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Abstract

Bose-Einstein condensation of photons has first been observed in 2010 by the group of Martin

Weitz in Bonn. In the experimental scheme, a photon gas is confined to a wavelength-size

microcavity filled with a liquid dye solution that exhibits a thermally equilibrated rovibronic

level structure. The photon gas is subject to a thermal contact with the dye solution via

repeated absorption and reemission cycles; thereby it is driven into thermal equilibrium. Once

the photon number exceeds the system’s critical particle number, condensation sets in, with the

ground state energy corresponding to the microcavity’s low-frequency cutoff, typically equivalent

to around 580 nm wavelength. Besides other intriguing properties, a Bose-Einstein condensate of

photons is a source of coherent and monochromatic light circumventing the need for an optically

inverted active medium, setting it apart from a laser. Accordingly, a realization in the vacuum-

ultraviolet spectral regime (100 nm− 200 nm wavelength) appears particularly alluring, as here

the construction of lasers is difficult due to the high pump powers required to achieve population

inversion.

The present thesis aims at the exploration of xenon as a thermalization mediator for such

an application, with this heaviest of all stable noble gases exhibiting a transition wavelength

of 146.9 nm on its 5p6 → 5p56s transition. In dense environments, this gas forms transient

quasimolecules, replicating several features of dye molecules, such as the emergence of a quasi-

molecular manifold of energetic sublevels and an associated Stokes shift between the spectral

profiles of absorption and emission. Experimental results of two-photon excitation spectroscopy

of the 5p6 → 5p56p and 5p56p′ transitions are reported, aiming at the identification of suitable

pumping schemes for future vacuum-ultraviolet photon condensates. Both the gaseous and su-

percritical phases are covered, with sample pressures as high as 95 bar. Additionally, results of

an experimental scheme are presented, devised to increase the reabsorption of light emitted on

the strongly red-shifted second excimer continuum around 172 nm wavelength by providing an

auxiliary visible-spectral-range photon field. Corresponding absorption measurements involving

a nondegenerate driving of the 5p6 → 5p56p two-photon transitions are reported.

Further, results on the spectroscopy of mixtures between xenon and any of the other stable noble

gases are presented; such heteronuclear mixtures are considered an alternative candidate for a

thermalization mediator. In the samples explored here, xenon contributions are relatively small,

around 100 ppm of total sample pressures of up to 90 bar. For such samples, absorption and

emission spectra are investigated with particular emphasis on the influence of varying xenon and

noble gas contributions. The fulfillment of the Kennard-Stepanov relation is assessed, an impor-

tant indicator for the suitability of a medium as thermalization mediator for photons.
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1 Introduction

Spectroscopy has a long and rich history. Two millennia ago, the Romans observed that a

stone found on an island in the Red Sea has the ability to project the colors of a rainbow

onto a nearby wall, when illuminated by sunlight [1]. This particular stone was dubbed iris,

presumably honoring the goddess of the rainbow. Judging from the stone’s description, it

is likely that it was a naturally-formed prism. Sir Isaac Newton is generally credited with

laying the foundations of modern spectroscopy in the 17th century, although other scientists had

investigated the light emitted by the sun before him [2]. Around 1670, Newton not only observed

that a prism can separate white light into its constituents; he also discovered the inverted process,

combining light of distinct colors to white light [3, 4]. He is generally regarded as the first to

use the word spectrum. Around 1815, Joseph von Fraunhofer tremendously advanced the field

of spectroscopy by introducing a diffraction grating and performing a systematic investigation

of the solar spectrum with it [5]. In the otherwise continuous spectrum, he observed a series

of suppressed bands at distinct spectral positions, many of which result from absorption in

the outer regions of the sun, the so-called photosphere. To this day, these lines are referred

to as Fraunhofer lines, although they had already been observed 13 years earlier by William

Wollaston [6]. He, however, attributed them to natural boundaries between the different colors

of light.

This brief (and by no means complete) glimpse at the origins of spectroscopy contrasts with the

relatively young existence of Bose-Einstein condensation, the centenary of whose prediction is yet

to be marked. In 1924, Satyendranath Bose sent an article to Albert Einstein [7], in which he used

quantum statistics of photons to derive Planck’s law. Impressed by Bose’s derivation, Einstein

translated the work into German language and published it under the title “Plancks Gesetz

und Lichtquantenhypothese” (Planck’s law and the hypothesis of light quanta) [8]. He further

extended the novel approach to atomic gases and published a quantum theory of monoatomic

ideal gases [9, 10]. In it, he states that upon increasing the particle density, at a low (but finite)

temperature, a “condensation” of particles into the energetic ground state occurs [11]:

I assert that in this case a steadily growing number of molecules com-

pared to the total density will go over into the 1st quantum state

(state without kinetic energy). [. . .] A separation sets in; one part

≪condenses,≫ the rest remains a ≪saturated ideal gas.≫

Interestingly enough, Einstein himself was doubtful about the feasibility of an experimental

observation of this effect. Indeed, after this theoretical prediction it took about seven decades

until a Bose-Einstein condensate could be realized. Only after the advent of lasers in the 1960s
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1 Introduction

[12, 13] and associated cooling techniques for matter in the 1970s [14] sufficiently elevated phase

space densities could be reached. In July of 1995, scientists around Eric Cornell and Carl

Wieman were able to cool a gas of rubidium-87 atoms to a temperature of only 170 nK, allowing

them for the first time to observe a Bose-Einstein condensate experimentally [15]. Only a few

months later, in November of 1995, scientists around Wolfgang Ketterle achieved a Bose-Einstein

condensate of sodium-23 atoms [16]. Ever since, Bose-Einstein condensation has been realized in

many different systems. In addition to a wide range of atomic species [17–19], it was observed in

molecules [20, 21] and quasiparticles such as magnons [22] and exciton-polaritons [23, 24]. In the

realization of Bose-Einstein condensates of atomic gases, photons played an outstanding role, as

the cooling of atomic gases would not have been possible without light-involving techniques such

as laser cooling. Hence, it suggests itself to wonder whether Bose-Einstein condensation can also

be achieved in a photon gas. Due to vanishing interparticle interaction, this represents the closest

real-world approximation to an ideal Bose gas. It appears logical to begin the contemplation

of photon Bose-Einstein condensation at black-body radiation, the arguably most ubiquitous

photon gas, in which the mean spectral density n of a state of frequency ω is solely determined

by the temperature T of the emitter [25],

n (ω, T ) =
u (ω, T )

ℏω
=

ω2/π2c3

exp
(

ℏω
kBT

)

− 1
.

Here, u (ω, T ) corresponds to the spectral energy density (Planck’s law [26]). Due to the nature of

its provenance from thermal emitters, black-body radiation is inherently in thermal equilibrium.

Integrating over all possible frequencies, though, one finds the system’s total particle number to

be a monotonous function of the ensemble temperature,

N

V
=

∫ ∞

0
n(ω, T )dω =

2ζ(3)

π2

(
kB
ℏc

)3

T 3 → 0 for T → 0 .

Clearly, upon approaching the system’s energetic ground state (T → 0), no photons would be

left to undergo a phase transition into the Bose-Einstein condensate (the photons vanish in the

walls of the black body). This line of arguing illustrates that Bose-Einstein condensation is not

possible in a photon gas governed by the statistics of black-body radiation [27].

It becomes apparent that for the experimental realization of a Bose-Einstein condensate of pho-

tons, both a nontrivial energy ground state and, due to the lack of interaction, a particle-number

conserving thermalization process need to be introduced. Early work from around the turn of

the millennium envisaged the confinement of photons in a nonlinear Fabry-Perot resonator [28],

attempting to introduce a thermalization mechanism via four-wave mixing in photon-photon

collisions. Although promising, these attempts did not lead to the experimental observation

of a Bose-Einstein condensate of photons. It was a different approach by the group of Martin

Weitz in Bonn, that in 2010 led to the observation of a thermalized photon gas [29] and the
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observation of a Bose-Einstein condensate of photons shortly after [30]. The centerpiece of these

experiments is a high-finesse optical microcavity with a concave mirror topography and a mirror

spacing in the order of the optical wavelength of the light confined therein. The standing-wave

condition imposes a low-energy cutoff wavelength, providing a nontrivial energy ground state

for the photons to condense into. Thermalization of the photon gas is achieved by filling the

microcavity with a liquid dye solution, which fulfills the thermodynamic Kennard-Stepanov re-

lation. This links the spectral profiles of absorption and emission by a Boltzmann-like frequency

scaling, indicating a thermalized occupation distribution of the dye molecules’ rotational and

vibrational (rovibronic) levels. In repeated absorption and reemission cycles, the photons are

brought into thermal contact with the dye solution and thermalize to its temperature (usually

room temperature). Typical cutoff energies in these experiments correspond to wavelengths

around 580 nm, with the thermal tail of the energy distribution (comprising the modes energet-

ically above the ground state) extending over multiple thermal energy units kBT . Based on this

experimental platform, various studies have been conducted, such as on calorimetry [31], coher-

ence [32] and the properties of thermalized and condensed photon gases in bespoke potential

landscapes [33–35]. Microcavity-based photon Bose-Einstein condensation has also been realized

in experiments at Imperial College [36], Utrecht University [37] and University of Twente [38].

Moreover, Photon Bose-Einstein condensation has been observed in semiconductor systems [39,

40] and fibers [41].

A Bose-Einstein condensate of photons serves as a source of coherent optical emission without the

need for a population inversion [32], setting it apart from a usual laser. Correspondingly, its real-

ization in the vacuum-ultraviolet spectral regime (VUV; 100 nm − 200 nm) appears particularly

alluring. In this wavelength range, it is notoriously difficult to operate (continuous-wave) lasers

[42, 43] due to the required high pump intensities, as electronic states’ radiative lifetimes scale as

1/ω3, with ω the optical frequency. To extend the wavelength range of photon Bose-Einstein con-

densates from the presently accessible visible spectral range to the vacuum-ultraviolet, though,

a different thermalization medium needs to be identified, as dye molecules can no longer be

employed due to a lack of suitable transitions. In previous work [44, 45] by Christian Wahl,

the use of xenon was suggested, whose 5p6 → 5p56s transition at a wavelength of 146.9 nm lies

squarely in the VUV. In dense xenon samples (with pressures above a few hundred millibars),

the atoms can no longer be treated individually and the formation of transient quasimolecules of

two atoms is energetically favored. These exhibit an energetic level substructure resembling that

of dye molecules, leading to a Stokes-shifted emission around 172 nm. Exploring xenon samples

in the gaseous, supercritical and liquid phases, the fulfillment of the Kennard-Stepanov relation

was validated [46], fulfilling an important requirement of a prospective thermalization medium

in experiments on photon Bose-Einstein condensation. With this, xenon can generally be con-

sidered a suitable candidate for a thermalization medium for the Bose-Einstein condensation of

VUV photons. Yet, another key finding was that the large Stokes shift between absorption and

emission of around 25 nm leads to a low absorption strength in the emission wavelength region.

In a future xenon-filled microcavity (which would exhibit a much smaller finesse than current
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1 Introduction

ones in the visible spectral range), this would prevent the occurrence of multiple repeated cy-

cles of absorption and reemission during the photon storage time, impeding sufficient thermal

contact between a photon gas and the thermalization medium.

The experimental work of the present thesis continues the exploration of xenon as a thermaliza-

tion medium. The main focus lies on the identification of suitable conditions for an increased

spectral overlap between the absorption and emission profiles in xenon environments. This can

broadly be separated into two approaches. One approach envisages a bridging of the energetic

gap between the absorption and the emission transitions by providing an auxiliary photon field.

The other approach involves the exposure of the xenon gas to an environment of another no-

ble gas; such mixtures are reported to exhibit a reduced Stokes shift compared to pure-xenon

samples. Furthermore, with regard to future experiments with a photon gas confined to a

xenon-filled microcavity, an exploration of the most efficient excitation wavelengths has been

conducted.

Structure of the Present Thesis

This thesis begins with an introduction into the principles of photon Bose-Einstein condensation

in Chap. 2. Here, both the implementation of a system with a nontrivial energy ground state

and the establishment of a thermalization mechanism for the photons will be covered. The ther-

modynamic Kennard-Stepanov relation will be derived and its relevance for the thermalization

of photons will be illuminated. Subsequently, Chap. 3 will give an overview about the physics

of diatomic quasimolecules, as relevant for the context of this work. Particular attention will be

dedicated to the noble gas xenon, as samples based on this element are currently considered the

most promising candidate as a thermalization medium for photons in the VUV. Chapter 4 will

present the experimental environment, as used for the measurements presented throughout this

work; including first characterizing measurements of key experimental platforms. Experimen-

tal results on two-photon spectroscopy of xenon’s UV-transitions will be presented in Chap. 5,

probing excitation mechanisms and the above-mentioned scheme to increase the reabsorption

probability for photons emitted by the xenon system. Experimental results of spectroscopic

investigations of xenon-noble gas mixtures, a different candidate system, will be presented in

Chap. 6. The thesis closes with a conclusion and an outlook on the possible future of these

experimental endeavors in Chap. 7.
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2 Bose-Einstein Condensation of Photons

As already outlined in the introductory chapter, two major conceptual challenges need to be

addressed for the realization of a Bose-Einstein condensate of photons. First, a platform is

needed that can provide a nontrivial energy ground state for the photons to condense into.

Second, a particle number-conserving thermalization process is needed, as the emergence of

Bose-Einstein condensation is restricted to particle ensembles in thermal equilibrium. In this

chapter, the approach to address both challenges for the case of visible photons will be presented,

following the original treatise by Jan Klärs [47]. This will lay the conceptual groundwork for an

understanding of the approach adopted for vacuum-ultraviolet photons, which will be presented

in the subsequent chapter.

2.1 A Two-Dimensional Quantum Gas of Light

At the heart of experiments on photon Bose-Einstein condensation is a microcavity consisting of

two highly reflective mirrors. This platform effectively leads to a two-dimensional environment

for the photons; the corresponding dispersion relation will be derived in the following, illustrating

how in this system a nontrivial energy ground state is created. Subsequently, the statistics of

ideal Bose gases will be invoked to calculate the system’s critical particle number as the threshold

above which condensation occurs.

2.1.1 Dispersion Relation of Photons in a Microcavity

The typical experimental platform for the observation of Bose-Einstein condensation of photons

is a microcavity consisting of two concave, mutually facing mirrors with a spacing in the order

of 1 µm, as shown in Fig. 2.1(a). A photon of frequency ω confined to such a microcavity has

the energy

E = ℏω =
ℏc

n

√

k2r + k2z , (2.1)

where ℏ is the reduced Planck constant, n is the refractive index of the medium inside the

microcavity and kr = |k⃗r| and kz denote the transversal and longitudinal photon wave vectors,

respectively. The photons are subject to standing-wave boundary conditions imposed by the

mirrors, such that the longitudinal wave vector can be written as
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2 Bose-Einstein Condensation of Photons
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Figure 2.1: Microcavity environment − (a) Sketch of the microcavity geometry, constituted by two concave

mirrors with a radius of curvature R and separated by a distance D0 on the optical axis. (b) Linear dispersion

relation of photons in free space. With the photon energy being proportional to the wave vector, only a trivial

ground state with vanishing energy exists. (c) Quadratic (i.e. matter-like) dispersion relation of photons confined

to a microcavity as considered here, as described by Eq. (2.9). Due to the microcavity environment, the photon

energy for a vanishing transversal wave vector is now finite. Further, for a curved resonator geometry as shown

in (a), the system becomes formally equivalent to that of a massive particle trapped in a harmonic oscillator

potential.

kz(r) =
qπ

D(r)
, (2.2)

where q is the longitudinal mode number and D(r) is the mirror spacing at a distance r = |r⃗|
from the optical axis, assuming rotational symmetry. Inserting Eq. (2.2) into Eq. (2.1) leads

to

E(r, kr) =
ℏc

n

√

k2r +

(
qπ

D(r)

)2

, (2.3)

which, assuming kr ≪ kz as part of a paraxial approximation, can be simplified to

E(r, kr) ≃
ℏc

n

qπ

D(r)

(

1 +

(
D(r)

qπ

)2 k2r
2

)

. (2.4)

Using the Pythagorean theorem, the mirror spacing can be expressed as

D(r) = D0 − 2 ·
(

R−
√

R2 − r2
)

r≪R≈ D0 −
r2

R
, (2.5)

where D0 is the mirror spacing on the optical axis and R is the radius of curvature of the mirrors.

In the last step of Eq. (2.5), an expansion for small distances r from the optical axis has been

6



2.1 A Two-Dimensional Quantum Gas of Light

performed (r ≪ R). Inserting Eq. (2.5) into Eq. (2.4) leads to

E(r, kr) ≃
ℏcqπ

n (D0 − r2/R)
+
k2r
2

ℏc

n

D0 − r2/R

qπ
. (2.6)

Eventually utilizing that r2/R ≪ D0, the dispersion relation becomes

E(r, kr) ≃
πℏcq

nD0
+

ℏcD0

2πnq
k2r +

πℏcq

nD2
0R

r2 . (2.7)

Introducing an effective photon mass mph and a trap frequency Ω,

mph :=
πℏnq

cD0
and Ω :=

c

n
√

D0R/2
, (2.8)

this can be rewritten to

E(r, kr) =
mphc

2

n2
+

ℏ
2k2r

2mph
+
mph

2
Ω2r2 . (2.9)

This result is formally equivalent to the nonrelativistic dispersion relation of a massive particle

of mass mph confined to a two-dimensional harmonic trap exhibiting a trap frequency Ω. The

first term corresponds to the rest energy due to the nonvanishing effective photon mass. The

second term describes the kinetic energy arising from the photon momentum in the transversal

plane of the microcavity (depending on the transversal wave vector kr). The third and last term

represents the potential energy of the photons in the microcavity (depending on the distance r

from the optical axis), imprinted by the mirror curvature. From Eq. (2.9) it becomes evident

how the microcavity environment has modified the photon dispersion relation. No longer being

linear (as is the case for free photons, see Fig. 2.1(b)), the scaling between (transversal) wave

vector and energy is now quadratic and photons propagating along the optical axis (r = 0) with

vanishing transversal excitation (kr = 0) exhibit a ground state (cutoff) energy of Ecutoff =

mphc
2/n2, as illustrated in Fig. 2.1(c). With typical experimental parameters (n = 1.43, q = 7,

D0 = 1.4 µm, R = 1m), the effective photon mass is in the order of mph = 7.7× 10−36 kg, about

ten orders of magnitude smaller than the mass of a rubidium atom. The trap frequency Ω =

2π×40GHz, in contrast, is around nine orders of magnitude larger than in typical experiments on

atomic Bose-Einstein condensates. The ground state energy based on this effective photon mass

corresponds to a cutoff wavelength around 570 nm, i.e. in the green-to-yellow part of the visible

spectrum. The cutoff wavelength is directly determined by the mirror distance via the standing-

wave condition. A short mirror spacing in the order of a micrometer is essential, such that the free

spectral range ∆λFSR = λ2cutoff/2nD0 is of a similar magnitude as the emission bandwidth ∆λemis

of the dye molecules used for the thermalization process (which will be illustrated in Sec. 2.2).
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2 Bose-Einstein Condensation of Photons
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Figure 2.2: Cavity mode spectrum (blue) and absorption and emission spectrum of Rhodamine 6G dye molecules

(gray). Vertical bars indicate the transversal cavity modes; blocks of adjacent vertical bars represent the lon-

gitudinal modes with mode number q. The free spectral range ∆λFSR is of similar magnitude as the emission

bandwidth of the dye ∆λemis, such that the dye molecules predominantly emit into one longitudinal mode (here,

q = 7). This ensures the two-dimensionality of the system by essentially freezing out the longitudinal degree of

freedom.

This way, the dye emission predominantly populates one longitudinal mode, establishing a clear

low-energy ground state at the wavelength λcutoff. Thereby, the longitudinal degree of freedom

is essentially frozen out, as illustrated by Fig. 2.2, subjecting the photon gas to the condition

of two-dimensionality. To adapt the scheme presented here to an application in the vacuum-

ultraviolet spectral regime, cutoff wavelengths around 150 nm need to be realized. This can

either be achieved via a change of the mirror distance D0 or, alternatively, via an operation at

larger longitudinal mode numbers q. One implementation for such a VUV-suitable microcavity

will be presented in App. A.

2.1.2 Statistics of an Ideal Quantum Gas

In the quantum realm, the state of a particle is described by a wavefunction ψ (x⃗, t), replacing

the classical approach of the macroscopic world. In 1924, Louis de Broglie presented the notion

that all particles can show a wave-like character and applied the concept of wave-particle duality,

previously known only for photons, also to massive particles [48]. He introduced a characteristic

wavelength (which later became known as the de Broglie-wavelength),

λdB =
h

p
, (2.10)

where h is Planck’s constant and p is the particle’s momentum. The thermal de Broglie-
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2.1 A Two-Dimensional Quantum Gas of Light

wavelength, usually defined as [49]

λth =
h√

2πmkBT
, (2.11)

with the Boltzmann constant kB and the system temperature T , is a useful quantity for assessing

whether a system is governed by classical or quantum physics. For a system to be determined

by the laws of classical mechanics, λth needs to be much smaller than the average particle

distance d. As λth increases (by lowering the temperature), quantum effects become ever more

relevant. Upon reaching the condition λth ≳ d, the thermal wavepackets overlap, making it

necessary to account for the quantum nature of the system. In this case, quantum statistics

needs to be considered, differing significantly between integer-spin particles (bosons), where the

Bose-Einstein distribution

nBE
T,µ (E) =

g(E)

exp
(
E−µ
kBT

)

− 1
(2.12)

is applicable, and half-integer-spin particles (fermions), where the Fermi-Dirac distribution

nFDT,µ (E) =
g(E)

exp
(
E−µ
kBT

)

+ 1
(2.13)

is applicable. Both nBE
T,µ(E) and nFDT,µ(E) denote the occupation number of a state with energy

E and corresponding degeneracy g (E) in a system of temperature T and chemical potential µ.

In the nonquantum limit of high temperatures, i.e. λth ≲ d, both the Bose-Einstein distribution

and the Fermi-Dirac distribution can be approximated by the Boltzmann distribution

nT,µ (E) =
g(E)

exp
(
E−µ
kBT

) . (2.14)

2.1.3 Photon Statistics in Two Dimensions: The Route toward Condensation

As shown above, photons confined to the microcavity can be treated as equivalent to a two-

dimensional gas of massive particles in a harmonic potential. Accordingly, the (single-particle)

energy is given by

E(nx, ny) =
mphc

2

n2
+ ℏΩ(nx + ny + 1) , (2.15)

where nx and ny denote the number of transversal excitations in each dimension. This expression

9



2 Bose-Einstein Condensation of Photons

can be rescaled by subtracting the constant ground state energy contribution mphc
2/n2 + ℏΩ,

leading to the transversal excitation energy

u(nx, ny) := E(nx, ny)−
mphc

2

n2
− ℏΩ = ℏΩ(nx + ny) . (2.16)

The occupation number of a state with the (transversal) excitation energy u is given by the

Bose-Einstein distribution

nBE
T,µ(u) =

g(u)

exp
(
u−µ
kBT

)

− 1
. (2.17)

As stated by Eq. (2.16), the degeneracy g(u) increases linearly with the excitation energy u,

g(u) = 2
( u

ℏΩ
+ 1
)

, (2.18)

where the factor 2 accounts for the degree of freedom associated with the polarization. The total

particle numberN is obtained by summation over all transversal excitations u = 0, ℏΩ, 2ℏΩ, ...,

N =
∑

u

nBE
T,µ(u) . (2.19)

This sum includes all particles in the system, both those with vanishing transversal excitation

(u = 0) and those with u > 0. Given the constraint set by Eq. (2.19), an increase of the particle

number toward the critical particle number Nc (above which condensation into the energetic

ground state occurs) leads to an increase of the chemical potential to zero from below, µ→ 0−. In

this case, however, the contribution to N of particles with u = 0 diverges, nBE
T,µ→0−(u = 0) → ∞.

Therefore, in the calculation of the critical particle number, the contribution of particles at u = 0

has to be excluded,

Nc =
∑

u ̸=0

nBE
T,µ→0−(u) =

∑

u ̸=0

g(u)

exp
(

u
kBT

)

− 1
. (2.20)

At this point, quasicontinuous energy levels are assumed, implying that ℏΩ ≪ kBT . This way,

the summation can be replaced by an integration,

Nc ≃
1

ℏΩ

∫ ∞

0

g(u)

exp
(

u
kBT

)

− 1
du ≃ 2

(
kBT

ℏΩ

)2 ∫ ∞

0

z

exp(z)− 1
dz . (2.21)

10



2.2 Fluorescence-Induced Thermalization Mechanism

In the last step, the substitution z := u/kBT was applied. With the value of the integral given

by the Riemann zeta function ζ(2), one obtains a critical photon number Nc and a critical

temperature Tc of

Nc ≃
π2

3

(
kBT

ℏΩ

)2

and Tc ≃
ℏΩ

πkB

√
3N , (2.22)

respectively. The trap frequency Ω includes the geometric parameters of the microcavity and

inserting Eq. (2.8) into Eq. (2.22) leads to

Nc ≃
π2

6

(
kBTn

ℏc

)2

D0R and Tc ≃
ℏc

πkBn

√

6N

D0R
. (2.23)

Investigations of photon Bose-Einstein condensation as treated here are normally conducted

at room temperature (T = 295K). With a typical set of geometric microcavity parameters

(n = 1.43, q = 7, D0 = 1.4 µm, R = 1m), the critical particle number is in the order of

Nc ≈ 78 000. In the experiment, an initial photon population in the microcavity is created

by irradiating the dye molecules with a green laser beam (532 nm wavelength). Adjusting the

optical power of this pump beam allows to tune the photon number within the microcavity.

Once the photon number exceeds the critical particle number Nc, condensation to the mode

at the low-energy cutoff sets in. To conclude this discussion, it is worth highlighting that the

harmonic potential imposed by the curved mirrors constituting the microcavity is essential for the

occurrence of photon Bose-Einstein condensation in two dimensions. A photon not constrained

by any kind of potential (corresponding to the case of two uniformly plane mirrors) exhibits a

density of states that is independent of the particle energy [47],

D =
mA

πℏ
. (2.24)

Here, A is the area the particle can move in. Inserting this into Eq. (2.21) as the degeneracy,

the integral no longer converges (Nc → ∞), illustrating that Bose-Einstein condensation in two

dimensions is contingent on the presence of a suitable potential-inducing environment.

2.2 Fluorescence-Induced Thermalization Mechanism

So far, this chapter on the Bose-Einstein condensation of photons has only illustrated the cre-

ation of a system with a nontrivial energy ground state and a tailored photon dispersion relation.

All the while, the existence of a process which thermally equilibrates the photon gas was taken

as a given, without considering the details of said process. This gap will be filled in this section.

In the experiments on photon Bose-Einstein condensation considered here, a particle number-

11



2 Bose-Einstein Condensation of Photons

conserving thermalization mechanism is introduced by establishing a thermal contact between

the photon gas confined to the microcavity and a liquid dye solution. Starting with an investi-

gation of the involved molecular states on a single-dye-molecule level, the following section will

illustrate universal properties of the optical spectra of dye molecules, which are substantial for

its ability to mediate thermalization in a photon gas.

2.2.1 The Physics of Dye Molecules and Kennard-Stepanov Relation

Figure 2.3 shows a Jablonski diagram, an idealized visualization of the energetic states of a

single dye molecule, as relevant for the explanation of its properties in the context of photon

Bose-Einstein condensation. The dye molecule exhibits an electronic ground state S0 and a

number of electronic excited states, which are either singlet states, denoted by S1 and S2, or

triplet states, denoted by T1. Each of these electronic states exhibits a number of rovibronic

sublevels, numbered by ν, ν ′ and ν ′′, respectively. In typical dye molecules, the energy difference

between S0 and S1 is in the order of 2 eV [50], much larger than the thermal energy at room

temperature (kB · 295K ≈ 25meV), rendering the thermal excitation of the higher electronic

states extremely unlikely
(
exp (−2 eV/25meV) ≈ 10−35

)
. Rather, transitions to the excited elec-

tronic states are driven by photons. After such an excitation, the rovibronic level configuration

of the dye molecule changes rapidly on a timescale of 10−14 s, due to frequent collisions with

surrounding dye and solvent molecules. Considering an ensemble of dye molecules excited to

one particular electronic state (usually only S1 is relevant), the occupation of their rovibronic

levels is thermally equilibrated after 10−12 s and can accordingly be described by a Boltzmann

distribution. The radiative lifetime of the electronic excited states is in the order of 10−9 s, such

that the ensuingly emitted fluorescence photons come from thermally equilibrated rovibronic

manifolds. As a consequence, the Boltzmann distribution is imprinted onto the cavity photons,

allowing for the thermalization of the photon gas while conserving the photon number (neglect-

ing losses from a nonunity quantum yield). In the emission process, typically a higher rovibronic

level of the electronic ground state S0 is populated, but rapid collisions lead to an adoption of

a Boltzmann distribution in the associated rovibronic manifold as well. To complete the pic-

ture, the case of phosphorescence shall be briefly considered, describing the radiative relaxation

from an electronic triplet state T1 (after it has been populated via intersystem crossing) to the

electronic ground state S0. Generally, these transitions are dipole-forbidden due to a changing

spin multiplicity, leading to much longer radiative lifetimes of phosphorescence processes (up

to a few milliseconds for dye molecules) justifying the tacit omission of phosphorescence in the

further treatment of the thermalization process.

The absorption and emission spectra of dye molecules to which these properties apply are known

to show a range of universal features:

• Stokes shift [51]: The emission spectrum is shifted to higher wavelengths, i.e. lower ener-

gies, with respect to the absorption spectrum.

12
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Figure 2.3: Jablonski diagram showing the energy spectrum of a model dye molecule (adapted from [50]).

Electronic singlet states are denoted by S0, S1 and S2, an electronic triplet state is denoted by T1. Each electronic

state exhibits a manifold of rovibronic sublevels, labeled ν, ν′ and ν′′. Optical transitions between electronic states

are represented by colored solid arrows. The blue and green arrows indicate absorption events, in which the dye

molecule is excited from the S0 ground state to the S1 and S2 states, respectively. The yellow arrow indicates a

fluorescence event, in which the dye molecule relaxates from the S1 state to the S0 ground state. The red arrow

indicates a phosphorescence event, in which the dye molecule relaxates from the T1 state to the S0 ground state in

a spin-forbidden transition. Collisional (i.e. nonradiative) relaxation processes within and among electronic states

are indicated by dashed arrows.

• Kasha’s rule [52]: The shape and the spectral position of the emission spectrum are inde-

pendent of the excitation wavelength.

• Mirror rule: Absorption and emission spectra are mirror images of each other.

The first two observations can be traced back to the internal conversion processes leading to a

thermally equilibrated distribution of the rovibronic levels. In the process, rovibronic excitation

energy is (on average) dissipated to the surrounding heat bath. As the eventual equilibrium

distribution of the rovibronic levels is governed only by the temperature as an external parameter

of the Boltzmann distribution, the exact rovibronic level that has initially been occupied right

after the excitation is of no relevance. The third observation roots in the fact that the energy

spacing between the rovibronic levels within the S0 and S1 electronic states is similar, as the

nuclear geometry is not significantly altered by electronic transitions. Absorption usually results

in a population of higher rovibronic levels of S1. After rapid thermalization, the subsequent

emission originates from the lowest rovibronic level and leaves the molecule in a higher rovibronic

level of S0. Hence, dominant features in the absorption spectrum will also be reflected in the

emission spectrum.

An important consequence of the thermalization process is encompassed in the so-called Kennard-
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Figure 2.4: Simplified Jablonski diagram for the derivation of the Kennard-Stepanov relation, Eq. (2.25). In this

idealized picture, only two electronic (singlet) levels S0 and S1 of a dye molecule are considered.

Stepanov relation, a universal relation that links the absorption α(ω) and fluorescence ε(ω) of

dye molecules by a Boltzmann-like frequency scaling [53–55],

ε (ω)

α (ω)
∝ ω3 · exp

(

− ℏω

kBT

)

. (2.25)

In the following, this relation will be derived, following the approach from [56]. For this, a simpli-

fied Jablonski diagram is considered, as shown in Fig. 2.4, exhibiting only two electronic singlet

states S0 and S1. The ratio between fluorescence and absorption strength can be expressed

as

ε (ω)

α (ω)
∝
∫
D′(E′)A(E′, ω)p′(E′)dE′

∫
D(E)B(E,ω)p(E)dE

. (2.26)

Here, D and D′ denote the densities of states of the rovibronic levels, p and p′ represent the prob-

abilities for a rovibronic level with energy E or E′ (relative to the energy of the lowest rovibronic

level) to be occupied and B(E,ω) and A(E′, ω) are the Einstein coefficients for absorption and

spontaneous emission (stimulated emission is neglected for now). The occupation of the rovi-

bronic manifold of S0 right before an absorption event is assumed to be Boltzmann-distributed,

p(E) = exp (−E/kBT ). Similarly, for the upper electronic state p′(E′) = exp (−E′/kBT ) is

assumed, as the emission rate is much smaller than the thermalization rate. Further invoking

the Einstein A-B-relation,

D′(E′)A(E′, ω)dE′ =
2ℏω3

πc2
D(E)B(E,ω)dE , (2.27)
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2.2 Fluorescence-Induced Thermalization Mechanism

Eq. (2.26) becomes

ε (ω)

α (ω)
∝ 2ℏω3

πc2

∫
D(E)B(E,ω) exp (−E′/kBT ) dE
∫
D(E)B(E,ω) exp (−E/kBT ) dE

. (2.28)

Energy conservation further imposes

ℏω + E = ℏω0 + E′ , (2.29)

where ℏω0 corresponds to the energy gap between the lowest rovibronic levels of S0 and S1

(Fig. 2.4). This allows to rewrite Eq. (2.28) as

ε (ω)

α (ω)
∝ 2ℏω3

πc2
exp

(

−E
′ − E

kBT

)

=
2ℏω3

πc2
exp

(

−ℏ(ω − ω0)

kBT

)

. (2.30)

The prefactor (∝ ω3) is often neglected due to its much weaker dependency on the frequency than

that of the exponential term. Absorbing the constant exp(ℏω0/kBT ) in the proportionality sign,

Eq. (2.30) becomes equivalent to Eq. (2.25), the Kennard-Stepanov relation. This equation is

essential for assessing whether the level occupation within a rovibronic manifold of a fluorophore

is thermally equilibrated. In this thesis, the Kennard-Stepanov relation will become relevant

to gauge the suitability of prospective thermalization mediators in the VUV spectral range.

Typically, to assess whether the Kennard-Stepanov relation is fulfilled, the quantity log (α/ε) is

plotted against the photon energy and a function according to Eq. (2.25) is fitted to the data. In

Fig. 2.5, this is visualized for different dyes. For Rhodamine 6G, as widely used in experiments

on photon Bose-Einstein condensation, Coumarin 314 and Perylene diimide, the data can well

be described by the functions, indicating the fulfillment of the Kennard-Stepanov relation over

a wide spectral range (the thermal energy kBT corresponds to a wavelength range of about 6 nm

around a center wavelength of 550 nm). From each fit, a temperature can be extracted, which

in the following will be referred to as spectral temperature Ts. Generally, a positive deviation of

the spectral temperature from ambient temperature (which here is T = 295K) is considered a

consequence of a nonunity quantum yield [57, 58]. In the case of Chlorophyll B, the agreement

between the data and the fit function is slightly inferior, indicating a (partial) violation of

the Kennard-Stepanov relation, which has been attributed to the emission from excited triplet

states [59]. Beyond dye molecules, the Kennard-Stepanov relation has also been validated in

other systems, such as dense rubidium-noble gas mixtures [60], rare earth-doped glasses [55] and

semiconductor systems [61].
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2 Bose-Einstein Condensation of Photons

Rhodamine 6G, Ts = (377 ± 4) K

Chlorophyll B, Ts =  (492 ± 12) K

Coumarin 314,  Ts = (358 ± 2) K

Perylene diimide, Ts = (324 ± 1) K

(a) (b)

(c) (d)

Figure 2.5: Kennard-Stepanov analysis for different dyes, based on absorption (blue) and emission profiles (red)

from literature [63]. For each dye, the wave-number-resolved quantity log (α/ε) (yellow) is computed and a

function according to Eq. (2.25) is fitted to the data (cyan; note the inverted wave-number scale). From this

fit, the spectral temperature Ts is obtained. Agreement between the data and the fit function validates the

Kennard-Stepanov relation.

2.2.2 Markov Chain and Thermalization of Photons

Thermalization describes a process through which a system reaches a thermal equilibrium with

its environment via successive changes of its (internal) configuration. Formally, such a process

can be treated as a Markov chain, considering a random walk in the configuration space, where

a state C ′ resulting from a transition only depends on the prior state C and the transition rate

R(C → C ′) [62]. In this discrete model, the change of the time-dependent probability pC(t) for

the system to be in configuration C is governed by the probability flows into and out of this

configuration,
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2.2 Fluorescence-Induced Thermalization Mechanism

pC(t+ 1)− pC(t) =
∑

C′

pC′(t)R(C ′ → C)−
∑

C′

pC(t)R(C → C ′) . (2.31)

Demanding that the system configuration asymptotically approaches a thermalized equilibrium

distribution, pC(t→ ∞)
!
= exp (−EC/kBT ), this becomes

0 =
∑

C′

(

exp

(−EC′

kBT

)

R(C ′ → C)− exp

(−EC

kBT

)

R(C → C ′)

)

. (2.32)

This equation has multiple solutions. A particular one is the detailed-balance condition, where

the probability inflows and outflows cancel mutually (no net flow between any two configura-

tions),

0 = exp

(−EC′

kBT

)

R(C ′ → C)− exp

(−EC

kBT

)

R(C → C ′) ∀ C, C ′ . (2.33)

Alternatively, introducing the energy difference ∆E = EC′−EC , this can be written as

R(C → C ′)

R(C ′ → C)
= exp

(

−∆E

kBT

)

∀ C,C ′ . (2.34)

This equation states that a system, in which the transition rates R(C → C ′) and R(C ′ → C)

between different configurations fulfill Eq. (2.34), will eventually adopt a thermal equilibrium

distribution.

This finding will now be applied to the thermalization of a photon gas, identifying different

system configurations C and C ′ as different mode configurations of the light field and identifying

the transition rates R(C → C ′) and R(C ′ → C) as the absorption and fluorescence rates α(ω)

and ε(ω). For this, the case of photons confined to a (macroscopic) dye solution-filled container

is considered, as depicted in Fig. 2.6. The walls of the container are assumed to be perfectly

reflecting and only two small holes in the walls allow photons to enter or leave the container.

It is further assumed that the dye molecules exhibit unity quantum yield, such that transitions

between different configurations occur only radiatively. Initial excitation of the dye molecules

with light guided through the hole into the container and subsequent fluorescence leads to a

specific configuration of the radiation field,

C = |nC0 , nC1 , ..., nCi , ..., nCj , ...⟩ . (2.35)

Here, nCi denotes the photon number in mode i for the configuration C. By a cycle of absorption

from mode i and reemission into mode j (i ̸= j), the configuration C ′ is reached,
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2 Bose-Einstein Condensation of Photons

Figure 2.6: Illustration of the thermalization process of photons in a liquid dye solution (blue, individual

molecules represented by circles). Short-wavelength photons (green) are absorbed by dye molecules, generat-

ing initial excitation to a high rovibronic level. In collisions with surrounding molecules, the occupation of the

rovibronic levels is driven into thermal equilibrium, dissipating energy and leading to the wavelength of a subse-

quently emitted photon to be red-shifted (yellow). The process repeats several times, until eventually a photon

is emitted at a wavelength the dye solution is transparent for (red), allowing it to escape from the macroscopic

container.

C ′ = |nC′

0 , n
C′

1 , ..., n
C′

i , ..., n
C′

j , ...⟩
= |nC0 , nC1 , ..., nCi − 1, ..., nCj + 1, ...⟩ .

(2.36)

The transition rate R(C → C ′) from configuration C to C ′ is governed by the absorption from

mode i and the emission into mode j. Considering both spontaneous and stimulated processes,

it can be written as

R(C → C ′) ∝ nCijα(ωi)
︸ ︷︷ ︸

Absorption

· (nCj + 1)ε(ωj)/ℏωjD(ωj)
︸ ︷︷ ︸

Emission

. (2.37)

Here, α(ωi) is the absorption coefficient and ε(ωj) is the spectral energy density per fluorescence

event. Normalizing the latter to the factor ℏωjD(ωj) removes the photon energy ℏωj and the

density of states D(ωj) = ω2
j /π

2c3, such that the spectral emission probability into mode j

remains. Analogously, the rate of the inverted transition (involving absorption from mode j and

emission into mode i) is found to be

R(C ′ → C) ∝ nC
′

j α(ωj) · (nC
′

i + 1)ε(ωi)/ℏωiD(ωi)

∝ (nCj + 1)α(ωj) · nCi ε(ωi)/ℏωiD(ωi) .
(2.38)
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The ratio between the transition rates from Eqs. (2.37) and (2.38),

R(C → C ′)

R(C ′ → C)
=
α(ωi)ε(ωj)ω

3
i

α(ωj)ε(ωi)ω3
j

, (2.39)

is independent of the occupation number of the respective modes. Invoking the Kennard-

Stepanov relation from Eq. (2.30), this becomes

R(C → C ′)

R(C ′ → C)
= exp

(
ℏ(ωi − ω0)

kBT

)

· exp
(

−ℏ(ωj − ω0)

kBT

)

= exp

(

−ℏ(ωj − ωi)

kBT

)

, (2.40)

fulfilling the detailed balance condition from Eq. (2.34). Put differently, a light field which is

in thermal contact with a medium whose absorption and emission spectra fulfill the Kennard-

Stepanov relation, eventually adopts a thermalized equilibrium distribution.

Coming back to the photon container introduced at the beginning of this section, it now becomes

evident that after an infinite number of absorption and subsequent reemission cycles the photon

gas would theoretically adopt a thermalized energy distribution. However, with every cycle

the observed emission spectrum is gradually red-shifted, accompanied by a reduced absorption

of the radiation by the dye solution. Eventually, this leads to a breakdown of the thermal

contact between photon gas and dye molecules, resulting in an incomplete thermalization. This

again illustrates the relevance of the microcavity environment in experiments on Bose-Einstein

condensation of photons, as its low-energy cutoff curtails the allowed wavelength range for

photons confined to the cavity, such that a sufficient thermal contact between the photon gas

and the dye molecules is maintained throughout.

2.3 Requirements of a Prospective Thermalization Mediator

So far, this chapter has illustrated the foundations of the Bose-Einstein condensation of photons.

Most importantly, the provision of a nontrivial energy ground state (via a wavelength-size micro-

cavity) and the introduction of a particle number-conserving thermalization process (via thermal

contact with a liquid dye solution) have been illuminated. In experiments on Bose-Einstein con-

densation of visible-spectral-range photons, the presented scheme is generally implemented by

filling the microcavity with a Rhodamine 6G dye solution, whose molecules are initially excited

using laser radiation at a wavelength of 532 nm. The photons inside the microcavity need to

undergo multiple cycles of absorption and subsequent reemission before they leave the cavity,

such that a thermalization of the photon gas can occur (typical storage times are in the order

of 250 ps [64]). In previous work, it was shown that about three such cycles are necessary [47].

The dielectric mirrors used for photon BEC experiments in the visible spectral range exhibit

reflectivities in excess of 99.998% for center wavelengths around 540 nm, leading to a finesse of
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2 Bose-Einstein Condensation of Photons

F = π
√
R/(1−R) ≈ 100 000. This allows for the employment of relatively dilute dye solutions

(a typical concentration is 3mmol L−1, with an absorption coefficient of about 0.5 cm−1 at the

typical cutoff wavelength of 580 nm [63]). For these, the quantum yield is in the order of 95%

[65]; high enough to consider this thermalization process photon number-conserving.

In the vacuum-ultraviolet spectral range, mirror reflectivities are generally much lower; com-

mercially available mirrors based on dielectric coatings achieve maximum reflectivities of about

97% [66]. A microcavity comprising two such mirrors correspondingly exhibits a finesse in the

order of F = 100, three orders of magnitude smaller than those in the visible spectral range.

The correspondingly smaller storage time needs to be compensated by a larger absorption prob-

ability per round trip. The number of absorption and reemission cycles N for a given finesse

can be calculated as [46]

N = F (1− exp (−αL)) , (2.41)

where α is the absorption coefficient of the thermalization medium and L is the mirror distance.

Solving Eq. (2.41) for α results in

α = ln

( F
F −N

)

L−1 . (2.42)

An a priori demand that the photons in the VUV-range microcavity are subject to the same

number of absorption and reemission cycles (N = 3) and the assumption of a similar mirror

distance (L ≈ 1 µm) yields an absorption coefficient of α ≈ 300 cm−1. In other words, this is

the necessary absorption coefficient a prospective thermalization medium needs to exhibit to

convey the thermalization mechanism for visible photons into the vacuum-ultraviolet spectral

regime.
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The last chapter has illustrated how a thermalization mechanism is implemented in experi-

ments on the Bose-Einstein condensation of photons, based on the thermal contact between

the photon gas and a liquid dye solution. For the realization of a similar system with pho-

tons in the vacuum-ultraviolet spectral range (100 nm − 200 nm), a different thermalization

medium has to be identified, as no dye molecules with suitable transitions in this wavelength

range are known. Moreover, this wavelength range corresponds to photon energies above 6 eV,

far exceeding the binding energies of typical dye molecules, leading to their dissociation under

irradiation.

Noble gases, in contrast, are not subject to these limitations. Xenon, whose consideration as

thermalization medium was suggested previously [46], possesses an atomic resonance at 146.9 nm,

well within the VUV spectral range (other, lighter noble gases have transitions at even shorter

wavelengths). At first glance, the consideration of an atomic species as a thermalization medium

might appear counterintuitive, as such a system does not exhibit an energetic substructure

beyond its electronic levels. This would be in contrast to the finding of Chap. 2, that a medium

employed for the thermalization of photons needs to have a (rovibronic) level substructure, as

only in this case the detailed-balance condition can be fulfilled. As will be shown throughout

this chapter, however, in dense noble gas environments the constituents can no longer be treated

individually; this leads to the emergence of properties resembling those of molecules. This

chapter will illuminate the binding mechanisms leading to the formation of such quasimolecules

and their consequences for the potential energy curves, using a model dimer system. These

observations will then be applied to the specific case of xenon and xenon-noble gas mixtures.

Lastly, an overview will be given about previous spectroscopic measurements of xenon and

xenon-based mixtures with relevance to the investigations of this work.

3.1 A Model Noble Gas Dimer System

Due to their fully occupied outer electron shell, noble gas atoms are known for their reluctance to

form bonds, as compared to, for example, the highly reactive alkalis with a single electron in the

outermost shell. However, given appropriate conditions, there nevertheless exist certain mech-

anisms that can facilitate bond formation also for noble gas atoms [67]. As will be elaborated

on, these form the foundation for the prospect of xenon to be used as a thermalization medium

in experiments on the Bose-Einstein condensation of VUV photons. The following discussion

will be limited to the case of two interacting noble gas atoms, as the likelihood of an n-body

encounter decreases with the number n of involved particles.
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3.1.1 Van der Waals-Bonding

On temporal average, the electron cloud of a noble gas atom A in the electronic ground state

exhibits a spherically symmetric distribution around its nucleus, leading to a vanishing perma-

nent dipole moment and hence a vanishing permanent dipole-dipole interaction between two

noble gas atoms. On closer examination, though, the electron distribution continuously deviates

from the average spherically symmetric distribution. At any given time, there is a transient

dipole moment, induced by a nonsymmetric charge distribution of the electrons around the

nucleus and accompanied by an electric field EA. If now a second atom B is exposed to the

field EA, a dipole moment pB is induced, that is in turn accompanied by an electric field EB

which influences atom A, leading to a mutual interaction. A transient quasimolecule formed by

two atoms approaching and interacting in this way is referred to as dimer. The corresponding

potential V (r) ∝ −1/r6 is attractive, but only relevant on very short internuclear distances.

Typically, it is relatively weak compared to other bonding mechanisms. For example, for H2

and O2, the binding energy rooted in the van der Waals-bonding amounts to only 0.6meV and

4.6meV, respectively [68]. As a comparison, the total atomization energies of dihydrogen and

dioxygen are 4.5 eV and 5.1 eV [69]. In dimerized compounds of noble gases, the binding energy

increases from the lightest species, He2 (0.9meV), over Ne2 (3.7meV), Ar2 (12.4meV) and Kr2

(17.3meV) to Xe2 (24.4meV) [70, 71]. As this is below the thermal energy at room temperature

(25meV), no reports are available about the formation of stable xenon-xenon dimers at room

temperature.

3.1.2 Covalent Bonding

The situation changes, if one of the noble gas atoms is in an electronic excited state. Now,

the electron distribution around the nucleus is no longer radially symmetric, as one electron

has been elevated to a higher shell. This increases the electron density between the two atoms,

leading to a directional electrostatic attraction between the shared electrons and the nuclei.

In other words, the single electron mediates an attraction between the two atoms (covalent

bond), leading to the formation of an excited quasimolecule called excimer (excited dimer).

The much stronger attraction between its constituents leads to a significantly higher binding

energy, making the thermal dissociation of such a compound highly unlikely (in the case of

a xenon-xenon excimer, the binding energy is around 507meV [72]). This implies that the

(radiative) lifetime of an excimer is dictated by the lifetime of the associated electronic state of

its excited constituent.

3.1.3 Potential Energy Diagram

The bonding mechanisms introduced so far lead to some universal properties in the scattering

behavior of noble gas atoms (although several of the principles discussed here can also be applied

to non-noble gas systems with slight modifications). These are depicted in Fig. 3.1, showing

the potential energy of a dimer system formed by two noble gas atoms as a function of their
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Figure 3.1: Potential energy diagram of a model dimer system, here considered as consisting of two scattering

noble gas atoms. The dimer ground state (blue) is formed by two atoms in their respective electronic ground

states. The excited state (excimer; red) is formed by one atom in the electronic ground and one atom in an

electronic excited state. While the ground state exhibits only a weakly pronounced potential well without any

bound levels, the excited state exhibits a strongly pronounced potential well. This allows the emergence of

bound levels within this part of the potential energy curve, indicated as black dashed lines and labeled ν′. Select

wavefunctions of levels within this quasimolecular collisional manifold are also shown. The quantities Vmin, re

and De are parameters of the Morse potential, Eq. (3.1).

internuclear distance. For the case of both atoms being in the electronic ground state, at large

internuclear distances the potential energy curve is flat and the two atoms can be considered

isolated from each other. As the atoms approach each other, at some point they begin to interact

via the van der Waals-force, which leads to the formation of a shallow potential well. As the

kinetic energy of the constituent particles is higher than the corresponding binding energy, no

stable dimers result from this. For even smaller internuclear distances, the potential energy curve

exhibits a steep potential barrier. This is caused by the Pauli exclusion principle, preventing the

completely filled electron clouds from overlapping. As a result, both atoms are repelled from

each other and separate until they can again be considered isolated upon reaching the region

where the potential energy curve is flat. It is worth noticing that in this scenario no equilibrium

distance can be stated, as, for a thermal gas, the atoms continually approach and separate again.

The short-distance reversal point of this motion corresponds to the internuclear distance where

the potential energy equals the constituents’ kinetic energy.

The situation is different for the case of an excimer, i.e. a dimer with one of the constituent atoms

in an electronic excited state (excimers consisting of two excited atoms are not considered here,

due to typically rather low densities of excited atoms − for typical experimental parameters, the

photon density is at least three orders of magnitude smaller than the atom density). Again, for

large internuclear distances, the atoms can be considered isolated. As the atoms approach each

other, however, the compound is subject to a much stronger binding due to the newly formed
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3 The Physics of Diatomic Molecules

covalent bond, allowing for the formation of a quasistable excimer. Equally as in the case with

two atoms in the ground state, at even smaller internuclear distances a steep potential barrier

arises, caused by the Coulomb repulsion of the approaching atoms. The pronounced potential

well, whose minimum position is usually referred to as equilibrium position, in this case leads

to the occurrence of bound levels with discretely spaced energies. The entirety of these levels,

in the following also called quasimolecular (collisional) manifold, is the equivalent of the dimer

system to the rovibronic manifolds of the dye molecules treated in Chap. 2.2.1.

The potential energy curves of noble gases are usually described quantitatively by Morse poten-

tials, introduced in 1929 [73, 74], of the form

V (r) = De · (1− exp (−α (r − re)))
2 + Vmin . (3.1)

Here, De denotes the dissociation energy (i.e. the depth of the potential well) at the equilibrium

position re. The parameter α determines the width of the potential well. The energy offset Vmin

corresponds to the energy level of the potential minimum, such that V (r → ∞) = Vmin + De

is the asymptotic energy for large internuclear distances (equivalent to the energy level of an

undisturbed atom). Typically, it is not possible to use one set of parameters (De, α, re, Vmin) to

describe the real potential energy curve of a certain excimer state, such that for different ranges

of internuclear distances different parameter sets are to be used. With the potential V (r), the

Schrödinger equation can be solved analytically, leading to the eigenenergies of the level ν within

this quasimolecular collisional manifold [67],

Eν = ℏω0 ·
(

ν +
1

2

)

− ℏ
2ω2

0

4De
·
(

ν +
1

2

)2

, (3.2)

relative to the nadir of the potential well. The oscillator frequency ω0 = α
√

2De/µ depends on

the reduced mass µ = (m1 ·m2) / (m1 +m2) of the constituents, withm1 andm2 their individual

masses. Although Eq. (3.2) bears resemblance to the eigenenergies of a harmonic oscillator, it

becomes evident that the energy difference between two consecutive levels decreases for higher

quantum numbers ν. For eigenenergies below the dissociation energy De, this energy difference

remains finite, such that only a finite number of levels exists within the bound part of the

potential energy curve (although the energy spacing between two adjacent levels decreases with

increasing ν). Outside the bound regions of the potential energy diagram, i.e. for energies in

excess of the dissociation energy, a continuum of levels exists, with infinitesimally small energy

spacings between any two levels. Numerically, these can be accounted for by approximating the

unbound region of the potential energy curve by a box potential. Its boundaries are defined by

the steep potential barrier at short internuclear distances and by a hypothetical, infinitely high

potential barrier at large internuclear distances.
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3.1 A Model Noble Gas Dimer System

3.1.4 Franck-Condon Principle and (Second) Excimer Continuum

Potential energy curves are essential for an understanding of the shape of optical spectra of

quasimolecular dimer systems. Here, it is conceptually outlined how such spectra can be inferred

from potential energy curves, using the example of an emission spectrum. The Franck-Condon

principle states that transitions occur instantaneously, i.e. without change of the internuclear

coordinates during a transition, corresponding to vertical lines in the potential energy diagram

[50]. Initially, a calculation of the spatially-resolved wavefunctions ψν(r) and ψν′(r) of the

levels within the quasimolecular collisional manifolds of the ground and excited dimer states is

necessary. In the excited state, these correspond to the thermally stable bound levels ν ′ within

the potential well. The ground state, as considered here, due to its shallow potential well only

exhibits thermally unstable levels. These, in addition to a continuum of levels with energies

above the dissociation energy, can also be treated as levels ν of a quasimolecular collisional

manifold with associated wavefunctions ψν(r) [75]. The obtained wavefunctions are determining

the probability ρ to find the two scattering particles at a distance r = r0,

ρ (r0, ν) = |ψν (r0)|2 = ψν (r0)ψ
∗
ν (r0)

ρ
(
r0, ν

′
)
= |ψν′ (r0)|2 = ψν′ (r0)ψ

∗
ν′ (r0) .

(3.3)

The probability for a fluorescent transition between a level ν ′0 of the excited state manifold and a

level ν0 of the ground state manifold is given by the squared absolute value of the wavefunction

overlap,

P
(
r, ν0, ν

′
0

)
=
∣
∣
∣ψν0 (r)ψν′0

(r)
∣
∣
∣

2
. (3.4)

The total contribution of this particular ν ′0 → ν0-transition is obtained by integrating over the

internuclear distance r [67],

P (ν ′0, ν0) =

∫

P
(
r, ν0, ν

′
0

)
dr . (3.5)

This transition yields a contribution to the emission spectrum at the energy E0 = ∆E(ν0, ν
′
0).

This procedure is repeated for all other transitions with different (ν ′, ν)-combinations, yielding

contributions at other transition energies. Eventually, a weighting function has to be applied

to the individual contributions to the spectrum, accounting for the nonuniform occupation of

the various levels ν ′ under consideration. Assuming a thermally equilibrated occupation of

the levels in the excited state’s quasimolecular manifold, as caused by frequent collisions be-

tween dimers and surrounding atoms, a Boltzmann-distribution p(Eν′) = exp (−Eν′/kBT ) is

adequate.

Emission stemming from the thermalized quasimolecular manifold of the excited state is histor-
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3 The Physics of Diatomic Molecules

ically referred to as second excimer continuum. Experimentally, however, in some situations the

emission spectrum exhibits features that cannot be explained by the above-described picture

of complete thermalization within the excited state’s quasimolecular manifold. At very low gas

pressures, it is unlikely that an excited atom encounters another atom to form a dimer, such that

it is likely to relaxate to the ground state with emission on the atomic line (corresponding to

the asymptotic case of large internuclear distances in the potential energy diagram). At slightly

higher pressures, it is possible that an excited atom encounters another and that they form a

dimer, without, though, actually reaching the strongly bound region of the potential energy

curve. Emission from these higher-energetic levels is referred to as first excimer continuum. In

the emission spectra, it results in a broad spectral contribution, stretching between the atomic

line and the second excimer continuum1.

3.2 Xenon as a Prospective Thermalization Mediator

Xenon is the heaviest stable noble gas, with an atomic number of 54 and an isotope-weighted

atomic mass of 131.29 u [77]. It was first identified in 1898 by William Ramsay and Morris

William Travers [78], who named it after the Greek ξένoς (“stranger”). Although its abundance

in the universe is on roughly the same level as that of elements such as rubidium and nickel

[79], it is the rarest stable element on earth. This discrepancy, interestingly poorly understood

[80], leads to xenon being the most expensive noble gas. Despite its rarity, the colorless and

odorless gas is used in a wide range of applications, as diverse as vehicle headlights, laser flash

lamps, scintillation material in particle detectors [81], space propellant [82] and anesthetics

[83].

Figure 3.2 shows the phase diagram of xenon. Under normal temperature and pressure conditions

(NTP, TNTP = 293.15K, pNTP = 1atm [84]), xenon is in the gaseous phase. The critical point,

constituting the intersection of the gaseous and liquid phases and the supercritical regime is

located at Tcrit = 289.73K and pcrit = 58.42 bar [77]. The triple point, meanwhile, constituting

the intersection of the gaseous, liquid and solid phases, is located at Ttrip = 161.41K and

ptrip = 0.82 bar. First-order phase transitions (involving a discontinuity of an order parameter

such as the density [25]) occur between the gaseous, liquid and solid phases. Transitions from

the gaseous and liquid phases into the supercritical regime, in contrast, are characterized by a

continuous change of the order parameter. Reaching the solid phase requires either temperatures

below 161K or pressures above 1000 bar. Both being experimentally very challenging, most

previous investigations of xenon have focused on the gaseous, liquid and supercritical regimes,

as will be illustrated in more detail in Sec. 3.3.

1 Continuing the sequential labeling of the continua, the third excimer continuum describes emission bands at even
higher wavelengths, which are generally attributed to the emission by singly ionized noble gas atoms [76].
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Figure 3.2: Phase diagram of xenon, data from [77, 85]. NTP (normal temperature and pressure) conditions

correspond to a temperature of 293.15K and a pressure of 1 atm. Solid black lines indicate first-order phase

transitions between adjacent regimes.

3.2.1 Potential Energy Diagram

With the concepts of dimer formation introduced in Sec. 3.1, it is now possible to contemplate

the suitability of xenon as a thermalization mediator for VUV photons. The discussion will in-

clude both the homonuclear system (i.e. pure-xenon environments) and the heteronuclear system

(i.e. xenon-noble gas mixtures).

Homonuclear System

The discussion begins at the atomic energy levels of xenon, as visualized in Fig. 3.3(a). From the

5p6 ground state, the lowest-energy dipole-allowed one-photon transition is the 5p6 → 5p56s[3/2]1

transition (atomic states in this thesis are denoted using Racah notation, see App. B). It has a

transition energy of 8.44 eV, corresponding to a transition wavelength of 146.9 nm, well within

the VUV spectral regime [86]. The lowest-energy allowed two-photon transition is the 5p6 →
5p56p[5/2]2 transition with a transition energy of 9.68 eV, corresponding to the energy of two

photons at a wavelength of 256.0 nm. Energetically close to this 5p56p[5/2]2 state are two more

even-angular-momentum states within the 5p56p configuration. At even higher energies, there

are two even-angular-momentum states within the 5p56p′ configuration (the 5p56p and 5p56p′

configurations differ in the angular momenta of their respective parent ions).

The atomic states listed so far form the basis for the quasimolecular states of the homonuclear

xenon-xenon dimer system, as illustrated by the potential energy diagram in Fig. 3.3(b), showing

27



3 The Physics of Diatomic Molecules

0

(a)

s p d

(b)

W
a

v
e

le
n

g
th

 (
n

m
)

(d)(c)

Second

excimer

continuum

~ 172 nm

(Atomic)

absorption

~147 nm

5p6

5p56s

5p56p

5p56p’

Orbital:

E
n

e
rg

y
 (

e
V

)

Å

Å Å

Figure 3.3: Energy levels of xenon and associated quasimolecules [71, 72, 86] − (a) Energy diagram of the

energy levels of atomic xenon, categorized by the shell (s, p, d) of the valence electron. All electronic states up to

the ionization limit are shown. As a reference, the wavelength axis indicates the transition wavelength between

a given state and the 5p6 electronic ground state. (b) Potential energy diagram of xenon-xenon dimers, showing

the dimerized energy levels relevant for this work. The colors correspond to the colors used in the atomic energy

diagram (a). For the excited states, solid lines represent attractive manifestations of the potential energy curves,

whereas dashed lines represent repulsive manifestations. The gray dotted line indicates the potential energy curves

associated with the metastable 5p56s[3/2]2 state. (c) Magnification of the shallow potential well of the dimer

state associated with the atomic 5p6 ground state. (d) Magnification of the pronounced potential well of the first

excimer state, associated with the atomic 5p56s state.

only the configurations relevant for this thesis. The dimerized ground state is constituted by

two atoms in the electronic ground state 5p6. The associated potential energy curve is repulsive,

preventing the formation of stable dimers of atoms in this state (a zoom-in on a very shallow

potential well is shown in Fig. 3.3(c), which, however, is not pronounced enough for the formation

of stable dimers). The potential energy curve of the first excimer state is constituted by one

atom in the 5p6 and 5p56s[3/2]1 states each. This potential energy curve exhibits a pronounced

potential well, magnified in Fig. 3.3(d), with a depth of 507meV (corresponding to around

20 kBT at room temperature) and an equilibrium distance of 2.9 Å. Energetically just below the

5p56s[3/2]1 state lies the 5p56s[3/2]2 state, which is commonly referred to as a metastable state.
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3.2 Xenon as a Prospective Thermalization Mediator

It exhibits the same electron configuration but differs in the total angular momentum (J = 2),

rendering a direct optical excitation of this state from the ground state dipole-forbidden. It can,

however, be populated via potential curve crossings from higher-lying excimer states (although

such processes are suppressed, as they violate parity or angular momentum conservation). In the

following, the 5p56s[3/2]1 state will be abbreviated as 5p56s, omitting the angular momentum

configuration for simplicity. Energetically above the 5p56s configuration lie the 5p56p and 5p56p′

configurations, with only the states with even total angular momentum (J = 0, 2) shown in

Fig. 3.3(b). Qualitatively, these resemble the potential energy curve of the 5p56s configuration,

with pronounced potential energy wells at equilibrium distances around 2.9 Å.

Previous work [46] suggested the exploitation of the second excimer continuum emission on the

5p56s[3/2]1 → 5p6 transition in dense xenon ensembles for the thermalization of photons. Con-

sidering an ensemble of excimers in the 5p56s state, the occupation of the levels forming within

the bound part of the potential energy curve is expected to be thermally equilibrated in frequent

collisions between excimers and surrounding xenon atoms. Similarly as with the rovibronic levels

in dye molecules, this could then enable the thermalization of photons emitted on transitions

from this manifold to the dimer ground state. In Sec. 3.3, evidence from previous investigations

will be presented, indeed indicating a thermalization of this quasimolecular collisional manifold.

However, the large potential-well depth of the excimer state’s potential curve (in combination

with the incline of the ground state’s potential curve at small internuclear distances) leads to a

large Stokes shift. This causes the emission on the second excimer continuum, which is centered

around 172 nm, to be spectrally too remote from the absorption on the 5p6 → 5p56s transition.

Although spectrally broad, with a full width at half maximum (FWHM) of about 13 nm, the

spectral overlap between absorption and emission is rather small (the spectral emission profile

does not extend into the spectral region with significant absorption strength). As a consequence,

in a microcavity environment based on the best mirrors currently available in the VUV spec-

tral range, the reabsorption probability during the photon storage time would be too low to

establish a sequence of closed-loop cycles of absorption and subsequent reemission events, as

necessary for the complete thermalization of photons2. This constitutes the main drawback of

the homonuclear xenon system.

Heteronuclear Systems

Heteronuclear noble gas mixtures might alleviate the problem of insufficient (re)absorption, as

their excimer potential wells are reported to be much shallower than that in the homonuclear

xenon system [87, 88]. This is expected to cause a reduced Stokes shift between absorption and

emission, assuming favorably shaped (i.e. flat) ground state potential energy curves. In the con-

text of this work, heteronuclear dimers encompass mixtures between xenon and one of the other

stable noble gases (helium, neon, argon or krypton). In such mixtures, xenon is the optically

active constituent, with excitation on the (atomic) absorption line near 146.9 nm.

2 Using Eq. (2.41), an absorption coefficient of around 10 cm−1, as roughly given in the spectral overlap region
[46], corresponds to an average cycle number of 0.1.
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Figure 3.4 exemplarily shows the potential energy diagram of the xenon-argon system. Here,

the ground state is constituted by one xenon atom in the 5p6 ground state and one argon atom

in the 3p6 ground state. The (first) excimer state is constituted by one xenon atom in the 5p56s

excited state and one argon atom in the 3p6 ground state. The corresponding potential energy

curves of the homonuclear xenon-xenon system (same data as in Fig. 3.3(b)) are indicated for

comparison. It is evident that for the xenon-argon system the potential well of the excimer state

is much shallower than in the xenon-xenon system. This can be understood from the mechanism

of covalent bonding: due to the reduced number of occupied electron orbitals in an argon atom,

each electron is more strongly bound to the nucleus. Consequentially, the “shared” electron in

the covalent bond can mediate only a weaker attraction. The ground state potential energy curve

in the heteronuclear dimer system closely resembles that of the ground state in the homonuclear

dimer system, only differing in the slope of the potential energy barrier at small internuclear

distances. All told, it is expected that the Stokes shift in such a heteronuclear system is much

smaller than in the homonuclear xenon-xenon system. This renders heteronuclear dimer systems

an attractive candidate as a thermalization mediator for VUV photons, as here the emission on

the heteronuclear second excimer continuum could become subject to a stronger reabsorption

probability within the gas mixture.

3.3 Previous Spectroscopic Investigations of Xenon Dimer Systems

In [46], addressing the same experimental context as the present thesis, the absorption and

emission on the 5p6 ↔ 5p56s transition of dense xenon dimer environments was investigated.

It was observed that the long-wavelength edge of the absorption profile (red absorption edge)

shifts by multiple nanometers when the sample pressure is increased, which was attributed to the

shape of the potential energy curves and a smaller (average) internuclear distance for increased

densities [89, 90]. More quantitatively, the characteristic wavelength λ100 cm−1 was introduced,

denoting the spectral position at which an absorption coefficient of α = 100 cm−1 is reached. The

corresponding value increased from λ100 cm−1, 20 bar = 153.7 nm at a sample pressure of 20 bar to

λ100 cm−1, 130 bar = 160.1 nm at the highest investigated pressure of 130 bar. The emission profile

for a pressure of 10 bar was observed to be centered around 172.2 nm with a FWHM of 13.3 nm;

this could be identified as the emission on the second excimer continuum [91]. Increasing the

pressure, the center emission wavelength shifted gradually to a value of 175.3 nm upon reaching

the critical point at 58.4 bar. This shift cannot be explained by the shape of the potential energy

curves, but a similar observation had been made previously in liquid xenon samples [92]. For

even higher pressures, the center emission wavelength did not shift any further. With these

spectroscopic data, the Kennard-Stepanov relation, Eq. (2.25), could be validated for pressures

as high as 130 bar at room temperature, well within the supercritical regime. This suggests that

xenon can broadly be considered a prospective thermalization medium for the Bose-Einstein

condensation of VUV photons; despite the relatively large spectral gap between the absorption

and the emission profiles. In the following, a brief overview about the work of other research
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Figure 3.4: Potential energy diagram of the heteronuclear xenon-argon system (blue and red solid lines) [87]. The

quasimolecular states are formed by a xenon atom, either in the electronic 5p6 ground state or 5p56s excited state,

and an argon atom in the 3p6 ground state. The potential curves of the homonuclear system are additionally

shown for comparison (dashed lines, data from Fig. 3.3). For the potential energy curve of the homonuclear

excimer (dashed red line), the depth of the potential well, De in Eq. (3.1), has been scaled down by a factor

of ten (while conserving the asymptotic energy level) to allow for a visualization on the same scale as for the

potential curve of the heteronuclear excimer. The vertical arrows indicate radiative relaxation from the excited

to the ground state at the equilibrium distances of the homo- and heteronuclear excimer systems, respectively.

groups with relevance for the investigations of the present thesis will be given.

3.3.1 Homonuclear Xenon System

Two-photon spectroscopy is a tool widely applied for the investigation of xenon (and other

species), as it allows to tremendously extend the experimentally accessible spectroscopy range.

Degenerate (involving two identical photons) two-photon excitation of the 5p6 → 5p56p and

5p56p′ allowed transitions has previously been recorded for pressures as high as 13 bar [72, 93–

96]. Exploiting higher-order multipole contributions, forbidden transitions have also been probed

[97, 98]. In most cases, the detection is realized by monitoring the second excimer continuum

emission around 172 nm or the infrared radiation stemming from intermediate transitions after

initial excitation. Further, multiphoton ionization spectroscopy has been performed based on

two-photon-resonant states for both atomic and diatomic xenon [99–102]. Literature on nonde-

generate two-photon spectroscopy (involving two different photons) is generally less abundant.

It is mainly used in photoionization experiments [103, 104]. Spectroscopic investigations below

the ionization threshold are not known. The available literature is, however, limited to pressures

of a few bar, at which point the line broadening of the spectral profiles is below the thermal

energy at room temperature. This indicates the need to perform two-photon spectroscopy also

of dense samples, as will be presented in Chap. 5.
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3.3.2 Heteronuclear Xenon Systems

Heteronuclear mixtures between xenon and the lighter noble gases argon and krypton are abun-

dantly covered by previous studies due to their early consideration as active media for lasers

in the VUV spectral range, with much attention devoted to kinetic studies after excitation

[105–107]. VUV emission spectra of the xenon-argon and xenon-krypton systems have been

investigated in [88], revealing continuous emission features around 150 and 156 nm, respectively.

These measurements were conducted using condensed targets of either argon or krypton, which

were then “bombarded” by xenon atoms excited to the metastable 5p56s[3/2]2 state in an elec-

tric discharge. Other work [108, 109] reports an emission spectrum of argon-xenon mixtures

composed by two distinct emission features, one around 147 nm and one around 173 nm − in-

terestingly, no emission around 150 nm is observed, which might be rooted in the fundamentally

different excitation scheme (based on alpha particles impinging onto a sample target). It is

shown that the emission feature around 173 nm becomes stronger as the relative xenon con-

tribution is increased; accordingly, this spectral component is attributed to the formation of

homonuclear xenon-xenon dimers. Discharge-based measurements [110] in the xenon-neon sys-

tem reveal an emission feature at 148.7 nm, which has been tentatively attributed to the emission

of a xenon-neon excimer state. To the best of the author’s knowledge, no VUV emission spectra

of xenon-helium mixtures are currently available. Absorption measurements have been recorded

for mixtures between xenon and all the lighter noble gases [87, 111, 112], showing strongly asym-

metric absorption profiles with rapidly declining red edges. The blue edges, besides dropping

off much less rapidly, exhibit a number of discrete bands, which are attributed to the formation

of heteronuclear quasimolecules.

These measurements show that heteronuclear mixtures between xenon and other noble gases

exhibit features that cannot be explained by the optical properties of atomic or dimerized xenon

alone, strongly suggesting the formation of heteronuclear quasimolecules. The available litera-

ture, though, only covers the low-pressure regime, with total sample pressures in the range below

1 bar. Many of the studies on VUV emission spectra are based on the excitation of higher-lying

electronic states or even nonoptical excitation schemes such as electric discharges. As a conse-

quence, the obtained emission spectra might exhibit features which would not be observed in

other, spectroscopically more precise excitation channels. All in all, although useful for a rough

estimation of beneficial parameter ranges, the available literature is only partially comparable to

the conditions (likely) prevailing in a future microcavity environment for Bose-Einstein conden-

sation of VUV photons. This highlights the need to conduct spectroscopic investigations of dense

xenon-noble gas systems; corresponding measurements will be presented in Chap. 6.
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4 Experimental Environment

This chapter will provide an overview about the experimental platforms and techniques employed

to conduct the measurements presented in this thesis. Due to the nature of the investigated

spectral regime, all spectroscopic experiments need to be conducted in a vacuum environment,

which will be briefly introduced in the beginning, along with other mechanical instrumentation,

such as high-pressure cells. Subsequently, the optical instrumentation, such as laser systems

and other light sources will be covered. The chapter closes with a presentation of available

photon-detection units.

4.1 Vacuum Environment

Radiation in the vacuum-ultraviolet spectral regime (100 nm − 200 nm) is subject to absorption

by atmospheric gases, prominently manifested in the Schumann-Runge bands, a set of distinct

absorption lines of (molecular) oxygen between 176 nm and 192 nm [113–115]. Hence, the ex-

periments presented in this thesis are conducted in an atmosphere-free environment, realized

in vacuum chambers made from stainless steel [46, 116]. On two sides, the vacuum chambers

are equipped with polycarbonate windows that can be removed for manual access for alignment

purposes. KF-standard vacuum flanges allow for attachment of auxiliary components, such as

pumps, pressure gauges, viewports and electrical feedthroughs. An optical breadboard installed

at the bottom of the vacuum chamber facilitates the precise positioning of high-pressure cells

and optical components in its interior. A gas feedthrough allows to connect the high-pressure

cell(s) inside the vacuum chamber to the gas piping system outside of it.

The vacuum chambers are evacuated by a two-stage pump system. A dry-running scroll pump

(Pfeiffer Vacuum HiScroll 6 or HiScroll 18) employed as backing pump allows to reach pressures

in the 10−1mbar range. A subsequent turbomolecular pump (Pfeiffer Vacuum HiPace 80 or Ley-

bold Turbovac 360CSV) brings vacua in the 10−4mbar range within reach (generally classified as

high vacuum). Pressures are monitored with Pirani pressure gauges. Starting from atmospheric

pressure, it takes between 30 minutes and 3 hours to reach vacua in which measurements are

feasible, depending on the specific chamber and pump configuration. The attenuation of VUV

radiation at a residual chamber pressure of p = 1 × 10−4mbar can be estimated by assuming

it to be dominated by oxygen and that the light propagates for a distance of l = 100 cm from

its creation to its detection. The maximum absorption coefficient of air (at 1 bar pressure) is

around αair,1 bar = 300 cm−1 at a wavelength of 140 nm. Considering the share of oxygen in the

atmosphere, this translates into an absorption coefficient of α = 6.3 × 10−6 cm−1 or a residual

attenuation of less than 0.1%, clearly negligible for the experiments conducted here.
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(a) (b)

Figure 4.1: High-pressure cells used for spectroscopic measurements presented in this thesis, with windows

highlighted in blue color [118] − (a) Five-window cell with realizable optical path lengths between 5mm and

20mm (using combinations of plane and step windows). (b) Two-window cell with an optical path length of

200 µm.

4.2 High-Pressure Cells

The most controllable approach to conduct investigations of gaseous samples is the use of high-

pressure cells to confine the samples over extended periods of time1. In the following, the

two different high-pressure cells used for the experiments presented here will be illuminated

individually, as they exhibit fundamentally different geometries. More details about these high-

pressure cells can be found in [46, 117].

4.2.1 Five-Window Cell

The body of the high-pressure cell shown in Fig. 4.1(a) is made out of stainless steel and has six

lateral openings. The opening on the bottom of the cell is covered with a blank flange, using a

nickel gasket for sealing2. The remaining five openings (on the top and on either side of the cell,

each apart by an angle of 90◦) are designed to accommodate windows for optical access. The

windows exhibit a diameter of 15mm and a thickness of 5mm and are kept in place by stepped

inserts, which in turn are pressed toward the cell by flanges. The sealing is realized between the

cell body and the windows, employing commercially available c-shaped rings from the supplier

GFD Dichtungssysteme. The high-pressure cell further exhibits two ports for connection to the

gas piping system (Sec. 4.3).

In the scope of this work, the cell is equipped with either magnesium fluoride (MgF2; Korth

1 An occasionally used alternative are gas jets expanding from small-aperture nozzles. These, however, have the
drawback of a continuously needed flow of gas, greatly raising the overall gas consumption.
2 The cell was originally designed for a different experimental setup, where convenient manual access to the inner
part of the cell without removing any of the windows was imperative.
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(b)(a)

Figure 4.2: Transmission profiles of available window materials [119, 120] − (a) Magnesium fluoride (MgF2)

exhibits a relatively high transmissivity throughout the VUV, visible and infrared spectral ranges (shown here

for an 81mm-thick sample). The gray area indicates the VUV spectral range between 100 nm and 200 nm. The

black dashed lines indicate the spectral positions of xenon’s (atomic) absorption, at 146.9 nm, and second excimer

continuum emission, at 172 nm, respectively. (b) Sapphire (Al2O3) generally exhibits a lower transmissivity than

MgF2, particularly in the VUV (shown here for a 10mm-thick sample).

Kristalle) or sapphire (Al2O3, CrysTec) windows, the latter being much more robust as the

former, with moduli of rupture of 60 and 1200MPa, respectively [119, 120]. However, with

a transmission range spanning from around 118 nm far into the infrared, only the windows

made from MgF2 allow for optical access throughout the VUV spectral range (Fig. 4.2). The

transmissivity of sapphire windows, in contrast, drops rapidly for wavelengths below 200 nm.

Hence, all cell openings through which VUV radiation is to be guided are equipped with MgF2-

windows. The other openings are equipped with sapphire windows, particularly those only used

for alignment purposes or visible inspection during measurements. In this configuration, the

high-pressure cell can withstand gas pressures of up to 100 bar; a limitation dominated by the

rupture strength of the used MgF2-windows.

The most evident advantage of using a five-window cell as described here is the ability to monitor

radiation generated in the gas through a lateral window under an angle of 90◦ relative to the

direction of the incoming excitation beam. This tremendously reduces the amount of stray light

collected by the detection unit, significantly increasing the quality of the obtained data. Using

a window geometry as described above, the high-pressure cell exhibits two intersecting optical

axes, each with an optical path length of 2 cm. Using off-the-shelf step windows, however,

different optical path lengths can be realized, bringing about multiple benefits. On the one

hand, in absorption measurements different regions of an absorptive spectral feature can be

resolved (the shorter the optical path length, the higher the maximum resolvable absorption

coefficient). On the other hand, in emission measurements, the distance that emitted radiation

has to traverse through gas can be drastically reduced. This is of utmost importance when

investigating emission features in the spectral vicinity of absorptive features, as reabsorption

processes on the path from the origin of the emitted light to the cell window could significantly

alter the observed emission spectrum.
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Although versatilely employable, the five-window cell has the disadvantage that optical path

lengths in the sub-millimeter range as needed for absorption measurements (Sec. 6.2) are ex-

perimentally hardly realizable, as these would require additional step windows tailored to a

certain target optical path length. Besides the fact that these can be obtained only at great

expense, experience suggests that configurations with two opposing step windows less than 1mm

apart are very susceptible to rupture, due to high transversal stress upon filling the cell with

gas.

4.2.2 Two-Window Cell

The cell shown in Fig. 4.1(b) was constructed to address some of the five-window cell’s shortcom-

ings. It is equally made from stainless steel, but has only two, mutually opposing openings. In

each opening, an insert made from carbon-reinforced PTFE (Teflon) is located, in turn accom-

modating a 30mm-long, 20mm-wide cylindrical window conically tapered on the inward-facing

end. A flange is used on either side of the cell to press the PTFE-window assembly toward the

cell. The sealing is realized by multiple PTFE rings circumventing the windows and the PTFE

inserts at various positions. A lateral hole in the cell body allows for connection to the gas

piping system. In the current configuration, the optical path length between the inner window

facets is 200 µm. The window tip’s conical shape mitigates the transversal stress exerted on the

windows by gas flowing into the cell during the filling process, rendering this design superior to

one based on the use of step windows for the realization of sub-millimeter optical path lengths.

This high-pressure cell has been proven to withstand gas pressures as high as 150 bar.

4.3 Gas Piping System and High-Pressure Generation

For all spectroscopic investigations in this thesis, xenon gas from the supplier Air Liquide is used.

Its grade is 4.8, implying a purity of 99.998%, the main contaminants being krypton, argon and

nitrogen [121]. The gas bottles have a volume of 1 L and exhibit a factory-provided filling

pressure of around 56 bar. To direct the flow of gas from the bottle to the high-pressure cells,

a gas piping system with components from the manufacturer Gyrolok is used. The maximum

pressure ratings of the 6mm-outer-diameter stainless steel pipes (2000 bar), the valves (356 bar)

and the pressure gauges (250 bar) each far exceed the pressure range accessible with the utilized

high-pressure cells.

4.3.1 Homonuclear Samples

Figure 4.3 shows the gas piping system employed for the preparation of homonuclear xenon

samples, as investigated in Chap. 5. Since this work aims to also investigate xenon samples

at pressures exceeding the (initial) bottle pressure, a technique to fill the high-pressure cell to

pressures beyond the current gas bottle pressure is needed. For this, a sample cylinder (Hoke

36



4.3 Gas Piping System and High-Pressure Generation

Gas

bottle

Sample

cylinder

High-pressure

cell
Vacuum pumps

Xe

N48

Valve B

Valve C
Valve A

LN
2

(0 ... 250) bar (0 ... 250) bar

Figure 4.3: Gas piping system for the preparation of homonuclear xenon samples. Valve A is located directly

at the gas bottle. To achieve pressures beyond that in the gas bottle, the xenon-filled sample cylinder can be

immersed in liquid nitrogen (LN2), leading to a local increase of the gas density. Upon heating the sample cylinder

to ambient temperature with valve A closed, the pressure in the high-pressure cell exceeds the initial pressure in

the gas bottle. The pressure gauges have a measurement range from 0 to 250 bar. Prior to being filled with gas,

the gas piping system is evacuated using the same vacuum pumps as for the evacuation of the vacuum chambers.

4HSY30) with a volume of 30mL is utilized. Initially, the whole gas piping system is evacuated

using the same pump system as for the evacuation of the vacuum chambers (Sec. 4.1), with

valves B and C being open. Subsequently, valve B is closed and valve A, located directly at

the xenon gas bottle, is opened and the gas piping system including the high-pressure cell is

filled with xenon gas. As the volume of the gas bottle is much larger than that of the gas

piping system, the pressure in the latter is now close to the initial pressure in the gas bottle.

Subsequently, valve C is closed, sealing off the high-pressure cell from the rest of the gas piping

system. The sample cylinder is now cooled down by immersion in liquid nitrogen (LN2), leading

to a local density increase of xenon in its interior and the formation of liquid or even solid xenon.

After a certain time, valve A is closed and valve C is opened. The sample cylinder is now heated

back to ambient temperature and the xenon expands; now, however, with the gas bottle sealed

off from the gas piping system, into a much smaller volume. Using this technique, if necessary

in successive iterations, pressures well within the supercritical regime (beyond 58.4 bar) can be

achieved. The limits of this approach are given by the maximum pressure rating of the sample

cylinder, 124 bar.

4.3.2 Heteronuclear Samples

Figure 4.4 shows the gas piping system for the preparation of heteronuclear gas mixtures, as

investigated in Chap. 6. The main difference compared to that for the preparation of homonu-

clear xenon samples is an additional branching to a gas bottle containing a non-xenon noble gas

and an additional low-pressure gauge near the high-pressure cell. The latter is needed as mostly

mixtures with small xenon contributions in the order of a few millibar are to be investigated.

The gauge has a measurement range from −1 bar to 0 bar, relative to ambient pressure (it dis-
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Figure 4.4: Gas piping system for the preparation of heteronuclear xenon-noble gas samples. Valves A and B are

located directly at the respective gas bottles. Unless otherwise stated, the pressure gauges have a measurement

range from 0 to 250 bar. The low-pressure gauge with a measurement range from −1 bar to 0 bar is used to fill

small amounts of xenon into the gas piping system.

plays −1 bar for a fully evacuated system). For the preparation of gas mixtures, the ratio of the

compartment volumes on either side of valve D needs to be known, as it governs the expansion

of gas contents from one compartment into the other. This ratio is determined experimentally,

but is for now assumed to be 1/3 for illustrative purposes. The following steps illuminate the

preparation of heteronuclear xenon-noble gas mixtures, using the example of a xenon-helium

mixture with a xenon concentration of 200 ppm and a total pressure of 75 bar:

1. With the valves C, D and E open, the whole gas piping system is evacuated (valves A and

B are located right at the gas bottles).

2. Valve C is closed and valve B is opened, filling the gas piping system to a xenon pressure

of 60mbar, using the low-pressure gauge. Valve B is closed again.

3. Valves D and E are closed and valve C is opened, removing the xenon from the gas piping

system (but not the high-pressure cell).

4. Valve C is closed and valve A is opened, filling the gas piping system (except for the

high-pressure cell) to a helium pressure of 100 bar. At this point, valve D separates the

gas piping system, filled with helium, and the high-pressure cell, filled with xenon. Valve

A is closed again.

5. Valve D is opened, allowing the two previously compartmentalized gases to mix. Helium

flows into the high-pressure cell and xenon flows into the gas piping system. In the resulting

mixture, the helium partial pressure is 3/4 · 100 bar = 75 bar, the xenon partial pressure

is 1/4 · 60mbar = 15mbar, resulting in a relative xenon concentration of 200 ppm (the

negligibly small contribution of the xenon partial pressure to the total sample pressure is

tacitly ignored).
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The scale division of the low-pressure gauge is 20mbar, at first glance seeming to prevent the

accurate preparation of mixtures with xenon contributions below 1/4 · 20mbar = 5mbar. How-

ever, this obstacle can be overcome, by conducting the procedure repetitively without filling any

buffer gas into the gas system in step 4. With every iteration, the amount of xenon in the high-

pressure cell is reduced in a controlled way, in this example by a factor of 4. In the experiments

on heteronuclear mixtures between xenon and other noble gases, the xenon contributions cor-

respond to partial pressures significantly below 1 bar, easily achievable without immersing the

xenon-filled sample cylinder in liquid nitrogen. The gas bottles of the noble gases helium, neon

and argon have volumes of 10 L and exhibit a factory-provided filling pressure of 200 bar, more

than sufficient to prepare gas mixtures with total pressures in the order of 100 bar. Krypton,

after xenon the heaviest stable and equally scarce noble gas, is available only in gas bottles with

a volume of 1 L and a filling pressure of 80 bar. As its boiling temperature, 120K, is above that

of nitrogen, 77K [77], the technique of immersing the krypton-filled sample cylinder in liquid

nitrogen can be applied equally as with xenon. The purity grades of these noble gases (also from

the supplier Air Liquide) are comparable to that of xenon.

4.4 Laser and OPO System

For most of the spectroscopic investigations presented in this thesis, a combination of a Q-

switched Nd:YAG laser system and an optical parametric oscillator (OPO) system is used.

The laser system (Spectra Physics Quanta Ray PRO 250-10) generates radiation at 1064 nm

wavelength with a pulse energy of 1400mJ, a pulse length (FWHM) of 10 ns and a repeti-

tion rate of 10Hz. The radiation at 1064 nm wavelength is guided through two subsequent

harmonic-generation stages including nonlinear KD*P crystals. In the first stage, the radiation

is frequency-doubled in a type-I second-harmonic generation (SHG) process. In the second stage,

the resulting light at 532 nm wavelength is then combined with the residual radiation at 1064 nm

wavelength in a sum-frequency generation (SFG) process. After the SHG and SFG processes,

radiation at a wavelength of 355 nm and a pulse energy of 450mJ is available, propagating

collinearly with the beam components at 532 nm and 1064 nm wavelength.

The beam encompassing radiation at the three stated wavelengths is then guided to an OPO sys-

tem (GWU primoScan ULD/400), which − besides the actual OPO crystal − contains several

other optical components, as illustrated in Fig. 4.5. Once inside the OPO housing, a dichroic

mirror splits off the beam component at 355 nm wavelength and transmits the components at

532 nm and 1064 nm wavelength. A share of around 60% of the light at 1064 nm wavelength

is subsequently split off for other instances of sum-frequency generation processes within the

OPO system (see below); the remainder leaves the OPO system together with the component at

532 nm wavelength and is available for other applications. The radiation at 355 nm wavelength

is used to optically pump the system’s centerpiece, the barium-borate OPO crystal. In a para-

metric process exploiting the crystal’s nonlinear optical properties [122], an incoming photon at

355 nm wavelength is converted into a pair of two photons, the lower-energetic of which is histor-
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Figure 4.5: Schematic of the laser and optical parametric oscillator (OPO) system. Radiation at 1064 nm wave-

length from a Q-switched Nd:YAG laser is frequency-doubled and -tripled in nonlinear KD*P crystals. The beams

at the three wavelengths are guided collinearly to the OPO system, where the beam component at 355 nm wave-

length is split off and used to pump the OPO crystal. The radiation generated here, covering the wavelength range

from 405 nm to 2700 nm, traverses a compensation crystal oriented opposedly to the OPO crystal. Subsequently,

the beam is spectrally divided by a dichroic mirror with a separation wavelength of 710 nm, after which the idler

component (710 nm − 2700 nm) leaves the system. The signal component can either be coupled out as well or be

superimposed with radiation at 1064 nm wavelength and subsequently guided through multiple nonlinear crystals

(UV-L, UV-S, DUV) to generate radiation in the 193 nm to 405 nm range. A prism eventually separates the

remaining (D)UV, signal and 1064 nm beams and only the (D)UV component is guided out of the OPO system.

ically referred to as “idler”, whereas the higher-energetic one is referred to as “signal” photon.

While energy conservation imposes the constraint 1/λsignal + 1/λidler = 1/355 nm, the specific ratio

between λsignal and λidler is governed by the phase matching condition. Here, phase matching

for a particular combination of target wavelengths is fulfilled by tuning the crystal angle relative

to the direction of the incoming pump beam. In this way, gap-free tunable radiation in the

wavelength range from 405 nm to 2700 nm can be achieved (710 nm, twice the pump wavelength,

constitutes the boundary between signal and idler range). This light is guided through a com-

pensation crystal made out of quartz glass, mirroring the orientation of the OPO crystal, so

as to compensate for any transversal angle deflection due to nonnormal incidence of the pump

beam onto the front facet of the OPO crystal. Subsequently, signal and idler beam are separated

by a dichroic mirror, after which the idler beam leaves the OPO system without further manip-

ulation. The signal beam can either be coupled out equally or, alternatively, be superimposed

with the beam at 1064 nm wavelength previously separated. The combination of both beams

is guided through three additional nonlinear crystals. The first crystal (UV-L) enables access

to the wavelength range from 250 nm to 405 nm, either via second-harmonic generation of two
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signal photons or, alternatively, via sum-frequency generation of a signal photon and a photon

at 1064 nm wavelength. The following crystal (UV-S) covers the 210 nm to 250 nm wavelength

range, via second-harmonic generation of two signal photons. The last crystal (DUV) allows ac-

cess to the 193 nm to 210 nm wavelength range via sum-frequency generation of a UV-photon in

the 210 nm to 250 nm range generated in the UV-S crystal and a photon at 1064 nm wavelength.

A Pellin-Broca prism separates the (D)UV, signal and 1064 nm beams, and the latter two are

guided into a beam trap, such that only the (D)UV light leaves the OPO system.

4.5 Third-Harmonic Generation in Dilute Gases

Although the radiation provided by the laser and OPO system presented in the previous section

spans both the visible and near-infrared spectral ranges in their entirety, at short wavelengths

its tunability range is limited to wavelengths just below 200 nm. With this, it well covers the

wavelength range required to excite xenon samples in degenerate two-photon processes, allowing

for spectral investigations such as those presented in Sec. 5.1. However, a direct excitation

of xenon on its 5p6→ 5p56s transition (i.e. without involvement of any higher-lying states) is

not possible. To bring such measurements within experimental reach, the necessary radiation

around 147 nm wavelength has to be generated in a nonlinear process from radiation accessible

with the laser and OPO system. Nonlinear crystals, although generally widely employed for

high-harmonic generation, cannot be used for this, as the transmission ranges of even the most

UV-transparent crystals do not extend to the target wavelengths around 147 nm. An alternative

is the third-harmonic generation (THG) in gases [123]. Whereas even-order harmonic generation

is infeasible in gases with only one optically active atomic species due to the vanishing even-order

susceptibility, the odd-order and in particular the third-order susceptibility χ(3) are nonzero.

Assuming the fundamental (Gaussian) beam to be focused into the gas volume, the power

Pharm obtained from third-harmonic generation can be found to be [124, 125]

Pharm ∝ |χ(3)|2
λ4harm

P3
fund|F1(b∆k)|2 . (4.1)

Here, λharm is the wavelength of the light generated in third-harmonic generation and Pfund

is the incident power at the fundamental wavelength. The quantity F1(b∆k) accounts for the

phase matching between fundamental and third-harmonic light, with b the confocal parameter

of the focused beam and ∆k = kharm − kfund the wave vector mismatch between third-harmonic

and fundamental light. In the tight-focusing limit, with b ≪ L, where L is the length of the

nonlinear medium, F1(b∆k) can be evaluated to be [126]

|F1(b∆k)|2 =







π2(b∆k)2eb∆k, ∆k < 0

0, ∆k ≥ 0 .
(4.2)
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Figure 4.6: Illustration of the absorption and refractive index around an atomic resonance. Absorption profiles

are indicated by dashed lines, the corresponding refractive indices are indicated by solid lines [127]. The blue

curves correspond to a sample with comparably low density (and associated weak absorption), the red curves

correspond to one with a comparably high density (and associated stronger absorption). The spectral range

accessible by third-harmonic generation (gray area) is limited by the phase matching condition, requiring the

refractive index at the harmonic wavelength to be smaller than the refractive index n (λfund) at the fundamental

wavelength [123].

The phase matching condition ∆k
!
< 0 signifies that the harmonic light needs to propagate

faster than the fundamental light through the medium. Otherwise, in an illustrative picture,

the harmonic wave would be overtaken by the fundamental wave and destructive interference

among successively generated harmonic wave trains would inhibit the built-up of a persistent

harmonic wave. In other words, the condition is met if the refractive index at the harmonic

wavelength is smaller than the refractive index at the fundamental wavelength. Although this

is not possible in spectral regions with only normal dispersion (dn/dλ < 0), the situation changes

around resonances, which entail spectral regions with anomalous dispersion (dn/dλ > 0). As

illustrated by Fig. 4.6, the phase matching condition can be fulfilled on the short-wavelength

(blue) side of a resonance. In this work, the approach of third-harmonic generation of blue

light around 441 nm wavelength in a low-pressure xenon environment was chosen, exploiting the

blue side of the 5p6 → 5p56s transition for negative dispersion (such that wavelengths below

147 nm can be accessed). The phase matching F1(b∆k) for a certain fundamental wavelength

is optimized by tuning of the gas pressure (typically up to 300mbar). The assembly used for

this purpose, in the following referred to as THG cell, is shown in Fig. 4.7(a). The xenon gas

is confined to a modified CF16-crosspiece (Vacom X16-316) welded to a drilled-through KF50-

flange, which in turn is attached to the vacuum chamber. Along one axis, the THG cell is

equipped with a borosilicate window (Vacom VPCF16B-L) on one opening and a MgF2-window

(Korth Kristalle) on the opposite opening, with an optical path length of L = 10 cm in between.

Along the other axis, one opening is used for the connection to the gas piping system and the

opposite opening houses a borosilicate window for visual inspection.
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Figure 4.7: Sketch of the experimental setup for the generation of radiation between 144 nm and 147 nm wave-

length − (a) Centerpiece is a modified CF16-crosspiece attached to a vacuum chamber via a KF50-flange and

filled with xenon gas. Along the vertical axis, a beam of blue light with a wavelength between 432 nm and 441 nm

coming from the OPO system is guided through a borosilicate window and focused into the cell’s center, where

it is converted to VUV light in a third-harmonic generation (THG) process. Both the THG and the fundamental

blue beam pass through a MgF2-window into the vacuum chamber. The other two ports of the cell house a

window for visual inspection and a connection to the gas piping system. (b) Separation of the harmonic light

from the fundamental blue light. A MgF2-lens is placed at a distance g from the center of the THG cell (drawing

not to scale). Its chromatic dispersion leads to different focal positions (bfund and bharm, respectively) for the two

beams, allowing for their separation with a centrally-pierced mirror (“hole mirror”). The (unwanted) fundamental

blue light is guided into a beam trap, the harmonic light is collimated and available for measurements.

Blue light in the wavelength range from 432 nm to 441 nm is focused into the center of the

THG cell using an achromatic lens with a focal length of 100mm (Thorlabs). With a beam

diameter of 10mm in front of the lens, a spot size of 6 µm is reached at the center of the

THG cell; corresponding to a confocal parameter around b = 0.5mm, clearly fulfilling the tight-

focusing limit. Within this focus region, light in the wavelength range from 144 nm to 147 nm

can be generated, which then leaves the THG cell together with the fundamental blue light

through the MgF2-window into the vacuum chamber. The conversion efficiency of the THG is

rather low (in literature, efficiencies in the order of 10−5 are reported [103]), resulting in the

need to separate the weak THG light from the comparatively strong fundamental blue light.

This proves experimentally challenging, as bandpass filters for light in the VUV typically offer

transmissivities around 30%, while rejection factors for visible light are at best 1/1000. Hence,

even two consecutive filters could only barely suppress the fundamental blue light sufficiently, not

even considering the inevitable suppression of VUV light. Further, with the energy density of the

fundamental blue light being close to the laser-induced damage threshold of available bandpass

filters, a frequent replacement of these delicate optical components would be necessary.
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Here, a different approach was chosen, based on the chromatic dispersion of a MgF2-lens (Thor-

labs) and subsequent beam separation in a centrally-pierced mirror [46], as shown in Fig. 4.7(b).

Within the vacuum chamber, the copropagating beams around 441 nm and 147 nm wavelength,

pass through a MgF2-lens, whose chromatic dispersion leads to both beams being focused to

different planes. The focal length f(λ) at a certain wavelength λ is given by the lensmaker’s

equation (in thin-lens approximation),

1

f(λ)
= ((n(λ)− 1)

(
1

R1
− 1

R2

)

, (4.3)

with R1 and R2 the radii of curvature of the lens surfaces. The refractive index n(λ) in turn is

governed by the Sellmeier equation [127],

n(λ)2 − 1 =
0.48755108λ2

λ2 − 0.043384082
+

0.39875031λ2

λ2 − 0.094614422
+

2.3120353λ2

λ2 − 23.7936042
. (4.4)

The numerical constants are a material property of MgF2 [128]. The plano-convex lens used

here has a nominal focal length of 75mm at the design wavelength of 633 nm and a radius of

curvature of the convex side of R1 = 28.3mm (R2 = ∞). Placed at a distance g = 155mm

away from the center of the THG cell, it focuses the harmonic light to a plane at a distance

of bharm = g·f(147 nm)/g−f(147 nm) = 92mm from its center. The focal plane of the fundamental

blue light, contrarily, lies bfund = 142mm away from the center of the lens, coinciding with the

position of a concave VUV-mirror with a radius of curvature of R = −100mm. Through its

center a hole with a diameter of 1mm has been drilled, allowing the blue fundamental light to

pass through the mirror and subsequently be guided into a beam trap. The curved mirror’s focal

length f = R/2 by design corresponds to the distance between its surface and the focal plane of

the harmonic light (in other words, the difference bfund− bharm), leading to a collimated beam of

VUV light after reflection off the mirror surface. For other wavelengths in the target range from

144 nm to 147 nm, the deviations of bfund and bharm are in the order of 2mm and hence smaller

than typical positioning uncertainties of the optical elements in the vacuum chamber.

As a characterization of the THG process, Fig. 4.8(a) shows spectra of the THG light for different

fundamental wavelengths between 432 nm and 441 nm (recorded with a CCD camera-based spec-

trometer that will be covered in Sec. 4.7). The xenon pressure within the THG cell was 30mbar.

Clearly, a change of the fundamental wavelength results in a corresponding spectral shift of the

harmonic signal. The conversion efficiency appears to be highly wavelength-dependent, with the

envelope of the obtained spectra exhibiting a peak around 146.2 nm (the pulse energy of the

fundamental light is constant over the relevant wavelength range). This behavior is mirrored

by Eq. (4.2) and can be attributed to the interplay between absorption and refractive index in

the xenon gas around its resonance. Figure 4.8(b) shows the wavelengths with maximum THG

signal as a function of the fundamental wavelength. A linear function fitted to the data yields
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(a)

(c)

(b)

(d)

Figure 4.8: Characterizing measurements of the third-harmonic generation (THG) − (a) Spectra of the radiation

generated in the THG process for different wavelengths of the blue fundamental light with a gas pressure inside

the THG cell of 30mbar. Spectra resulting from fundamental light at longer wavelengths are indicated by a

more opaque coloring. The width of the observed peaks (around 0.2 nm) results from the finite resolution of the

spectrometer. (b) Dependency of the peak THG wavelength on the wavelength of the fundamental light (yellow,

data from (a)). A linear function (cyan) fitted to the data yields a slope of (0.32 ± 0.05). (c) Data similar

to those in (a), but with a higher xenon pressure inside the THG cell of 230mbar, enabling the conversion of

shorter-wavelength light. (d) Dependency of the wavelength with highest conversion efficiency on the gas pressure

inside the THG cell. The blue and red colored data points are obtained from the the data shown in (a) and (c)

in corresponding colors. The gray shaded area indicates the FWHM of the envelopes around each set of spectra.

a slope of (0.32± 0.05), showing only a minor deviation from the expected value of 1/3. Chang-

ing the gas pressure within the THG cell results in a shift of the wavelength with maximum

conversion efficiency, as indicated in Fig. 4.8(c), showing data similar to those from Fig. 4.8(a),

but with a higher xenon pressure of 230mbar inside the THG cell. As this sample exhibits a

broader absorption profile and a more pronounced refractive index change, the conversion of

shorter-wavelength blue light is enabled. Figure 4.8(d) shows the dependency of the wavelength

with highest conversion efficiency (spectral position of the peak of the envelope) on the gas pres-

sure within the THG cell. Besides exhibiting a spectral shift, the envelope also becomes broader

as the xenon pressure is increased, enabling convenient experimental access to the 144 nm to

147 nm wavelength range.
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4.6 Laser-Induced Plasma

The light sources introduced so far are narrowband light sources, making them excellent tools for

the investigation of emission and excitation spectra. However, for the investigation of absorption

spectra, a broadband light source is more suitable, as it allows to probe absorption profiles over

extended wavelength ranges at once (assuming an appropriate detection unit to be available).

Here, a laser-induced plasma (LIP) is used for this purpose. Generally, LIP is an umbrella

term for the radiation emitted by a medium, a significant share of whose constituent particles

has previously been ionized or vaporized by irradiation of an intense laser beam. It has been

achieved in solid, liquid and gaseous materials, each of which exhibit characteristic advantages

and disadvantages [129]. Whereas plasma generation in solid targets excels with regard to

emitter density and hence emission intensity, it usually entails the creation of debris, curtailing

its practical applicability. Gaseous targets show lower overall conversion efficiencies, but provide

a very clean and experimentally controllable environment.

For the absorption measurements presented throughout this thesis, a LIP based on a noble

gas target (argon, krypton or xenon) confined to a CF16-crosspiece is used, in the following

referred to as plasma cell (Fig. 4.9). Along one axis, the plasma cell is equipped with two

opposing borosilicate windows (Vacom VPCF16B-L) with a transmission range from 400 nm

to 2500 nm. Along the second axis, one opening is used for the connection to the gas piping

system; the opposing opening is equipped with a MgF2-window. The LIP is excited with part of

the laser radiation from the Q-switched nanosecond laser (Sec. 4.4). The copropagating second

harmonic beam at 532 nm wavelength and the fundamental beam at 1064 nm wavelength exhibit

an aggregate beam energy of around 300mJ. Using a lens with a focal length of f = 100mm

and an anti-reflection coating for 532 nm and 1064 nm wavelength, the compound beam with

a diameter of 10mm is focused through one of the borosilicate windows into the center of the

plasma cell, where a spot size in the order of 2w0 = 10 µm is reached, resulting in peak intensities

as high as 4×1017Wm−2, exceeding the plasma ignition threshold. Part of the isotropic plasma

light generated in the focal region is collected through the lateral MgF2-window. The residual

excitation light at 532 nm and 1064 nm wavelength leaves the plasma cell through the second

borosilicate window and is then guided into a beam trap.

One of the advantages of the LIP is that its emission region is nearly pointlike, enabling an

experimentally convenient collimation of the initially divergent light beam. For this, concave

mirrors are used, as these are not subject to the strong chromatic dispersion of lenses in the

VUV spectral regime3. Once collimated, the light can be guided to an absorption setup. Another

advantage of the LIP, as used here, is the pulsed nature of its excitation, causing the emission

from the LIP not to be temporally continuous, but to be confined to pulses. This is illustrated

in Fig. 4.10(a), showing the spectrally-integrated plasma signal recorded with a photomultiplier

3 Due to the lack of a material compensating for the dispersion of MgF2 while simultaneously offering its unrivaled
transmissivity, no achromatic lenses are available in the VUV spectral regime. While the chromatic dispersion
of available lenses proves beneficial for the separation of the THG light and fundamental light, as explained in
Sec. 4.5, it generally constitutes an inconvenience for experiments in this wavelength range.
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Figure 4.9: Sketch of the experimental setup for the generation of a laser-induced plasma (LIP). Centerpiece is

a CF16-crosspiece filled with a noble gas (e.g. argon) and equipped with lateral viewports. Along the vertical

axis, the superimposed beams at 532 nm and 1064 nm wavelength are guided through the plasma cell and focused

into its center. Part of the light generated in this plasma region is collected through a lateral MgF2-window on

the horizontal axis, collimated using concave mirrors and guided to the absorption setup (not shown). Utilizing

two mirrors for the collimation is necessary to ensure near-normal light incidence on both mirrors, preventing

aberrations from different focal lengths in the vertical and horizontal plane of the spherically concave mirrors.

(Hamamatsu R10825). Although the temporal FWHM of the pulse corresponds to only 70 ns,

there is a measurable contribution to the emission signal even multiple hundred nanoseconds

after the plasma onset. For the investigation of noncontinuous effects, such as the nondegener-

ate two-photon absorption presented in Sec. 5.2, this is highly beneficial, as the available light

is temporally confined, facilitating a higher instantaneous signal during the detection window.

Figure 4.10(b) shows emission spectra of an argon plasma, recorded with an ICCD camera-based

spectrometer (whose working principle will be illuminated in Sec. 4.7). The different spectra cor-

respond to different gate width settings of the ICCD camera (the gate delay was kept constant),

with larger gate widths indicated by a more opaque coloring of the corresponding spectra. A

broad continuum, visible for very short gate widths, gradually evolves into a spectrum with dis-

tinct features as the gate width is increased. These pronounced spectral features are attributed

to the recombination lines of ionized argon atoms [130–132]. Figure 4.10(c) shows the relation

between the argon pressure in the plasma cell and the spectrally-integrated plasma strength.

After an initial linear increase of the signal, for pressures above 700mbar the signal saturates and

above 1200mbar, no increase of the signal can be observed (the maximum investigated pressure

of 1500mbar reflects the damage threshold of the plasma cell). Figure 4.10(d) shows normal-

ized emission spectra of argon, krypton and xenon-based plasmas, respectively. Generally, the

observed signal strength increases from argon over krypton to xenon, understood from the de-

creasing ionization energy with increasing noble gas mass [86]. For the measurements presented
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(a)

(c)

(b)

(d)

Figure 4.10: Characterizing measurements of the laser-induced plasma (LIP) − (a) Temporal evolution of the

spectrally integrated plasma emission signal generated in argon (recorded with a photomultiplier). Although the

temporal FWHM corresponds to only around 70 ns, there is still a significant contribution to the plasma pulse

multiple hundred nanoseconds after its onset. (b) Normalized emission spectrum of an argon plasma, recorded

with an ICCD camera-based spectrometer for different gate width settings between 20 ns and 1000 ns (and the gate

delay kept constant). Spectra recorded with a larger gate width setting are indicated by a more opaque coloring.

(c) Relation between the argon pressure in the plasma cell and the spectrally-integrated plasma emission strength,

with the ICCD camera set to the maximum gate width probed in (b). (d) Normalized emission spectra of argon,

krypton and xenon plasmas, each recorded at a gas pressure of 1 bar and with the ICCD camera set to the

maximum gate width probed in (b). On the short-wavelength side, the spectrum of the xenon plasma is capped

by the (atomic) absorption around 146.9 nm.

in this thesis, either argon or krypton are used as plasma target, as the emission spectrum of

the xenon plasma on the short-wavelength side is curtailed by reabsorption on its own 5p6 →
5p56s transition within the plasma cell.

4.7 Detection Units

For the recording of VUV spectra, two different detection units are used, each comprising a

spectrograph and a camera; a schematic is shown in Fig. 4.11. The combined assembly of both

devices is in the following referred to as spectrometer. Both spectrographs (McPherson model
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Figure 4.11: Working principle of a VUV spectrometer as used for the experiments presented in this thesis.

Light to be investigated (blue) is focused onto an entrance slit and impinges onto a concave diffraction grating,

where it is spectrally decomposed. At the same time, the grating images the entrance slit into the sensor plane,

where the sensor chip of a CCD or ICCD camera is located. The deviation angle 2θ between the incidence and

the diffraction direction of the spectrometer is fixed. The scan angle ϕ determines the central wavelength of the

spectral range imaged into the sensor plane.

234 or H+P spectroscopy easyLight) are similar in their underlying design, consisting only of

an entrance slit, its width adjustable between a few micrometers and several millimeters, and a

diffraction grating. While the former creates a point-like light source, the concave grating both

diffracts and images the light onto the exit plane of the spectrograph, where the camera sensor

is located. By rotating the grating by the angle φ with an electric actuator, the spectral range

imaged onto the camera sensor can be varied. The center wavelength λ of this spectral range is

given by the grating equation [133],

Gmλ = 2 cos (θ) sin (φ) . (4.5)

Here, m is the diffraction order, G is the grating constant and θ is the (half) deviation angle.

The scan angle φ is measured from the bisector of the incidence and diffraction arms to the

grating normal. For the available spectrometers, usually only the first diffraction order is used

(m = 1), and the deviation angle is given by the spectrograph geometry (θ = 32◦). The

grating constant, G = 1200mm−1 (easyLight) or G = 2400mm−1 (model 234), is critical for

the spectral resolution of the spectrograph. It is around 0.1 nm or 0.05 nm for the respective

device, assuming the entrance slit to be set to a width of 10 µm. With increasing slit width, the

resolution decreases, which experimentally leads to a tradeoff between spectral resolution and

light throughput.

For the actual detection of VUV radiation either an ordinary charge-coupled device camera
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(CCD; Andor iDus 420) or an intensified CCD camera (ICCD; Andor iStar 320T) is used. The

CCD camera has a MgF2-entrance window and its sensor exhibits 1024 × 256 pixels with a

pixel size of 26 µm × 26 µm. Its quantum efficiency (electron counts per incoming photon) is

around 20%. To record spectra, the camera is operated in the full-vertical-binning mode (FVB),

describing the on-chip column-wise integration of pixel charges before readout. Determined by

the grating dispersion and the sensor area, a wavelength range of about 45 nm can be imaged in

a single exposure (without rotation of the grating). The ICCD camera, in contrast to the CCD

camera, additionally incorporates an image intensifier unit. This consists of a photocathode,

from which incoming photons release electrons, which are subsequently drawn to and through

a multi-channel plate (MCP). In essence, this is an array of micrometer-thin tubes along whose

length a variable voltage is applied, amplifying the electron signal in an avalanche process.

Beyond the MCP a phosphor screen is located, converting the electron signal back to an optical

signal, which can be detected with a conventional CCD sensor. The image intensifier unit

brings about two key advantages over the use of a conventional stand-alone CCD camera: on

the one hand, it facilitates rapid optical gating with temporal gate widths as short as 2 ns by

switching the voltage across the MCP, bringing within reach the exploration of phenomena on

similar timescales as the length of the pulses generated by the laser and OPO system used here.

On the other hand, its adjustable gain enables signal amplifications as high as 103 compared

to a nonintensified CCD camera, beneficial for measurements with low signal levels (despite its

moderate quantum efficiency of about 11% in the VUV spectral range). In the case of the ICCD

camera-based spectrometer, the diameter of the image intensifier unit (18mm) governs the light-

sensitive area, allowing to image a spectral range of around 40 nm in a single exposure.
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5 Two-Photon Excitation and Absorption

Spectroscopy of Homonuclear Xenon

Whereas the investigations of the spectral emission profiles carried out in earlier work [46] were

conducted using fixed-wavelength excitation schemes, for the present work an OPO system was

available. As illustrated in Sec. 4.4, this light source provides tunable radiation throughout the

wavelength range between 200 nm and 300 nm, which brings a (resonant) driving of xenon’s

allowed two-photon transitions from the ground state within reach. Hence, with the aim of

identifying suitable pump mechanisms for future microcavity-based experiments, two-photon

excitation spectroscopy of xenon at elevated pressures was conducted, i.e. a systematic determi-

nation of the excitation wavelengths resulting in the highest fluorescence response. Correspond-

ing results will be presented in Sec. 5.1. In the following, the terms fluorescence and emission

will at times be used interchangeably, as is common practice in scientific literature.

Another finding from [46] was an insufficient probability for photons emitted by xenon dimers

to be reabsorbed within the same sample, preventing an adequate number of absorption and

reemission cycles of photons in future microcavity-based experiments for a thermalization of

the photon gas. This shortcoming of the pure-xenon system is rooted in the large spectral

gap between the (atomic) absorption and the emission on the second excimer continuum or, put

differently, in the large binding energy of xenon excimers. In Sec. 5.2, an approach to compensate

this spectral gap will be illustrated, based on the provision of an auxiliary photon field and the

inclusion of higher-lying excimer states into the cycles of absorption and reemission.

5.1 Excitation Spectroscopy

Two-photon excitation is a widely used tool, as it generally allows the exciting radiation to be

of longer wavelength than the emitted radiation. Xenon exhibits a number of electronic states

that can be excited from the 5p6 ground state by allowed two-photon transitions1, namely those

of the 5p56p and 5p56p′ configurations exhibiting even total angular momentum (J = 0, 2),

as illustrated in Fig. 5.1. Specifically, these are the 5p56p[1/2]0 state at a wave number of

80 119.0 cm−1, the 5p56p[3/2]2 state at 79 212.5 cm−1 and the 5p56p[5/2]2 state at 78 119.8 cm−1

[86]. In a two-photon excitation scheme, these transition energies correspond to single-photon

wavelengths of 249.6 nm, 252.5 nm and 256.0 nm, respectively. The 5p56p′ configuration, mean-

1 These need to fulfill |Ji − Jf | ≤ 2, with Ji,f the total angular momenta of the initial (i) and final (f) states,
respectively. In the case of two equal-wavelength photons, the transitions Ji = 0 → Jf = 1 and Ji = 1 →
Jf = 0 are forbidden due to destructive interference between different excitation paths [134, 135]. Further, parity
conservation needs to be observed, Pi · Pf = 1, with Pi,j the parities of the initial and the final state.
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Figure 5.1: Energy levels of xenon as relevant for the measurements in this section. States of the 5p56p and

5p56p′ configurations involved in the allowed two-photon transitions investigated here are indicated in dark blue,

other states of the respective configurations are indicated in light blue (also note the magnified visualization in

the dashed areas). Excitation to these states is realized by irradiation of UV light around 220 nm or 250 nm

wavelength, respectively. After collisional relaxation to the 5p56s state (see text), relaxation to the 5p6 ground

state occurs radiatively with emission on the second excimer continuum (in dense samples as considered here).

while, exhibits two such states, the 5p56p′[1/2]0 state at a wave number of 89 860.0 cm−1 and

the 5p56p′[3/2]2 state at 89 162.4 cm−1, corresponding to single-photon wavelengths of 222.6 nm

and 224.3 nm.

After excitation to the 5p56p or 5p56p′ configurations, excimers relaxate to the 5p56s configu-

ration either radiatively, via emission of a near-infrared photon, or nonradiatively, via collisions

with surrounding atoms. For the 5p56p configuration, reported collisional deactivation rates are

(6 – 120)×10−12cm3/s [136], depending on the particular state of this configuration. Even at the

comparatively low pressure of 10 bar, this corresponds to a quench rate of (1.5 – 30.3) ns−1. This

clearly exceeds the spontaneous emission rate, as radiative lifetimes of the 5p56p→ 5p56s transi-

tion are (27 – 36) ns. Collisional deactivation rates for the 5p56p′ configuration are even higher,

(423 – 426)×10−12cm3/s. Accordingly, for both configurations the relaxation to the 5p56s con-

figuration is assumed to be dominated by collisional, nonradiative deactivation.

5.1.1 Setup and Characterization

The setup used for the two-photon excitation spectroscopy is shown in Fig. 5.2. UV light near

220 nm or 250 nm wavelength generated in the OPO system is guided to the vacuum chamber. A

mirror placed on a motorized flip mount (Thorlabs MFF101) allows to direct the beam onto the

measurement head of an energy meter (Coherent FieldMax II; sensor J-25MB-LE). The beam

enters the vacuum chamber through an uncoated UV fused-silica window (Thorlabs WG41050).

Part of the light scattered off this window is collected with a fiber coupler and guided to a CCD

spectrometer (Thorlabs CCS200), enabling a tracking of the wavelength of the excitation light.

Inside the vacuum chamber, the excitation beam is guided to the five-window high-pressure

cell introduced in Sec. 4.2.1 using UV-enhanced aluminum mirrors (Thorlabs PF10-03-F01) and
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Figure 5.2: Setup for the investigation of two-photon excitation spectra. UV excitation light around either

220 nm or 250 nm wavelength generated by the OPO system is guided into the vacuum chamber. A fiber-

coupled spectrometer and an energy meter allow to track the current excitation wavelength and the pulse energy.

Fluorescence light is collected under an angle of 90◦ relative to the direction of the excitation beam and guided

into the CCD camera-based spectrometer for analysis.

focused into its center with a plano-convex lens of 25 cm focal length (Thorlabs LA4158). At

the center of the cell, the excitation beam exhibits a calculated 1/e2-diameter of around 10 µm.

Beyond the cell, the beam is guided into a beam trap. Part of the radiation generated in xenon

samples (prepared using the gas piping system illustrated in Sec. 4.3.1) by the excitation beam

is collected through one of the lateral cell windows by a concave mirror (Laseroptik coating

B-02250-01). It is situated such that its focal length f = R/2, with R = −200mm its radius of

curvature, matches its distance from the center of the high-pressure cell, resulting in a collimated

beam of fluorescence light. Using another concave mirror with R = −400mm, this beam is

focused onto the entry slit of the CCD camera-based spectrometer introduced in Sec. 4.7. For

all measurements, the entry slit was set to a width of 10 µm. All relevant mirrors are situated in

piezo-actuated mirror mounts, allowing for an optimization of the incoupling of the excitation

light into the cell and of the emission light into the spectrometer.

Intrinsically, the output energies of the OPO system in the UV wavelength regions probed here

are strongly wavelength-dependent. Moreover, the pulse energies are in the order of 20mJ; such

energies would lead to an excessive energy density on the windows of the high-pressure cell,

which are only 1 cm away from the focal point of the excitation beam. This makes a deliberate

reduction of the pulse energy necessary, achievable by adjusting the UV-S and UV-L crystals

involved in the generation of UV radiation (Sec. 4.4). Using a custom calibration between target

wavelength and crystal angle, it is possible to achieve a much flatter energy curve over the desired
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Figure 5.3: Relation between wavelength and pulse energy of the OPO system in the spectral range covering

the 5p6 → 5p56p two-photon transitions. The data was obtained after conducting a custom angle calibration of

the UV-generating crystals in the OPO system. The observed wavelength-to-wavelength variations are persistent

over multiple measurement iterations and can be attributed to slight inaccuracies in the crystals’ angle control.

wavelength range. Exemplarily, Fig. 5.3 shows the resulting dependency between wavelength and

pulse energy in the spectral range around the xenon 5p6 → 5p56p two-photon transitions. The

pulse energies are now mostly below 2mJ, experimentally proven to be innocuous for the cell

windows over extended periods of time.

A residual wavelength-dependency can be observed in Fig. 5.3, necessitating a tracking of the

pulse energy at every excitation wavelength to allow for a correction for different pulse energies.

A quadratic scaling between pulse energy and fluorescence signal, as expected for the two-

photon excitation scheme considered here [137], has been experimentally validated. Figure

5.4(a) exemplarily shows the fluorescence yield2 of a xenon sample at a pressure of 20 bar as a

function of the squared pulse energy at a fixed excitation wavelength of 256.5 nm. The data can

well be described by a linear function, warranting the application of a quadratic relation between

pulse energy and fluorescence yield. Figure 5.4(b) shows emission spectra of a xenon sample at

a pressure of 20 bar, under excitation with light of different wavelengths. Within experimental

accuracy, the spectra agree with each other, fulfilling Kasha’s rule (Sec. 2.2.1) and suggesting a

thermally equilibrated level occupation within the quasimolecular manifold in the bound part

of the excimer potential energy curve. With their maxima at wavelengths around 172 nm and a

FWHM of about 13 nm, the spectra can be identified as the second excimer continuum emission

of xenon, expected for samples at pressures above a few hundred millibars (Sec. 3.3).

2 Here and in the following, the term fluorescence yield refers to the spectral integral of the emission spectrum. This
value as such represents no physical quantity in a narrow sense, since it is governed by a number of experimentally
inaccessible parameters, such as the solid angle spanned by the lateral cell window through which the fluorescence is
detected, the transmission through the spectrometer’s entry slit and the quantum efficiency of the CCD camera.
As, however, the aim of the measurements presented in this section is the identification of the most efficient
excitation wavelength, this fact is of minor relevance.
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Figure 5.4: Characterizing measurements of the two-photon excitation − (a) Dependence between squared

pulse energy and fluorescence yield in a xenon sample at a pressure of 20 bar under excitation with light at a

fixed wavelength of 256.5 nm (blue data points). The error bars are dominated by the shot-to-shot pulse energy

fluctuations of the OPO system. The agreement with a linear function (red) validates the quadratic energy scaling

expected for a two-photon excitation. (b) Normalized emission spectra of a xenon sample at a pressure of 20 bar

under excitation with light of different wavelengths. The observed independence of the spectral shape on the

excitation wavelength validates the applicability of Kasha’s rule in this system.

5.1.2 Methods and Results

The excitation spectra presented in the following are recorded in a wavelength scan covering

the 5p6 → 5p56p and 5p6 → 5p56p′ two-photon resonances. Each scan was conducted using the

following repetitive experimental steps:

• The OPO system is set to a new target wavelength, for example 250.0 nm.

• The mirror on the motorized flip mount is brought into the beam path and the pulse

energy is measured.

• The mirror on the motorized flip mount is removed from the beam path and the excitation

beam then reaches the xenon sample. The ensuing fluorescence light is recorded with the

spectrometer.

• The fiber-coupled spectrometer tracks the current excitation wavelength.

During the scan, the spectrometer is set to a center wavelength of 175 nm, allowing to record

the emission on the second excimer continuum in its entirety. The CCD camera, whose sensor

chip is cooled down to a temperature of −50 ◦C, is set to an exposure time of 0.55 s, covering five

successive shots from the OPO system. Averaging ten consecutive spectra at every excitation

wavelength leads to a total average over 50 pulses, suppressing statistical fluctuations sufficiently.
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Figure 5.5: Excitation spectra of the xenon 5p6 → 5p56p two-photon transitions for different sample pressures,

both in the gaseous and supercritical regimes. The vertical dashed lines (from left to right) represent the spectral

positions of the undisturbed 5p6 → 5p56p[1/2]0, 5p
56p[3/2]2 and 5p56p[5/2]2 transitions [86]. The inset depicts

an excitation spectrum of a sample at a pressure of 80 bar, i.e. in the supercritical regime (note the different

horizontal and vertical range covered by the inset as compared to the main plot).

Figure 5.5 shows excitation spectra of the 5p6 → 5p56p transitions in xenon for various pressures

in the gaseous phase (10 bar to 40 bar) and in the supercritical regime (80 bar). In the data

set for the sample at the lowest pressure, 10 bar, three distinct peaks can be observed, which

can be identified with the 5p6 → 5p56p[1/2]0, 5p
56p[3/2]2 and 5p56p[5/2]2 transitions (whose

undisturbed transition energies correspond to wave numbers of 80 119.0 cm−1, 79 212.5 cm−1

and 78 119.8 cm−1, respectively). For each of these three major resonance features, a strong

asymmetry is evident, with their blue (short-wavelength) edges being very steep and their red

(long-wavelength) edges petering out more slowly. Such pronouncedly asymmetric line shapes of

the 5p6 → 5p56p transitions have been reported in earlier work [93, 94] and are attributed to the

downward-bending potential energy curves of the states within the 5p56p configuration (see also

Fig. 3.3). At a wavelength of around 251.2 nm, another feature can be observed in the excitation

spectrum. The only transition this could be attributed to is the 5p6 → 5p55d [1/2]0 transition,

expected at 79 771.3 cm−1 (250.7 nm), as this is the only state with an energy between the two

higher-energy 5p56p states accessible from the ground state in allowed two-photon transitions.

This 5p6 → 5p55d transition is forbidden (violating parity conservation in a two-photon process),

but its presence has been observed in previous two-photon spectroscopic studies and was ascribed

to a pressure-induced transition [94, 138].
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Figure 5.6: Excitation spectra of the higher-energetic xenon 5p6 → 5p56p′ two-photon transitions for different

sample pressures, both in the gaseous and supercritical regimes. The vertical dashed lines (from left to right)

represent the spectral positions of the undisturbed 5p6 → 5p56p′[1/2]0 and 5p56p′[3/2]2 transitions [86].

Upon increasing the xenon pressure, the three major features in the excitation spectrum exhibit a

significant spectral broadening and also their respective center positions shift toward lower ener-

gies, by rates of (9.3±1.4) cm−1/bar, (8.3±1.2) cm−1/bar and (8.5±1.1) cm−1/bar, respectively.

At the highest pressure in the gaseous phase investigated here, 40 bar, the two higher-energy

5p6 → 5p56p resonances along with the putative 5p6 → 5p55d resonance form a continuum ex-

tending over a wide range of more than 4 nm, corresponding to an energy-equivalent of around

3 kBT in this wavelength range. The inset in Fig. 5.5 (note the different horizontal and vertical

extent) shows the fluorescence yield for a sample at a pressure of 80 bar. This corresponds to

conditions well within the supercritical regime, which is reached upon transcending the critical

pressure of 58.4 bar at room temperature. The magnitude of the spectral broadening renders the

individual spectral components of the 5p6 → 5p56p two-photon transitions unresolvable, as has

already been foreshadowed by the extent of the spectral broadening for the highest pressures in

the gaseous phase.

In Fig. 5.6 excitation spectra of the 5p6 → 5p56p′ transitions are shown for different xenon

pressures between 20 bar and 95 bar, i.e. for samples both in the gaseous and the supercriti-

cal regimes. At the lowest investigated pressure, 20 bar, two distinct spectral features can be

observed experimentally, which can well be attributed to the allowed 5p6 → 5p56p′[1/2]0 and

5p56p′[3/2]2 two-photon transitions (with undisturbed spectral positions at wave numbers of
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5 Two-Photon Excitation and Absorption Spectroscopy of Homonuclear Xenon

89 860.0 cm−1 and 89 162.4 cm−1, respectively). Interestingly, the asymmetry of the spectral

features here is not as pronounced as in the excitation spectrum for the 5p6 → 5p56p transitions

at the same pressure, indicating less strongly downward-bent potential energy curves. Upon

increasing the pressure, a pressure shift as well as a broadening are visible and similar to the

case of the 5p6 → 5p56p transitions above, no distinct spectral features are resolvable.

The measurements in this section clearly show that an excitation of xenon samples via two-

photon processes is possible, with the investigated pressure ranges significantly expanding the

available literature. The results indicate possible pumping schemes for future microcavity-based

experiments on Bose-Einstein condensation of VUV photons. With an excitation of dense xenon

samples possible in the UV over wide wavelength ranges (corresponding to multiple thermal

energy units kBT ), the convenient experimental creation of a photon gas inside a microcavity

appears possible. Contemplating pump sources beyond the tunable OPO system available here,

an excitation could be based, for example, on radiation around 253 nm, obtainable via fourth-

harmonic generation of radiation from infrared laser sources [139]. Samples in the supercritical

regime could be excited with radiation near 266 nm, as provided by widely available frequency-

quadrupled Nd:YAG lasers.

5.2 Absorption Spectroscopy

The measurements described in the last section have shown that the states with even total

angular momentum of the 5p56p configuration can be accessed from the 5p6 ground state in two-

photon transitions. So far, in this degenerate excitation scheme two photons of equal wavelength

were involved. It is tempting to ask whether these can also be accessed by transitions involving

two photons of unequal wavelengths, i.e. in a nondegenerate excitation scheme [140]. This could

prove helpful for increasing the low reabsorption probability of photons emitted on the strongly

Stokes-shifted second excimer continuum of xenon, which currently constitutes a major obstacle

for the overarching aim of this experiment − to achieve thermalization and ultimately Bose-

Einstein condensation of photons in the VUV spectral regime. The energy difference between

a 172 nm-wavelength-photon and the 5p56p configuration amounts to a photon wave number

of around 20 000 cm−1, depending on the respective state. This corresponds to a wavelength

in the blue-to-green spectral range, well within the tuning range of the OPO system presented

in Sec. 4.4. By providing an auxiliary light field of photons with suitable wavelength, photons

on the second excimer continuum around 172 nm wavelength could be included in reabsorption

processes by xenon dimers, as illustrated in Fig. 5.7. In this way, inducing absorption beyond

that reached for radiation around 172 nm on the single-photon 5p6 → 5p56s transition, in future

microcavity-based experiments photons could be prevented from leaving the microcavity before

undergoing a sufficient number of absorption and reemission cycles.
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Figure 5.7: Simplified potential energy diagram of xenon, as relevant for the nondegenerate two-photon ab-

sorption (potential curves from Fig. 3.3). In the scheme, a VUV photon around 172 nm wavelength (its energy

insufficient to drive the 5p6 → 5p56s transition) is paired with an auxiliary photon in the blue-to-green spectral

range around 500 nm to drive the 5p6 → 5p56p two-photon transitions. Exploiting this expanded cycle (includ-

ing intermediate relaxation from the 5p56p to the 5p56s configuration) in a future microcavity environment, the

number of absorption and reemission events a photon undergoes before leaving the microcavity could be increased.

5.2.1 Setup

The setup used for the two-photon absorption measurements performed here is shown in Fig. 5.8.

A laser-induced plasma (LIP, see Sec. 4.6) is used as a broadband light source, implemented by

focusing light from the Nd:YAG pump laser and its second harmonic (at 1064 nm and 532 nm

wavelength, respectively) into a cell filled with argon gas at around 1 bar pressure. After the

light from the LIP is collected and collimated with a concave mirror (Laseroptik coating B-

02250-01), it is guided through the five-window high-pressure cell (Sec. 4.2.1) with a window

configuration resulting in an optical path length of 2 cm by a pair of dichroic mirrors (Laseroptik

coating B-17281). Reaching a maximum reflectivity of 93% around 165 nm wavelength with a

reflectance bandwidth of around 20 nm, their transmissivity exceeds 90% in the visible spectral

range. Subsequently, the light passes through a VUV bandpass filter (Acton Optics 150-B-1D)

with a maximum transmissivity of 32% at 150 nm, a transmission bandwidth of around 50 nm

and a rejection ratio of 1/1000 for radiation in the visible spectral range. Eventually, the light

is focused onto the entrance slit of the ICCD camera-based spectrometer. Using the dichroic

mirrors’ transmissivity for visible light, a beam coming from the OPO system in the 480 nm to

510 nm wavelength range is superimposed with the VUV beam passing through the cell. Both

beams counterpropagate to reduce the amount of stray light recorded with the spectrometer.

Spatial overlap of both beams is ensured by guiding them through two apertures, one on either

side of the high-pressure cell, constraining them to a diameter of 5mm. In conjunction with a

pulse energy of 15mJ and a pulse length of 8 ns, this corresponds to an intensity of 96GWm−2

(average over one pulse). Before the beam from the OPO system enters the vacuum chamber,

it passes a delay stage (not shown in Fig. 5.8) to ensure that its constituent pulses arrive at the
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Figure 5.8: Setup for the investigation of nondegenerate two-photon absorption of xenon. Laser-light at 532 nm

and 1064 nm from the Nd:YAG laser is used to generate a laser-induced plasma (LIP) in an argon environment.

Its light is collimated and guided through a xenon-filled high-pressure cell, before entering the ICCD camera-

based spectrometer. Using two dichroic mirrors, a beam coming from the OPO system in the 480 nm to 510 nm

wavelength range is superimposed with the beam from the LIP at the position of the high-pressure cell. The

two counterpropagating beams are constrained to a diameter of 5mm by two apertures. The VUV filter prevents

visible and infrared stray light from entering the spectrometer.

high-pressure spectroscopy cell simultaneously with the pulses from the LIP (temporal overlap),

see Fig. 5.9. The combination of dichroic mirrors, VUV bandpass filter and counterpropagating

beams facilitates the required strong suppression of visible and infrared stray radiation, while

allowing to detect a sufficient amount of light in the wavelength range where VUV absorption

induced in the two-photon processes investigated here is expected.

5.2.2 Methods and Results

For the measurements presented in the following, the spectrometer was set to a center wavelength

of 170 nm, allowing to resolve the wavelength range in which absorption induced by the additional

light field is expected. The sensor chip of the ICCD camera was cooled down to −25 ◦C and an

exposure time of 20ms was chosen. A total of 1800 consecutive single-shot frames were averaged

to obtain a spectrum with sufficient suppression of signal fluctuations, as caused by pulse energy

variations of both the OPO and the plasma light source. The gate width of the ICCD camera’s

image intensifier was set to equal the pulse length of the OPO source, 8 ns, and the gate delay

was chosen such that the temporal center of the detection window coincides with the center of

the OPO pulse.
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Figure 5.9: Temporal dependence of the emission of the OPO source and the emission of the laser-induced

plasma. The data has been recorded using a photomultiplier-based spectrometer instead of the ICCD camera-

based spectrometer shown in Fig. 5.8. For the detection of the plasma pulse, the spectrometer grating was set

to a wavelength of 168 nm. For the detection of the OPO pulse, the spectrometer grating was set to the zeroth

diffraction order, allowing to detect some of the stray light scattered off the windows of the high-pressure cell. The

oscillations in the signal for times larger than 20 ns are caused by electromagnetic stray fields from the opening

and closing of the Q-switch in the pump laser.

With a xenon sample at 35 bar pressure in the high-pressure cell and the OPO system tuned to

a wavelength of 500 nm, two transmission spectra through the cell were recorded; one with the

auxiliary OPO beam passing through the cell (I(λ)with OPO) and one with the auxiliary OPO

beam blocked (I(λ)without OPO). Applying Beer’s law,

I(λ)with OPO

I(λ)without OPO
= exp (−αVUV (λ)L) , (5.1)

absorption spectra, denoted as αVUV (λ), are calculated from these transmission spectra (with

L = 2 cm the optical path length of the high-pressure cell). Typical results are shown in

Fig. 5.10(a). Three absorption peaks around 167 nm, 170 nm and 173 nm wavelength are visible;

these can be attributed to the 5p6 → 5p56p[1/2]0, 5p
56p[3/2]2 and 5p56p[5/2]2 two-photon tran-

sitions, similarly to the observations from Fig. 5.5. The spectral distance between the features

visible under both the degenerate and the nondegenerate excitation is similar, with a wave-

number difference of about 2000 cm−1 between the rightmost and the leftmost peak.

Inspecting the shape of the individual peaks more closely, one notices a slight asymmetry of the

two higher-energy peaks. Their red edges drop off more slowly than their blue edges, which is

in accordance with the results on the degenerate excitation of the states of the 5p56p configura-

tion. The remaining lowest-energy feature observable in Fig. 5.10(a), however, possesses a very

symmetric form, with both its edges dropping off in an equal fashion. This is a difference to the

degenerate case, where in Fig. 5.5 the three main resonance features show an equally asymmetric
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shape among them. Further, in the degenerate case, the feature with the highest transition en-

ergy appears strongest (in Fig. 5.5 around 250.5 nm for the data set recorded at 40 bar), whereas

in the nondegenerate case the lowest-energy feature appears most prominent.

Further evidence for the occurrence of a two-photon absorption process is obtained by tuning

the wavelength setting of the OPO system and monitoring changes of the corresponding VUV

absorption spectra, as an increase of the OPO photon wavelength should invariably lead to a shift

of the VUV absorption spectrum to lower wavelengths, and vice versa. Figure 5.10(b) shows

absorption spectra for four OPO wavelength settings between 480 nm and 510 nm. Indeed,

changing the OPO photon wavelength (while keeping the pulse energy constant) results in

collectively shifted absorption spectra. The shifts also agree quantitatively, as a wavelength

difference of 10 nm around 500 nm corresponds to a wavelength difference of 1.2 nm around

170 nm. Figure 5.10(c), then, shows the same spectra visualized as a function of the wave-

number sum of the two light fields driving the two-photon transition, resulting in the four

spectra lying on top of each other. Noticeably, varying the OPO photon wavelength leaves the

absorption spectrum’s shape unchanged, implying that the transitions do not depend on the

ratio in which the two nondegenerate photons contribute their respective energy amounts. The

structure of the absorption spectrum is rather governed by the shape of the potential energy

curves of the quasimolecular states involved in the observed transitions [89].

Figure 5.10(c) additionally shows the degenerate two-photon excitation spectrum for the compa-

rable gas pressure of 40 bar (data from Fig. 5.5). The data sets agree well with respect to their

overall shape. The observed slightly larger linewidth in the absorption spectra is a consequence

of the reduced wavelength resolution of the ICCD camera-based spectrometer used for the cor-

responding measurements, as compared to the CCD camera-based spectrometer. The relative

heights of the three absorption peaks are roughly equal, whereas in the case of the degenerate

excitation spectrum the feature associated with the 5p6 → 5p56p[1/2]0 transition appears domi-

nant. The weakly pronounced feature between 251 nm and 252 nm observed with the degenerate

excitation scheme (Fig. 5.5), ascribed to the 5p6 → 5p55d transition, appears not as pronounced

in the nondegenerate absorption scheme. The minor disparities (different shapes and relative

peak heights) between both schemes are presumably rooted in the different measurement ap-

proaches, as the excitation spectra (Fig. 5.5) not only account for the absorptive behavior of

xenon dimers, but are also influenced by internal conversion processes occurring before radiative

relaxation to the ground state.

Figure 5.11 shows absorption spectra obtained for different values of the gate delay of the

image intensifier within the ICCD camera, with a fixed wavelength of the auxiliary light field,

λaux = 490 nm, and a fixed gate width of 8 ns. The absolute value of the gate delay is of

no relevance here, as it is subject to an arbitrary offset in any case, among others governed by

delays incurring in the circuitry of the ICCD camera. The absorption spectra contain statistically

significant nonzero contributions only for gate delays of 15 ns and 20 ns, i.e. roughly within a

5 ns-wide window; agreeing with the temporal half-width of the OPO pulse within the temporal
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Figure 5.10: Spectra of the nondegenerate absorption on the xenon 5p6 → 5p56p two-photon transitions −

(a) Absorption in the spectral region near the second excimer continuum emission, in a sample at a pressure of

35 bar under irradiation of an auxiliary light field, here set to a wavelength of 500 nm. The three visible features

can be attributed to the 5p6 → 5p56p[1/2]0, 5p
56p[3/2]2 and 5p56p[5/2]2 two-photon transitions (from left to

right), whose undisturbed transition energies are indicated by the vertical dashed lines. (b) Data obtained from

the same sample, with the auxiliary light field tuned to different wavelengths, which gives rise to a spectral shift

between the individual absorption spectra. (c) The data from (b) plotted as a function of the wave-number sum of

the two light fields involved in the nondegenerate driving of the transitions. As expected, in this visualization the

four spectra coincide (note the inverted horizontal scale). The black dashed line shows a degenerate two-photon

excitation spectrum for comparison, recorded at the similar pressure of 40 bar (data from Fig. 5.5).
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Figure 5.11: Time dependence of the two-photon VUV absorption. With a xenon sample at a pressure of

35 bar and the auxiliary light field tuned to a wavelength of 490 nm, two-photon absorption spectra are shown for

different gate delays of the image intensifier within the ICCD camera. A statistically relevant VUV absorption

is visible only for two gate settings within a temporal spacing of 5 ns (red and yellow curves), which coincide

temporally with the arrival of the OPO pulse at the high-pressure cell.

resolution probed here. With gate delays smaller or larger than these values, no statistically

relevant two-photon absorption signal αVUV is observed (to obtain these data sets, fewer shots

from the plasma / OPO system were averaged than for the data in Fig. 5.10, explaining the

inferior signal-to-noise ratio). This further underpins the attribution of the observed spectral

features to transitions from the 5p6 ground state to states within the 5p56p configuration, driven

by the combination of the VUV light field generated in the plasma cell and the auxiliary light

field provided by the OPO system.

The two-photon absorption spectra presented in this section agree well with the expectations

regarding their spectral composition and prove the general feasibility of the proposed scheme

to increase the reabsorption probability of photons emitted by xenon. An enhancement of the

effect to a level suitable for the thermalization of photons could be achieved by a tighter focusing

of the auxiliary light field to a beam diameter of around 100 µm. This corresponds to the typical

spatial extent of the thermal photon cloud in microcavity-based photon BEC experiments with

common mirror geometries. Future technological improvements of VUV-mirror coatings might

further enhance the feasibility of the proposed scheme by lowering the necessary absorption

coefficient to ensure a sufficient number of absorption and reemission cycles.
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6 Absorption and Emission Spectroscopy of

Heteronuclear Xenon-Noble Gas Mixtures

In the course of the experimental work presented in this thesis, another candidate system for a

thermalization medium for VUV photons was investigated: heteronuclear, two-species mixtures

between xenon and one of the other (stable) noble gases. For such systems, previous studies

reported significantly less strongly bound excimers while exhibiting a similarly flat ground state

potential energy curve as the xenon-xenon system [87, 88]. This is expected to result in a

reduced Stokes shift between the emission on the second excimer continuum and the one-photon

absorption associated with the 5p6 → 5p56s transition of xenon around 147 nm (Sec. 3.2.1),

facilitating a stronger reabsorption of the emission radiation, as necessary for the thermalization

of VUV photons. Generally, a low-density environment of pure xenon (with its emission spectrum

dominated by atoms rather than excimers) would also offer emission spectrally close to the

absorption around 147 nm. Yet, due to an insufficient collision rate under these conditions,

neither an energetic level substructure nor a significant line broadening are expected to arise,

such that atomic systems cannot be employed for the thermalization of photons. Accordingly,

the idea behind investigating heteronuclear xenon-noble gas mixtures as thermalization media

is to expose xenon atoms to a buffer gas environment. This would allow to exploit emission

features spectrally close to the absorption around 147 nm, but ensuring a line broadening on the

order of the thermal energy and the emergence of a level substructure within a heteronuclear

quasimolecular collisional manifold. As illustrated in Sec. 3.3.2, spectroscopic studies of xenon-

noble gas mixtures found in literature are either based on excitation mechanisms (such as electric

discharges) incompatible with conditions in a future microcavity environment or limited to

the low-density regime. In this regime, the assumption of thermally equilibrated manifolds

appears doubtful due to insufficiently low collision rates. This shows the necessity to conduct

spectroscopic investigations also in the dense-sample regime (here referring to pressures up to

roughly 100 bar).

In the beginning of this chapter, the emission spectra of heteronuclear xenon-noble gas mixtures

will be presented, where xenon is the optically active constituent. The spectral composition of

the corresponding emission spectra is strongly influenced both by the absolute contributions of

both species and their ratio. Regarding a future application in a microcavity system, the emission

spectra impose relatively stringent constraints on the suitable ranges of xenon and buffer gas

contributions in the mixtures. Subsequently, absorption properties of systems defined by these

constraints will be illuminated. Eventually, combining both emission and absorption data, the

fulfillment of the thermodynamic Kennard-Stepanov relation will be assessed.
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6.1 Emission Spectroscopy

For the emission spectroscopy of heteronuclear xenon-noble gas mixtures, it appears reasonable

to optically excite the samples with light around 147 nm wavelength on the xenon 5p6 → 5p56s

single-photon transition, as this is the most direct excitation channel (without involvement of any

intermediate states). Furthermore, in a prospective application as a thermalization mediator in

a microcavity, this is also the transition that will be involved in the repeated cycles of absorption

and reemission.

6.1.1 Setup

For the measurements presented in this section, the setup shown in Fig. 6.1(a) is employed, bear-

ing close resemblance to the setup used for the degenerate two-photon excitation spectroscopy

(Sec. 5.1.1). For the excitation of the gas sample, frequency-tripled light in the wavelength range

from 143 nm to 147 nm is used, as obtained in a third-harmonic generation process from blue

light from the OPO system (Sec. 4.5). The wavelength and pulse energy of the blue fundamen-

tal light can be tracked with a fiber-coupled spectrometer and a power meter before entering

the THG cell. After separating the fundamental and the third-harmonic beam with the hole

mirror, the fundamental beam is guided into a beam trap. The collimated third-harmonic beam

is guided into the five-window high-pressure cell that confines the samples under investigation

(which, in turn, are prepared by the gas piping system introduced in Sec. 4.3.2). Part of the

ensuing radiation is collected under a right angle to the exciting beam and guided into the spec-

trometer based on the ICCD camera, whose image intensifier is essential for the detection of the

generally low light levels originating from the investigated samples, as these typically contain

only very small contributions of the optically active xenon.

For the recording of emission spectra of heteronuclear mixtures, the window geometry of the

high-pressure cell is of utmost importance. In contrast to the measurements from Sec. 5.1,

where the absorption and the emission are spectrally separated, here emission features in the

immediate spectral vicinity of absorptive features are investigated. Correspondingly, the distance

the emitted radiation has to traverse before leaving the high-pressure cell through the lateral

window has to be minimized, as otherwise the actual emission spectrum could be subject to

reabsorption within the sample1 (secondary inner-filter effect [141]). The window configuration

of the high-pressure cell is shown in Fig. 6.1(b). The excitation light is coupled into the high-

pressure cell through a MgF2-step window with a 5mm-long step. The emission is monitored

through a lateral MgF2-step window with a 10mm-long step. Radiation trapping is minimized

by monitoring the emission spectrum on the ICCD camera while moving the THG beam close

to the lateral step window until the emission spectrum’s shape no longer changes.

1 At this point it is worth clarifying that in future microcavity-based experiments on the thermalization of photons,
reabsorption of radiation emitted by xenon or xenon-noble gas mixtures is necessary to establish a sufficient
thermal contact between the photon gas and the thermalization medium. In contrast, for the emission spectroscopy
as illustrated in this section, reabsorption effects within the investigated sample are to be avoided, so as to make
the true emission spectrum experimentally accessible.
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Figure 6.1: Setup for the investigation of the heteronuclear excimer emission − (a) Light from the OPO system

(blue) in the wavelength range from 432 nm to 441 nm is frequency-tripled in a xenon-filled third-harmonic gener-

ation (THG) cell. The resulting VUV radiation (red) in the wavelength range from 144 nm to 147 nm is separated

from the fundamental blue light using a hole mirror (Sec. 4.5), after which the fundamental light is guided into

a beam trap and the THG light is guided into the high-pressure cell containing heteronuclear xenon-noble gas

(abbreviation “Ng”) mixtures under investigation. Part of the emission from the sample (yellow) is collected

through a lateral MgF2-step window and guided into an ICCD camera-based spectrometer. (b) Zoom-in onto the

geometry of the high-pressure cell, illustrating the window arrangement. The excitation beam traverses a step

window with a 5mm-long step and is guided close to the lateral window, which exhibits a 10mm-long step.

6.1.2 Methods and Results

Unless otherwise stated, for the recording of the emission spectra presented in the following,

the center wavelength of the ICCD camera-based spectrometer was set to 170 nm, allowing to

monitor the entire spectral range in which emission features are present. The sensor chip of

the ICCD camera was cooled down to a temperature of −25 ◦C. The shot-to-shot fluctuations

observed in the emission signal are more pronounced than in the case of the measurements

studying two-photon excitation (Sec. 5.1). This behavior can be attributed to the frequency-

tripling process of blue light for the excitation, as the fulfillment of the phase matching condition

is strongly sensitive to the pressure and temperature of the gas mediating the third-harmonic

generation. Correspondingly, the data for the emission spectra are averaged over typically

500 camera frames, each frame recorded with an exposure time of 0.65 s, in aggregate then

leading to an effective averaging over 3000 shots from the OPO system. The ICCD camera

was synchronized to the main trigger output of the laser system with its gate window set to a

width of 400 ns. The gate delay was chosen such that it opened right after the excitation light

around 147 nm and its fundamental light around 441 nm receded (verified by the observation
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that an empty emission cell leads to no signal being detected by the ICCD camera). The gain

of the image intensifier was typically set to 4000, close to the maximum setting, illustrating the

generally lower light levels as compared to the measurements in Chap. 5.

The spectra that will be shown throughout this section have been corrected for the spectral

response of the optical elements involved in guiding the light from its point of origin at the center

of the high-pressure cell to the detector. This correction accounts for the transmission profile of

MgF2 (Fig. 4.2(a)), as well as the reflectivity profile of the grating within the spectrometer. Both

the reflectivity profile of the VUV mirrors and the detection efficiency of the ICCD camera’s

image intensifier are spectrally uniform over the relevant wavelength range, justifying their

exclusion from this correction.

A potential global wavelength offset of the emission spectra is accounted for by recording a

reference curve of a pure-xenon sample at a pressure of 20mbar (this is the lowest amount of pure

xenon for which an emission signal can be detected with the used setup). At such a low pressure,

no spectral line shift could be observed, such that this curve can serve as an absolute wavelength

marker. Each spectrum of a heteronuclear mixture is shifted by the deviation between this

wavelength marker and the atomic transition wavelength of 146.9 nm.

Balance between Homo- and Heteronuclear Excimer Emission

Figure 6.2 shows three emission spectra of xenon-helium mixtures with a fixed helium partial

pressure of 30 bar, and xenon partial pressures varying between 2 and 12mbar. This corresponds

to relative xenon contributions between 67 ppm and 400 ppm (parts per million). The excitation

wavelength was chosen individually for each mixture so as to maximize the obtained signal.

Two emission features are evident (see also the inset of Fig. 6.2, showing the same data in a

different scaling). The relatively sharp feature is centered around a wavelength of 146.4 nm,

spectrally blue-shifted compared to xenon’s 5p6 → 5p56s atomic resonance at 146.9 nm. This

shift can be considered a first indication that the observed feature can indeed be attributed to the

emission of heteronuclear excimers. Conversely, the broadband spectral feature is attributed to

the second excimer continuum emission of homonuclear xenon-xenon dimers. When inspecting

the data, one observes that the signal-to-noise ratio of the spectra decreases with increasing

xenon concentration, which might appear counterintuitive at first, as more xenon atoms should

lead to a stronger emission signal. This observation, however, can be explained by the window

configuration of the high-pressure emission cell. After entering the gas volume, the excitation

light has to propagate through several millimeters of gas before entering the region covered by

the field of view through the lateral detection window. During this propagation, a large share

of the excitation light is already absorbed without its emission being detected, leaving a lower

level of excitation light in the detection region (primary inner-filter effect [141]).

The visualization in the inset of Fig. 6.2 shows that the homonuclear second excimer continuum

emission becomes more dominant with increasing xenon contribution. This behavior is under-
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Figure 6.2: Emission spectra of three different xenon-helium mixtures. The helium pressure was kept constant

at 30 bar, while the xenon contribution was changed. The inset shows the same data, but normalized to the

amplitude of the emission feature around 146.4 nm. The excitation wavelength in all three measurements was

chosen such that the obtained signal is maximal. The dashed black line indicates the spectral position of the

transition wavelength of xenon’s 5p6 → 5p56s atomic resonance, 146.9 nm.

standable from the shape of the potential energy curves of the xenon-helium system and the

xenon-xenon system. The much deeper potential energy well of the xenon-xenon system makes

the formation of homonuclear xenon-xenon excimers energetically much more favorable than the

formation of heteronuclear xenon-helium excimers. This plays a role, even if the density of xenon

atoms is orders of magnitude smaller than the density of helium atoms. Illustratively, the more

xenon atoms the mixture contains, the higher the probability becomes for two xenon atoms to

interact and form an excimer. Once this happens, it is virtually impossible for the homonuclear

excimer to dissociate, as the corresponding binding energy (507meV) is much higher than the

available thermal energy (25meV). To investigate this scaling behavior more quantitatively, the

spectral profiles from Fig. 6.2 are fitted with a combination of two Gaussian functions,

f(λ) =
1√
2π

A147

σ147
exp

(

−
(
λ− λ147

)2

2σ2147

)

+
1√
2π

AXe2

σXe2

exp

(

−
(
λ− λXe2

)2

2σ2Xe2

)

, (6.1)

each summand describing one of the two peaks. Figure 6.3(a) shows a good agreement between

this fit function and the experimental data. For an assessment of how suitable a certain mixture
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Figure 6.3: Homo- and heteronuclear emission of xenon and xenon-noble gas mixtures− (a) Emission spectrum of

a sample of 6mbar xenon in 30 bar helium (red curve in Fig. 6.2). The emission spectrum can well be approximated

by the sum of two Gaussian functions, as expressed by Eq. (6.1) and visualized by the gray solid line. The areas

under the two visible emission features are denoted by A147 (horizontal hatching) and AXe2 (vertical hatching),

respectively. (b) Area ratio A147/AXe2 for different mixtures between xenon and helium or neon. The arrow

indicates the data point corresponding to the mixture whose emission spectrum is shown in (a). The error bars

indicate the uncertainties of filling the high-pressure cell with a certain amount of gas and the uncertainties of

the fit functions, respectively.

is, the area ratio A147/AXe2 is considered, which is visualized in Fig. 6.3(b) for different mixtures

with either helium or neon buffer gas at a pressure of 30 bar. The monotonous trend already

indicated by Fig. 6.2 is evident for both buffer gases, showing the area ratio decreasing with

increasing xenon pressure. Qualitatively, a similar trend can be observed for the scaling of the

area ratio with the buffer gas pressure (this investigation has been done only with helium as a

buffer gas). Figure 6.4 shows the area ratio in a three-dimensional visualization as a function of

the xenon or helium pressure (with the respective other pressure kept constant). Clearly, also for

mixtures with fixed xenon pressures of 6mbar or 24mbar, the area ratio decreases as the helium

pressure is increased. This behavior can equally be explained by the mechanism of the formation

of homonuclear excimers. In order to observe emission on the homonuclear second excimer

continuum, a xenon atom in the 5p56s state (whether immediately after optical excitation or

after dissociation of a heteronuclear excimer) needs to dissipate energy, for example in a collision

with a helium atom. With the probability for such a collision naturally increasing with the

density of helium atoms, the addition of ever more helium to a sample aids in the formation of

homonuclear xenon-xenon excimers at the expense of heteronuclear excimers.
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Figure 6.4: Visualization of the area ratio scaling with the xenon and the helium pressure. The area ratio

A147/AXe2 becomes more favorable (higher in value) both for lower helium and lower xenon pressures. The gray

data set indicates the data shown in Fig. 6.3. The colored lines underneath the data sets correspond to projections

of the data sets into the (x, y)-plane; for either a fixed helium pressure of 30 bar or 60 bar (gray, blue) or a fixed

xenon pressure of 6mbar or 24mbar (yellow, red). Error bars have been omitted for clarity.

This behavior illustrates an important trade-off that needs to be considered when investigating

heteronuclear xenon-noble gas mixtures as a prospective thermalization mediator. On the one

hand, an emission spectrum dominated by the heteronuclear emission feature (here around

146.4 nm wavelength) is desirable, as the homonuclear emission around 172 nm is likely to leave a

future microcavity system without undergoing thermalization due to the medium’s transparency

for this light. This would then constitute an effective loss channel and essentially replicate the

situation with pure xenon samples. This constraint suggests to use gas mixtures with as small

a xenon contribution as possible. On the other hand, a certain absolute absorption strength in

the spectral emission region is necessary. As the absorption strength of gas mixtures is expected

(and will be shown in Sec. 6.2) to increase monotonously with the xenon contribution, this

constraint necessitates to use mixtures with as high a xenon contribution as possible. For now,

samples exhibiting an area ratio above 1, where the heteronuclear and the homonuclear excimer

emission contribute equally to the emission spectrum, are deemed suitable for a thermalization

medium candidate. Looking at Fig. 6.3(b), this imposes a first estimate for an upper limit on the

xenon contribution of roughly 5mbar. A similarly high value of A147/AXe2 is, as discussed, also

obtained for a low buffer gas pressure, but in this limit no significant thermalization is expected

due to the low interparticle collision rate.

So far, only emission data for the xenon-helium system and the xenon-neon system have been

presented. In this experiment, also mixtures between xenon and the heavier species argon and
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krypton have been investigated, although only to a lesser extent than the mixtures with the

lighter noble gases. At the time of writing, corresponding emission measurements of xenon-

argon and xenon-krypton mixtures are still the subject of experimental efforts.

Redistribution of Fluorescence

One of the key properties of a system in thermal equilibrium is the redistribution of fluorescence.

More precisely, this concept requires the spectral position and shape of the emission spectrum to

be independent of the excitation wavelength, encapsulated by Kasha’s rule (Sec. 2.2.1). In the

following, it is investigated to what extent this behavior is fulfilled by the heteronuclear emission

feature. The excitation on the 5p6 → 5p56s transition with light generated in third-harmonic

generation from blue light proves to be very conducive for this endeavor, as it allows efficient

access to the wavelength range between 143 nm and 147 nm. In units of the thermal energy,

this tuning range corresponds to about 8 kBT , allowing a thorough probing over the relevant

wavelength scale.

Subject of this investigation is a xenon-helium mixture with a xenon contribution of 0.6mbar

and a total pressure of 80 bar, the latter being close to the maximum achievable total pressure

for gas mixtures in the current experimental configuration (limited by the maximum pressure

rating of the sample cylinder and the volumes of the different compartments of the gas piping

system, see Sec. 4.3.2). Figure 6.5(a) shows normalized spectra of the heteronuclear emission for

excitation with light of two different wavelengths, 144.5 nm and 145.5 nm. The emission features

well agree in shape, but are spectrally slightly shifted, with the shorter excitation wavelength

leading to an emission spectrum shifted to longer wavelengths and vice versa. To investigate

this behavior in more detail, Gaussian functions are fitted to the emission profiles and the peak

positions of these fits are introduced as center emission wavelengths λem. Figure 6.5(b) shows

the center emission wavelength as a function of the excitation wavelength λex. Here, a variation

of the excitation wavelength between 144 nm and 147 nm leads to a shift of the center emission

wavelength of more than 0.3 nm.

In the following, the extent of this deviation from Kasha’s rule will be investigated for xenon-

helium samples with different xenon contributions. However, not for all samples the same range

of excitation wavelengths can be probed, as varying xenon contributions in the mixtures lead to

varying absorption bandwidths of a sample (as will be illuminated in more detail in Sec. 6.2).

From Fig. 6.5(b), it becomes clear that a narrower range of probed excitation wavelengths would

lead to a narrower observed range of center emission wavelengths, such that considering the range

of center emission wavelengths alone is not appropriate to quantify the deviation from Kasha’s

rule. A more telling approach is to determine the deviation ∆ := λem − λex between the center

emission wavelength and the excitation wavelength and to consider this quantity as a function of

the excitation wavelength, as suggested in [142]. The derivative m := ∂∆/∂λex = ∂λem/∂λex−1

then reveals information about the degree to which Kasha’s rule is fulfilled. For the case of a

perfect redistribution of fluorescence, ∂λem/∂λex = 0, the derivative would be exactly m = −1.
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(a) (b)

Figure 6.5: Redistribution of fluorescence in a sample containing 0.6mbar xenon and 80 bar helium − (a)

Normalized emission spectra of the heteronuclear excimer emission for two different excitation wavelengths λex.

The mean of a Gaussian function fitted to the data (not shown) is introduced as the center emission wavelength

λem. (b) Dependency between the center emission wavelength λem and the excitation wavelength λex. The

encircled data points are obtained from the two emission spectra shown in (a). The vertical error bars represent

the uncertainty of the center wavelengths for the Gaussian functions fitted to the spectra at individual excitation

wavelengths. The uncertainty on the excitation wavelength λex, mirroring a third of the accuracy of setting the

OPO system to a specific target wavelength (0.1 nm), is not visible in this visualization.

For a positive correlation, ∂λem/∂λex > 0, it would be m > −1 and for a negative correlation,

∂λem/∂λex < 0, it would be m < −1. Consequentially, a stronger deviation from the exceptional

value of m = −1 here indicates a fulfillment of Kasha’s rule to a lesser degree. In the following,

due to its relevance in the assessment whether the redistribution is fulfilled, this slope will be

referred to as characteristic slope.

Figure 6.6(a) shows the deviation ∆ in dependence of the excitation wavelength for the gas

mixture containing 0.6mbar xenon and 80 bar helium (obtained from the data in Fig. 6.5(b)).

The data can well be fitted by a linear function, yielding a slope of m = −1.14±0.01, indicating

a deviation from Kasha’s rule with a negative correlation between the excitation wavelength λex

and the center emission wavelength λem. Such an evaluation was conducted for various samples

with xenon contributions from 0.02mbar to 10mbar (corresponding to xenon concentrations

from 0.25 ppm to 125 ppm in a helium environment of 80 bar). For each mixture, the entire

range of excitation wavelengths was scanned, for which an emission spectrum could be detected.

The corresponding values for the characteristic slope are visualized in Fig. 6.6(b) as a function
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Figure 6.6: Redistribution of fluorescence− (a) For the sample containing 0.6mbar of xenon and 80 bar of helium,

the deviation ∆ = λem − λex between the center emission wavelength and the excitation wavelength is visualized

as a function of the excitation wavelength λex (blue data points; obtained from the data in Fig. 6.5(b)). A linear

function was fitted to the data (red curve), yielding a characteristic slope of m = −1.14± 0.01. (b) For multiple

samples containing different amounts of xenon and at a total helium pressure of 80 bar, the characteristic slope

is plotted as a function of the xenon partial pressure (yellow data points, error bars representing the statistical

uncertainties of the linear fit functions). The encircled data point corresponds to the data shown in (a). The

horizontal dashed line indicates a characteristic slope of −1, reflecting the case of a complete redistribution of

fluorescence. On the second ordinate (note the inverted scale), the area ratio A147/AXe2 is shown (cyan).

of the xenon partial pressure. It is evident that all values are below the ideal value of m = −1,

generally showing a negative correlation between the center emission wavelength λem and the

excitation wavelength λex. For the smallest xenon pressures, the characteristic slope is very

close to −1. Although the measurement series could not be expanded to even lower xenon

contributions (due to an insufficient signal level), an asymptotic approach of the data toward a

characteristic slope of m = −1 can be identified, indicating a virtually complete redistribution

in this regime and a close fulfillment of Kasha’s rule. With increasing xenon contribution, the

characteristic slope becomes smaller (its absolute value becomes larger), suggesting an ever

stronger deviation from Kasha’s rule.

In an attempt to find an explanation for this behavior, it is worth recalling the area ratio,

A147/AXe2 , as a function of the xenon contribution, which is also shown in Fig. 6.6(b). Intrigu-

ingly, the increase of the characteristic slope’s deviation from −1 is clearly accompanied by a

decrease of the area ratio. This suggests that an explanation for the deviation from Kasha’s rule
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Figure 6.7: Model for a population transfer between heteronuclear and homonuclear excimers. Assuming a binary

collision picture, the levels of the quasimolecular manifolds are schematically depicted in blue and red, respectively

(the corresponding potential energy curves have been omitted for clarity). The energy E0 = hc/146.9 nm corresponds

to the transition energy of the xenon 5p6 → 5p56s atomic transition, which constitutes the asymptotic energy of

both the homonuclear and the heteronuclear excimer systems. For the case of the heteronuclear excimer system,

a continuum of levels is indicated in light red color above the energy E0. Optical excitation leads to occupation of

a certain level ν′

hetero. Subsequently, considering an ensemble of excimers, a tentative thermalization is reached in

frequent interconstituent collisions. The heteronuclear excimers can be dissociated in collisions with a xenon atom,

as the formation of a homonuclear xenon-xenon dimer is energetically favored. In the process, population of the

lower ν′

hetero levels is removed (indicated by the dashed frame), leading to an interruption of the thermalization.

can be found in the increasingly efficient formation of homonuclear excimers at higher xenon

concentrations. For this, the following line of arguing is considered, substantiated by the scheme

shown in Fig. 6.7. In a xenon-helium mixture, heteronuclear excimers form, consisting of a

xenon atom optically excited to the 5p56s state and a helium atom in the ground state. In

frequent collisions, the levels within the quasimolecular collisional manifold adopt a thermally

equilibrated occupation. Although the number density of helium atoms is much higher than

that of xenon atoms, it is possible that during their radiative lifetime heteronuclear excimers

encounter surrounding xenon atoms. In such a collision, heteronuclear excimers can be dissoci-

ated and homonuclear xenon-xenon excimers can form in their stead, as these are energetically

favored (Sec. 3.2.1). As the quasimolecular manifold of the heteronuclear excimers lies energeti-

cally above that of the homonuclear excimers, predominantly the population of the lowest levels

ν ′hetero of the heteronuclear manifold is transferred, populating levels close to the continuum

region of the homonuclear manifold. The result is a dearth of heteronuclear excimers occupying

the lowest levels and a persistent interruption of the thermalization of the level occupation within
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the heteronuclear manifold. The probability for a heteronuclear excimer to encounter a xenon

atom naturally increases with the xenon contribution in the mixture, such that this picture of

a collision-aided transfer can explain the increasing deviation from a complete redistribution

for increasing xenon contributions. This model assumption would also account for the nega-

tive correlation between the excitation wavelength λex and the center emission wavelength λem.

Excitation with a shorter wavelength tends to result in a population of higher levels, and vice

versa. In the case of an initial population of higher levels ν ′hetero, the redistribution of occupa-

tion to the lower levels, as imperative for the thermalization process, takes longer. Accordingly,

the process of collision transfer between a heteronuclear excimer and a homonuclear excimer

becomes less likely. Eventually, this leads to a lower mean occupation number and accordingly

a slightly red-shifted emission spectrum upon radiative relaxation to the ground state of the

heteronuclear dimer system.

6.2 Absorption Spectroscopy

In the previous section it was shown that high-pressure heteronuclear xenon-noble gas mixtures

exhibit emission features spectrally close to the (atomic) absorption. This can be considered a

major improvement over homonuclear xenon samples, where the emission on the second excimer

continuum is strongly Stokes-shifted. However, it became evident that only samples with rela-

tively small xenon contributions (in the order of a few mbar) qualify, which might contrast with

the need for a strong reabsorption probability for photons in a future microcavity environment.

Hence, when exploring heteronuclear xenon-noble gas mixtures as a prospective thermalization

mediator for VUV photons, also the absorptive behavior around the spectral emission region

needs to be considered. In this section, such samples will be investigated regarding their ab-

sorption spectra’s composition and absolute strength.

6.2.1 Setup

The setup employed for the investigation of absorption properties of heteronuclear samples is

shown in Fig. 6.8, resembling the setup illustrated in Sec. 5.2.1 for the study of the nondegenerate

two-photon absorption in homonuclear xenon samples. Again, a laser-induced plasma serves as a

broadband spectroscopy light source. However, this time krypton is used as a plasma target, as

its light yield exceeds that of argon in the spectral vicinity of 147 nm, making it more favorable for

the investigation of the heteronuclear excimer absorption. Part of its light emission is collected,

collimated and guided through the two-window high-pressure cell with an optical path length

of 200 µm (Sec. 4.2.2). Having traversed the cell, the light passes through a VUV-transmissive

filter, suppressing visible and infrared stray light from the plasma excitation. After that, the

VUV light is focused onto the entry slit of the CCD camera-based spectrometer, set to a width of

50 µm. Heteronuclear gas mixtures are created by the gas piping system illustrated in Sec. 4.3.2.

As the volume of the high-pressure cell used in this setup is much smaller than that of the
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Figure 6.8: Setup for the investigation of the absorption of heteronuclear xenon-noble gas mixtures. A laser-

induced plasma of krypton is used as a broadband spectroscopy light source. Part of its radiation is guided

through a high-pressure cell with an optical path length of 200 µm and into a CCD camera-based spectrometer.

Residual visible and infrared radiation is suppressed by a VUV-transmissive filter.

five-window cell used in the measurements on the emission properties of heteronuclear samples,

buffer gas pressures of up to 90 bar can be achieved.

6.2.2 Methods and Results

The absorption spectrum of a specific sample is obtained by recording one transmission spectrum

through the high-pressure cell when it is empty and one when it is filled with the sample.

From the two spectra, the absorption coefficient α is calculated using Beer’s law, Igas(λ) =

Iempty(λ) exp (−αL), where Igas(λ) is the measured transmission spectrum through the high-

pressure cell filled with the sample, Iempty(λ) the transmission spectrum through the evacuated

high-pressure cell and L the optical path length. All spectra are corrected for the baseline

signal, which is dominated by the dark current of the CCD camera’s sensor chip and residual

stray light. The (spectral) photon rate of a plasma as used here has been estimated to be

around 109 nm−1 s−1 [129], resulting in a photon density much smaller than the density of xenon

atoms in the sample, warranting the application of Beer’s law. The absorption spectrum of a

low-density xenon sample (20mbar) serves as an absolute wavelength reference.

Figure 6.9 shows the absorption spectra of xenon-helium and xenon-neon mixtures. The total

sample pressure is 90 bar and the xenon pressure varies between 0.3mbar and 5mbar, corre-

sponding to xenon concentrations between 3 ppm and 56 ppm. For clarity, the spectra for the

higher xenon pressures have been capped at an absorption coefficient of αcap = 150 cm−1, as the

true value of the absorption coefficient cannot be resolved in this spectral interval due to van-
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Figure 6.9: Absorption spectra of xenon-helium (blue) and xenon-neon mixtures (red) at a total pressure of

90 bar. The different markers indicate different xenon contributions between 0.3mbar and 5mbar. For clarity, the

spectra are capped at an absorption coefficient of 150 cm−1, above which the absorption coefficient can no longer

be resolved with the cell used here. For comparison, also an absorption spectrum of a sample of pure xenon at

a pressure of 20mbar is shown (gray; multiplied by a factor of 3 for better visibility). The vertical dashed line

indicates the spectral position of xenon’s 5p6 → 5p56s atomic resonance.

ishing transmission
(
exp

(
−150 cm−1 · 200 µm

)
≈ 0.05

)
[143]. Generally, the absorption spectra

appear blue-shifted relative to the atomic resonance at 146.9 nm; further, their short-wavelength

edges drop off much more slowly than the long-wavelength edge. This observation can be made

consistent with the shape of the potential energy curves (Fig. 3.4). In the heteronuclear sys-

tem, the excimer equilibrium distance is at larger internuclear distances as compared to the

homonuclear system, such that it coincides with the flat region of the ground state potential

energy curve. Accordingly, in stark contrast to the homonuclear system, it is possible for two

ground-state atoms to approach closer than the equilibrium distance of the excimer. This way,

a transition into the strongly repulsive part of the excimer’s potential energy curve now be-

comes possible, associated with absorption on the short-wavelength side of the absorption peak.

Such an asymmetry has been observed earlier [111], where it has similarly been ascribed to

transitions from the electronic ground state to repulsive parts of the excimer state of the xenon-

helium dimer2. As the xenon pressure is increased from 0.3mbar to 5mbar, the absorption

spectra increase both in absolute height and width, although their long-wavelength edges move

2 By the same token, in Chap. 5 the observed extension of the long-wavelength absorption edge in the homonuclear
system was attributed to attractive parts of the potential energy curves, i.e. downward-bending potential curves.
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(a) (b)

Figure 6.10: (a) Absorption spectra for xenon-helium mixtures at a fixed xenon pressure of 1.2mbar and

various helium pressures. The yellow curve (90 bar total pressure) corresponds to one of the data sets shown in

Fig. 6.9 (blue diamonds). For clarity, the absorption spectrum has again been capped at values above 150 cm−1.

(b) Absorption spectra for mixtures between xenon and different noble gases. In all measurements, the xenon

pressure was 0.2mbar, while the noble gas pressure was 30 bar.

barely. In contrast, the short-wavelength edges shift by about 1.8 nm for the xenon-helium

system (at an absorption coefficient of 40 cm−1), corresponding to more than 3 kBT . The equiv-

alent figure for the xenon-neon system is only 1.3 nm. Moreover, for each xenon contribution,

the absolute absorption strength of the xenon-helium mixture exceeds that of the xenon-neon

mixture. Figure 6.9 further shows the absorption spectrum of a pure-xenon sample at a pressure

of 20mbar (whose spectral position serves as an absolute wavelength reference). Interestingly,

its absorption is much weaker than that of any xenon-noble gas mixture, although these contain

less xenon without exception, providing evidence that the observed absorption spectra of the

mixtures result from the formation of heteronuclear dimers.

Figure 6.10(a) shows absorption spectra of xenon-helium mixtures with a constant xenon pres-

sure of 0.2mbar and helium pressures varying between 30 and 90 bar. Similarly to the previously

discussed measurement in which the xenon pressure was varied (Fig. 6.9), the helium pressure

also has a strong influence on the shape and the height of the absorption spectrum. As be-

fore, the red absorption edge barely moves spectrally, whereas the blue absorption edge shifts by

about 1.3 nm upon increasing the helium pressure from 30 bar to 90 bar. Overall, as a qualitative

observation, the absorption becomes stronger with increasing helium pressure. At this point, it
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is worth mentioning that in the data set for the lowest helium pressure, 30 bar, the width of the

spectrally sharp feature close to the atomic resonance is similar to the spectral resolution of the

used detection system (about 0.3 nm, compare the width of the pure-xenon absorption spectrum

in Fig. 6.9). This prevents a quantitative comparison of the line areas; a spectrometer with a

higher spectral resolution, as necessary for such an analysis, was not available in the course of

this work.

Figure 6.10(b) shows absorption spectra for mixtures between xenon and the noble gases helium,

neon, argon and krypton. The xenon partial pressure in all measurements was 0.2mbar, which

together with a noble gas pressure of 30 bar corresponds to a concentration of 6.7 ppm. The

spectra of the mixtures with the lightest noble gases helium and neon coincide on their red

wings, while the blue wing is broader for the lighter noble gas helium. Overall, the absorption

of the helium mixture appears to be stronger, resembling the behavior seen in Fig. 6.9. The

absorption spectrum of the xenon-argon mixture extends further toward long wavelengths than

the spectra of either the xenon-helium or xenon-neon mixtures; also the corresponding absorption

peak is shifted to longer wavelengths. Lastly, the xenon-krypton mixture exhibits the strongest

absorption of all four samples investigated here and also shows the largest red-shift of the

absorption peak (also note the pronounced hump on the blue side of the xenon-krypton spectrum,

which is not visible in the spectra of the other mixtures). In the data presented here, the spectral

position of the absorption peak evidently shifts to larger wavelengths with an increasing atomic

number of the buffer gas. This is an indication for more strongly bound excimer configurations

for compounds with higher atomic numbers. This appears plausible, considering the mechanism

of excimer formation. The covalent bonding between a xenon atom and a noble gas atom

is mediated by a shared valence electron (Sec. 3.1). With increasing atomic number of the

noble gas, this valence electron is ever less strongly bound to the noble gas nucleus, allowing

a stronger bonding between the xenon atom and the noble gas atom. These findings can be

considered further evidence that the absorptive behavior observed in this chapter is associated

with the formation of heteronuclear dimers. A pressure broadening within the limits of the

impact approximation [144], i.e. not based on the formation of dimers, would not result in

absorption spectra whose spectral position and shape depend as strongly on the type of buffer

gas. Rather, the form of the absorption spectra appears to be governed by the relevant potential

energy curves of the heteronuclear dimer systems.

6.3 Spectral Overlap and Kennard-Stepanov Analysis

In the previous sections, absorption and emission spectra of various xenon-noble gas mixtures

have mostly been treated isolated from each other. For the employment of such mixtures as a

thermalization medium in experiments on the Bose-Einstein condensation of photons, however,

the relation between absorption and emission spectra is highly significant, as they need to

fulfill the thermodynamic Kennard-Stepanov relation (Sec. 2.2.1). Figure 6.11 simultaneously

shows absorption and emission spectra of xenon-helium mixtures at a total pressure of 80 bar.
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Figure 6.11: Spectral overlap of absorption and emission profiles of xenon-helium mixtures at a total sample

pressure of 80 bar. The xenon contributions are 0.075mbar, 0.6mbar and 1.2mbar, respectively, corresponding

to concentrations of 0.9 ppm, 7.5 ppm and 15.0 ppm. The emission spectra (diamond markers) are those from the

measurements in Sec. 6.1.2 recorded at an excitation wavelength of 144.6 nm. For clarity, the emission spectra have

been scaled to match in height the corresponding absorption profiles (octagon markers, shaded areas under the

curves). The vertical dotted lines indicate the center-of-gravity wavelengths of the strongly asymmetric absorption

profiles.

The xenon contributions of the mixtures are 0.075mbar, 0.6mbar and 1.2mbar, corresponding

to xenon concentrations of 0.9 ppm, 7.5 ppm and 15 ppm. The excitation wavelength for the

emission measurements was 144.6 nm (this is the shortest wavelength for which emission spectra

are available for all three samples). The absorption spectra lie well within the emission profiles,

i.e. there exists a large spectral overlap between the absorption and the emission spectral profiles.

At first glance, judging only from the peaks of the respective spectral profiles, it might appear

as though the emission spectra even lie at smaller wavelengths than the absorption spectra.

However, this impression is a result of the strong asymmetry of the absorption profiles. The

center-of-gravity wavelengths of the absorption profiles (also indicated in Fig. 6.11) coincide well

with the spectral peak positions of the mostly symmetric emission spectra. This observation

is broadly in line with the assumption of rather shallow potential wells of excimer states in

heteronuclear xenon-noble gas mixtures (Sec. 3.2); a shallower potential well is mirrored in a

smaller spectral gap between the absorption and the emission profiles.

Considering, in particular, the sample with a xenon concentration of 15 ppm, the maximum

absorption coefficient within the spectral emission region is in the order of 170 cm−1. This is in
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the same order of magnitude as the “target” value in the context of Bose-Einstein condensation

of photons, 300 cm−1 (Sec. 2.3). The full width at half maximum (FWHM) of the absorption

spectrum is in the order of 0.5 nm, suggesting that a large share of the emission spectrum is

likely to be reabsorbed. This constitutes a significant improvement over the situation in the

homonuclear system. Further, it has to be kept in mind that for this very sample, the area

ratio A147/AXe2 is around 8 (Fig. 6.6(b)), implying that the emission spectrum is dominated by

heteronuclear excimers. In the future, it is even conceivable to employ samples with slightly

more xenon or helium, exhibiting even stronger (re)absorption.

In Sec. 2.2.1, the thermodynamic Kennard-Stepanov relation has been introduced, linking ab-

sorption and emission in a Boltzmann-like frequency scaling,

ε(ν)

α(ν)
∝ ν3 · exp

(

− hcν

kBTs

)

, (6.2)

at the spectral temperature Ts. With now both absorption α(ν) and emission spectra ε(ν)

available, the fulfillment of this relation can be assessed. Figure 6.12 shows the quantity

log (α(ν)/ε(ν)) as a function of the wave number ν for the three samples covered by Fig. 6.11,

along with fit functions according to Eq. (6.2). Within a certain wavelength range, the data

agree well with the fit functions, although the obtained spectral temperatures ((106 ± 22)K,

(93± 7)K and (84± 5)K with increasing xenon contribution) differ from ambient temperature,

T = 295K. This finding, however, has to be assessed against the backdrop of the observations

from Sec. 6.1.2, where a characteristic slope smaller than −1 has already hinted at deviations

from a perfect redistribution of fluorescence in this heteronuclear excimer system. Despite the

differences between the spectral temperatures and ambient temperature, the scaling between

the spectral profiles of absorption and emission conveyed by Eq. (6.2) can be retrieved in the

data of Fig. 6.12. Accordingly, the Kennard-Stepanov relation can be considered to be fulfilled,

suggesting a (partial) thermalization of the level occupation within the quasimolecular colli-

sional manifold of heteronuclear xenon-helium excimers. For any given sample, the range in

which the Kennard-Stepanov relation is fulfilled can be identified as the long-wavelength edge

of the respective absorption spectrum. For the sample with the highest xenon concentration

investigated here, 15 ppm, this amounts to about 0.5 nm. This figure roughly corresponds to

kB · 295K, the thermal energy at room temperature (which constitutes the relevant energy scale

for the thermalization of photons). If the spectral temperature obtained from the fit is invoked,

84K, the same spectral range even corresponds to more than 3 · kBTs.

The discussion in this section has so far been limited to the emission spectrum recorded at an

excitation wavelength of 144.6 nm, which was the shortest wavelength for which emission spectra

for all three samples investigated could be recorded (“blue excitation”). As has been observed in

Sec. 6.1.2, however, the center emission wavelength depends on the excitation wavelength. This

suggests to conduct a Kennard-Stepanov analysis also for the longest excitation wavelength for

which emission data are available for all samples, which in this case is 146.6 nm (“red excitation”).
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TsTsTs

Figure 6.12: Kennard-Stepanov analysis for xenon-helium mixtures. Based on the absorption and emission

spectra (α(ν) and ε(ν), respectively) from Fig. 6.11, the quantity log (α(ν)/ε(ν)) is calculated and visualized as

a function of the wave number ν (the data has been vertically shifted for clarity). The vertical error bars result

from an assumed uncertainty of 0.1 nm on the absolute spectral positions of the absorption and emission spectra,

as these have been recorded with different spectrometers. Functions given by Eq. (6.2) were fitted to the data

(solid lines), yielding the spectral temperatures Ts. Only the not-grayed-out data points are included in the fits.

For this data set, the overlap between the absorption and emission spectra, the former being

the same as in Fig. 6.11, is shown in Fig. 6.13(a). As expected, the peaks of the emission

spectra here are observed at shorter wavelengths than those in Fig. 6.11. Similarly as before,

this shift appears to scale monotonously with the xenon contribution in the samples. Figure

6.13(b) shows the Kennard-Stepanov analysis based on this data. Again, the data can be

described by a function according to Eq. (6.2); interestingly, in the same spectral range as that

shown in Fig. 6.12, corresponding to the red edge of the absorption spectrum. The spectral

temperatures obtained under blue and red excitation agree within error margins, which appears

evident on closer examination of Eq. (6.2). Approximating the long-wavelength edge of the

emission spectrum ε(ν) to be of exponentially decaying shape, a spectral shift leads to a vertical

offset of the quantity log (α(ν)/ε(ν)), but does not change the spectral temperature, which is

independent of such an arbitrary vertical offset. Data on the spectral overlap between absorption

and emission and the Kennard-Stepanov analysis for the xenon-neon system can be found in

App. C (Figs. C.1 and C.2), showing generally the same behavior as that presented in this section

for the xenon-helium system.
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(a) (b)

Ts

Ts

Ts

Figure 6.13: (a) Spectral overlap between absorption and emission spectra for the same samples as in Fig. 6.11,

but with the emission spectra recorded at a longer excitation wavelength of 146.6 nm. (b) Kennard-Stepanov

analysis, analogous to the visualization from Fig. 6.12.
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In this work, xenon and xenon-noble gas mixtures were spectroscopically investigated, aiming at

an assessment of their suitability as a thermalization mediator for the Bose-Einstein condensation

of photons in the vacuum-ultraviolet spectral regime. A prospective thermalization mediator

needs to exhibit a sufficient reabsorption probability for its own emission light; moreover, the

spectral profiles of absorption and emission need to fulfill the thermodynamic Kennard-Stepanov

relation. This work significantly expands the available scientific literature, both in terms of the

covered pressure range as well as the utilized excitation mechanisms. Key aspects of the present

thesis are the following:

• Two-photon excitation spectroscopy of the homonuclear xenon system has been conducted

in samples with pressures as high as 95 bar, covering both the gaseous and the supercritical

regimes. Transitions between the 5p6 ground state and the 5p56p and 5p56p′ excited

state configurations were driven using UV-light, while monitoring emission on the second

excimer continuum emission around 172 nm wavelength. The obtained excitation spectra

agree well with expectations regarding their spectral composition. For increasing pressures,

a pronounced spectral broadening is observed, which can be attributed to the shape of

the relevant potential energy curves. These measurements illustrate the suitability of a

two-photon excitation scheme to pump future xenon-based Bose-Einstein condensates of

vacuum-ultraviolet photons.

• The xenon 5p6 → 5p56p two-photon transitions have been driven nondegenerately, involv-

ing two photons of different wavelengths, in a homonuclear xenon sample at a pressure

of 35 bar. Similar as in the case of degenerate excitation, distinct spectral features were

observed that can be identified with the allowed two-photon transitions. In the measure-

ments presented here, the absolute strength of the two-photon absorption in this scheme

as yet appears rather low. Nevertheless, it was demonstrated that the (re)absorption prob-

ability of photons emitted on the second excimer continuum can in principle be enhanced

by provision of an auxiliary light field of suitable wavelength. In a future microcavity

application, the strength of the observed effect could be increased to a sufficient level by

a tighter focusing of the auxiliary light field.

• Mixtures between xenon and the lighter noble gases have been spectroscopically investi-

gated, as such systems constitute alternative thermalization mediator candidates. The ob-

served emission spectra show spectral features in close vicinity to xenon’s atomic resonance

at 146.9 nm, which are ascribed to the emission by weakly bound heteronuclear excimers.

A dependency between the spectral position of these features and the excitation wave-
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length is observed. It is attributed to the competing formation of homonuclear excimers,

becoming more relevant with increasing xenon concentration in the sample. Absorption

measurements reveal a monotonous scaling between the xenon pressure and the absorption

strength. It was possible to identify a certain range of xenon contributions in which the

absorption is in a suitable order of magnitude for a sufficient reabsorption probability in

a future microcavity application, while the emission spectrum is still dominated by the

emission from heteronuclear excimers. The fulfillment of the Kennard-Stepanov relation

was (partially) validated. Although the obtained spectral temperatures are below ambient

temperature, the predicted scaling between absorption and emission could be observed,

indicating a partial thermalization of the heteronuclear quasimolecular manifolds.

For the future, the next major goal on the route to the realization of a Bose-Einstein condensate

of vacuum-ultraviolet photons is the observation of a thermalized two-dimensional photon gas

in this spectral regime. For this, at the time of writing, heteronuclear noble gas mixtures seem

to be the most suitable thermalization mediator. Preparations for this endeavor are already

running, currently at the stage of setting up a new experimental platform, at the center of

which will be the high-pressure microcavity presented in App. A. In this new setup, the initial

creation of a photon gas within the microcavity is envisaged to be realized by driving xenon’s

5p6 → 5p56s′[1/2]1 one-photon transition. The necessary radiation, at a wavelength of around

129.6 nm, can be generated via third-harmonic generation of ultraviolet light (similarly as was

done in this thesis to generate radiation around 147 nm for the emission measurements). The

photon gas inside the cavity is expected to be driven toward thermal equilibrium via repeated

cycles of absorption and reemission of photons by the xenon-noble gas mixture. Based on the

results of the present thesis, the expectation to observe (partially) thermalized photon spectra

appears justified, with the equilibrium temperature anticipated to correspond to the spectral

temperature of the thermalization mediator. The low-energy cutoff, adjustable via the length

of the microcavity, will be chosen to lie within the emission bandwidth of the thermalization

mediator.

The use of pump radiation near 129.6 nm wavelength, which is deep in the vacuum-ultraviolet

spectral range, appears to be a viable scheme to demonstrate the thermalization and Bose-

Einstein condensation in a two-dimensional photon gas. This pump radiation can be supplied

by pulsed frequency-tripled laser sources. In contrast, to operate the photon condensate in a

continuous-wave mode, a pumping with longer-wavelength sources appears more suitable, given

the absence of powerful continuous-wave laser-based light sources below 200 nm wavelength.

Conceptually, this should be feasible using the two-photon excitation scheme demonstrated in

this thesis.

Photon condensates at even shorter wavelengths could be realized by employing the optical tran-

sitions of one of the lighter noble gases instead of xenon, such as krypton or argon. Spectroscopic

investigations regarding their suitability as thermalization mediators can be performed using the

experimental platforms and techniques developed in the course of this thesis.
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For the observation of Bose-Einstein condensation of photons, a suitable microcavity is needed.

Considering a high-pressure gas environment the most likely candidate as a thermalization me-

diator, the development of such a platform poses a significant challenge, as two seemingly con-

tradictory requirements need to be fulfilled. On the one hand, the assembly needs to confine

gaseous samples and to be of sufficient rigidity to withstand pressures of at least 100 bar. On the

other hand, the microcavity (or at least one of its constituent mirrors) needs to be adjustable

on a sub-micrometer scale. As part of the work presented here, a high-pressure microcavity

fulfilling these criteria was designed. Only a short overview shall be given here; more details on

the device can be found in the master thesis of Franz Huybrechts [145].

The general idea behind the design approach here was to incorporate an adjustable mirror mount

into a high-pressure container, allowing to adjust one of the mirrors that will constitute the

microcavity. Figure A.1 shows a visualization of the cylindrical high-pressure container, which

essentially consists of three main parts. The lower part (as the other parts made from stainless

steel), constitutes one of the end caps of the high-pressure container. It houses a plano-concave

MgF2-substrate, onto whose concave side (R = 1m) a VUV-reflective coating has been applied

(Laseroptik coating B-19370). This entity represents one of the mirrors of the microcavity; at

the same time, it constitutes the boundary between the confined gas volume and the outside.

As it is fixed within the stainless-steel end cap, it cannot be adjusted. The transmissivity of the

MgF2-substrate allows the incoupling of pump radiation with wavelengths as short as 115 nm

and detect VUV radiation from within the microcavity. The middle part is the centerpiece

of the high-pressure container. Besides housing the connector to the gas piping system, it

accommodates a mirror mount (Radiant Dyes MXI-HS-C-3-3025-M6) with three adjustment

screws. This mirror mount in turn holds the second mirror of the microcavity (which is of equal

type as the first mirror). Via the three adjustment screws, both the distance as well as the

orientation of this mirror relative to the first, fixed-position mirror can be varied. The handles

of the screws are modified to house eight neodymium (NdFeB) magnets (not visible in Fig. A.1).

The upper part of the high-pressure container, constituting its second end cap, houses a sapphire

optical viewport (not visible in Fig. A.1), attached to the metal via active soldering [146]. This

viewport can be used for optical inspection, alignment purposes or the incoupling of pump light

into the microcavity. Furthermore, this part has three recesses, into which the magnet-equipped

screw handles protrude. Each recess is circumvented by eight further neodymium magnets.

The combination of the inner and the outer magnets constitutes a rotary feedthrough, which

allows the precise adjustment of the mirror mount even with a fully assembled and gas-filled

high-pressure container.
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Figure A.1: High-pressure container incorporating a microcavity for the vacuum-ultraviolet spectral range [147].

One of the microcavity mirrors is housed by the lower end cap of the container. The other mirror is held by

a customized mirror mount (red), allowing the adjustment of the corresponding mirror. Fully assembled, the

high-pressure container has a diameter of 150mm and a thickness of 55mm (excluding the protrusions of the

upper end cap).

The device as described here has been manufactured by the in-house fine mechanics workshop.

Subsequently, to enable the microcavity adjustment even when the high-pressure container is

situated in a vacuum chamber, the rotary feedthroughs were equipped with connectors to stepper

motors. With these, the possibility of adjusting the mirror orientation with sufficient accuracy

for the operation of a microcavity was proven [148].
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B Racah Notation for Noble Gases

A widely used notation for states of excited heavy noble gases is the Racah notation [149]. For

a single excited electron, it is given by [150]

(
2Sp+1LJp

)

︸ ︷︷ ︸

Parent ion

nl [K]oJ
︸ ︷︷ ︸

Electron

,

where the first part refers to the quantum numbers of the parent ion (subscript “p”) and the

second part refers to the quantum numbers of the excited electron. In this scheme, the parent

ion’s total angular momentum J⃗p = L⃗+S⃗p and the excited electron’s orbital angular momentum l⃗

couple to form K⃗ = J⃗p+ l⃗. The resulting vector couples with the spin of the excited electron, J⃗ =

K⃗ + s⃗. As the parent ion lacks only one electron to a completely-filled p-shell, its configuration

can only be 2P1/2 or
2P3/2. This differentiation is usually absorbed in the electron configuration,

with nl′ [K]J indicating a parent ion in the Jp = 1/2 state and nl [K]J indicating one in the

Jp = 3/2 state. The superscript “o” indicates odd parity of a particular state. By convention,

this superscript is omitted in case of even parity.

For an excited s-electron (l = 0), this coupling results in four possible states. For Jp = 3/2,

K = Jp + l, ..., |Jp − l| = 3/2 and J = K + s, ..., |K − s| = 2, 1. For Jp = 1/2, K = 1/2 and

J = 1, 0. In total, this results in the four states

ns[3/2]2 ns[3/2]1 ns′[1/2]1 ns′[1/2]0 .

For a p-electron (l = 1), there are ten states. For Jp = 3/2, K = 5/2, 3/2, 1/2 and, correspondingly,

J = 3, 2, 2, 1, 1, 0. For Jp = 1/2, K = 3/2, 1/2 and J = 2, 1, 1, 0. In total, this yields

ns[5/2]3 ns[5/2]2 ns[3/2]2 ns[3/2]1 ns[1/2]1 ns[1/2]0

and

ns′[3/2]2 ns′[3/2]1 ns′[1/2]1 ns′[1/2]0 .
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C Additional Spectroscopic Data

(a) (b)

Ts
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Figure C.1: (a) Spectral overlap of absorption and emission profiles of xenon-neon mixtures at a total sample

pressure of 90 bar. The xenon contributions are 0.075mbar (yellow), 0.3mbar (red) and 1.2mbar (blue), respec-

tively; this corresponds to concentrations of 0.8 ppm, 3.3 ppm and 13.3 ppm. The emission spectra (diamond

markers) were recorded at an excitation wavelength of 145.16 nm. For clarity, the emission spectra have been

scaled to match in height the corresponding absorption profiles (octagon markers, shaded areas under curves).

The vertical dotted lines indicate the center-of-gravity wavelengths of the strongly asymmetric absorption profiles.

(b) Kennard-Stepanov analysis for xenon-neon mixtures. Based on the absorption and emission spectra (α(ν)

and ε(ν), respectively) from (a), the quantity log (α(ν)/ε(ν)) is calculated and visualized as a function of the

wave number ν (the data has been vertically shifted for clarity). Functions given by Eq. (6.2) were fitted to the

data (solid lines), yielding the spectral temperatures Ts. Only the not-grayed-out data points are included in the

fits.
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Figure C.2: (a) Qualitatively similar data as in Fig. C.1(a), but with the emission spectra recorded at a longer

excitation wavelength of 146.16 nm. (b) Kennard-Stepanov analysis with the data from (a), analogous to the

visualization in Fig. C.1(b).
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30. J. Klärs, J. Schmitt, F. Vewinger & M. Weitz, Bose-Einstein condensation of photons in

an optical microcavity, Nature 468, 545 (2010) − Cited on page 3.

31. T. Damm, J. Schmitt, Q. Liang, D. Dung, F. Vewinger, M. Weitz & J. Klärs, Calorimetry
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38. M. Vretenar, C. Toebes & J. Klärs, Modified Bose-Einstein condensation in an optical

quantum gas, Nat. Commun. 12, 5749 (2021) − Cited on page 3.

39. R. C. Schofield, M. Fu, E. Clarke, I. Farrer, A. Trapalis, H. S. Dhar, R. Mukherjee, J.

Heffernan, F. Mintert, R. A. Nyman & R. F. Oulton, Bose-Einstein Condensation of Light

in a Semiconductor Quantum Well Microcavity, arXiv:2306.15314v1 (2023) − Cited on

page 3.

95

https://doi.org/10.1002/andp.19013090310
https://doi.org/10.48550/arXiv.cond-mat/9904034
https://doi.org/10.48550/arXiv.cond-mat/9904034
https://doi.org/10.1016/S0030-4018(99)00615-X
https://www.nature.com/articles/nphys1680
https://www.nature.com/articles/nphys1680
https://www.nature.com/articles/nature09567
https://www.nature.com/articles/nature09567
https://doi.org/10.1038/ncomms11340
https://doi.org/10.1038/ncomms11340
http://dx.doi.org/10.1103/PhysRevLett.116.033604
http://dx.doi.org/10.1103/PhysRevLett.116.033604
http://dx.doi.org/10.1103/PhysRevLett.116.033604
https://doi.org/10.1038/nphoton.2017.139
https://doi.org/10.1038/nphoton.2017.139
https://doi.org/10.1126/science.aay1334
https://doi.org/10.1126/science.aay1334
https://doi.org/10.1126/science.abm2543
https://doi.org/10.1126/science.abm2543
http://dx.doi.org/10.1103/PhysRevA.91.033813
http://dx.doi.org/10.1103/PhysRevA.91.033813
http://dx.doi.org/10.1103/PhysRevA.98.013810
http://dx.doi.org/10.1103/PhysRevA.98.013810
https://www.nature.com/articles/s41467-021-26087-0
https://www.nature.com/articles/s41467-021-26087-0
https://doi.org/10.48550/arXiv.2306.15314
https://doi.org/10.48550/arXiv.2306.15314


References

40. M. Pieczarka, M. Gebski, A. N. Piasecka, J. A. Lott, A. Pelster, M. Wasiak & T. Czysza-

nowski, Bose-Einstein condensation of photons in a vertical-cavity surface-emitting laser,

arXiv:2307.00081v2 (2023) − Cited on page 3.

41. R. Weill, A. Bekker, B. Levit & B. Fischer, Bose-Einstein condensation of photons in an

erbium-ytterbium co-doped fiber cavity, Nat. Commun. 10, 747 (2019) − Cited on page 3.

42. A. E. Siegman, Lasers (University science books, Sausalito, 1986) − Cited on page 3.

43. R. Sauerbrey, Ultraviolet, Vacuum-ultraviolet, and X-ray lasers, in Electro-Optics Hand-

book (eds R. Waynant & M. Ediger) 2nd ed. (McGraw-Hill, 2000) − Cited on page 3.

44. C. Wahl, R. Brausemann, J. Schmitt, F. Vewinger, S. Christopoulos & M. Weitz, Ab-

sorption spectroscopy of xenon and ethylene–noble gas mixtures at high pressure: towards

Bose–Einstein condensation of vacuum ultraviolet photons, Appl. Phys. B 122, 296 (2016)

− Cited on page 3.
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selbiger möglich gemacht haben. Besonderer Dank gilt
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• Dr. Christian Wahl, der mir
”
sein“ Experiment überließ und mir insbesondere in der An-

fangsphase der Promotion viel Hilfreiches darüber mit auf den Weg gegeben hat,

• Dr. Till Ockenfels, mit dem ich über die Jahre hinweg das Labor geteilt habe und der für

jede Fachsimpelei zur Verfügung stand,
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