2) This method of determination of the energy transfer rate from Kr atoms to Xe does not

allow one to distinguish the contributions from each of the four lowest excited Kr states.

However, one should keep in mind that electron mixing favours the lower pair and the

strong difference in population rates of these four states is also in favour of the lowest

states. The latter point will be discussed in section 5.

4. Calculations

The spectral range from 122 to 185 nm was used for the calculations of the integrated continuum

intensity (see figure 2). The following factors were taken into account in the analysis of the

detection efficiency as a function of wavelength: the MgF2 windows transmission, the grating

efficiency and the detector sensitivity. The window transmission increases rapidly from 0 to

about 60% in the range 110–130 nm [12] and then slowly to about 90% at 180 nm with ∼75%

transmission at 147 nm (note that two MgF2 windows should be taken into account—one on

the discharge tube and one on the PM tube). The grating (Al covered with MgF2) has about

constant reflectance in the range 120–180 nm, but due to a blazing angle corresponding to a

wavelength of 200 nm the efficiency of the grating increases nearly linearly with wavelength

in the integration range. The PM tube with Cs–Te photocathode has about constant sensitivity

in the range 120–150 nm and then it grows with wavelength, reaching double efficiency at

about 160 nm and triple at 180 nm.

Our calculations show that the total efficiency of the system gives practically negligible

corrections for the band-to-continuum ratio. A simple explanation of this could be given. The

central part of the Kr2 continuum (135–160 nm) which gives the major contribution to the

integrated continuum intensity, is practically symmetric around the resonance line (figure 2)

for all gas pressures that were used. The consequence is that in this range the reduction of

intensity of the short wavelengths due to reduced sensitivity with respect to the band intensity

is compensated by the corresponding intensity increase of the long wavelengths. The reduced

integrated intensity of the short-wavelength part of the Kr2 continuum (122–135 nm) is again

partially compensated by the high efficiency for the long-wavelength part of the continuum at

160–185 nm and besides, the intensity contribution from these parts is relatively minor.

In figure 5 the band-to-continuum ratio is shown for Kr–Xe mixtures in the Kr pressure

range from 100 to 400 hPa for five different Xe admixtures with partial pressures of 0.005,

0.01, 0.015, 0.025 and 0.05 hPa. Linear least square fits IXe/IKr2
= A + B × (PKr)

−2 for

these series give the A and B values presented in figure 6. The B value for the highest Xe

partial pressure of 0.05 hPa does not fit into the pattern of the other series (it was disregarded
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Figure 5. The ratio of integrated intensity in the narrow band around the Xe resonant line at

146.97 nm to the integrated intensity of the Kr∗2 continuum is shown for Kr–Xe mixtures in the

Kr pressure range from 100 to 400 hPa for five different Xe admixtures with partial pressures

from 0.005 to 0.05 hPa.

from the fitting) since for high Xe concentrations of approximately 0.1% and higher, direct

electron excitation of Xe starts to play a non-negligible role. This question will be discussed

later in section 5 concerning the IR studies. From the fit we obtain A/PXe = 9.7 ± 0.6 hPa−1

and B/PXe = (1.7 ± 0.2) × 105 hPa.

From the dependence of A on Xe pressure, one can find the molecular energy transfer rate

if the Kr∗2 lifetime is known (equation (1)). The situation is complicated by the fact that the

resonant 0+
u and metastable 1u Kr2 states have distinctly different lifetimes: a few nanoseconds

for the first state and approximately 250 ns for the second state (a comparison of lifetime

values obtained with different experimental techniques can be found in [13]). However, if

one compares conversion rates from Kr atoms in the lowest excited states to Kr2 molecules,

obtained in [14], it seems that nearly 90% of the energy accumulated in the Kr∗ states should

be transferred to the 1u state of Kr2. One should also take into account that the vibrational

relaxation of the 0+
u state can hardly compete with the very fast radiative decay (see discussion

in [5]), so the contribution to the second continuum, which is observed to be the main spectral

structure, should be mostly from the 1u state. Consequently, the lifetime value of 250 ns can

be used in our calculations as the effective lifetime of Kr2 molecules. Substituting it in the

first term of equation (1) we obtain kM = 3.9 × 107
× PXe hPa−1 s−1. For gas temperatures

of the order of 1000 K, this rate corresponds to a cross section of 3 × 10−14 cm2.

Nevertheless, the 0+
u Kr2 state might obtain energy through collisions of Kr2 molecules

in the 1u state with Kr atoms and electrons, thus reducing the effective lifetime of the 1u

state. According to [15], the molecular–atom collision contribution is negligible. However the

molecular–electron collision rates, given in literature, vary from 1.8 × 10−8 cm3 s−1 [10] to

1.9×10−6 cm3 s−1 [15]. Using again an electron concentration of the order of 1012–1013 cm−3,
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Figure 6. The values of A and B as a function of the Xe admixture pressure are shown, obtained

by the linear least square fits IXe/IKr2
= A + B × (PKr)

−2 for the series, presented in figure 5.

The values of A and B show linear dependence on Xe pressure for small admixture concentrations

(see text).

the first rate does not change the effective lifetime of the 1u state, while the second one could

shorten it by a factor of 2–3. Besides, experimental results [13] show that high vibrational

levels of the 1u state could have lifetimes several times shorter. Therefore the value of

250 ns can be considered as an upper limit of the Kr∗2 lifetime and, consequently, the value of

3.9 × 107
× PXe hPa−1 s−1 as a lower limit of the molecular channel energy transfer rate.

Despite the fact that a lifetime four times shorter than in [1] has been used, we obtain

approximately the same value for the molecular channel energy transfer cross section as was

presented in that work. This is most probably a consequence of the decreased self-absorption

in our experiments compared to previous studies, contributing to considerably higher band-to-

continuum ratios.

From equation (1), using the linear part of the dependence of B on Xe pressure (since

kMτP Xe < 0.25) and taking k = 11×P 2
Kr hPa−2 s−1 [14], we find the atomic energy transfer

rate kA to be 1.7×106
×PXe hPa−1 s−1 which corresponds (Tgas = 1000 K) to a cross section

of 1.4 × 10−15 cm2. This value is two orders of magnitude smaller than the value calculated

by a similar method and presented by Gedanken et al [1]. The atomic energy transfer rate

measured here is quite close to the value of 4.7×106
×PXe hPa−1 s−1, which was obtained by

Velazco et al [6] for transfer from the 3P2 state of Kr. In comparison with known transfer rates

from the Kr 3P1 state, our rate is larger than the value of 7.1 × 105
× PXe hPa−1 s−1 obtained
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Figure 7. IR emission spectrum from a RF gas discharge in 160 hPa Kr with 0.1% Xe. Krypton and

xenon lines are marked with Kr and Xe. For all Kr lines the lower transition state, which belongs

to the 5s or 5s′ electron configuration, is indicated.

by Cook and Leichner [7] and three times smaller than the value of 5.3 × 106
×PXe hPa−1 s−1

reported by Salomero et al [3]. For more details on these rates see the review in [5]. Note

that our transfer rate is the total transfer rate from the entire system comprising the four lowest

excited Kr states.

5. IR results

In this work, as stated earlier, we also made observations of the visible and near-IR emission

from Kr–Xe mixtures (see an example of spectra in figure 7). This allowed us to check

the maximum concentration of the Xe admixture, which could be used in order for direct

Xe excitation to be negligible by comparison with energy transfer from the Kr system. Our

observations of Kr I radiative cascades in pure Kr and in mixtures with Xe have shown that

direct Xe excitation starts to play a noticeable role (i.e. the difference in Kr radiative cascade

intensities in pure Kr and in the Kr–Xe mixture are greater than a few per cent) only at Xe

concentrations of about 0.1% at Kr pressures of 80–400 hPa.

It was also established that, at low admixture concentrations and for both RF and DC

discharges, the visible and near-IR spectra in the range 400–1000 nm show no other spectral

features besides Kr and Xe radiative cascades. The latter, together with the fact that at low

Xe concentrations the lines of Kr radiative cascades have the same intensities as in pure Kr,

suggests that there are no other strong energy transfer mechanisms which pump energy to Xe

from ionic Kr or from excited Kr states other than from four lowest excited states.

The dependence of the Xe 6p–6s transition line intensities on Xe concentrations at constant

Kr pressure allowed us to make an independent estimate of the atomic energy transfer rate.
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Using the same kinetic scheme as described above (figure 2), one can estimate the fraction of

the excitation energy that is transferred to the excited Xe states and afterwards emitted as Xe

6p–6s transitions (IX) from the ratio:

IX ∝
kAPXe

kAPXe + kP 2
Kr + χ

, (2)

where PXe and PKr are the Xe and Kr pressures and χ is the radiative decay rate for the system

of the four lowest Kr states. This ratio is based on the fact that the intensity of the Xe 6p–6s

transitions is proportional to the energy transferred to Xe per second in the Kr∗–Xe collisions,

and this energy is a fraction of the total Kr∗ energy loss, which is the sum of the energy transfer,

conversion and radiative decay.

Taking into account that at a constant Kr pressure the energy that is acquired by these

Kr states per second does not change with Xe concentration if it stays lower than a critical

value (approximately 0.05%), from equation (2) one can calculate how the Xe 6p–6s transition

intensities change if the Xe pressure is halved:

IX

IX/2

=
kAPXe + 2(kP 2

Kr + χ)

kAPXe + (kP 2
Kr + χ)

, (3)

where IX/2 is the emission form the mixture with two times smaller Xe concentration ( 1
2
PXe).

From equation (3) one can see that if the energy transfer to Xe is much stronger than the sum of

the conversion rate and radiative decay, then the ratio is unity and the Xe transition intensities

do not change at all. In the opposite case the ratio is 2 and for equality one obtains a ratio

of 1.5.

In our experiments all Xe 6p–6s lines showed a similar dependence on Xe pressure.

The line at 823.16 nm, which was the most convenient for measurements, gave the following

results for Kr pressure of 80 hPa and Xe admixtures of 0.025, 0.0125 and 0.006 25%: the ratios

between the intensities of the line (averaged over five experimental points) for the adjacent

pairs of admixtures are 1.81, 1.86 and approximately 2. For the latter, at low Xe concentrations,

the experimental uncertainty becomes too large because of the low intensity of the Xe lines.

Unfortunately, the conditions when the method has the maximum precision (ratios close to 1.5)

are not accessible: the concentration of Xe would be too high and then the direct Xe excitation

becomes considerable.

A similar series of experiments at 160 hPa of Kr and 0.025, 0.0125 and 0.006 25% Xe gave

for the first pair the ratio of 1.95 and a tentative value close to 2 for the second pair. All spectra

were recorded with some fluctuations of the total light intensity. To take this into account, the

spectra were rescaled in order to have the same Kr radiative cascade line intensities. Thus the

following estimates should be taken only as approximate.

From equation (3) and the intensity ratios we can estimate the atomic energy transfer rate.

Taking the total conversion rate k = 11 × P 2
Kr hPa−2s−1 [14] and χ = 1.7 × 105 s−1 (the

decay constant for the Kr 3P1 state [7]) we find that all listed ratios above are in a fairly good

agreement and give an atomic channel energy transfer rate of 1.6×106
×PXe hPa−1s−1 (cross

section of 1.3 × 10−15 cm2 for 1000 K). This value is practically the same as was obtained in

our VUV studies.

Finally, the IR observation of radiative cascades in Kr showed that the integrated intensity

of the lines having the states 3P2 and 3P1 as the lower state is about four times higher than the

integrated intensity of the transitions to the 3P0 and 1P1 states (see figure 7). This suggests that

the main part of the electron excitation energy, originating from the krypton ionic states and

transferring to the lowest excited states of Kr in radiative cascades is directed towards the lower

pair of the Kr states. Direct electron excitation should also be stronger for the lower pair, since
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they are situated approximately 0.6 eV lower in the energy scale and have greater statistical

weight. Taking into account the electron mixing of the states in favour of the lowest pair as

was discussed before, one can conclude that the Kr to Xe atomic channel energy transfer rate,

which was found in this work, most probably refers to the transfer rate from the 3P2 and 3P1

pair of states.

6. Conclusion

Our simultaneous observations of the VUV and visible–IR emission from RF discharges in

gaseous Kr with small (<0.1%) Xe admixture concentrations support the energy transfer

scheme described in our previous work [5]. In this scheme it is assumed that energy

accumulated by the Kr system is transferred to the Xe system only by atom to atom (Kr

(3P0, 3P1, 3P2, 1P1) → Xe) and molecule to atom (Kr∗2 (1u) → Xe) energy transfer channels.

The VUV spectra allowed us to obtain a value of 3.9×107
×PXe hPa−1 s−1 for the energy

transfer rate from the 1u state of Kr∗2 molecules to ground state Xe atoms. This value is the

lower limit of the molecular channel energy transfer rate, and the actual value could be 2–3

times higher because of the possible shortening of the effective lifetime of the 1u state (250 ns

was used) by the collisions with electrons.

A value of 1.7 × 106
× PXe hPa−1 s−1 was obtained for the energy transfer rate from the

four lowest Kr excited states to the Xe ground state atoms (atomic channel). Most probably

this rate refers to the transfer rate from the 3P2 and 3P1 pair of states, which are mixed by

collisions with electrons.

An atomic channel energy transfer rate of 1.6 × 106
× PXe hPa−1 s−1 was obtained

independently on the basis of our observations of IR emission.
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Abstract

The vacuum ultraviolet (VUV) and ultraviolet (UV) emissions of gaseous
mixtures of argon with a small amount of nitrogen were investigated in the
afterglow of a pulsed transverse discharge. The time dependences of the
intensity of the VUV argon continuum at 126.0 nm, the UV nitrogen molecular
band at 337.0 nm, and the VUV nitrogen atomic lines at 149.47 and 174.52 nm
were analysed in the total pressure range 150–600 hPa and the range 0.125–
1.5 hPa of the admixture concentrations. The results show that all these
emissions have a common source of excitation energy, namely the atomic
metastable 3P2 state of argon. However, atomic nitrogen also receives energy
from the atomic 3P1 state of argon and from the excited Ar∗

2 (1u) molecules.

1. Introduction

If a gaseous mixture of argon and a small amount of nitrogen (61%) is excited in a discharge,
the excitation occurs mainly in argon, but nitrogen emissions also appear in the spectrum
as a result of energy transfer from excited argon species to nitrogen molecules and atoms,
and under suitable pressure conditions the nitrogen emissions are remarkably intense. Strong
nitrogen atomic lines in the VUV (vacuum ultraviolet) region have previously been observed
in mixtures of argon with a small amount of nitrogen [1].

The excitation of the molecular nitrogen UV bands and VUV atomic lines is associated
in the literature with energy transfer from metastable argon atoms in the 3P2 state to ground-
state nitrogen molecules [2–8] and atoms [1, 9]. Note that argon molecules, emitting the well
known argon VUV continuum [10], also get their energy from the 3P2 argon atoms (which are
converted into Ar∗

2 molecules in three-body collisions). Hence, there are reasons to suppose
that the 3P2 metastables provide the ‘common’ source of energy for all these species emitting
in the UV and VUV.

0953-4075/02/204257+14$30.00 © 2002 IOP Publishing Ltd Printed in the UK 4257
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The role of the resonance 3P1 argon state (the apparent lifetime of which is lengthened
in real sources by radiation trapping) in the energy transfer processes and excitation of the
nitrogen species has not been investigated before to our knowledge. However, an analysis of
the energy level diagrams points out that energy transfer from the 3P1 state could be effective,
especially to nitrogen atoms.

In this study we try to clarify the participation of the 3P1 state in the energy transfer
processes in the VUV line sources. For that reason we have investigated the afterglow
of a pulsed discharge in Ar–N2 mixtures. If all the listed emitting species acquire energy
from the 3P2 metastable state, the emissions should show similarities in the afterglow, and a
subsequent analysis of the similarities and distinctions would therefore be fruitful for finding
out the role of the 3P1 state in the energy transfer to the nitrogen atoms.

The time dependences of the Ar2 continuum, N I lines and N2 band intensities have been
recorded in the VUV and UV region, respectively, for different argon pressures and nitrogen
concentrations. The results of the analysis of these data are presented below.

2. Experiment

Ar–N2 mixtures were excited in a pulsed transverse discharge with spark pre-ionization in
a commercial excimer UV laser, model MSX-250 of MPB Technologies Inc. However,
necessary modifications were made and equipment added to adjust the instrument for
investigations in the VUV region. In particular, the pumping efficiency was significantly
improved to reduce the impurity level. The volume of the discharge chamber was pumped out
by a turbomolecular pump to a pressure of 10−6 hPa and then filled with an Ar–N2 mixture
prepared in a special outer volume.

The distance between the electrodes was 15 mm and their length 250 mm. A discharge
capacitor of 16.2 nF was charged up to 12 kV with a repetition rate of 5 Hz. The length of
the current pulse was not more than 100 ns. The discharge appeared visually as uniform.
We estimate that the electron concentration just after the current pulse was about 1014 cm−3.
The gas temperature in the discharge volume should not differ significantly from the room
temperature because a gas flow was maintained between the electrodes.

The discharge and afterglow emission were observed on both sides of the discharge
chamber along the optical axis of the discharge volume. Two spectral instruments were used.
The VUV spectrum was recorded through a magnesium fluoride window with a 1 m normal-
incidence vacuum monochromator with 0.83 nm mm−1 dispersion. The spectral resolution was
better than 0.02 nm. A pm-tube with a magnesium fluoride window and a caesium–tellurium
photocathode (Hamamatsu R1220) was used as detector. A Jarrell–Ash monochromator and a
pm-tube with a GaAs photocathode (Hamamatsu R943-02) recorded the UV spectrum through
a sapphire window. The spectral resolution was better than 0.3 nm. Both detectors worked in
the photon counting mode and a single photon counter (7882 FAST ComTec Gmbh) was used
with both spectrometers. This counter has a dwell time of 125 ns and a maximum count rate
of 150 MHz.

In order to fulfil the analysis of the excitation transfer from argon metastables, it was
important to work with a slow depopulation of the metastables in order to prevent masking of
the excitation transfer by other processes. This was ensured by choosing a total pressure range
of 150–600 hPa and a N2 partial pressure range of 0.05–1.50 hPa. Under these conditions, a
microsecond rate of the depopulation was estimated. The time resolution, 125 ns, corresponded
to this rate.

The following emissions were recorded in the discharge afterglow: the VUV argon
continuum at 126.0 nm, the UV nitrogen molecular band at 337.0 nm, and the VUV nitrogen
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Figure 1. A simplified diagram of atomic and molecular levels for Ar2 , Ar I, N I and N2. The
arrows show transitions investigated or discussed in the work.

atomic lines at 149.47 and 174.52 nm (figure 1). The measurements were aimed at recording
only the time dependences so we did not measure the relative intensities of the different
emissions. The voltage across the pm-tubes and the width of the exit slit of each monochromator
were kept constant, while the width of the entrance slit was changed in order to prevent
overloading of the recording system. To get smooth time dependence curves, measurements
of 9000 successive pulses were added for each wavelength setting. If the light flow was shut
off in any part of the spectrometer, the result of the acquisition was equal to zero in all 125 ns
channels.

Figure 2 shows an example of experimental curves in linear and natural logarithmic scales
of the intensity for a total pressure of 150 hPa and a nitrogen partial pressure of 0.125 hPa.
In the following, the logarithmic scale is used as more convenient for decay presentation.
The discharge took place at approximately 150 ns after the beginning of the acquisition. The
point at 250 ns is therefore the first acquisition value. Figure 2 gives also an example of the
reproducibility of the results: the two curves shown in figure 2 were recorded with gas mixtures
prepared on different days.

3. Results and discussion

When a pulsed discharge of a short duration excites argon containing a small quantity of
nitrogen, the excited species present immediately after the pulse are mainly atomic argon
ions (Ar+), electrons (e−) and excited argon atoms in radiative (highly excited Ar** and low
excited Ar*) or metastable (Arm) states. The later evolution of the system is not simple (as
has been shown by post-excitation studies of argon (e.g [11, 12]) and depends on specific
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Figure 2. An example of experimental curves and reproducibility of the results in (a) linear and
(b) logarithmic intensity scales. The total pressure is 150 hPa and the nitrogen partial pressure is
0.125 hPa.

experimental conditions. It is reasonable, therefore, to begin the analysis of our results with
the time dependences for pure argon (without an admixture of N2).

3.1. Pure argon

Figure 3 shows the time dependences of the Ar∗

2 emission at 126.0 nm, which is approximately
at the maximum of the argon continuum intensity, for the pressures of 150, 300 and 600 hPa.
It is beyond question that the curve for 150 hPa includes an intensity peak at short times. Then
the curve reveals a relatively rapid growth and, after the maximum intensity, a relatively slow
decay with a decay rate decreasing slowly in time. The curves for 300 and 600 hPa resemble
the curve for 150 hPa contracted in time with the only difference that the peak at short time is
not seen, most probably because of our limited time resolution.

The interpretation of the curves in figure 3 is the following. The peak of the beginning of
the curve for 150 hPa corresponds to the appearance of argon molecules Ar∗

2 during and just
after the current pulse. They can be produced by direct electron excitation from the weakly
bound ground state [12] or in the reactions of conversion of metastable atoms Arm that appear
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Figure 3. Time dependences of the Ar∗2 continuum emission (at 126.0 nm) in pure argon. The
pressure is 150, 300 and 600 hPa. The curves were normalized to have the same peak intensity.

as a result of direct excitation. However, most of the Ar∗

2 molecules appear, as the curve for
150 hPa demonstrates, in the afterglow. There is no other way to produce Ar∗

2 molecules in the
afterglow after electron thermalization except through conversion of metastable argon atoms:

Arm + 2Ar → Ar∗

2 + Ar. (1)

A model of the production of metastable argon atoms in the afterglow is given by the following
set of processes:

Ar+ + 2Ar → Ar+
2 + Ar, (2)

Ar+
2 + e−

→ Ar∗∗ + Ar, (3)

Ar∗∗
hν

−→ · · ·
hν

−→ Arm, (4)

where Ar+ and Ar+
2 are atomic and molecular ions, e−—electrons, Ar—atoms in the ground

state, Ar**—all highly excited atoms produced in the dissociative recombination (3), and
Arm—metastable atoms, which are a result of cascades (4). Reactions (2)–(4) represent, of
course, a simplified model which does not take into account certain processes that could
influence the temporal behaviour of the concentration of the metastables. However, in any
case, the listed set of processes is the basis for any refined model. The rate coefficients of
reactions (1)–(3) were given in [5, 12], [12, 15] and [16, 17], respectively. The values differ
significantly. We consider the values of 10−32, 2 × 10−31 cm6 s−1 and 7 × 10−7 cm3 s−1 for
reactions (1)–(3) respectively to be the most realistic at room temperature. Note that the rate
coefficient of reaction (2) is >10 times higher than that of reaction (1). Note also that the rate
of reaction (3) is very high at high electron densities (1013–1014 cm−3) but that the reaction
contributes with a very slowly decaying component at low electron densities (1012 cm−3).

The curves in figure 3 show the change of the concentration of the Ar∗

2 molecules produced
from the metastables Am in reaction (1). As will be shown below, the lifetime of the Ar∗

2
molecules is shorter than the time constant of reaction (1), hence we can say that the curves
in figure 3 also reflect the concentration of the metastables Am . Consequently, they reflect
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the competition between the processes populating and depopulating the metastable states; that
is, in our simplified description, the competition between reactions (2)–(4) and (1). The ion
and electron concentrations and, therefore, the populating flow of the reactions (2)–(4) fall
in time, whereas the depopulating flow of the reaction (1) grows with increasing metastable
atom concentration. The maximum of the curve corresponds to the equilibrium of the flows
populating and depopulating the metastables. When the argon pressure increases, the rates
of the reactions (2) and (1) become higher, and as a result we observe the contraction of the
afterglow in time (figure 3).

Two remarks should be made. Firstly, at our pressures the four lowest excited atomic
states have long radiative lifetimes and should be considered as metastables, namely the 3P2

(11.55 eV) and 3P0 (11.72 eV) metastable states but also the 3P1 (11.62 eV) and 1P1 (11.83 eV)
resonant states (figure 1) because their effective lifetime, lengthened by radiation trapping, is
of the order of 10−5 s [18, 19]. Not all the metastables, only 3P1 and 3P2, are converted in
reaction (1) into molecules emitting the continuum at 126.0 nm (the corresponding molecular
states are 0+

u (3P1) and 1u (3P2)). However, it is precisely the two lower levels 3P1 and 3P2

that are mainly populated through the cascades (4) [20–23]. Collisions with electrons tend
to mix the metastables toward an equilibrium determined by the electron temperature and
the statistical weights (the rate constant of the mixing processes is of the order of 10−6–
10−7 cm3 s−1 [12]). The mixing is also in favour of the lower 3P1 and 3P2 states with the
ratio of the 3P1 to 3P2 state populations of about 1:2. The mixing efficiency depends on the
electron concentration; therefore the mixing is more effective at short times. On the other hand,
the 1P1,3P0, and 3P1 metastable states relax to the lowest 3P2 level through reaction (1) followed
by predissociation due to molecular curve crossing [12, 24]. In summary, the lower 3P1

and 3P2 states, and especially the 3P2 state, can be considered as the most populated with our
experimental conditions.

Secondly, the emission around 126.0 nm is largely caused by transitions from the lowest
vibrational levels of the Ar∗

2(0
+
u) and/or Ar∗

2(1u) states. These levels are populated through
vibrational relaxation from the higher levels populated in reaction (1). The radiative lifetimes
of the 0+

u vibrational levels are very short, 4.2 ns [25], and at our pressures the frequency of
atomic collisions is not high enough for vibrational relaxation to the lowest 0+

u levels [24].
Hence only the lowest 1u levels are populated through vibrational relaxation. The radiative
lifetime of the lowest vibrational level of the 1u state is ∼3 µs [12, 26]. Then, the question of
how the curves for 300 and 600 hPa (figure 3) can show a decay with a time constant shorter
than 3 µs, namely about 1 µs for 600 hPa, arises. The answer is that the electron concentration
in the afterglow is high enough to induce effective excitation transfer from the 1u levels to the
short-lived levels of the 0+

u state. The rate coefficient for this process, 10−6–10−7 cm3 s−1, was
estimated in [12] and measured for xenon, 1.9×10−6 cm3 s−1, in [27]. This process should
be even more effective at times preceding the decay part of the curves because of the higher
electron concentration.

3.2. Ar–N2 mixtures

When nitrogen is added to argon, the time dependence of the argon continuum at 126.0 nm
changes as shown in figure 4. The decay rate increases with increasing nitrogen partial pressure
and, as a result, the peak intensity is shifted toward shorter times.

In our mixtures, nitrogen cannot have an appreciable influence on the processes populating
the metastable states of argon (the precursors of the Ar∗

2(1u) state), but it can efficiently
depopulate these states in the reaction

Arm + N2 → N∗

2 + Ar, (5)
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Figure 4. Time dependences of the Ar∗2 emission (at 126.0 nm) in Ar–N2 mixtures. The total
pressure is (a) 150 hPa and (b) 300 hPa. The nitrogen partial pressure is 0.125, 0.25 and 0.75 hPa.
The experimental curves were scaled in intensity to show the peak of the emission in the best way.

where N∗

2 represents all possible molecular excited states, in particular the N∗

2(C
35u)

state (figure 1) emitting the band at 337 nm. The total rate coefficient of reaction (5) is
∼3 × 10−11 cm3 s−1 [4–6] and about one-half of this value corresponds to excitation of the
N∗

2(C
35u) state [28].

The changes of the Ar∗

2 time dependence in figure 4 may also suggest a growth of
depopulation of the Ar∗

2(1u) state itself with increasing N2 pressure. However, it seems unlikely
that energy could be transferred from the lowest Ar∗

2(1u) levels to the N∗

2(C
35u) state, owing

to energetic considerations. Namely, the 1u state can transfer energy corresponding to the
energy of radiative transitions and for the lowest Ar∗

2(1u) levels this energy is approximately
10 eV whereas the energy of the lowest vibrational level of the C 35u state is 11 eV (figure 1).
It also seems unlikely that energy is effectively transferred from the upper 1u levels because
the radiative lifetime shortens as the vibrational quantum number of the level increases (about
20 times for higher levels which could transfer energy to the C 35u state, owing to energetic
considerations [26]). At the highest N2 concentration, 1.5 hPa, the time constant of reaction (5)
is about 1.5 µs, which is significantly longer than the radiative lifetimes of the upper vibrational
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Figure 5. Time dependences of the Ar∗2 (126.0 nm), N∗

2 (337.0 nm) and N* (174.52 nm) emissions
in Ar–N2 mixtures. The total pressure is 150 hPa. The nitrogen partial pressure is (a) 0.125 hPa and
(b) 0.75 hPa. The experimental curves were scaled in intensity to show the similarity of the curves
for the Ar∗2 and N∗

2 emissions and to show the coincidence of the decay rates of all the emissions
in a certain time range.

levels of the Ar∗

2(1u) state. Therefore, we believe that the C 35u state emission is a result of
energy transfer only from the metastable states and that this emission should be a good indicator
of the population of the Arm states, since the C 35u state has a short radiative lifetime of 30–
40 ns [29–31]. On the other hand, the Ar∗

2(1u) state emission would be a good indicator of
the Arm (3P2) state population if the effective lifetime of the lowest Ar∗

2(1u) levels was short
enough.

Figures 5 and 6 show time dependences for the Ar∗

2 (126.0 nm), N∗

2 (337.0 nm) and N*
(174.52 nm) emissions, recorded at the total pressures 150 and 300 hPa with the admixture
pressures 0.125 and 0.75 hPa. The experimental curves were shifted along the intensity scale to
show the coincidence of the decay rates of the listed emissions in a significant time range. The
common decay rate can be interpreted as evidence of the energy acquisition from a common
source. This means that at a definite time in the afterglow, when both the flow populating the
Am states and the mixing of the Am states by electrons become weak, the population of the
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Figure 6. Time dependences of the Ar∗2 (126.0 nm), N∗

2 (337.0 nm) and N* (174.52 nm) emissions
in Ar–N2 mixtures. The total pressure is 300 hPa. The nitrogen partial pressure is (a) 0.125 hPa
and (b) 0.75 hPa. (a) The experimental curves were scaled in intensity as in figure 5. (b) The
curves for Ar∗2 and N∗

2 were scaled in intensity to show the similarity of these curves at short times.

Am states will be concentrated in the 3P2 state through relaxation processes. This state then
becomes the main source of energy for the recorded emissions until the population stored in
the 3P2 state is high in comparison with the weak cascade flow.

The Ar∗

2 and N∗

2 emissions have very similar growth and decay (figures 5 and 6(a)) until
the decay time constant for the N∗

2 emission becomes appreciably less than 1 µs (figure 6(b)).
The similarity of the curves for the Ar∗

2 and N∗

2 emissions confirms that the Ar∗

2(1u) state
transfers its energy to the short-lived 0+

u state through mixing by electrons, and that the lifetime
of the 1u state at the experimental conditions of figures 5 and 6(a) is short enough for adequate
reproducibility of the Am (3P2) state concentration. The discrepancy in the Ar∗

2 and N∗

2 curve
behaviour in figure 6(b) shows that in this case the lifetime of the 1u state is not short enough
to show adequately the depopulation of the 3P2 metastables.

The similarity of the curves for Ar∗

2 and N∗

2 means that the C 35u state gets energy mainly
from the Am (3P2) state. However, there is the noticeable difference in the curves for Ar∗

2 and
N∗

2 before maximum intensity in figures 5(a) and 6(a). This difference has nothing to do with
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the accuracy of the experimental results but is reproducible, and we ascribe this difference to
energy transfer to N2 molecules from other metastable states than the 3P2 state (mainly from
the 3P1 state).

The most interesting thing, taking into account the purposes of this work, is the behaviour
of the nitrogen line. Firstly, its time dependence is quite different for short times (this is
better seen in figure 5(a)). Secondly, the line emits maximum intensity before the Ar∗

2 and N∗

2
molecules (figures 5 and 6). The position of the maximum intensity is not sensitive to the N2

partial pressure, but depends on the total pressure. Thirdly, the line emission follows the decay
of the molecular emissions in a significant time interval; however, it does not follow the decay
of the molecular emissions as long as they follow each other (this is better seen in figure 5(b)).
Furthermore, in figure 6(b) the decay of the line does not follow the N∗

2 but the Ar∗

2 emission
decay in spite of the short radiative lifetime of the state emitting the line, 610 ns [32].

To understand the difference in the time behaviour of the atomic and molecular emissions
it is appropriate to begin with the question of production of the atomic nitrogen during the
discharge and in the afterglow. In the investigations concerning nitrogen-atom plasma sources
(e.g. [33]), the production of atomic nitrogen is connected with the dissociation of N2 molecules
by electron impact and with vibrational excitation of the N2 ground state. We want to call
attention to another channel of atomic nitrogen production, namely the charge transfer process

Ar+ + N2 → N+
2 + Ar (6)

followed by the dissociative recombination

N+
2 + e → Nm + N, (7)

where the Ar+ ions are in their ground or first excited states, the N2, N+
2 , Ar, and N are

in their ground states, and Nm are metastable states. The rate coefficient for process (6) is
1 × 10−11 cm3 s−1 at 300 K [34, 35]. The rate coefficient for reaction (7) is 2.6 × 10−7

cm3 s−1 [36]. The atomic nitrogen that is created in the processes (6), (7) is mainly in the
ground 4S and in the first excited (metastable) 2D state [37] (figure 1). At room temperature the
process (6) populates the two lowest vibrational levels of N+

2 with vibrational quantum numbers
υ = 0 and 1 and with the υ = 1 level more populated. The reverse of reaction (6) depopulates
the υ = 1 level with a higher rate than reaction (7) but the υ = 0 level is depopulated in
reaction (7) [34–36].

There is also another process of charge transfer where molecular Ar+
2 ions participate:

Ar+
2 + N2 → (ArN2)

+ + Ar. (8)

In [38] the very high rate coefficient of this reaction, 2.2 × 10−9 cm3 s−1, is given. However,
the products of the (ArN2)

+ ion recombination were not investigated.
In any case the nitrogen atoms should be produced mainly during and just after the current

pulse. Figures 5 and 6 support this conclusion: a sharp growth of the atomic emission is seen at
short afterglow times. Note that the influence of three-body conversion on the atomic nitrogen
concentration is negligible during the afterglow observation. Here we refer to the three-body
conversion of atomic nitrogen into nitrogen molecules where the third body is an argon atom.
The rate coefficient of this reaction is ∼1.4 × 10−33 cm6 s−1 at room temperature [39]. Note
also that in our experiments the atomic nitrogen is not saved from one pulse to another because
of the gas flow through the discharge volume.

The processes of atomic nitrogen production cannot explain why the N I line shows
maximum intensity before the Ar∗

2 and N∗

2 molecules (figures 5, 6). Therefore, our explanation
is the following: the atomic nitrogen gets energy effectively not only from the Ar∗ (3P2)

state (like the Ar2 and N2 molecules do) but also from the Ar* (3P1) state. This seems very
probable if we analyse the scheme of levels (figure 1). Energy transfer from the Ar* (3P2)
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Figure 7. Time dependences of the Ar∗2 (126.0 nm), N∗

2 (337.0 nm) and N* (174.52 nm) emissions
in Ar–N2 mixtures. The total pressure is 600 hPa. The nitrogen partial pressure is (a) 0.75 hPa and
(b) 1.5 hPa.

state (11.55 eV) to the N (4S) state with the excitation of the 2p23s 2P states (10.68 eV) has the
high rate coefficient, 9 × 10−11 cm3 s−1 [9], despite the large energy gap between the donor
and acceptor states. In contrast to the Ar* (3P2) state, the Ar* (3P1) state (11.62 eV) has an
excellent partner for energy transfer in the sense of a small energy gap, namely the 2p23p 2S
state of N I (11.60 eV) (figure 1). The subsequent strong infrared transitions populate the
upper state of the investigated transition. Therefore, the line emission peak position may be
correlated to a significant population of the Ar* (3P1) state at the same time.

Later, behind the maximum, the atomic line shows the same decay as the Ar∗

2 and N∗

2
molecules, i.e. energy is accepted mainly from the Arm (3P2) state (figures 5 and 6(a)). Further
on, when the energy stored in the 3P2 state is spent and the only source of energy is the weak
cascade flow, the atomic line shows a slower decay because energy is again accepted from both
the 3P2 and 3P1 states.

The situation shown in figure 6(b), where the decay of the N I line does not mainly follow
the decay of the nitrogen molecular emission but rather the decay of the argon continuum, is
also reproduced distinctly in figure 7 where the time dependences at the higher total pressure
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Figure 8. Time dependences of the atomic nitrogen lines at 149.47 and 174.52 nm. Both transitions
have the same upper level.

600 hPa are shown. On the basis of these data we conclude that there is one more channel of
energy transfer to the atomic nitrogen, namely from the molecular Ar∗

2(1u) state. The possible
acceptors in this case are nitrogen atoms in the first metastable 2p3 2D state (figure 1):

Ar∗

2(1u) + Nm(2D) → N∗ + 2Ar∗(1S0), (9)

and the result of the energy transfer could be the excitation of the 2p23p 2D,2P and 2p2

3s′ 2D states. The energy difference between the latter states and the metastable 2p3 2D state
corresponds to the energy of photons emitted at the maximum of the Ar∗

2 continuum and,
consequently, corresponds to the energy which can be transferred from the lowest Ar∗

2(1u)

levels. The result shown in figure 8 confirms a significant population of the metastable 2D
state. There is a perceptible difference between the curves for the 149.47 and 174.52 nm lines
having a common upper level and this difference should be ascribed to self-absorption by
the 2D state (see the products of reaction (7)).

Note that in figure 7 just after the peak of the intensity the nitrogen line shows the same
decay rate as the nitrogen molecules and that this decay rate is higher than the argon continuum
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Figure 9. A scheme of energy transfer processes in excited mixtures of argon with a small admixture
of nitrogen.

decay rate at the same time. This means that both nitrogen species receive energy at this time
mainly from the atomic metastables Arm and that the switching of the atomic nitrogen into
an acceptor of energy from the molecular metastables Ar∗

2(1u) occurs later when the Ar∗

2(1u)

molecules become the main source of energy for the atomic nitrogen.

4. Conclusion

The scheme of energy transfer in excited mixtures of argon with a small admixture of nitrogen,
as outlined in the text above, is shown in figure 9. Our experimental results demonstrate
the existence of a common source of energy (the atomic argon metastable 3P2 state) for a
few acceptors (argon and nitrogen molecules and also atomic nitrogen) and, consequently,
a competition between these acceptors, which is governed by the conditions in the plasma
volume. Further, the presented results indicate that atomic nitrogen can effectively acquire
energy from the argon 3P1 state and therefore atomic nitrogen emits its peak intensity before
the molecules. Moreover, the atomic nitrogen also acquires energy from the excited Ar∗

2(1u)

molecules. According to our experimental curves, the molecular nitrogen competes weakly
with the atomic nitrogen in the energy acquisition from the argon 3P1 state and, as was indicated
above, cannot compete in the acquisition of energy from the Ar∗

2(1u) molecules. The latter
channel of energy transfer should become especially efficient at higher total pressures than in
our experiment.

We have used a simplified model of processes, taking into account only the dominant
processes. It is of interest to compare our conclusions with the results of calculations based on
a more refined model, i.e. the solution of a system of coupled differential equations describing
the time variation of the concentrations of the atomic, molecular and ionic states (as in [40]).
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This could be the purpose of an additional investigation. The scheme of processes indicated
in figure 9 might be useful for research and development of VUV line sources.
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