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Abstract. We report new measurements of the near infrared (NIR) Xe∗2 excimer fluorescence in an electron–
beam–excited Ar (90%)–Xe (10 %) mixture at room temperature. Previous measurements up to a density
N ≈ 2 × 1026 m−3 discovered a broad excimer fluorescence band at ≈ 7800 cm−1, whose center is red–
shifted by increasing N [A.F. Borghesani, G. Bressi, G. Carugno, E. Conti, D. Iannuzzi, J. Chem. Phys.
115, 6042 (2001)]. The shift has been explained by assuming that the energy of the optical active electron
in the molecule is shifted by the density–dependent Fermi shift and by accounting for the solvation effect
due to the environment. We have extended the density range up to N ≈ 6 × 1026 m−3, confirming the
previous measurements and extending the validity of the interpretative model. A detailed analysis of the
width of the fluorescence band gives a value of 2.85 nm for the size of the investigated excimer state. Such
a large value lends credibility to the validity of the proposed explanation of the experimental findings.

PACS. 34.50.Gb Electronic excitation and ionization of molecules; intermediate molecular states (including
lifetimes, state mixing, etc.) – 33.70.Jg Line and band widths, shapes, and shifts – 33.20.Ea Infrared spectra

1 Introduction

Irradiation of a noble gas sample with ionizing parti-
cles [2–5], with lasers [6,7], or with synchrotron light [8]
may produce, in addition to excited and ionized atomic
species, molecular excited states, such as Xe2, for instance,
which are called excimers. Upon decay, excimers release a
large fraction of the absorbed energy in the vacuum ultra-
violet (VUV) range that is exploited in many applications.
For this reason noble gas excimers play a significant role
in many areas of physics.

In the laser physics area, ultraviolet– and vacuum ul-
traviolet lasers exploit excimers as light–amplifying media
or as intermediate products in the kinetic chain leading to
the population of the lasing level [4,9].

Excimer VUV fluorescence of noble gases is also used
in scintillation particle detectors [10]. Fluorescence is the
final step of the degradation of the energy released in
the detector medium by an ionizing particle. The transi-
tion from the first excited excimer level to its dissociative
ground state produces the VUV radiation [11] that signals
the passage of the energetic particle.

Among rare gases, Xe is particularly studied for sev-
eral reasons. For particle–detection purposes, in fact, it
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combines a large atomic weight with a high scintillation
yield and its VUV fluorescence occurs at the longest wave-
length, thus making it more technologically amenable.
Moreover, from a fundamental point of view, its excimers
are more complex than those of other noble gases because
of the larger spin–orbit coupling and overlap of atomic
configurations.

The physical processes leading to excimer fluores-
cence in rare gases in low density limit are very
well-known [3,4,12–20]. The potential curve of diatomic
rare gas molecules in the ground state is repulsive except
for a weak van der Waals attraction. An excited electronic
state of the molecule can be obtained by promoting an
electron to a Rydberg–like molecular orbital, whose na-
ture may be either bonding or repulsive. Owing to the
dissociative nature of the ground state, transition to it
from a higher lying excimer level gives origin to fluores-
cence bands, whose width is related to the steepness of
the potential of the molecular ground state.

In the case of Xe, two such VUV bands, named first–
and second continuum, have been observed [7]. The first
excited excimer levels Xe∗2 (1u, 0−u ) and Xe∗2 (0+

u ) (in the
Hund’s case c) or 1Σ+

u and 3Σ+
u (in the notation, in which

spin-orbit coupling is neglected) are produced in the col-
lision of a neutral atom in its ground state Xe (1S0) with
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atoms excited in the states 6s[3/2]o2 and 6s[3/2]o1 (in Racah
notation), according to the reaction scheme [21]

Xe (6s[3/2]o2) + 2Xe (1S0) → Xe∗2 (1u, 0−u ) + Xe (1S0) (1)

Xe (6s[3/2]o1) + 2Xe (1S0) → Xe∗2 (0+
u ) + Xe (1S0). (2)

The symbol ∗ indicates an excited state.
Subsequent radiative decay to the repulsive 0+

g (1Σ+
g )

ground state
Xe∗2 → 2Xe + hν (3)

leads to the emission of the bands centered at 148 nm
(first continuum) and 173 nm (second continuum). The
former band is attributed to transitions from higher vi-
brational levels of the excimer level deriving from the
A6s atomic configurations and is observed at very low
pressure (P < 100 Pa). The latter band, exploited in
Xe gas based detectors, appears and dominates at higher
pressure because it occurs after vibrational relaxation of
the excited molecule.

Much less attention has been devoted to possible in-
frared (IR) or near–infrared (NIR) fluorescence, related
to transitions between higher lying excited states of the
rare-gas dimers in pressurized gas, although some broad
bands have been observed in noble gases at intermediate
pressure (0.05 < P < 0.5 MPa) [2,22], IR scintillation has
been detected in liquefied Ar and Xe [23], and atomic IR
scintillation has been revealed in alpha–particle–excited
noble gas at low–pressure (10 < P < 50 kPa) [24–26].

Only recently, a strongly peaked NIR fluorescence
band has been detected at moderately high pressure (P <
0.9 MPa) in pure Xe and in an Ar–Xe mixture, both ex-
cited with an energetic electron beam [1]. The band, cen-
tered around λ−1 ≈ 7800 cm−1, has been attributed to a
transition between bound– and dissociative levels of the
Xe2 excimer, which are lying higher in the energy relax-
ation pathway that eventually leads to the population of
the excimer levels responsible of the VUV continua.

The observed fluorescence spectra in pure Xe and in
the Ar (90%)–Xe (10%) mixture are similar because they
are both due to the de–excitation of the Xe∗2 excimer. In
fact, energy transfers from Ar to radiative states of Xe∗
occurs readily and heteronuclear three–body collisions of
the type

Xe∗ + Xe + Ar → Xe∗2 + Ar (4)

lead to the formation of the Xe2 species even in the mix-
ture [9].

The main feature shown by the observed NIR band
is that its center is red–shifted upon increasing the gas
pressure. The wave number of the band peak decreases
linearly with the gas density N up to N ≈ 2×1026 m−3 =
7.5Ni.g.. Ni.g. = 2.65 × 1025 m−3 is the density of the
ideal gas at temperature T = 273.15 K and pressure P =
0.1 MPa.

The density dependence of the properties of the NIR
band have been interpreted in terms of the influence of
the environment on the excimer [1]. It is assumed that
the higher lying Rydberg–like levels of the excimer are
modified by two density–dependent effects. The first one
is the solvation effect due to the presence of the atoms of

the host gas. Many of them are encompassed within the
large orbit of the electron in the Rydberg–like state and
screen the Coulomb interaction between the electron and
the Xe+

2 core, leading to a reduction of the difference be-
tween the energy levels. Thus, the solvation always moves
the transition to longer wavelengths.

The second effect is due to the quantum nature of the
electron and to its interaction with the atoms of the host
gas. On a large orbit, the electron is quite delocalized and
its wave function spans a region containing several atoms,
with which it is thus interacting simultaneously. This fact
leads to a density–dependent shift of the energy of the elec-
tron ground state that is negative or positive depending on
whether the electron-atom interaction is either attractive
or repulsive [27].

This interpretative model of the observed red–shift
gives good agreement with the experimental data in the
investigated density range.

It is to note that this phenomenon is related
to the modifications of the molecular properties of
Wannier–Mott–type impurity states in high–density liq-
uids [28], which have a unique parentage to the Rydberg
states of an isolated molecule in a low density gas [29,30].
Moreover, it would be interesting to ascertain why NIR
excimer fluorescence has not been detected yet in lique-
fied rare gases, except superfluid He II [31–33].

In the previous measurements [1], it has been also ob-
served that the width of the fluorescence band increases
linearly with the gas density in both the pure gas and the
mixture. It is known that a linear increase of the width of a
band or line with increasing density is due to an increase
of the collision rate, which decreases the mean lifetime
of the atomic or molecular species. The analysis of the
broadening of the band may therefore lead to the evalu-
ation of the collision cross–section of the excimer and to
an estimate of its size that would allow the verification of
the conditions, under which the model of the excimer as a
Rydberg–like atom is valid. This analysis was not carried
out in the previous measurements [1].

For these reasons, we have carried out further and ac-
curate measurements of the NIR fluorescence in the Ar–Xe
mixture by extending the investigated density range up to
N ≈ 6×1026 m−3 ≈ 24Ni.g., approximately 3 times larger
than in the previous measurements. The goal is to confirm
the validity of the interpretative model.

2 Experimental details

The experimental goal is the detection and analysis of the
NIR spectrum emitted by a gas sample at high pressure
and excited by an ionizing electron beam. We have used
the same apparatus described in detail in the previous
paper [1]. We report here only its main features and some
minor modifications. The electron beam is produced by a
home made electron gun described in a previous work [34].
Electrons are injected in 50−ns–long pulses with energy
≈70 keV. Each pulse contains ≈5 nC charge and the pulses
are repeated at a rate of ≈100 Hz. The beam enters the
gas chamber through a 25−µm–thick Kapton film. Upon
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crossing the film, electrons lose about 30% of their initial
kinetic energy and the beam in the gas partly loses its
directionality. The range of energetic electrons in the gas
varies approximately between 5 and 100 mm, depending
on the gas pressure.

The gas sample is kept at room temperature inside
a cylindrical stainless–steel chamber, which is evacuated
down to 10−5 mbar before being filled with the gas. The
gas is passed through an Oxisorb cartridge for purifica-
tion purposes. The pressure is measured with a Sensotec
STJE/1833-35 pressure gauge with an accuracy of ≈5 kPa.
The cell is leak proof up to 4 MPa.

The density is computed from the pressure values by
using the equation of state of argon found in literature [35].
We have also calculated the density of the mixture by as-
suming an ideal gas mixture law and using the appropri-
ate equation of state [35]. Although at room temperature
xenon is relatively close to its critical temperature, the dif-
ferences in the densities computed in either way are less
than 1% even at the highest pressure.

The emitted light exits the chamber through a
quartz window and it enters a FTIR (Fourier Trans-
form InfraRed) Michelson–type interferometer (Equinox
55, Bruker Optics). The interference signal is detected by
an InGaAs photodiode (G5832−05, EG&G) kept at room
temperature. The output signal of the photodiode is pre–
amplified by using an active integrator with a conversion
factor of 0.25 mV/C and an integration constant of 400 µs.
The signal is then digitized by a 16–bit A/D converter and
is stored in a computer.

Because the electron source is pulsed and each pulse
is too short to obtain a complete interferogram, a step–
scan technique is used [36]. The movable mirror scans the
whole range in equal steps, whose amplitude is controlled
by a reference He–Ne laser, until a complete interferogram
is acquired. At each intermediate position of the mirror
several light pulses are recorded and averaged together in
order to improve the S/N (Signal-to-Noise) ratio. The in-
terferogram is converted to spectrum by commercial soft-
ware.

The interferometer has been carefully aligned with re-
spect to the IR source in order to maximize the signal
detected by the photodiode and, at the same time, to
have good interference. A first calibration has been imple-
mented by using an IR solid state laser with λ ≈ 900 nm.

As instrumental function we use a 3–term Blackmann–
Harris function in order to suppress the wiggles in the
wings of the peaks in the spectrum. Because the shape
of the spectral line, measured at finite resolution, is the
convolution of the natural and instrumental line shapes,
the natural line shape can only be observed if the width of
the instrumental line shape is small compared to natural
line width [37].

Because the full width at half maximum of the fluores-
cence band is ≈800 cm−1, we have set the instrumental
resolution to 100 cm−1. Such resolution has been chosen
for two reasons. It must be not too low in order to avoid
excessive instrumental broadening and not too high in or-
der to limit the acquisition time to reasonable values. In
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Fig. 1. Excimer spectrum in Ar–Xe mixture at T ≈ 298 K
and P = 0.65 MPa.

fact, the electron beam degrades the Kapton film that con-
sequently releases impurities that quench the formation of
the excimers and the fluorescence intensity might decrease
too much during each experimental run.

3 Experimental results

We have measured IR time–integrated emission spectra
in 90% Ar–10% Xe gaseous mixture up to 2.4 MPa at
room temperature. The corresponding gas densities are
comprised in the range (0.13 ≤ N ≤ 6) × 1026 m−3. We
have extended by a factor 3 the density range explored in
the previous experiment [1].

In Figure 1 we show a typical spectrum obtained for
P = 0.65 MPa. The main feature is the broad continuum
band centered at ≈7900 cm−1, very similar to that previ-
ously observed [1].

This band has been observed also in pure Xe [1] and
is thus ascribed to a bound–free transition of the Xe∗2 ex-
cimers.

In addition to the excimer band, two atomic lines can
be observed in the spectrum, which are used as a refer-
ence to check the accuracy of the determination of the
wave number of the fluorescence band, which is located
nearby. These line are Xe I lines present in the NIST
databases [38]. The first one occurs at λ−1 = 9224.8 cm−1

and is associated with the 6p[1/2]1 (3S1) → 6s[3/2]1 (3Po
1)

transition [39]. The second one, at λ−1 = 10194.0 cm−1, is
associated with the 6p[1/2]1 (3S1) → 6s[3/2]2 (3Po

2) tran-
sition. This latter line appears to be enhanced in Ar–Xe
mixture with respect to pure xenon at low pressures [4]
and also at higher pressures [1].

In Figure 2 we show two spectra recorded at two dif-
ferent pressures, namely P = 0.15 MPa and P = 2.4 MPa,
which correspond to the densities N = 0.38 × 1026 m−3

and N = 6.0×1026 m−3, respectively. It is evident that the
fluorescence peak undergoes a red–shift as the pressure is
increased and that its width also increases. Such behavior
confirms the results obtained previously for smaller den-
sities [1].

The red–shift of the emission band can be best seen
by plotting the position of its maximum as a function of
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Fig. 2. Excimer spectra at two different pressures in the Ar–
Xe mixture. The spectra are normalized to unity at their max-
imum. Solid line: P = 0.15 MPa. Dotted line: P = 2.4 MPa.
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Fig. 3. Red–shift of the center of the excimer band as a func-
tion of N. The error bar of the point at the highest density is
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Fig. 4. The excimer band half–width as a function of N.

the density, as shown in Figure 3. In order to give an es-
timate of the statistical accuracy of the central wavenum-
ber reported in this figure, several Lorentzian fits of the
spectrum have been carried out on different data ranges
around the peak. The central wavenumber of the band
decreases linearly with N. The present data are compat-
ible, within the experimental accuracy, with the data of
the previous work, in which a third–order polynomial fit of
the spectrum around the maximum was used to determine
its position [1].

Another important feature of the excimer band is its
pressure broadening. In Figure 4, Γ , the half width at half

maximum, is shown to increase linearly with N. The error
bars have been determined with a procedure similar to
that used for Figure 3.

4 Discussion

The excimer band maximum is centered at λ−1
m ≈

7900 cm−1 that corresponds to λm ≈ 1270 nm and to
a transition energy of Em ≈ 1 eV. Such a large energy
value corresponds to electronic transitions.

The large width of the NIR continuum suggests that
the transition takes place between a high–lying bound ex-
cimer level to a lower dissociative one. If the transition
were involving two bound excimer levels, its width should
be much sharper [16].

Moreover, the transition from the first excited ex-
cimer level to the ground state corresponds to an energy
of ≈8 eV. Thus, the observed emission does not involve the
excimer ground state and is a transition between higher
lying excimer levels, which are populated in one of the pos-
sible routes, in which the initial electron kinetic energy is
dissipated in the system.

The observed wavelength range may correspond to the
energy difference between the stable excimer level (0±u , 1u,
2u) of A7dπ configuration, correlated with the Xe (1S0)
+Xe∗ (5p5[2P3/2]6p) (or Xe∗ (5p5[2P3/2]5d)) dissociation
limit, and the energy level of the Xe (1S0) + Xe∗ (5p5

[2P3/2] 6s). The bound potential curves derive from 6p
and 5d atomic levels, which are the first excited states of
Xe. The dissociative potential curves derive from the 6s
atomic level [16].

It is easy to see from Figure 3 that the wavenumber
λ−1

m of the center of the NIR continuum depends linearly
on N. The negative slope of the linear fit clearly indicates
red–shift. The parameters of the linear fit are

λ−1
m,0 = (7918 ± 12) cm−1

dλ−1
m /dN = −(4.94 ± 0.53)× 10−23 m2.

The previous experiment [1], carried out in a more re-
stricted density range, yielded the values (7837±45) cm−1

for the intercept at zero density, and −(6.7 ± 3.3) ×
10−23 m2 for the slope, respectively. The present measure-
ments are compatible, within the experimental accuracy,
with the previous ones. However, the present data have
a larger statistical significance owing to the higher num-
ber of experimental points and to the larger density range
investigated.

We have developed a simple model that takes into ac-
count the interaction of the outer electron in the excimer
with the atoms of the host gas in order to explain the ob-
served density dependent red–shift [1]. This model is also
able to explain the reason why the red–shift of the excimer
band in pure Xe (dλ−1

m /dN ≈ −22 × 10−23 m2) is much
larger than in the mixture.

The electronic structure of homonuclear excimers can
be accurately described by an ionic molecular core (Xe+

2 )
plus an electron in a diffuse Rydberg orbital, whose ra-
dius is much larger than the internuclear distance [2].
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The evolution of a Rydberg state as a function of density
bears some similarities with the Wannier impurity states
in liquids or solids [30]. The Wannier excitons are related
to high–extravalence excitations of atomic and molecular
impurities [29,30], which show a density–dependent red–
shift when the impurity is embedded in a high polarizable
medium, while they are blue–shifted when the host gas is
less polarizable [29].

This analogy suggest to describe excimer decays in
dense noble gases in the same way as Wannier–Mott ex-
citons are treated in liquids and solids [28]. The energy
eigenvalues En of the nth Wannier impurity state are
given by [28]

En = Ig + P+(N) + V0(N) − G0

K2(N)n2
n = 1, 2, . . .

(5)
where Ig is the gas phase ionization potential, P+(N) is
the polarization energy of the medium due to the ionic
positive core, and N is the density of the host. V0(N) is
the energy of the bottom of the conduction band relative
to the vacuum level. The last two terms of the energy
eigenvalues in equation (5) turn out to be density depen-
dent.

The last term in equation (5) expresses the Coulom-
bic interaction of the electron with the host atoms.
G0 = 13.6 (m∗/m) (eV) is the exciton effective Rydberg
constant, which takes into account the effective electron
mass m∗ in the conduction band. m is the free elec-
tron mass. K(N) is the dielectric constant of the medium
that can be calculated with the Lorentz–Lorenz formula
(K − 1)/(K + 2) = Nα/3ε0, where α is the atomic polar-
izability and ε0 the vacuum permittivity.

The term V0(N) can be approximated at the present
densities by the Fermi potential [40] that describes a quan-
tum effect related to the large ratio of the wavelength of
the Rydberg electron to the interatomic distance. The in-
teraction of the Rydberg electron with the atoms of the
host gas produces a density–dependent shift of the elec-
tron energy. For large electron orbits it converges to a limit
that is proportional to the density [27]

V0(N) =
2π�

2

m
Na (6)

where � = h/2π and h is the Planck constant. a is the
scattering length for electron–atom interaction. The linear
relationship between V0 and N holds approximately true
up to a density N ≈ 70× 1026 cm−3 [40]. Thus, the use of
equation (6) is completely justified in the present density
range.

The scattering length a is negative for an attractive
potential and positive for a repulsive one [41]. If a < 0,
V0(N) is also negative. This implies a density–dependent
red–shift of the spectral lines.

The Fermi energy shift V0(N), probably, does not con-
tribute to the energy of the final state because, when the
excimer decays to a lower–lying repulsive level, its radius
in the final state is much smaller than that of the start-
ing state and its mean lifetime is too short for the outer

electron to sample the environment. Therefore, the energy
of the dissociative state is written by dropping V0(N) in
equation (5)

En = Ig + P+(N) − G0

K2(N)n2
. (7)

Furthermore, it is assumed that G0 and P+(N) are the
same in the initial and final states.

The central wavenumber of the transition between the
upper level of principal quantum number ni and the lower
dissociative level of principal quantum number nf is

λ−1
m =

G0e

hcK2(N)

(
1
n2

f

− 1
n2

i

)
+

�

mc
Na (8)

e and c are the usual universal constants. At the densities
of this experiment, the dielectric constant can be approx-
imated to first order in the density by K = 1 + Nα/ε0.

By expanding 1/K2 to first order in N and rearrang-
ing, we obtain

λ−1
m = λ−1

m,0 −
(

λ−1
m,0

2α

ε0
− �

mc
a

)
N (9)

where λ−1
m,0 = G0e/hc(n−2

f − n−2
i ) > 0.

The first term in parentheses in equation (9) is a sol-
vation energy and, thus, it always shifts the spectrum to
longer wavelengths. The second term increases this shift
if a < 0 or decreases it if a > 0. In equation (9), λ−1

m,0 is
a fitting parameter that corresponds to the experimental
value of the wavenumber in the zero–density limit, i.e., the
mean energy of the transition.

We note that the concentration of the mixture is
large enough to permit excimer formation, but also small
enough that the Xe∗2 excimers are surrounded by argon
atoms. Moreover, the local concentration of Xe atoms in
the excited gas volume is approximately halved upon the
formation of excimers. In this way, the chance of a Xe2

molecule to be surrounded by Xe atoms is very small.
Thus, the presence of Xe atoms can be neglected to a first
approximation. If the measurements were carried out in
a mixture much richer in Xe than the present one, (in
a 50%–50% mixture, for instance), a weighted average of
the contributions of the two different species should be
observed, indeed.

For these reasons, on average, the atomic polarizabil-
ity and the scattering length of Ar are used in equa-
tion (9). Their values are α = 1.827 × 10−40 Fm [42] and
a = −0.86 Å [41], respectively. The theoretical slope is
thus −(2λ−1

m,0α/ε0 − �a/mc) = −6.56 × 10−23 m2, to be
compared with the present value −(4.94±0.53)×10−23 m2.
The difference between the experimental and the theoret-
ical determinations of the slope might be traced back to
the approximation of neglecting the Fermi contribution
V0(N) in the final state.

Another important piece of information that can be
obtained from the experimental data is the density depen-
dence of the width of the excimer band. The increase of
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collision frequency by increasing pressure causes a broad-
ening of the band. By inspecting Figure 4, we observe that
Γ is well fitted to the straight line

Γ = Γ0 + γN (10)

where Γ0 = (3.72 ± 0.05)× 102 cm−1 is the half–width in
the zero-density limit, expressed in the usual spectroscopic
units of cm−1. The slope γ = (0.37 ± 0.05)× 10−22 m2 is
positive and clearly indicates broadening.

The data reported in Figure 4 have been corrected
for the instrumental line width Γins ≈ 100 cm−1. The
observed width Γexp is related to the true width Γ and
the instrumental one Γins as

Γ =
√

Γ 2
exp − Γ 2

ins (11)

Γins < Γexp and the influence of Γins on the true width is
3% at most.

In the case of an atomic line the width represents the
total number of spontaneous transitions per second from
an initial excited energy state to a final one and it is re-
lated to the mean lifetime τ of the state by the uncertainty
principle. For a continuous band, however, the transition
involves a broad continuum of final energy states, so that
the width is an estimate of their energy range. In any case,
there is an evident pressure dependent band broadening
similar to line broadening in pure atomic transition [43].

In addition to instrumental broadening, Doppler– and
collision broadening, which will be described in Appendix,
may affect the width of the band. In the present case, the
Doppler effect gives a broadening ΓD ≈ 1.7 ×10−2 cm −1

and is completely negligible. Impact broadening is pro-
portional to the density with a proportionality coefficient
γ′ ≈ 0.2×10−24 m2, two orders of magnitude smaller than
the observed γ and is therefore negligible, too.

At the densities of this experiment, the average inter-
atomic distance is comparable to the atomic van der Waals
radii and the results of the impact broadening theory can-
not be applied.

In this situation, we characterize the broadening ac-
cording to pure kinetic theory by introducing an effective
total scattering cross–section that can be determined from
the experimental band width. This procedure will enable
us to give an estimate of the size of the excited state of
Xe∗2 investigated in this experiment.

The measured half–width Γ is related to the mean life-
time τ of the species from the relation

2πcΓ =
1
τ

=
1
τ0

+
1
τc

(12)

where 1/τ0 is the inverse mean lifetime in the zero–density
limit and 1/τc =

√
2Nσv is the collision frequency. v =√

8RT/πM is the average velocity. T is the temperature,
R is the gas constant, and M is the reduced molecular
mass of the Xe∗2−Ar system [42]. σ is the total cross–
section and can be determined from the slope of the linear
fit of Γ as a function of N .

The fit of the experimental data yields σ = 1.15 ×
10−16 m2. The cross–section is related to the collision di-
ameter ρ, which represents the distance between the par-
ticle centers at the instant of collision, by σ = 4πρ2, as
it is derived from quantum mechanics in the limit of the
low–energy hard–sphere scattering [44].

The collision diameter for the Xe∗2 excimer–Ar atom
system turns out to be ρ = 3.02 nm. The argon hard
sphere diameter is dAr = 0.33 nm [42]. Thus, the excimer
radius turns out to be Rexc = 2.85 nm. Such a large value
supports the assumption that the orbit of the outermost
electron is large enough to encompass several atoms of the
host gas, thus justifying the approximation of continuum
dielectric screening used in the model.

5 Conclusions

We have carried out accurate measurements of the
NIR fluorescence band of Xe∗2 excimers produced in an
electron–beam–excited Xe–Ar gaseous mixture as a func-
tion of the gas density, up to a maximum density Nm

≈ 24Ni.g., where Ni.g is the density of the ideal gas at
standard temperature and pressure. We have thereby ex-
tended by a factor 3 the density range explored in the
previous measurements [1], which spanned the density up
to 7.5 Ni.g..

We have observed a red–shift of the excimer spectra
that is linear with N up to Nm. In the density range com-
mon to both series of measurements, the results are com-
patible with each other within the experimental accuracy.
Therefore, the present measurements essentially confirm
and extend the results obtained in the previous experi-
ment [1].

We have quantitatively explained the density depen-
dent shift of the maximum with a model that puts into
evidence the interaction between the outermost electron of
the Xe2 molecule and the atoms of buffer gas. A great po-
larizability and a negative scattering length of the buffer
gas produce a red–shift. This fact is well confirmed by
experimental measurements in pure Xe gas [1], for which
these requirements are met.

The density dependent red–shift of the excimer fluo-
rescence in this system, as far as its dependence on the
electron–atom scattering length and on the atomic po-
larizability of the gas atoms is concerned, bears strong
analogies with the shift of the high–extravalence excita-
tion transition to the 7s[3/2]1 state of Xe impurity in fluid
Ar and Ne [29].

Finally, for the first time the analysis of the broadening
of the Xe∗2 excimer band has been carried out. Collisions
are the most important causes of the band broadening.
From the density dependence of the band width the colli-
sion cross–section of the Xe∗2−Ar system can be computed
and the molecular radius can be determined. Its value for
the Xe∗2 molecule turns out to be 2.85 nm. Such a large
value lends credibility to the model of the excimer as an
ionic core plus an electron in a Rydberg–like state, whose
very large orbit encompasses many atoms of the host gas.
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Appendix

In this appendix we briefly describe the main mechanisms
that can concur to the broadening of a line or band. The
first one is the Doppler effect, which is independent of the
density of the gas. It causes the emission band to take on
a Gaussian shape, whose width is [43]

ΓD = 2λ−1
m

√
2 ln 2RT

Mc2
(13)

c is the speed of light and M is the reduced molecular mass
of the Xe∗2−Ar system. For this experiment, T ≈ 300 K,
λ−1

m ≈ 7900 cm−1 and ΓD ≈ 1.7×10−2 cm−1 is completely
negligible with respect to the band full–width.

The other effect is collision broadening. The impact
theory has been developed in the limit of low densi-
ties [37,43,45,46], at which atoms or molecules interact via
van der Waals forces. The potential due to a long–range
attraction, as firstly derived by London [47], is

W (r) = −C6/r6 (14)

where r is the distance between the two interacting parti-
cles a and b. C6 is given by [42]

C6 = − 3�

π (4πε0)
2

∞∫
0

αa (iω)αb (iω) dω (15)

where αa,b(iω) are the atomic polarizabilities of the two
different atoms at the imaginary frequency iω. The ex-
pected broadening depends on C6 and linearly on the den-
sity [37]

ΓvdW =
β

2πc
v3/5

(C6

�

)2/5

N ≡ γ′N (16)

where β = (3π/8)2/5(π3/2/4) cos(π/5) � 1.2 is a numeri-
cal factor [37].

It is possible to calculate γ′ if C6 is known and compare
it with the γ value of the experimental fit in order to
estimate the influence of van der Waals broadening.

For the Xe2–Ar system C6 is unknown. However, es-
timates of C6 for the system Xe–Ar are available from
density functional theory, C6 = 121× 10−79 Jm6 [48]. We
thus obtain γ′ = 0.2 × 10−24 m2 � γ = 0.37 × 10−22 m2.
The result is nearly two orders of magnitude smaller than
the experimental γ and the van der Waals broadening is
negligible in our experiment.

It is to remark the fact that we have used a C6 value
that is not the correct one. There are indications in liter-
ature [48] that C6 for a system consisting of a noble gas
plus a diatomic molecule is approximatively twice as large
as C6 for the system, in which the molecule is replaced
by its parent atomic species. Even using such a larger C6

value this correction remains negligible.
We have considered here only dipole-dipole interac-

tion. In order to give a more complete treatment of impact
broadening, repulsive interaction and higher–order multi-
pole interactions should be taken into account [49,50] but
they give even more negligible contributions.

Finally, this theory is valid only for atoms in the wings
of the potential, for which the atom–atom distance is
greater than the van der Waals radius, namely, at pres-
sures much lower than those of this experiment, in which
the average interatomic distance is comparable with the
van der Waals radius.
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