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Chapter 1

Introduction

1.1 EUV photolithography

Integrated circuits (ICs) have revolutionized the world around us; they have led
to our modern digital society and an era in which digital information is becoming
increasingly more important. The major driving forces behind this new era,
the Information Age, were the invention of the transistor in 1947 by William B.
Shockley, John Bardeen, and Walter H. Brattain at Bell Telephone Laboratories
(Nobel Prize in Physics in 1956 [1]), and the further miniaturization, mass
production, and embedding of transistors in ICs in the decades following.

The technique that made the downscaling and embedding of a large number
of transistors on an integrated circuit possible was and still is photolithogra-
phy [2]. The process is schematically depicted in Fig. 1.1 and basically employs
the same principles as an old-fashioned slide projector. A reticle (or mask) that
contains the blue print (pattern) of an integrated circuit of interest is illumi-
nated by a collimated beam of monochromatic light. The pattern is reduced by
an optical system and projected onto a light-sensitive area of a silicon wafer, the
so-called photoresist. This process is repeated many times in order to cover the
whole wafer, and chemically alters the photoresist; it makes the area exposed to
light soluble or insoluble to a developer. The developed region is subsequently
removed, leaving the desired IC pattern behind, and through a series of subse-
quent chemical processes, a single layer of the integrated circuit is formed. The
complete process of exposure and chemical treatment is then repeated many
times, until the whole wafer is filled with integrated circuits.

The smallest feature that can be patterned by photolithography, the so-
called critical dimension CD (or resolution) is limited by the diffraction of light.

1



Chapter 1. Introduction

It is determined by the Rayleigh criterion, which states that

CD = k1
λ

NA
, (1.1)

where λ is the wavelength of the light used to illuminate the reticle, and k1 an
experimental process parameter, which depends on the specifics of the lithog-
raphy process. The parameter NA = n sin(θ) represents the numerical aperture
of the optical system, with n the refractive index of the medium surrounding
the optical elements, and θ the largest half-angle of the optical system at which
light can still pass through (see Fig. 1.1).

From Eq. (1.1) it becomes evident that, the smaller the wavelength, the
smaller the features that can be printed. For this reason, decreasing the wave-
length of the light used has been the main driving force in the development
of high-throughput photolithography; from the 1970s until the mid-1980s, the
436 nm spectral line (“g-line”) and later the 365 nm transition (“i-line”) present
in the emission spectra of high-pressure Hg and Hg-Xe arc discharge lamps were
employed for photolithography. Starting from the mid-1980s, these sources were
superseded by KrF and ArF excimer lasers that emit deep ultraviolet (DUV)
light at a wavelength of 248 nm, and 193 nm, respectively [3].

The latest generation of light sources used for photolithography operate at
a much shorter wavelength around 13.5 nm instead, in the so-called extreme
ultraviolet (EUV) range of the electromagnetic spectrum. To generate light in
this range of wavelengths, state-of-the-art photolithography tools use a laser-
produced plasma of Sn as a source, which generates EUV photons predomi-
nantly from 4p-4d and 4d-4f transitions in highly charged Sn8+-Sn14+ ions [5].
The hot and dense plasma of Sn is produced by photo-ionizing 30-µm droplets
of Sn in a vacuum with a high-power (∼kW) pulsed CO2 laser, at a repetition
rate up to 50 kHz.

The photons emitted by the Sn plasma have an energy of 92 eV, and are, as a
consequence, absorbed by all conventional refractive optical elements. Contrary
to the situation depicted in Fig. 1.1, reflective optics, consisting of multilayer
coated Mo-Si Bragg reflectors [6], are therefore used in EUV lithography to
collect the light from the source and guide it to the wafer.

To reduce contamination of the reflective optics by Sn debris, a low-pressure
(∼Pa) background gas of hydrogen is used [7]. This creates, however, challenges
in itself, as the background gas is photo-ionized by the high-energy EUV photons
along their beam path, and a so-called EUV-induced plasma is produced, which
interacts with the EUV lithography device through e.g. ion bombardment of

2



1.2. Microwave cavity EUV beam monitor

Illumination
IC pattern

2θ

Reticle (mask)

Lens

Wafer with photoresist

IC pattern being
repeated onto wafer

Figure 1.1: Schematic representation of photolithography. A reticle containing
a pattern of an IC of interest is illuminated with a colliminated beam of light
and subsequently projected and reduced by a lens onto a wafer [4].

the delicate optical surfaces, and plasma-assisted chemistry [8]. Understanding
the behavior of this highly transient plasma is therefore of crucial importance.

In addition, contrary to the wavelengths of earlier ultraviolet and DUV light
sources, monitoring of the EUV power and beam profile is highly non-trivial,
due to the absence of beam splitters for EUV light, and due to the lacking of
other metrology tools in EUV lithography which can monitor the EUV beam
power and position non-invasively, and with a high temporal (< 10 µs) and
spatial resolution (< 10 µm).

To overcome these challenges, a resonant microwave cavity was recently
proposed as a diagnostic to study the EUV-induced plasma, and at the same
time as a fast, sensitive, and non-invasive metrology tool to monitor the EUV
beam power and position [9].

1.2 Microwave cavity EUV beam monitor

The concept is illustrated in Fig. 1.2. It employs a cylindrical pillbox cavity
with an oscillating electromagnetic field, that forms a standing wave pattern
inside the cavity, called an eigenmode. This standing wave pattern is excited

3



Chapter 1. Introduction

Loop antenna

Pulsed EUV beam

Entrance

ExitCavity

z

x

y

Figure 1.2: A resonant microwave cavity as EUV beam metrology tool [9].

with an antenna from the side, and oscillates at a certain (angular) frequency
ω0 that is resonant with the cavity and that depends on its geometry and the
permittivity of the medium inside the cavity.

By subsequently photo-ionizing a part of the background gas, a small frac-
tion of the EUV light is absorbed, and an EUV-induced plasma is created along
the axial direction (z-axis) of the cavity. Since the plasma behaves as a dielec-
tric medium in the presence of an oscillating electric field, the cavity’s fields
are perturbed; the permittivity in the photo-ionized region changes from the
permittivity of the background gas to

ϵp = ϵ0

(
1−

ω2
p,e

ω2
0

)
, (1.2)

with ωp,e =
√
nee2/(meϵ0) the electron plasma frequency, ne the electron den-

sity, e the elementary charge, me the electron mass, and ϵ0 the vacuum permit-
tivity.

As a consequence of the change in permittivity, the resonant conditions of
the eigenmode present in the cavity change; the resonance frequency is shifted
from ω0 to ω0 + ∆ω, with ∆ω the shift in the resonance frequency, which
depends on the electron density ne of the plasma and the electric field profile E
of the eigenmode. Hence, by measuring the frequency shift with the same (or a
second) antenna, the electron density can be obtained. From the knowledge of
the photo-ionization cross section of the background gas, the EUV beam power
can then be calculated.

The technique of using a frequency shift to measure the electron density of
a plasma is known as microwave cavity resonance spectroscopy (MCRS) and

4



1.2. Microwave cavity EUV beam monitor

x

y

Figure 1.3: From left to right: field profiles of the TM010, TM110, and TM210

eigenmode, respectively, in the transverse plane of a cylindrical pillbox cavity
as depicted in Fig. 1.2. The color indicates the normalized rf electric field
amplitude Ez/Ez,max in the axial direction of the cavity, where Ez,max is the
maximum electric field strength, while the field lines in black represent the
direction of the magnetic field. The cavity walls are indicated in gray.

has been used since the 1950s to study the dynamics of several other types of
plasmas [10–12], such as low-pressure rf plasmas [13], powder-forming plasmas
[14] and etching plasmas [15, 16], and its feasibility was recently also shown for
EUV-induced plasmas [17, 18].

One of the limitations of this technique is, however, that the frequency shift
only gives electron densities which are electric-field averaged over the cavity
volume; i.e. spatial information is not provided.

To overcome this limitation, and to develop a non-invasive EUV beam mon-
itor with a high temporal (< 10 µs) and spatial resolution (< 10 µm) for
EUV lithography devices, a new technique was recently proposed at Eindhoven
University of Technology, called multimode microwave cavity resonance spec-
troscopy [9]. This technique is based on the excitation of multiple eigenmodes
in the cavity instead of a single eigenmode as in conventional MCRS, and is
illustrated in Fig. 1.3 by means of the field profiles of some of the modes that
can be employed. The technique makes use of the fact that the frequency shift
induced by the plasma is slightly different for each eigenmode, as it depends
on the electric field distribution of an eigenmode; electrons at an anti-node give
rise to a maximum frequency shift, while electrons at a node of the electric field
give zero contribution. The different frequency shifts can thus be employed to
obtain the moments of a plasma electron density distribution, e.g. the center

5



Chapter 1. Introduction

positions x0, y0, and z0, and rms size σ in the case of a Gaussian-shaped plasma.
For an EUV-induced plasma, the obtained moments can, in turn, be used to re-
construct the EUV beam power and position, which allows the EUV beam to be
monitored non-invasively, and with a high spatial and temporal resolution [19].

The work described in this thesis is part of a project to develop a prototype
of a resonant microwave cavity EUV beam monitor by using multi-mode MCRS.
However, in order to develop such a beam monitor, and to benchmark/calibrate
the MCRS method, a better and more accurate understanding of the interac-
tions of the plasma with the microwave electromagnetic fields is needed. The
research conducted for this thesis focuses on this topic: that is, to study the
fundamental interactions of a plasma with the electromagnetic fields inside a
resonant microwave cavity.

To study these interactions, an EUV-induced plasma could be used as a
plasma model, but such a plasma is not ideal since its behavior is quite com-
plex (e.g., rapid change in temperature after photo-ionization, several phases
of plasma decay governed by different decay processes, and production of ad-
ditional plasma species by electron-impact ionization of neutrals). Therefore,
in order to study the interactions of a plasma with a microwave cavity in a
more clean and controllable way, we propose to use an ultracold plasma (UCP)
instead; UCPs allow very precise experimental control over their initial con-
ditions (initial electron temperature Te(0) and density distribution) and their
extremely low temperatures slow down the free expansion of the plasma consid-
erably, allowing detailed observation of transient phenomena. Moreover, their
dynamics are described, for Gaussian-shaped UCPs with Te(0) ≳ 50 K, by a
simple, well-established, analytical plasma model which can be derived ab ini-
tio from the Vlasov equation. Hence, these aspects make an ultracold plasma
a very attractive model plasma for the study of the interactions of a plasma
with the electromagnetic fields inside a resonant microwave cavity. This is the
main motivation for using an ultracold plasma as a model plasma for the work
described in this thesis. Besides that, UCPs are, due to their high degree of
controllability and low temperature, also interesting in their own right, as they
allow one to study several fundamental processes in plasma physics in general.

1.3 Ultracold plasmas

Plasmas cover a wide variety of ionized gases; they are the most common state of
matter in the visible universe, making up more than 99% of all ordinary matter.
Their temperatures T and densities n range over many orders of magnitude, as is

6
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Figure 1.4: Density-temperature phase diagram of various types of plasmas.
The dashed line distinguishes strongly coupled plasmas (Γ > 1) from weakly
coupled plasmas (Γ < 1). The solid line differentiates classical plasmas (χ < 1)
from plasmas in the quantum mechanical regime (χ > 1), where χ ≡ T/TF
is the so-called degeneracy parameter with TF the Fermi temperature. The
abbreviations MCF and ICF stand for magnetic confinement fusion and inertial
confinement fusion, respectively. The picture for MCF was adapted from [21].

illustrated in Fig. 1.4; from the relatively cold and dilute solar wind (T ∼ 104 K,
n ∼ 106 m−3) that provides a stream of charged particles from the Sun’s corona
to Earth, to the very hot and dense core of the Sun (T ∼ 107 K, n ∼ 1032 m−3)
in which hydrogen is converted into helium by thermonuclear fusion [20].

Since many plasmas have temperatures on the order of 1 eV (∼ 104 K) or
more, they are traditionally associated with hot ionized gases. However, in the
late 1990s, a completely new type of plasma was produced in the laboratory,
by Killian et al. at NIST. By laser cooling and trapping Xe atoms inside a
magneto-optical trap (MOT), and subsequently photo-ionizing the atoms, they
demonstrated that it is possible to create a plasma with a density as high as
2× 1015 m−3, and a temperature as low as 100 mK for electrons and 10 µK for
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Chapter 1. Introduction

ions [22].

Ultracold plasmas constitute a suitable playground for studying fundamental
processes in plasma physics; by shaping the ionization laser profile and setting
the wavelength of the ionization laser beam, the profile of the plasma and initial
temperature of the electrons can be controlled with unprecedented precision.
This high degree of controllability and the low temperature allow the stud-
ies of fundamental heating mechanisms in plasma physics, such as three-body
recombination heating [23], collisional and collisionless microwave heating for
electrons [24], and disorder-induced heating for the electrons [25] and ions [26].

In addition, one of the extraordinary features that makes these plasma dif-
ferent from most others is that their constituents can become strongly cou-
pled. That is, due to the combination of high density and low temperature, the
constituents can enter a regime in which spatial correlations between particles
start to dominate over their random thermal movements, and conventional ki-
netic plasma theory breaks down. This regime is called the strongly coupled
regime, and whether a plasma falls into this regime is quantified by the so-called
Coulomb coupling parameter Γα (indicated in Fig. 1.4 by the dashed line). The
latter is a measure for the ratio of the electrostatic potential energy between
particles of species α, and their thermal energy, i.e.,

Γα ≡ q2α
4πϵ0akBTα

. (1.3)

Here, kB is the Boltzmann constant, a =
√
3/(4πnα) the Wigner-Seitz inter-

particle distance, and nα, qα, and Tα the particle number density, charge, and
temperature of species α, respectively (α = i for ions and α = e for electrons).

For Γα > 1, the plasma component is in the strongly coupled regime, and
spatial correlations become important. As Γα increases, the plasma starts to
behave as a liquid, and for a sufficiently large coupling parameter (Γα ≳ 170
[27]), it even crystallizes.

Strongly coupled plasmas have been created in the laboratory in many types
of plasmas, such as in complex (dusty) plasmas [28, 29], targets in inertial
confinement fusion [30], one-component plasmas consisting of trapped ions [31],
and ultracold microplasmas produced by femtosecond photo-ionization of Bose-
Einstein condensates [32]. In nature, conditions for strong coupling are expected
to be present in astrophysical systems, such as the core of Jovian planets, white
dwarfs, and the crust of neutron stars [33, 34].

However, the high densities and temperatures make it difficult to study these
strongly coupled systems experimentally [24, 35]; their dynamics, related to the

8



1.4. Scope of this thesis

inverse plasma frequency, occurs at atto- to femtosecond timescales. Ultracold
plasmas, on the other hand, have dynamics occurring at pico- to microsecond
timescales, which makes them suitable model systems for the study of other
strongly coupled systems with a similar Coulomb coupling parameter.

Nevertheless, it has been challenging up until now to achieve conditions for
strong coupling in these plasmas. Only in a recent experiment, the feasibility of
a strongly coupled plasma with an ionic coupling parameter as high as Γi = 11
was demonstrated [36]. A better understanding of the fundamental heating
mechanisms in UCPs is therefore needed in order to venture further into the
strongly coupled regime.

1.4 Scope of this thesis

In this thesis, we investigate the interactions of an ultracold plasma with the
electromagnetic fields inside a resonant microwave cavity. To that end, we
developed an ultrahigh vacuum setup with a resonant microwave cavity, in which
we create an ultracold 85Rb plasma from a laser-cooled and trapped gas of 85Rb
atoms.

The research described in this thesis contributes to an improved understand-
ing of the MCRS method, for the purpose of developing a resonant microwave
cavity as an EUV beam monitor for state-of-the-art EUV lithography devices.
Moreover, the presented cavity design enables the non-destructive, fast, and
sensitive studies of ultracold plasmas themselves. A major part of the research
described in this thesis focuses on the latter aspect.

The thesis is organized as follows. In Ch. 2, we present the design and
commissioning of a resonant microwave cavity for MCRS studies of ultracold
plasmas. We discuss the implementation of a novel, compact type of magneto-
optical trap based on a diffraction grating chip [37], which is used to laser cool
and trap a cloud of 85Rb atoms inside the cavity. Subsequently, a proof of
concept of using this cavity as a diagnostic for the study of ultracold plasmas
is presented and a novel technique to characterize the response time (temporal
resolution) of the cavity, which employs femtosecond photo-ionization of the
UCP, is demonstrated.

Subsequently, in Ch. 3, an in situ study of the electron dynamics of a singly-
ionized, decaying 85Rb UCP is presented, using MCRS. We compare the MCRS
measurement with a self-similar Gaussian expansion model. We find that the
initial frequency shift is predicted quite accurately given the knowledge of the
ultracold atomic density distribution, laser properties and 85Rb photo-ionization

9



Chapter 1. Introduction

cross section. However, we observe an approximately three times faster decay in
the measurement than predicted by the model, which we attribute to collisional
microwave heating of the UCP by the electromagnetic fields in the cavity, and/or
plasma-wall interactions.

Then, in Ch. 4, the influence of both mechanisms on the decay time of the
plasma is investigated. Starting with measurements for different rf electric field
strengths in the cavity, we find experimental evidence of collisional microwave
heating. However, the effect of the electric field on the lifetime of the plasma is
too small to fully explain the discrepancy observed in Ch. 3 between the mea-
surement and the plasma model. We then proceed investigating the influence
of plasma-wall interactions on the lifetime of the plasma. We develop a simple
analytical microscopic model to account for absorption of the electrons by the
cavity walls, since the plasma hits the nearest wall in only ∼30 µs after its cre-
ation (the total lifetime is typically ∼100 µs). To validate the model, we perform
measurements of the decay of ultracold plasmas with different initial electron
temperatures and we find that the model describes the measurements quite
well. We then extend the model by taking the theory of collisional microwave
heating into account, and we find that, by treating the energy transferred from
the microwave field to the electrons as additional initial excess energy, we can
predict the subtle effect of collisional microwave heating on the decay time of
the plasma reasonably well.

Thereafter, in Ch. 5, we demonstrate that microwave cavity resonance spec-
troscopy can also be employed to determine the photo-ionization cross section
of laser-cooled excited state atoms. By combining MCRS with the so-called
saturation technique from the field of atomic physics, we determine the photo-
ionization cross section of the 52P3/2(F

′ = 4) excited state of 85Rb for different
initial electron temperatures. We compare our measurements to theoretical cal-
culations of the photo-ionization cross section for the 5p state of 85Rb, and two
earlier measurements performed in the literature using other techniques.

Finally, in Ch. 6, we give a summary of the main results. We discuss
how much the sensitivity of MCRS can be further improved by increasing the
Q-factor of the cavity, how this could be realized in practice, and what this
means for the number of electrons that can be detected with MCRS. Then,
we discuss how the plasma-wall interactions should be suppressed in future
experiments, and we conclude the chapter with presenting multimode MCRS as
a novel technique to determine the electron temperature of ultracold plasmas.
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Chapter 2

Cavity design and
characterization1

Abstract. We present the design and commissioning of a resonant microwave
cavity as a novel diagnostic for the study of ultracold plasmas. This diagnos-
tic is based on measurements of the shift in the resonance frequency of the
cavity, induced by an ultracold plasma that is created from a laser-cooled gas
inside. This method is simultaneously non-destructive, very fast (nanosecond
temporal resolution), highly sensitive, and applicable to all ultracold plasmas.
To create an ultracold plasma, we implement a compact magneto-optical trap
based on a diffraction grating chip inside a 5 GHz resonant microwave cavity.
We are able to laser cool and trap (7.25±0.03)×107 rubidium atoms inside the
cavity, which are turned into an ultracold plasma by two-step pulsed (nanosec-
ond or femtosecond) photo-ionization. We present a detailed characterization
of the cavity and we demonstrate how it can be used as a fast and sensitive
probe to monitor the evolution of ultracold plasmas non-destructively. The
temporal resolution of the diagnostic is determined by measuring the delayed
frequency shift following femtosecond photo-ionization. We find a response
time of (18 ± 2) ns, which agrees well with the value determined from the
cavity quality factor and resonance frequency.

1A part of the work described in this chapter is published by M.A.W. van Ninhuijs, K.A.
Daamen, J. Beckers, and O.J. Luiten in Rev. Sci. Instrum. 92, 013506 (2021).
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Chapter 2. Cavity design and characterization

2.1 Introduction

A new exotic category of plasmas currently under investigation is that of ultra-
cold plasmas (UCPs). Unlike many other plasmas, which have electron tem-
peratures in the range of electronvolts (the scale of the ionization threshold of
atoms and molecules) or above, ultracold plasmas have very low temperatures,
typically ranging from 1 to 1000 K [1].

Ultracold plasmas are created in the laboratory by laser cooling and trap-
ping atoms in a magneto-optical trap (MOT) and subsequently photo-ionizing
the laser-cooled atoms near-threshold, with the amount of excess energy deter-
mining the initial plasma electron temperature [2].

The low temperature and the high degree of controllability over these plas-
mas make them an ideal playground for the study of fundamental processes in
plasma physics. For low temperatures, spatial correlations between particles
can occur, as the kinetic energy Ek of particles in the plasma becomes equal
to the electrostatic potential energy Ep. This is the so-called strongly cou-
pled regime, which is quantified by a parameter called the coupling parameter
Γ ≡ Ep/Ek > 1. Strong coupling causes conventional plasma theory based on a
kinetic or magneto-hydrodynamic approach to fail in explaining the underlying
plasma dynamics, and it requires new theoretical approaches to describe these
plasmas.

The phenomenon of strong coupling can also be found in many other systems
in nature, e.g., colloidal plasmas [3], pure ion plasmas [4], and presumably in
astrophysical systems as white dwarfs, the crust of neutron stars [5], and the
core of Jupiter like gas giants [6]. From a technological point of view, strong
coupling is interesting for inertial confinement fusion [7]. However, the high
density and temperature of those dense matter systems makes it difficult to
study them. Ultracold plasmas do not face this problem; with typical densities of
1016 m−3, they are dilute and experimentally accessible, which also makes them
very suitable model systems for the study of other strongly coupled systems [8].

Traditionally, plasmas are studied with Langmuir probes to retrieve infor-
mation about the densities and temperatures of the charged particles, and the
electric potential of the plasma bulk. In the case of ultracold plasmas, this
is not possible, as such a probe would be invasive for the plasma and would
also change its temperature. To study the dynamics of ultracold plasmas, a few
other techniques have been developed over the last two decades that circumvent
this problem.

Charged particle diagnostics use a mesh grid with a static electric field to
project either electrons or ions on a nearby microchannel plate in a few microsec-
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onds after applying the field [1], thereby destroying the plasma. Information
about the electron density and temperature can be obtained by excitation of
plasma oscillations [9] and Tonks-Dattner modes [10], respectively, with an rf
field superimposed on the mesh grid.

Optical techniques such as absorption imaging [11] and fluorescence moni-
toring [12] give excellent spatial and nanosecond temporal information about the
ions in the expansion of an ultracold plasma, but require ground state electric-
dipole-allowed transitions [13], as present in alkaline earth metals, to work and
can, therefore, not be used for, e.g., Cs and Rb ultracold plasmas.

In this chapter, the design and commissioning of a new diagnostic for the
study of ultracold plasmas is discussed. The diagnostic is based on a resonant
microwave cavity for probing the plasma in combination with a compact, diffrac-
tion grating-based magneto-optical trap [14] inside the cavity to laser cool and
trap 85Rb atoms. It uses the shift in the cavity’s resonance frequency induced
by the UCP to obtain information about the electron density as a function of
time.

The design combines some of the advantages provided by optical techniques
with those provided by charged particle diagnostics; it is simultaneously non-
destructive, very fast (nanosecond temporal resolution), highly sensitive, and
applicable to UCPs of all atomic species.

In addition, the presented cavity design might be interesting for other pur-
poses, e.g., as an rf accelerator for electron bunches in an ultracold electron
source for ultrafast electron microscopy and diffraction [15–17] or as a diag-
nostic to study the effect of rf fields on fundamental heating mechanisms in
UCPs [18].

However, the design of such a cavity is a non-trivial process; it comes with
some challenges. First, since the diffraction grating chip requires a relatively
large, similarly sized entrance hole in the cavity for the trapping laser, such a
hole could cause microwave power to leak out of the cavity. This would result in
a lower cavity quality factor and therefore in a reduction of the signal-to-noise
ratio [19] if no measures are taken. Second, laser reflections have to be taken care
of since the cavity has highly reflective metallic walls; the diffracted beams of
the trapping laser on the grating chip can reflect on the inner walls and thereby
disturb the MOT radiation force balance, resulting in less laser-cooled atoms.
Third, the cavity dimensions need to be carefully chosen; there is a trade-off
between the amount of space available for optical access, lasers and the plasma
to expand before it hits the walls, and the size of the frequency shift induced by
the UCP (the latter decreases for a larger cavity volume). Fourth, laser cooling
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and trapping require the design to be ultrahigh vacuum-compatible.

The outline of this chapter is as follows. In Sec. 2.2, we will explain the
general principle of using a resonant microwave cavity as a diagnostic for the
study of ultracold plasmas. We will briefly discuss the concept of the diffraction
grating chip used to create a compact magneto-optical trap inside the cavity,
how the plasma is created from the laser-cooled gas, and how the shift in the
cavity’s resonance frequency can be used to determine the electron density of
a UCP. Then, in Sec. 2.3, the cavity design is presented. The design consid-
erations, the design itself, and, in particular, the earlier mentioned challenges
are examined. Subsequently, a description of the experimental setup in which
the cavity was commissioned is given, and the data-acquisition system used to
determine the electron density is discussed (Sec. 2.4). Thereafter, the results of
the commissioning of the cavity are examined (Sec. 2.5); a demonstration of a
magneto-optical trap inside a microwave cavity will be given and the cavity is
characterized. We will give a proof of concept of the cavity as a UCP diagnostic
and also present a novel technique to characterize the response time (temporal
resolution) of the cavity by using a femtosecond ionization laser to create the
UCP. Finally, we will end with some concluding remarks and an outlook for
further developments.

2.2 General principle

2.2.1 Grating magneto-optical trap

Traditionally, a magneto-optical trap uses six red-detuned perpendicular laser
beams to laser cool and trap an ensemble of atoms to microkelvin temper-
atures [20]. Recent developments in atomic physics have, however, made it
possible to reduce the number of beams to only one incident beam by employ-
ing a pyramidal mirror or conical reflector [21, 22]. This greatly simplifies laser
alignment and allows for the creation of a compact magneto-optical trap.

A more recent development is the diffraction grating-based MOT [14], which
has, as an additional advantage, a much better optical access and allows a large
number of atoms to be trapped as well. A diffraction grating chip was therefore
used in the design of a new diagnostic for ultracold plasmas (see Fig. 2.1a-2.1c).

The diffraction grating chip consists of three linear gratings, as shown in
Fig. 2.1a. Each linear grating (a close-up view of one of them is depicted in
Fig. 2.1b) diffracts an incident circularly polarized laser beam into the m = 1
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Figure 2.1: (a) Photo of the diffraction grating chip used in the experiment.
(b) Close-up view of the surface of one of the linear gratings on the diffraction
grating chip, taken with a scanning electron microscope. (c) Principle of laser
cooling and trapping 85Rb atoms with a diffraction grating chip. (d) The two-
step photo-ionization scheme used to create an ultracold 85Rb plasma.
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and m = −1 diffraction orders according to the Bragg diffraction criterion

mλ = d sin θ, (2.1)

with d the grating period, λ the trapping laser wavelength, and θ the diffraction
angle with respect to the grating normal. By design, the grating has an etch
depth t = λ/4 and a period d with λ < d < 2λ, such that the zeroth order is
strongly suppressed by destructive interference and higher orders are negligible
since |mλ/d| > 1 for |m| ≥ 2. Three of the diffracted beams then create,
together with the incident beam, an overlap volume in which atoms are laser
cooled and trapped (see Fig. 2.1c), before they are photo-ionized and turned
into an ultracold plasma.

Since the cavity frequency shift induced by the plasma depends on the num-
ber of atoms loaded in the MOT before photo-ionization, the overlap volume
needs to be large enough. Therefore, a diffraction grating chip with a diffraction
angle θ = 40.5◦ and an area of 20×20 mm2 was chosen for the cavity design [23].
The chip has an etch depth t = 195 nm and a period d = 1.2 µm, optimized
for the D2 line transition (780 nm) used in the laser cooling process of 85Rb. A
100 nm Al coating on top serves as a reflector for incident light.

The overlap volume created above the diffraction grating chip can be esti-
mated from the volume V of a hexagonal bipyramid, given by V = 1

8

√
3r3b cot θ,

with rb the radius of the incident laser cooling beam [17]. If we assume a Gaus-
sian laser beam with a 1/e2 radius of 11.25 mm, then an overlap volume of
361 mm3 is created. Since the maximum number of atoms Na loaded in the
MOT scales with the overlap volume [14] as Na = CV 1.2, with C = 6.2× 1014

a proportionality constant, we expect to trap approximately 1.7× 107 atoms in
an overlap volume with a height [17] of rb cot θ ≈ 1 cm. These estimates will be
used in Sec. 2.3 for the cavity design.

2.2.2 Ultracold plasma

To create an ultracold plasma above the diffraction grating chip, a two-step
photo-ionization scheme is used, see Fig. 2.1d. A 780 nm laser beam is used
to excite the laser-cooled atoms from the 52S1/2 ground state of 85Rb to the
52P3/2 excited state. Depending on the experiment, this is done with either a
resonant excitation laser entering from the side, which excites the atoms after
the trapping laser has been turned off for ∼1 µs, or with the non-resonant
trapping laser itself. A tunable 480 nm pulsed ionization laser, arriving at an
angle of 90◦ with respect to the 780 nm laser, subsequently photo-ionizes the
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atoms near-threshold, with the amount of excess energy Ee determining the
initial electron temperature of the produced plasma.

The shape of the produced plasma is determined by the atomic density
profile of the laser-cooled atoms and the profiles of the lasers. In typical ex-
periments, the cloud of laser-cooled atoms is described by a spherical Gaussian
atomic density profile. If we assume that the lasers have a Gaussian intensity
profile with an rms size much larger than the atomic cloud, then the electron
density profile ne of the produced plasma is also described by a Gaussian func-
tion, given by

ne(r) =
Ne

(2π)3/2σ3
exp

(
− r2

2σ2

)
, (2.2)

with Ne the number of electrons in the plasma, σ the plasma rms size, and r
the radial coordinate with respect to the center of the plasma.

2.2.3 Microwave cavity resonance spectroscopy

The principle of using a microwave cavity as a diagnostic for the study of ul-
tracold plasmas is based on the shift in the resonance frequency of the cavity,
due to the perturbation of its electromagnetic fields. When an ultracold plasma
is created inside a cavity, the energy stored in the electromagnetic fields of the
cavity changes with respect to an empty (vacuum) cavity. The reason for this is
that the plasma can be treated as a dielectric medium; it has a permittivity ϵp
different from that of vacuum, which is a result of the free electrons present in
the plasma creating an induced electric field that opposes the cavity’s electric
field. The permittivity of the plasma is given by the Drude-Lorentz model

ϵp = ϵ0

(
1−

ω2
p,e

ω2
0

)
. (2.3)

Here, ωp,e =
√
nee2/ϵ0me is the electron plasma frequency, e the elementary

charge, ϵ0 the vacuum permittivity, me the electron mass, and ω0 the resonance
frequency of the unperturbed (vacuum) cavity.

Since ϵp < ϵ0, less energy can be stored in the electromagnetic fields of
a plasma-filled cavity. Writing out Maxwell’s equations for an empty and a
plasma-filled cavity with volume Vcav, it can be demonstrated that for small
perturbations, the change in the stored electromagnetic energy ∆U is related
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to a change in the resonance frequency ∆ω of the cavity [24]

∆ω

ω0
= −∆U

U0
= −

∫
Vcav

(
∆ϵ |E|2 +∆µ |H|2

)
d3r∫

Vcav

(
ϵ0 |E|2 + µ0 |H|2

)
d3r

, (2.4)

with U0 the energy stored in the electromagnetic fields of the unperturbed cavity,
µ0 the vacuum permeability, ∆ϵ ≡ ϵp − ϵ0 the change in permittivity, ∆µ the
change in permeability, E the electric field and H the magnetic field in the
cavity at position r. This result is known as the Slater perturbation theorem; it
tells us how large the frequency shift will be if we know the permittivity and
permeability of a medium perturbing the cavity.

For an ultracold plasma behaving classically, as described here, the change
in the permeability ∆µ = 0 [25–27]. Substituting Eq. (2.3) into Eq. (2.4) then
yields

∆ω

ω0
=

e2

2meϵ0ω2
0

ne, (2.5)

with ne the so-called field-averaged electron density, defined as

ne ≡
∫
Vcav

ne(r) |E(r)|2 d3r∫
Vcav

|E(r)|2 d3r
. (2.6)

Eq. (2.5) and (2.6) relate the shift in the resonance frequency of the cavity,
induced by the plasma, to the local electron density and electric field profile of
the resonant mode used; this technique is known as microwave cavity resonance
spectroscopy (MCRS) and can be used to obtain information about the electron
dynamics in a plasma by measuring the cavity’s resonance frequency shift [28–
31].

The size of the resonance frequency shift can be calculated analytically in
certain cases. For a TM010 mode in a cylindrical pillbox cavity with height h
and radius R, the electric field in the axial direction (z-direction) is given by

E = E0J0

(x01r
R

)
ẑ, (2.7)

with E0 the electric field amplitude, Jm the mth order Bessel function of the
first kind, xmn the nth root of Jm, and ẑ the unit vector in the z-direction of the
cavity. If the plasma is created at the center of the cavity, and has a Gaussian
electron density profile given by Eq. (2.2), with its rms size σ ≪ h,R, then
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the field-averaged electron density becomes, by substituting Eq. (2.2) and Eq.
(2.7) into Eq. (2.6) and performing the integration,

ne ≈
Ne

VcavJ2
1 (x01)

. (2.8)

Eq. (2.8) shows that the initial field-averaged electron density depends on the
number of electrons and the cavity volume Vcav = πR2h. In Sec. 2.3, this
equation will be used for the cavity design to predict the field-averaged electron
density that can be measured with it.

2.3 Cavity design

2.3.1 Design considerations

To give a proof of concept of a cavity as a diagnostic for ultracold plasmas,
the cavity design based on the diffraction grating chip was optimized for a
well-measurable MCRS signal at the moment the plasma is created. This was
achieved in several ways.

Firstly, since the plasma is created at the center of the cavity, the cavity was
designed for the TM010 mode. The TM010 mode has an anti-node at the center
[see Eq. (2.7)], which makes it maximally sensitive to electrons at the moment
the plasma is produced.

Secondly, the cavity volume with respect to the number of electrons present
in the plasma was strongly minimized to increase the MCRS signal, while taking
into account that the height of the overlap volume and the diffraction grating
chip still need to fit in the cavity. This will be discussed in more detail in Sec.
2.3.2.

Thirdly, since the diffraction grating chip requires a similarly-sized access
hole for the trapping laser in the cavity, such a large hole could cause a significant
drop in the quality factor of the cavity due to microwave power leaking out. This
would in turn reduce the signal-to-noise ratio of the measured MCRS signal. To
compensate for this, a large tube was added to the hole. Its length was varied
to maximize the Q-factor of the cavity design with diffraction grating chip, see
Sec. 2.3.3.

2.3.2 Overall design

The cavity was designed for the TM010 mode at 5 GHz based on simulations
performed with cst microwave studio [32]. The design is illustrated in Fig.
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2.2 and consists of two parts: the cavity housing and a lid with a tube on top
that partially closes off the cavity housing (Fig. 2.2a) and a nonmagnetic CF100
flange with a cavity support (Fig. 2.2b) that is used to insert the cavity in the
vacuum chamber of the experimental setup.

The cavity housing is made entirely out of aluminum, since this metal is
ultrahigh vacuum-compatible, easy-to-machine, and has a high conductivity,
which is beneficial for obtaining a high Q-factor cavity. The housing contains a
recess in which the diffraction grating chip is placed. The chip is attached with
two conductive clamps to the cavity housing in order to prevent any possible
buildup of charge on the diffraction grating chip resulting from the ultracold
plasma. Next to the grating chip, a linear antenna is positioned which elec-
trically couples rf power to the TM010 eigenmode of the cavity. The antenna
is connected with an rf generator through a semi-rigid coax cable and SMA
feedthrough on the flange, and its length was adjusted in simulations and ex-
periments in order to critically couple rf power from the generator to the cavity
for maximum measurement sensitivity.

The cavity housing has an inner radius R = 25 mm, which sets the resonance
frequency of the cavity to 5 GHz. An inner radius of 25 mm was chosen, since (1)
it allows the diffraction grating chip and antenna to easily fit in the cavity, while
strongly minimizing its volume without leaking rf power through the trapping
laser hole, (2) rf equipment is generally available for 5 GHz, and (3) 5 GHz
is much larger than the electron plasma frequency, allowing the rf waves to
penetrate the plasma in order to probe it. For comparison: the electron plasma
frequency is 0.9 GHz for a typical UCP peak density of 1016 m−3.

The inner height h of the cavity housing was chosen to be h = 8 mm.
This makes the cavity volume as small as possible, which is beneficial for the
magnitude of the resonance frequency shift, while the height of overlap volume
of the MOT still fits well in the cavity housing.

The size of the resonance frequency shift for the given cavity height and
radius can be estimated from the expected field-averaged electron density. For
a Gaussian shaped ultracold plasma in our cavity, created by singly ionizing
roughly half of the 1.7 × 107 atoms expected in the MOT (see Sec. 2.2), we
estimate the size of the field-averaged electron density to be on the order of
1012 m−3. This corresponds to a resonance frequency shift of 9 kHz, which is
easily measurable.

Four access holes were created in the cavity housing for access of the ioniza-
tion laser and excitation laser in order to produce an ultracold plasma, and for
the fluorescence cameras to monitor the number of atoms in the MOT and their
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Figure 2.2: Cavity design with (a) a schematic representation of the cavity
housing and a lid with tube on top that partially closes off the housing, and (b)
a photo of the CF100 flange with cavity support used to insert the cavity into
the vacuum chamber of the experimental setup. The cavity is positioned with
its tube inside the cavity support. 25



Chapter 2. Cavity design and characterization

temperature. The access holes have a height of 7.5 mm and a width of 6 mm
with semi-circular bottom and top edges, and they additionally serve, together
with the venting hole in the cavity support (see Fig. 2.2b), to enable ultrahigh
vacuum conditions in the cavity housing.

A negative temperature coefficient (NTC) sensor was attached to the back
of the cavity housing to monitor changes in the temperature of the cavity, in
order to correct for any possible shifts in the resonance frequency due to thermal
expansion of the cavity, as will be discussed later on in Sec. 2.5 in more detail.

2.3.3 Tube, access holes, and Q-factor

For the trapping laser beam to enter the cavity and hit the diffraction grating
chip, a slightly larger entrance hole with a radius rt = 13 mm was made in the
cavity lid.

However, such a large hole could potentially cause microwave power to leak
out of the cavity. To prevent this, two criteria need to be satisfied. Firstly, the
resonance frequency ω0/2π needs to be smaller than the cutoff frequency fc of
the access hole. The cutoff frequency for the dominant mode in a cylindrical
waveguide, the TE11 mode, through which microwave power can leak out of the
cavity, is given by [24]

fc =
x′11c
2πrt

, (2.9)

with x′mn the nth root of the derivative of the Bessel function of the first kind
J ′
m and c = 1/

√
µ0ϵ0 the speed of light in vacuum. As can be verified, a hole

with a radius rt = 13 mm has a cutoff frequency fc = 6.8 GHz, which is larger
than the resonance frequency of 5 GHz, so the first criterion is satisfied.

However, for total reflection to occur on the cavity-hole interface, the access
hole, which acts as a waveguide, also needs to be sufficiently deep; total reflec-
tion will only develop if the depth of the hole is similar to or larger than the
wavelength λc = c/fc of the mode. This is the second criterion that needs to
be satisfied. Since the thickness of the cavity lid is only 4 mm, and λc ≈ 4 cm
this is not the case; hence, it causes the quality factor of the cavity to decrease
significantly.

Therefore, in order to preserve the quality factor, a tube was added to the
cavity lid. The length lt of the tube was varied in cst microwave studio
simulations and the influence of the length on the quality factor Q0 of the
cavity was investigated. This was done for a cavity without grating; the results
are shown in Fig. 2.3.
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Figure 2.3: The simulated quality factor Q0 of the cavity (without diffraction
grating chip) as a function of the tube length lt.

As expected, the Q-factor increases for an increasing tube length. For a
length lt > 2 cm, the quality factor saturates. A tube length lt = 3 cm was
chosen for the cavity design, which results in a simulated Q-factor of 3990.

However, when the diffraction grating is placed in the cavity, the quality
factor of the cavity drops significantly. The reason for this is that the Al reflector
on top of the Si substrate of the diffraction grating chip is only 100 nm thick,
which is small compared to the 1.2 µm skin depth of Al at 5 GHz; surface
currents induced by the cavity’s magnetic field will therefore experience an
increased surface resistance Rs given by [24]

1

Rs
=

∫ d

0
σw exp(−z/δw)dz, (2.10)

with σw the surface conductivity, δw the skin-depth, and d the thickness of the
layer.

For 5 GHz microwaves, the surface resistance in the 100 nm Al layer of the
diffraction grating is approximately 300 mΩ. This value is much larger than
the 25 mΩ surface resistance of the cavity walls and leads to increased power
dissipation in the diffraction grating chip and consequently a lower Q-factor.

To simulate the lowering of the Q-factor, the grating was modeled as a
21 × 21 mm2 Si dielectric layer with a thickness of 600 µm and an Al layer on
top representing the reflector. Since the reflector is thinner than the skin depth
of Al at 5 GHz, an infinitely thin 2D metal sheet was used in cst microwave
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Chapter 2. Cavity design and characterization

studio, with the surface resistance of 300 mΩ mentioned above to account for
the increased surface resistance.

The 2D sheet is modeled as a fully transparent sheet, as the electromag-
netic waves retain 90% of their amplitude behind the reflector surface and cst
microwave studio can only simulate a 2D metal surface as either fully trans-
parent or fully opaque.

The quality factor that was found by including the diffraction grating chip
in simulations was 390, a significant drop with respect to the empty cavity.
However, since the Q-factor also determines the response time τ of a cavity
(τ ∼ Q0), this means that the measured frequency shift of the cavity induced
by the plasma can be temporally resolved with a resolution of 18 ns as we will
later see, whereas previous charged particle diagnostics for ultracold plasmas
were limited to a temporal resolution of microseconds [1]. In Sec. 2.5, the
cavity’s response time is obtained experimentally and compared to this value
by creating a UCP with a femtosecond ionization laser; the delayed response in
the cavity’s frequency shift is used to determine τ .

The influence of the other access holes on the quality factor is negligible; the
holes for the ionization laser, excitation laser, and fluorescence cameras have a
maximal dimension of 7.5 mm, corresponding to a minimal cutoff frequency of
around 23 GHz [Eq. (2.9)], which is much larger than the resonance frequency
of the cavity. Therefore, they do not contribute much to the overall quality
factor.

2.3.4 Laser reflections

To check whether reflections of the trapping laser on the inner walls of the
cavity would disturb the MOT radiation force balance, we performed a ray
tracing simulation with comsol multiphysics [33]. The trapping laser beam
was modeled as a uniform circular profile with a beam diameter of 2.54 cm,
and specular reflection was used as the wall condition for the inner cavity walls.
The simulation shows that in the current cavity design laser reflections are not
expected to be problematic. Approximately 70% of the light that is diffracted
into the m = ±1 order by the diffraction grating chip gets directly reflected
back into the tube at a position above the trapping volume of the MOT. The
remaining 30% gets reflected on the inner cavity walls, but most of the rays
leave the cavity housing through the same tube as well after multiple reflections.
Therefore, we did not expect significant disturbances in the laser cooling and
trapping of the atoms. In Sec. 2.5, this is verified by measurements.
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2.4. Experimental setup

2.4 Experimental setup

The experimental setup in which the flange with cavity was built into, is de-
picted in Fig. 2.4. It consist of a CF100 vacuum chamber with UV fused silica
windows at the bottom, left and right sides of the chamber. These windows are
used for optical access and laser access. At the front side, the CF100 flange with
the cavity was placed. The flange is nonmagnetic and has a small viewport in
the center through which the trapping laser enters the setup.

The trapping laser is based on a Moglabs 780 nm Cateye diode laser [17]. It
is amplified with a Newport TA7600 tapered amplifier to be able to laser cool
rubidium-85 atoms at intensities well above the saturation intensity of 85Rb
(1.67 mW/cm2 [34]); the trapping laser beam has an intensity of ∼22 mW/cm2

(at the laser cooling wavelength), a nearly flattop beam profile with a radius
of 11.25 mm, and is circularly polarized. It also contains tunable side-bands at
approximately ±2915 MHz, which are added using an electro-optic modulator
for the purpose of driving the 52S1/2(F = 2) to 52P3/2(F

′ = 3) repump laser
transition; see Ref. [35] for more details.

A CF100 to CF63 reducer flange is connected to the top side of the vacuum
chamber. It holds a rubidium dispenser (Saes Rb/NF/7/25 FT10+10) that
releases atoms by ohmic heating.

To laser cool and trap Rb atoms inside the cavity, the background pressure in
the cavity should preferably be in the 10−9 mbar regime to not limit the number
of atoms that can be trapped inside the cavity. The background pressure in the
vacuum chamber is kept at ultrahigh vacuum conditions (≲ 10−9 mbar) using a
40 L/s ion getter pump (Saes NEXTorr D 100-5) in combination with a turbo-
molecular pump. Since the flow conductance between the vacuum chamber and
the cavity interior (2.9× 10−2 m3/s) is similar to the flow conductance between
the vacuum chamber and ion getter pump (2.7 × 10−2 m3/s), the background
pressure in the cavity will therefore also be in the ∼ 10−9 mbar regime. Hence,
the dimensions of the holes in the cavity and cavity support (see Fig. 2.2b) will
not limit the background pressure in the cavity interior and thus the number
of atoms that can be trapped inside the cavity. The magnetic field required for
trapping the atoms is generated by two coils attached to the front and back side
of the vacuum chamber. They are operated in anti-Helmholtz configuration to
generate a quadrupole magnetic field with a typical gradient of ∼0.2 T/m along
the axial direction of the cavity [17].

An ultracold plasma is created by ionizing the laser-cooled atoms in the cav-
ity near threshold in a two-step photo-ionization process. A 780 nm laser beam
was used to excite the atoms from the 52S1/2(F = 3) state to the 52P3/2(F

′ = 4)
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2.4. Experimental setup

state. For the proof of concept measurement, the trapping laser beam is used
to excite the atoms, as it is the most convenient way to create a plasma. For
the experiment in which the cavity’s response time (temporal resolution) was
determined, a resonant excitation laser was used instead. The excitation laser
is split off from the trapping laser system and has a Gaussian beam profile with
a 1/e2 beam diameter of 1.5 mm, and is linearly polarized.

Subsequently, a 480 nm pulsed ionization laser photo-ionizes the excited
atoms just above the ionization threshold. In most UCP experiments up till
now, nanosecond ionization lasers are used for this due to their small spectral
bandwidth. We use a nanosecond laser as well for the proof of concept mea-
surement, but in the experiment in which we determine the response time of
the cavity, we use a femtosecond laser instead. A femtosecond laser is used in
this case, since the shorter ionization time associated with such a laser allows us
to measure the delayed response in frequency shift of the cavity to a suddenly
initiated plasma perturbation.

A tunable Coherent 480 nm ultrafast ionization laser system is used as the
femtosecond laser. It consists of a femtosecond optical parametric amplifier (Co-
herent OPerA Solo) that is pumped by an amplified Ti:sapphire laser (Coherent
Mantis with Legend Elite), and generates ∼100 fs pulses with a pulse energy
of ∼100 µJ per pulse. It has 1/e2 Gaussian beam diameter of 0.70× 0.82 mm2

and is operated at 10 Hz.

For the nanosecond laser, a tunable pulsed dye laser (Spectra-Physics Quanta-
Ray PDL-2) is used, with Coumarin 480 as dye. The dye laser is pumped by the
third harmonic of a pulsed 1064 nm Nd:YAG laser (Spectra-Physics Quanta-Ray
DCR-11) and generates 6 ns pulses with an energy of ∼300 µJ per pulse, at a
repetition rate of 10 Hz. It has a 1/e2 Gaussian beam diameter of 1.4×0.8 mm2.

The resonance frequency shift induced by the ultracold plasma is measured
with the data-acquisition system shown in Fig. 2.4. An rf generator (Mini-
Circuits SSG 6000-RC) was used to generate a 10-dBm rf signal with a frequency
ω set in pc software. The rf signal is transmitted to the cavity through a
directional coupler (Mini-Circuits ZHDC-10-63+) and SMA feedthrough on the
cavity flange over a coaxial line (partly shown in Fig. 2.2b). A linear antenna,
at the end of the coaxial line, couples in the rf power electrically to the cavity.
For frequencies off-resonance, a part of the incident power is reflected back to
the rf generator. Ten percent of this reflected power Pr is redirected by the
directional coupler to a logarithmic power detector (Analog Devices HMC602)
and converted into a DC voltage Vr. The voltage is measured as a function of
time with an oscilloscope (Agilent InfiniiVision DSO7054A) and the digitized
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Chapter 2. Cavity design and characterization

signal (waveform) is read out by the pc.

Similarly, the temperature of the cavity is monitored by the oscilloscope by
measuring the NTC voltage VNTC on the NTC feedthrough of the cavity flange;
the temperature data is subsequently read out by the pc and used to correct
for any possible frequency shift caused by the thermal expansion of the cavity.

The whole experiment is synchronized with an in-house built nanosecond
transistor–transistor logic (TTL) pulse generator (TU/e Timing Delay Unit,
max. 100 ps jitter). It receives an external trigger pulse from the 75 MHz
Ti:sapphire oscillator (Coherent Mantis) in the femtosecond laser system to be
synchronized with it and subsequently triggers other hardware devices in the
setup, such as the oscilloscope, cameras, and trapping and excitation laser.

For the experiment that involves the nanosecond laser, a different TTL pulse
generator (SpinCore PulseBlaster PB12-100-4k-PCI) was used instead. This
pulse generator runs at an internal clock which triggers the nanosecond laser
and other devices in the setup to perform the experiment.

To determine the field-averaged electron density in an ultracold plasma ex-
periment, the reflection voltage waveforms acquired in a frequency scan with the
rf generator is analyzed with the pc. For each point in time on the oscilloscope,
the reflection voltages of measurements with different applied frequencies ω to
the cavity are combined into a single resonance curve. For the ratio of power
absorbed by the cavity to the total power Pin entering the cavity, such a curve
is described by a Lorentzian function L(ω, ωp, I, w), with I the height of the
Lorentian, w its full width-at half maximum (FWHM), and ωp = ω0 +∆ω the
resonance frequency of a plasma-filled cavity. However, since we measure the
reflected power Pr instead, and convert this into a voltage with a logarithmic
detector, this means that curve describing the reflection voltage Vr is given
by [19]

Vr = V0 + 10a log[1− L(ω, ωp, I, w)]. (2.11)

Here, a is the detector sensitivity and V0 a constant. By curve fitting the
measured reflection voltage data with Eq. (2.11), the resonance frequency ωp as
a function of time was determined. Subsequently, Eq. (2.5) is used to calculate
the field-averaged electron density as a function of time.
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Figure 2.5: Fluorescence imaging measurement of the laser-cooled 85Rb gas
cloud inside the cavity. In the left picture, the cavity is depicted with the gas
cloud seen through one of the access holes in the cavity. The picture on the
right shows a close-up view of this access hole with the Rb gas cloud.

2.5 Commissioning

2.5.1 Grating MOT inside cavity

To perform an MCRS measurement, first a magneto-optical trap was imple-
mented inside the cavity and characterized.

Fig. 2.5 shows a fluorescence imaging measurement inside the cavity taken
with an infrared camera through one of the cavity access holes. It demonstrates
that it was possible to laser cool and trap Rb atoms in the current cavity design,
without significant disturbances in the MOT radiation force balance due to laser
reflections on the inner cavity walls. Additionally, it indicates that the vacuum
conditions are sufficient for trapping.

From the fluorescence imaging measurements the number of atoms, the
MOT dimensions, and loading time [36] were determined. This was done for
various Rb background pressures in the setup, by varying the Rb dispenser
current.

The number of atoms was determined by projecting the MOT light scattered
through a solid angle with respect to the center of the MOT onto the charge-
coupled device (CCD) of a fluorescence camera. The number of atoms was
then calculated by using the equation for the optical scattering rate R in the
saturated regime, i.e. R = Γ/2, with Γ = 6.07 MHz the natural linewidth of
the D2 line transition of 85Rb [34]. Systematic errors associated with the atom
number determination result in a maximum estimated relative uncertainty of
∼50% [35].

To optimize the number of atoms trapped in the grating MOT, the detuning
of the trapping laser beam was scanned first. This was done by shifting the
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frequency fd of the Moglabs 780 nm Cateye diode laser output beam with an
acousto-optical modulator (AOM) in its beampath. Since the output beam
passes twice through the AOM, the trapping laser beam is therefore detuned by
2∆ftrap with respect to the output beam, with ∆ftrap the setpoint frequency
shift of the AOM (typically |∆ftrap| ≈ 80 MHz). A part of the output laser beam
of the Cateye diode laser with frequency fd is also used for locking the laser
system to the 52S1/2(F = 3) → 52P3/2(F

′ = 4) laser cooling transition using
saturated absorption spectroscopy, after it has passed twice through a different
AOM, the so-called lock AOM. Similarly, the lock AOM shifts the output beam
of the diode laser by 2∆flock, with ∆flock the setpoint frequency shift of the lock
AOM. The trapping laser beam is therefore detuned by δl = 2∆flock − 2∆ftrap
with respect to the lock frequency. Hence, the detuning mentioned for the
measurement here refers to this detuning (δl) and not the conventional detuning
with respect to the resonance frequency of the laser cooling transition; it can
therefore be slightly different from the latter detuning if the laser is not exactly
locked at resonance.

In Fig. 2.6, the number of atoms Na as a function of the detuning δl is
plotted. For a detuning δl ≈ −1.7Γ = −10.2 MHz, we find that the number of
atoms in the grating MOT is maximal. This corresponds well with similar mea-
surements on other grating MOTs and convential MOTs of the same trapping
volume [14], for which the optimal detuning δa ≈ −2Γ, with δa being the detun-
ing with respect to the atomic resonance frequency. Since we are interested in
maximizing the atom number, the detuning of −10.2 MHz was therefore used
for all the experiments described in the remainder of this chapter (except for
the cavity response time experiment in Sec. 2.5.6).

Subsequently, the MOT loading time was determined. This was done by
measuring the number of atoms as a function of time t after the trapping laser
beam was turned on. The trapping laser beam was turned on rapidly with the
trapping laser AOM, and, by triggering the fluorescence camera for different
time delays with respect to the time the trapping laser beam was turned on,
the number of atoms as a function of time could be determined. In Fig. 2.7,
such a measurement is shown.

Theoretically, the change in the number of atoms dNa/dt in the MOT is
described by the following differential equation:

dNa

dt
= Rl − ΓbgNa − β

∫
n2a(r, t)d

3r. (2.12)

Here, the first term on the right-hand side of the equation represents the
number of atoms loaded per unit of time in the magneto-optical trap and is
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Figure 2.6: The number of trapped atoms Na as a function of the detuning δl
of the trapping laser beam with respect to the lock frequency.

therefore called the loading rate Rl. The second term is the number of atoms
lost from the trap due to collisions with hot atoms in the background gas,
with Γbg the so-called background loss rate. The third term represents losses
due to inelastic two-body collisions inside the magneto-optical trap, which are
dependent on the atomic density distribution na in the MOT, with β the loss
rate coefficient.

For the MOT described here, we assume the two-body collision losses to be
negligible. The number of atoms as a function of time then becomes

Na = N∞ [1− exp(−t/τl)] , (2.13)

with τl = Γ−1
bg being the 1/e loading time of the MOT and N∞ = Rl/Γbg the

number of atoms at time t→ ∞. By curve fitting the measurement data in Fig.
2.7 with Eq. (2.13), the loading time was determined to be τl = (175 ± 3) ms
with an equilibrium value N∞ = (8.83 ± 0.02) × 107 atoms. This corresponds
to a loading rate Rl = (5.06± 0.06)× 108 atoms/s.

Next, the loading time and number of atoms at t → ∞ as a function of
the rubidium dispenser current Id was investigated. In Fig. 2.8, the results
of these measurements are shown. As expected, a larger Rb dispenser current
corresponds to a faster loading process, since the background loss rate Γbg, and
therefore the loading time, depends on the partial rubidium pressure pRb in the
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Figure 2.7: The number of trapped atoms Na as a function of time t after the
trapping laser is turned on, with curve fit according to Eq. (2.13).

background vapor in the vacuum chamber.

The number of atoms N∞ at t→ ∞ shows different behavior for an increas-
ing Rb dispenser current; N∞ first increases, then peaks around Id ≈ 4.4 A, and
subsequently decreases again. This is to be expected too; the number of atoms
in equilibrium N∞ depends on the loading rate and background loss rate. The
loading rate is related to the partial Rb pressure, while the loss rate also de-
pends on the partial pressure of other species in the background gas. For small
dispenser currents, the partial background pressure of the other species is signif-
icant compared to the partial Rb pressure, and the number of atoms is therefore
limited by the background pressure. As the dispenser current increases, the in-
fluence starts to become less, and the number of atoms in equilibrium starts to
become independent of the Rb pressure. For even higher dispenser currents, the
number of atoms start to decrease again, which can be attributed to additional
losses of atoms from the MOT due to inelastic two-body collisions that start to
become relevant.

Since the experiment is repeated at a frequency of 10 Hz, determined by the
maximum repetition rate of the nanosecond laser that is used to photo-ionize
the atoms, the MOT also needs to reload quick enough (within 100 ms). A
dispenser current of 4.7 A was therefore chosen to perform the experiments.
This dispenser current corresponds to a 1/e loading time of (88± 4) ms and a
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Figure 2.8: Black dotted curve: the number of trapped atoms N∞ at time
t → ∞ as a function of the rubidium dispenser current Id. Blue dotted curve:
the 1/e loading time τl of the rubidium gas cloud as a function of the dispenser
current Id.

background pressure of 4.1× 10−9 mbar.

For this background pressure, the number of atoms loaded in the MOT was
(7.25 ± 0.03) × 107. The MOT has a Gaussian density profile with rms sizes
sx = 1.2 mm, sy = 0.8 mm and sz = 0.5 mm.

The number of atoms trapped is approximately four times higher than ex-
pected based on the estimation done in Sec. 2.2. A possible reason for this is
that we used a slightly diverging trapping laser beam, so the laser profile would
in reality be more flattop than Gaussian. Hence, the volume in which atoms
can be trapped is larger than in the estimation, and therefore also the loaded
number of atoms in the MOT.

2.5.2 Cavity resonance frequency, Q-factor, and field profile

Subsequently the microwave cavity was characterized. The voltage reflection co-
efficient Γv was measured as a function of frequency ω with a network analyzer,
and the measurement data was curve fitted with a theoretical model.

The magnitude of the voltage reflection coefficient is theoretically described
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Figure 2.9: The measured voltage reflection coefficient |Γv| as a function of
the applied frequency ω/2π for (a) the cavity without grating and (b) the cavity
with grating, with curve fit according to Eq. (2.14).

by [37]

|Γv|2 ≡
Pr
Pin

=
(σ − 1)2(βδ)2 + (σ + β − 1)2

(σ + 1)2(βδ)2 + (σ + β + 1)2
, (2.14)

with Pr the (earlier defined) rf power reflected by the cavity, Pin the power
entering the cavity, β the coupling coefficient of the antenna, σ the reciprocal of
the voltage standing wave ratio VSWR ≡ (1 + |Γv|)/(1− |Γv|) far off resonance,
and δ given by

δ ≈ 2Q0

β

(
ω − ω0

ω0

)
. (2.15)

By curve fitting the measured reflection coefficient with Eq. (2.14), the
resonance frequency ω0 and the quality factor Q0 of the cavity were determined.

This was done for an empty cavity and a cavity with the diffraction grating
chip installed, see Fig. 2.9.

For the cavity without grating, a resonance frequency ω0/2π = 5.05 GHz
and a quality factor Q0 = 3848± 8 were found. The Q-factor is close to the one
predicted by simulations; for a cavity with the same tube length lt = 3 cm, the
simulated value is 3990, as shown in Fig. 2.3.

The resonance frequency for the cavity with grating is approximately the
same: ω0/2π = 4.98 GHz. However, when the diffraction grating chip is placed
inside the cavity, the Q-factor drops significantly. This is due to increased
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Figure 2.10: Color plot of the simulated electric field profile in the yz-plane of
the cavity. The color represents the squared normalized electric field amplitude
E2/E2

0 of the TM010 mode, with E0 the field amplitude at x = 0 mm, y = 0 mm
and z = 2 mm. The cavity walls are indicated in gray.

dissipation in the 100 nm Al thick reflector of the diffraction grating chip, as
was discussed in Sec. 2.3.

The Q-factor in the presence of the grating chip becomes Q0 = 491 ± 0.3,
as determined by curve fitting, and is only slightly larger than the value of
390 found in simulations. This is not surprising, considering that the grating
reflector was modeled as a fully transparent metal sheet, whereas in reality
only 90% of the field amplitude is transmitted through the reflector and gets
dissipated behind it.

To be able to make a quantitative comparison between the field-averaged
electron density measured with the cavity and the one that would be expected
based on theory, the electric field profile of the non-ideal TM010 mode present
in the cavity is required, see Eq. (2.5) and (2.6).

This field profile was obtained from simulations in cst microwave studio;
a color plot of the field map in the yz-plane of the cavity is shown in Fig. 2.10.
The color indicates the squared normalized electric field profile (E/E0)

2, with
E0 the field amplitude at x = 0 mm, y = 0 mm, and z = 2 mm.

Compared to the Bessel profile of an ideal TM010 cavity, the field profile of
our cavity design is more flattened, which is caused by the large entrance hole
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Figure 2.11: Measured and simulated electric field profiles along the y-axis at
positions z = 2 mm, z = 4 mm, and z = 6 mm in the cavity.

in the cavity lid for the trapping laser beam. In addition, we notice that the
profile concentrates at the large entrance hole, as we can see from Fig. 2.10,
due to the sharp edges surrounding this hole.

To verify the field profile, bead-pull measurements [38] were performed with
a 2-mm-diameter BaTiO3 dielectric bead attached to a thin nylon wire. The
wire with the bead was moved along the y-axis in the cavity for three different
positions in the z-direction: z = 2 mm, z = 4 mm and z = 6 mm and compared
with the simulated field profile, see Fig. 2.11. As we can see, there is a quite
good agreement between the simulated field and the measured field, so the field
map was used in predicting the field-averaged electron density and comparing
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this to the measured one, as we describe in the next chapter that focuses on the
dynamics of a UCP measured with the cavity.

2.5.3 Proof of concept measurement

Next, an ultracold plasma was created inside the cavity to give a proof of con-
cept of the designed cavity as a diagnostic for the study of ultracold plasmas.
The plasma was created by photo-ionizing the laser-cooled atoms just-above-
threshold with a tunable 480 nm nanosecond pulsed dye laser. The wavelength
of this laser was set to 477.86 nm, such that the initial electron temperature of
the plasma is 50 K, determined by the excess energy of the nanosecond laser.

The reflection voltage Vr as a function of time was measured with the data-
acquisition system discussed in Sec. 2.4. The measurements were performed
for applied frequencies ω ranging from 4981 MHz to 4991 MHz, in steps of
100 kHz, for a cavity input power Pin = 5.7 dBm, and were averaged over
100 ionization pulses. The resulting reflection voltage waveforms are shown in
Fig. 2.12 for nine applied frequencies to the cavity. The plasma is created at
time t = 10 µs, as determined with a photo-diode behind a beam sampler in
the ionization laser path. As can be seen from Fig. 2.12, the reflection voltage
changes when the plasma is created. Since the frequency shift in the cavity,
induced by the presence of the UCP is positive, the reflection voltage change
is negative for frequencies approximately below the resonance frequency and
positive for frequencies approximately above, as is confirmed by the data in
Fig. 2.12.

To determine the field-averaged electron density of the ultracold plasma as
a function of time, the data from different reflection voltage waveforms for each
point in time are combined, curve fitted by Eq. (2.11), and converted into a
field-averaged electron density with Eq. (2.5). This results in the graph shown in
Fig. 2.13, that shows the field-averaged electron density of a decaying ultracold
plasma, and moreover, gives the proof of concept of using a microwave cavity
as a diagnostic for the study of UCPs. More details about the experiment and
interpretation of this result can be found in the next chapter (and Ref. [19]),
where we focus on the ultracold plasma dynamics measured with the cavity.

2.5.4 Experiment repeatability

To be able to study an ultracold plasma with a microwave cavity as a diagnostic,
a highly reproducible experiment is essential. This requires a stable MOT and
ionization laser. The number of trapped atoms in the grating MOT is stable
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Figure 2.12: Top: reflection voltage waveforms for nine different applied fre-
quencies ω to the cavity. Each waveform shows the reflection voltage Vr mea-
sured with the oscilloscope as a function of time t. Bottom: the photo-diode
voltage Vpd as a function of time, indicating that at time t = 10 µs the ionization
pulses arrive at the cavity and create the plasma. Reproduced with permission
from Van Ninhuijs et al., Phys. Rev. A 100, 061801(R) (2019). Copyright
2019, American Physical Society.
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Figure 2.13: The field-averaged electron density ne as a function of time t,
obtained by combining the data of different reflection voltage waveforms for
each point in time, curve fitting the data with Eq. (2.11), and converting the
obtained frequency shift into a field-averaged electron density using Eq. (2.5).
The coefficient of determination R2 = 1.0000 for all curve fits. Reproduced with
permission from Van Ninhuijs et al., Phys. Rev. A 100, 061801(R) (2019).
Copyright 2019, American Physical Society.

within 2% over the whole experiment (based on the standard deviation deter-
mined from a total of 100 fluorescence imaging measurements). In the proof of
concept measurement we are however not limited by the stability of the MOT,
but by ∼ 10% pulse-to-pulse fluctuations on the pulse energy of the nanosecond
ionization laser. Since we average over 100 ionization pulses for each frequency
step in a scan, this results in ∼ 10/

√
100 = 1% field-averaged electron density

fluctuations, or less. Therefore, this is probably the maximal contribution to
the measurement noise σn on the field-averaged electron density in Fig. 2.13
(2σn = 8× 109 m−3 with an initial density of 7× 1011 m−3).

2.5.5 Temperature drift

As discussed in Sec. 2.3 and 2.4, an NTC sensor was mounted on the cavity
housing to monitor the change in its temperature ∆T during the measurements
to correct for any frequency shifts caused by thermal expansion of the cavity.
In the fit function used to determine the frequency shift [Eq. (2.11)], this was
taken into account by replacing ωp → ωp + α∆T , with α ≡ ∂ω/∂T = −ωpκT
for an ideal TM010 cylindrical pillbox cavity [39] and κT = 23.2 × 10−6 K−1

the thermal expansion coefficient of aluminum at 20◦C [40]. At first sight,
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thermal expansion of the cavity might seem important, as a typical maximum
temperature change measured during a 40 min. experiment is ∼50 mK. This
leads to a maximum frequency shift of −6 kHz, which is in size comparable to
the frequency shift resulting from an ultracold plasma, see e.g. the estimation
of the frequency shift made in Sec. 2.3.2.

However, due to the order in which measurements are performed, the effect
of temperature drift on the frequency shift of the cavity is negligible. As dis-
cussed in Sec. 2.5.3, the reflection voltage is measured as a function of time t
for each applied frequency ω in a frequency scan, and not the other way around.
This results in the reflection voltage waveforms as shown in Fig. 2.12, that show
the change in the reflection voltage Vr as a function of time for different applied
frequencies. Since the cavity temperature does not change significantly during
the ∼ 10 s it typically takes to acquire a single reflection voltage waveform, the
frequency shift obtained from combining the data from different waveforms for
each time t, and curve fitting it with Eq. (2.11) is therefore not significantly
affected by temperature drifts.

It was found that determining the frequency shift with and without tempera-
ture correction leads to difference on the order of hertz. Therefore, temperature
drifts can safely be ignored in current experiments.

2.5.6 Cavity response time

The temporal resolution of the cavity was determined by producing an ultracold
plasma inside the cavity by photo-ionizing the Rb atoms above threshold with
a femtosecond ionization laser and measuring the delay in the cavity response,
as briefly discussed in Sec. 2.3.

The delayed response can be measured in the following way. As discussed in
Sec. 2.2, the perturbation of the cavity due to the introduction of a plasma will
change its resonance frequency from ω0 to ω0+∆ω. This process is expected to
occur very rapidly, i.e. at timescales when two opposing traveling waves in the
cavity, emitted by the antenna, interfere with each other and form a standing
wave pattern. The stored electromagnetic energy U in the cavity, however,
changes much more slowly; it takes many reflections on the cavity walls for the
electric field strength |E| of the standing wave to change, and consequently the
stored electromagnetic energy [see Eq. (2.4)]. Since the stored electromagnetic
energy is what is (indirectly) measured in the experiment and converted into a
frequency shift, this means that the measured frequency shift ∆ωm lags behind
the actual frequency shift ∆ω associated with the sudden perturbation. In the
Appendix we show that the measured frequency shift is related to the actual
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frequency shift by

∆ωm = ∆ω

[
1− exp

(
−(t− t0)

τ

)]
, (2.16)

with t the time, τ = Q0/ω0 the response time of the cavity and t0 the time that
the laser-cooled atoms in the cavity are photo-ionized. By measuring the reso-
nance frequency shift ∆ωm of an ultracold plasma created with a femtosecond
laser, and curve fitting it with Eq. (2.16), the response time of the cavity can
be determined.

The measured frequency shift is plotted in Fig. 2.14. At time t0 = 320 ns,
the ultracold plasma is created. From the curve fitting, we obtained a response
time τ = (18± 2) ns of the cavity. This is in good agreement with the response
time τ = Q0/ω0 = 18.5 ns obtained from the individual measurements2 of the
resonance frequency ω0 and the quality factor Q0 of the cavity, and validates
the model for the cavity response time derived in the Appendix. Moreover,
it enables the possibility for the study of the electron dynamics of ultracold
plasmas at nanosecond timescales by using a microwave cavity as a diagnos-
tic, whereas previous charged particle diagnostics were limited to microsecond
temporal resolution [1].

2.6 Conclusions and outlook

In conclusion, we have developed a 5 GHz resonant microwave cavity as a novel
diagnostic for the study of ultracold plasmas. The design allows for the study
of these plasmas non-destructively, with nanosecond temporal resolution, high
sensitivity and applicability to all atomic species. We demonstrated that, de-
spite several challenges imposed on the design by the trapping laser beam, cavity
volume and vacuum requirements, we were able to laser cool and trap a gas of
(7.25± 0.03)× 107 rubidium atoms inside the cavity. This is more than enough
to create a detectable ultracold plasma inside the cavity. We characterized the
microwave cavity and, in particular, introduced a new method for determining
the response time (temporal resolution) of a cavity by measuring the delayed
cavity response after producing the UCP with a femtosecond ionization laser.
The measured response time was (18± 2) ns, which is in good agreement with

2In an attempt to improve the cavity design by replacing the clamps by an Al frame
that attaches the diffraction grating to the housing instead, the quality factor and resonance
frequency slightly changed from the values previously mentioned to Q0 = 576 and ω0/2π =
4952.5 MHz.
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Figure 2.14: The measured frequency shift ∆ωm as a function of time t, with
curve fit according to Eq. (2.16).

the calculated response time τ = Q0/ω0 based on the individual measurements
of the cavity’s quality factor Q0 and resonance frequency ω0.

For future experiments, the cavity design could be improved by developing
a diffraction grating chip with a conductive instead of a Si substrate, or by di-
rectly patterning the diffraction grating on the Al cavity wall by using e-beam
lithography in combination with a lift-off process. This would significantly in-
crease the quality factor and consequently the signal-to-noise ratio. In addition,
a patterned grating design would be beneficial for using the cavity as an rf accel-
erator in an ultracold electron source; a high Q-factor cavity would decrease its
power demands, eliminate a dielectric breakdown and reduce possible heating
of the substrate due to the presence of the strong electric fields (∼50 MV/m)
used for acceleration, and prevent charging of the substrate when electrons are
accelerated through a hole in the grating chip.

Appendix: Cavity response time

Consider an empty (vacuum) microwave cavity with (angular) resonance fre-
quency ω0, electric field E, and magnetic field H. The cavity has a volume Vcav
and its medium is characterized by the vacuum permittivity and permeability ϵ0
and µ0, respectively. If the cavity is now perturbed by placing a small material
with permittivity ϵ0 +∆ϵ and permeability µ0 +∆µ inside the cavity, then the
total amount of electromagnetic energy that can be stored in the fields changes
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with respect to the unperturbed cavity. For small perturbations, i.e. ∆ϵ → 0
and ∆µ→ 0, the change in the stored energy ∆U is related to a change in the
resonance frequency ∆ω according to the Slater perturbation theorem [24],

∆ω

ω0
= −∆U

U0
, (2.17)

with

U0 ≡
∫
Vcav

(
ϵ0 |E|2 + µ0 |H|2

)
d3r (2.18)

the electromagnetic energy stored in the fields of the empty cavity, and

∆U ≡ U − U0

=

∫
Vcav

(
∆ϵ |E|2 +∆µ |H|2

)
d3r,

(2.19)

such that U is the electromagnetic energy stored in the fields of the perturbed
cavity.

The perturbation theorem predicts how large the frequency shift will be
if one knows the fields inside the cavity and the change in permittivity and
permeability. However, it does not take the response time of the cavity into
account. When a sudden perturbation is introduced, it will take some time for
the stored energy in the cavity to change to the new situation. Because the
stored energy is what is (indirectly) measured in experiments and converted
into a frequency shift [see Eq. (2.17)], the measured frequency shift lags behind
the actual frequency shift that was introduced by the perturbation.

Here we will give a derivation of the change in the stored energy as a function
of time when a sudden perturbation is introduced (in this chapter an ultracold
plasma). We will assume that (1) the resonance frequency shift associated with
the perturbation is small, i.e. ∆ω ≪ ω0 and (2) ohmic losses in the perturbation
medium are negligible and (3) the perturbation is introduced almost instanta-
neously, i.e. at a timescale much smaller than the time associated with the
buildup of the stored electromagnetic energy in the cavity.

The change in the electromagnetic energy stored in the fields of the cavity
depends on the amount of power Pin entering the cavity and the power Ploss

that is lost to the cavity walls due to ohmic heating, and is governed by the
following differential equation

dU

dt
= −Ploss + Pin. (2.20)
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The power entering the cavity follows from the definition of its quality factor
Q0 = ω0U0/Pin, with U0 the earlier defined stored energy before the perturba-
tion. Suppose now that a perturbation is introduced at time t = 0 that changes
the resonance frequency from ω0 to ω0 +∆ω. The amount of power lost to the
walls can then, in a similar fashion, be related to the quality factor and becomes

Ploss =

(
ω0 +∆ω

Q0

)
U. (2.21)

Substituting Eq. (2.21) and the expression for the power entering the cavity
into Eq. (2.20) gives

dU

dt
+

(
ω0 +∆ω

Q0

)
U =

ω0

Q0
U0. (2.22)

Multiplying both sides of Eq. (2.22) with the integrating factor exp
(
ω0+∆ω
Q0

t
)

yields
d

dt

[
U exp

(
ω0 +∆ω

Q0
t

)]
=
ω0U0

Q0
exp

(
ω0 +∆ω

Q0
t

)
.

Integrating both sides gives the electromagnetic stored energy in the cavity as
a function of time

U(t) =
ω0

ω0 +∆ω
U0 + C exp

(
−ω0 +∆ω

Q0
t

)
, (2.23)

with C the constant of integration, which follows from the initial condition
U(t = 0) = U0. The solution is

U(t)

U0
=

ω0

ω0 +∆ω

[
1− exp

(
− t

τ

)]
+ exp

(
− t

τ

)
, (2.24)

with τ = Q0/(ω0 +∆ω) ≈ Q0/ω0 the time constant. Careful inspection of the
two terms in Eq. (2.24) reveals something interesting. The first term resembles
the behavior of a cavity switch-on transient ; it shows us how fast the stored
energy at the new resonance frequency ω0 + ∆ω is building up after a pertur-
bation. Similarly, since ω0+∆ω ≈ ω0, the second term can be interpreted at as
a cavity switch-off transient ; it tells us how fast the fields at the unperturbed
resonance frequency ω0 are decaying after a perturbation. The time constant τ
is therefore a measure for the response time of the cavity.
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Finally, we can look at the change in the stored energy ∆U as function of
time. Rewriting Eq. (2.24) gives

∆U

U0
=
U(t)− U0

U0

≈ −∆ω

ω0

[
1− exp

(
− ω0

Q0
t

)]
.

(2.25)

Since the frequency shift ∆ωm measured in experiments is proportional to ∆U ,
the measured frequency shift lags behind the actual frequency shift ∆ω that
was introduced by the perturbation, so

∆ωm = ∆ω

[
1− exp

(
− ω0

Q0
t

)]
. (2.26)

A quick check of Eq. (2.25) reveals that for times long after the introduction of
the perturbation

lim
t→0

∆U

U0
= −∆ω

ω0
= −∆ωm

ω0
, (2.27)

which is (consistent with) the Slater perturbation theorem [Eq. (2.17)], which
we started with.

Bibliography

[1] Killian, T. C., Pattard, T., Pohl, T. & Rost, J. M. Ultracold neutral
plasmas. Phys. Rep. 449, 77 (2007).

[2] Killian, T. C. et al. Creation of an ultracold neutral plasma. Phys. Rev.
Lett. 83, 4776 (1999).

[3] Thomas, H. et al. Plasma crystal: Coulomb crystallization in a dusty
plasma. Phys. Rev. Lett. 73, 652 (1994).

[4] Gilbert, S. L., Bollinger, J. J. & Wineland, D. J. Shell-structure phase of
magnetically confined strongly coupled plasmas. Phys. Rev. Lett. 60, 2022
(1988).

[5] Van Horn, H. M. Dense astrophysical plasmas. Science 252, 384 (1991).

[6] Ichimaru, S. Strongly coupled plasmas: high-density classical plasmas and
degenerate electron liquids. Rev. Mod. Phys. 54, 1017 (1982).

49



Chapter 2. Cavity design and characterization

[7] Fortov, V., Iakubov, I. & Khrapak, A. Physics of Strongly Coupled Plasma.
International Series of Monographs on Physics (Oxford University Press
Inc., New York, 2006).

[8] Lyon, M. & Rolston, S. L. Ultracold neutral plasmas. Rep. Prog. Phys.
80, 017001 (2016).

[9] Kulin, S., Killian, T. C., Bergeson, S. D. & Rolston, S. L. Plasma oscilla-
tions and expansion of an ultracold neutral plasma. Phys. Rev. Lett. 85,
318 (2000).

[10] Fletcher, R. S., Zhang, X. L. & Rolston, S. L. Observation of collective
modes of ultracold plasmas. Phys. Rev. Lett. 96, 105003 (2006).

[11] Simien, C. E. et al. Using absorption imaging to study ion dynamics in an
ultracold neutral plasma. Phys. Rev. Lett. 92, 143001 (2004).

[12] Cummings, E. A., Daily, J. E., Durfee, D. S. & Bergeson, S. D. Fluorescence
measurements of expanding strongly coupled neutral plasmas. Phys. Rev.
Lett. 95, 235001 (2005).

[13] Killian, T. C. et al. Ultracold neutral plasmas: recent experiments and
new prospects. J. Phys. A: Math. Gen. 36, 6077 (2003).

[14] Nshii, C. C. et al. A surface-patterned chip as a strong source of ultracold
atoms for quantum technologies. Nat. Nanotechnol. 8, 321 (2013).

[15] van der Geer, S. B., de Loos, M. J., Vredenbregt, E. J. D. & Luiten,
O. J. Ultracold electron source for single-shot, ultrafast electron diffraction.
Microsc. Microanal. 15, 282 (2009).

[16] van der Geer, S. B., Vredenbregt, E. J. D., Luiten, O. J. & de Loos, M. J.
An ultracold electron source as an injector for a compact SASE-FEL. J.
Phys. B: At., Mol. Opt. Phys. 47, 234009 (2014).

[17] Franssen, J. G. H., de Raadt, T. C. H., van Ninhuijs, M. A. W. & Luiten,
O. J. Compact ultracold electron source based on a grating magneto-optical
trap. Phys. Rev. Accel. Beams 22, 023401 (2019).

[18] Smorenburg, P. W., Kamp, L. P. J. & Luiten, O. J. Heating mechanisms in
radio-frequency-driven ultracold plasmas. Phys. Rev. A 85, 063413 (2012).

50



Bibliography

[19] van Ninhuijs, M. A. W. et al. Microwave cavity resonance spectroscopy of
ultracold plasmas. Phys. Rev. A 100, 061801 (2019).

[20] Raab, E. L., Prentiss, M., Cable, A., Chu, S. & Pritchard, D. E. Trapping
of neutral sodium atoms with radiation pressure. Phys. Rev. Lett. 59, 2631
(1987).

[21] Lee, K. I., Kim, J. A., Noh, H. R. & Jhe, W. Single-beam atom trap in a
pyramidal and conical hollow mirror. Opt. Lett. 21, 1177 (1996).
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Chapter 3

MCRS of ultracold plasmas1

Abstract. We present an in situ study of the electron dynamics of an ul-
tracold 85Rb plasma using microwave cavity resonance spectroscopy with sub-
microsecond temporal resolution and vastly improved sensitivity. We observe
a three times faster plasma decay than predicted by a self-similar Gaussian
expansion model, which might be attributed to collisional microwave heating
and plasma-wall interactions. The demonstrated sensitivity enables nonde-
structive probing of other (nearly) ionized media of fundamental importance
as well, such as cold Rydberg gases and antihydrogen plasmas.

1The work described in this chapter is published by M.A.W. van Ninhuijs et al. in Phys.
Rev. A 100, 061801(R) (2019).
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3.1 Introduction

Ultracold neutral plasmas (UNPs) constitute a subfield in plasma physics which
emerged in the late 1990s from experiments on laser cooled xenon atoms in a
magneto-optical trap (MOT) [1]. UNPs are created by near-threshold pho-
toionization, resulting in kelvin electron and millikelvin ion temperatures, at
densities up to 1018m−3 [2]. For ions, it allows us to venture into the strongly
coupled regime, in which the potential energy of the particles becomes larger
than the kinetic energy. This exciting regime was recently explored by Killian
and co-workers by laser cooling ions in an ultracold plasma [3].

Strongly coupled plasmas require a new theoretical approach to describe the
underlying physics, as spatial correlations between particles arise and effects like
Wigner crystallization occur [4], as has been observed in pure ion plasmas [5]
and, on a macroscopic scale, in dusty plasmas [6, 7]. It is also expected to
occur in high density stellar systems such as white dwarfs and in the crust of
neutron stars [8]. However, high density systems are difficult to study because
the relevant dynamics occurs at timescales from atto- to femtoseconds. For
UNPs, this is pico- to microseconds, due to their much lower density, making
them the ideal model systems for the study of strongly coupled systems.

Moreover, UNPs are ideal for studying fundamental plasma heating mecha-
nisms, such as disorder-induced heating, three-body recombination (TBR), and
collisional and collisonless microwave absorption [9].

Presently, UNPs are studied using charged particle detection, electronic
detection, and optical detection. Charged particle detection is a destructive
method in which electrons or ions are accelerated towards a multichannel plate
(MCP) detector by applying a static electric field. In combination with a strong
rf field, electrons can also be resonantly evaporated [10, 11] and guided to an
MCP, which has been used to observe plasma oscillations [12], Tonks-Dattner
resonances [13], and Rydberg atoms created by TBR [14]. The time resolution,
limited by the time-of-flight of the charged particles to the MCP, is typically mi-
croseconds. Electronic detection is based on applying a weak rf field instead and
measuring the change in amplitude and phase of the signal induced on a nearby
electrode resulting from plasma oscillations [15]. Although this method is not
destructive, it is not very sensitive since the induced signal is very weak. Ions
of Ca and Sr can also be probed by means of laser-induced fluorescence [16] and
absorption imaging [17], respectively, which allows their dynamics to be studied
in situ at very short timescales (typically nanoseconds to microseconds). How-
ever, not all ion species have ground state electric-dipole-allowed transitions
accessible to lasers and cameras, limiting their diagnostics mainly to charged
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particle detection [18].
In this chapter, we presentmicrowave cavity resonance spectroscopy (MCRS)

as a non-destructive diagnostic to reveal the electron dynamics of ultracold plas-
mas in situ. This technique is based on measuring the frequency shift of a res-
onant eigenmode inside a microwave cavity, induced by the presence of a UNP.
MCRS has been used previously to measure the dynamics of dusty plasmas [19],
rf plasmas [20], and plasmas induced by extreme ultraviolet irradiation [21–23].
Here, we demonstrate the creation of an ultracold plasma from a laser cooled
85Rb gas inside a microwave cavity, and perform MCRS to determine the elec-
tron density of ultracold plasmas as a function of time, without a destructive
static electric field. We show that we can detect as few as 3 × 104 electrons,
two orders of magnitude more sensitive than earlier MCRS measurements [23],
with nanosecond temporal resolution.

3.2 Methods

MCRS is based on the shift ∆ω of the resonance frequency ω0 of a microwave
cavity due to the perturbation of the resonant electromagnetic eigenmode by
a dielectric medium inside the cavity, in this case a cloud of plasma. For a
nonmagnetized collisionless plasma, the relative permittivity ϵr is given by the
Drude-Lorentz model: ϵr = 1 − ω2

p,e/ω
2
0 with ωp,e =

√
nee2/ϵ0me the elec-

tron plasma frequency, ne the electron density, e the elementary charge, ϵ0 the
vacuum permittivity, and me the electron mass. Using the Slater perturbation
theorem [24] it follows that

∆ω

ω0
=

e2

2ω2
0ϵ0me

ne with ne ≡

∫
Vcav

ne(r)E
2(r)d3r∫

Vcav

E2(r)d3r
(3.1)

the field-averaged electron density, E(r) the electric field amplitude at position
r, and Vcav the cavity volume. If we assume a Gaussian-shaped ultracold plasma,
with rms size σ much smaller than the inner dimensions of the cavity, and a
cylindrical cavity with a TM010 mode, then

ne ≈
Ne

VcavJ2
1 (x01)

. (3.2)

Here, Jn is the nth order Bessel function of the first kind (n ∈ N0), x01 the first
root of J0, and Ne is the total number of electrons in the plasma. For a cavity
with ω0/2π = 5GHz, and a height of 1 cm, containing Ne = 5× 106 electrons,
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Figure 3.1: Experimental setup showing the microwave cavity with diffraction
grating chip.

this results in ne = 1 × 1012m−3 or ∆ω/2π = 9 kHz. This is of the same
order of magnitude as the lower detection limit in previous MCRS experiments,
which were noise limited [23]. In this work we reduced the noise level by two
orders of magnitude and could therefore measure the frequency shift induced
by a decaying ultracold plasma.

To create a UNP, we implemented a compact magneto-optical trap based on
a diffraction grating chip to laser cool and trap 85Rb atoms (see Fig. 3.1) [25, 26].

We used a 20 × 20mm2 diffraction grating chip with a 100 nm Al coating
and an etch depth of 195 nm [27]. The chip has a diffraction angle θ = 40.5◦

and a period d = 1.2µm, optimized for the laser cooling wavelength λ = 780 nm
for rubidium [28]. The laser cooling beam has a nearly flattop profile with a
radius rb = 12.7mm and an intensity I0 = 24mW/cm2. This creates an overlap
volume with a height h = rb cot(θ) ∼ 1 cm, which fits in the 5 GHz cavity and
allows us to trap 7× 107 atoms [25, 26].

The cold atomic cloud has a Gaussian density profile with rms sizes sx =

56



3.2. Methods

1.2mm, sy = 0.8mm, and sz = 0.5mm. The ultracold plasma is created in
a two-step photoionization process, using the 780-nm laser cooling beam to
excite the 85Rb atoms from the 5 2S1/2(F = 3) to the 5 2P3/2(F

′ = 4) state, and
subsequently, using a 480-nm pulsed dye laser (6 ns) to photoionize the atoms
near threshold. The amount of excess energy determines the initial plasma
electron temperature Te. In our case, the ionization laser wavelength was set to
477.86 nm, such that Te ≈ 50K.

The dye laser has a 1/e2 Gaussian beam diameter of 1.4 × 0.8mm2 and a
pulse energy of 260µJ, such that a large fraction (15%) of the excited atoms in
the MOT is ionized. The experiment is repeated at 10 Hz.

Based on the estimation for the field-averaged electron density in Eq. (3.2),
a 5-GHz aluminum microwave cavity was designed for the TM010 eigenmode
and simulated with cst microwave studio [29]. The cavity (see Fig. 3.1) has
four small access holes at the sides for access of the ionization laser as well as
for determining the atom number and temperature of the MOT by fluorescence
imaging measurements. The diffraction grating chip is positioned in a recess
in the bottom of the cavity and fixed with two conducting clamps to prevent
charge buildup of the plasma on the grating. At the top the cavity has a large
opening for the laser cooling beam. In order to reduce power losses, a 2.6-cm
tube was added on the top of the opening, which acts a reflecting waveguide for
5 GHz. This results in a high cavity quality factor Q = 4× 103.

However, Q = 5×102 in the presence of the diffraction grating chip, because
the chip only has a 100-nm conducting layer of Al on top of an insulating Si
substrate, which increases the cavity’s wall resistance. This low Q results in a
response time τ = Q/ω0 = 8ns of the cavity, which is much better than the
temporal resolution of other electron diagnostics currently used for UNPs.

The rf signal for the cavity’s electromagnetic field is produced by a 10-dBm
microwave generator, which was set to a frequency ω/2π between 4981 and
4991 MHz. This generator transfers the rf power through a directional coupler
to the cavity. A linear antenna in the cavity, next to the diffraction grating chip,
couples the rf power electrically to the cavity and picks up the reflected power.
A fraction of the reflected power (−10 dB) is split off by the directional coupler
and guided to a logarithmic detector. This detector converts the rf signal into
a reflection voltage that is subsequently measured on an oscilloscope.

Ideally, the ratio of the absorbed power Pabs to the total power Ptot trans-
ferred to the cavity is described by a Lorentzian function L, i.e., Pabs/Ptot =
L(ω, ω0, I, w) with I the height and w the full width-at half maximum of the
Lorentzian. Because we used a logarithmic detector, and measured in reflection
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Figure 3.2: Blue curve: measured microwave cavity reflection voltage Vr as
a function of applied frequency ω, with curve fit according to Eq. (3.3). Red
curve: measured and calculated change in reflection voltage ∆Vr right after the
moment the ionization pulse creates the plasma.

mode instead of absorption mode, this means that the reflected voltage Vr is
described by

Vr = V0 + C log [1− L(ω, ω0, I, w)] , (3.3)

with V0 and C constants, depending on the detector configuration. In Fig. 3.2,
the measured reflection voltage is shown as a function of the frequency. By
curve fitting with Eq. (3.3), the resonance frequency of the cavity in vacuum
was determined to be ω0/2π = 4985.8MHz.

3.3 Results

Subsequently, an ultracold plasma was created by photoionizing the laser cooled
85Rb atoms in the cavity. The reflection voltage was measured and averaged
over 100 ionization pulses, as shown in Fig. 3.3 for nine microwave frequencies.
At t = t0 = 10µs, an ionization pulse creates a plasma, leading to a change in
reflection voltage. For frequencies ω < ω0 +

1
2∆ω (ω > ω0 +

1
2∆ω) this change

is negative (positive), as the resonance curve Vr in Fig. 3.2 moves to the right
for a positive frequency shift [Eq. (3.1)].
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When the reflection voltages of curves with a different frequency are com-
bined for each time t, we can obtain a set of resonance curves, similar to that
of an empty cavity (Fig. 3.2). By fitting each of those curves with Eq. (3.3),
the resonance frequency shift, and thus the field-averaged electron density as a
function of time can be determined, as shown in Fig. 3.4.

At the moment of ionization the resonance frequency shifts by 5.5 kHz,
corresponding to a field-averaged density ne = 7× 1011m−3, in agreement with
the estimation of Eq. (3.2). Within ∼500 ns, the density decays to ne =
6× 1011m−3, after which the decay slows down substantially. The initial peak,
which clearly demonstrates the high temporal resolution of the method (see
inset in Fig. 3.4), is attributed to the escape of fast electrons, which stops when
the remaining plasma gets sufficiently positively charged.

The 1σ noise level is 32 Hz, corresponding to a lower detection limit of
∼ 109m−3 (or 3 × 104 electrons), two orders of magnitude less than previous
MCRS measurements [23]. This was accomplished by electronic shielding, filter-
ing, averaging, and optimizing the oscilloscope voltage range for each microwave
frequency to prevent discretization errors.

Figure 3.2 shows the measured change in reflection voltage ∆Vr at the mo-
ment of photoionization for different frequencies, obtained from the reflection
curves in Fig. 3.3. The solid curve is the calculated change in reflection voltage
∆Vr = −(dVr/dω)∆ω which agrees well, providing a consistency check of the
above analysis. In addition, note that the signal-to-noise ratio is proportional
to the maximum derivative (dVr/dω)max and therefore to Q.

To model the observed decay of the plasma, a self-similar Gaussian expan-
sion model, as described in Ref. [12], was used. The electron density ne at time
t = t0, created by the photoionization of the laser cooled rubidium gas is given
by [30]

ne(r, t = t0) = fexc

[
1− exp

(
−σPIF (r)

Eph

)]
na(r), (3.4)

with na the 85Rb atomic density, fexc the atomic excited state fraction, σPI =
17 × 10−22m2 the rubidium photoionization cross section from the 5 2P3/2 ex-
cited state [31], and F and Eph the ionization laser fluence and photon energy,
respectively.

The atomic excited state density fexcna(r) was obtained by fluorescence
measurements and the fluence of the ionization laser was monitored during
measurements using a beam splitter cube.

For small arguments of the exponential in Eq. (3.4), the electron density
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Figure 3.3: Top: microwave cavity reflection voltage Vr as a function of time
t for different applied frequencies to the cavity. Bottom: photodiode signal Vpd,
showing that at t = t0 = 10µs the ionization pulse enters the cavity and creates
the plasma.
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Figure 3.4: Field-averaged electron density as a function of time.

is approximately Gaussian, because both the fluence F (r) and atomic density
na(r) are Gaussian functions. Therefore we fitted the calculated density profile
obtained from Eq. (3.4) with a Gaussian function. This results in a plasma
with an initial rms size σ0x = 405µm, σ0y = 785µm, and σ0z = 218µm, with a
total of 5.2×106 electrons. These numbers correspond to an initial peak density
of 4.8× 1015m−3.

Immediately after photoionization (t > t0), the self-similar Gaussian plasma
model states that the rms sizes σi(t) of the electron density in directions i ∈
{x, y, z} change as σi(t) =

√
σ20i + v2exp (t− t0)

2. Here vexp is the expansion

velocity of the plasma, determined by the excess energy Eexc of the ionization
laser, i.e., Eexc ≈ 3

2miv
2
exp, with mi the mass of the rubidium ions.

When this model for the electron density is applied together with the electric
field map of the cavity obtained from cst microwave studio simulations, the
field-averaged electron density can be calculated with Eq. (3.1), which is plotted
in Fig. 3.4. It shows that the initial height of the calculated field-averaged
electron density matches the measured density quite well.

However, the field-averaged density falls off more quickly in the measurement
than what would be expected based on the self-similar Gaussian expansion
model; for 50 K electrons, the calculated expansion velocity is 66m/s. In order
to match the plasma expansion time of the model better with the measurement,
roughly a factor of 3 higher expansion velocity is required. This might be
attributed to heating of the plasma.
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3.4 Discussion

Several heating mechanisms have been proposed in the past to explain higher
UNP expansion velocities than expected on the basis of the excess energy of
the ionization laser. These mechanisms include three-body recombination, con-
tinuum lowering, and disorder-induced heating [32, 33]. However, in our case,
none of these heating mechanisms are sufficient to explain the discrepancy.

One effect that could possibly explain a higher expansion velocity is colli-
sional absorption of microwave energy due to deflection of the quivering elec-
trons in the stationary Coulomb fields of the ions [9]. The amount of energy
absorbed by the electrons depends on the electric field amplitude. For a 5 GHz
TM010 cavity, with an input power P = 5.7 dBm, the electric field amplitude

E0 =
√

2PQ/
[
ω0ϵ0VcavJ2

1 (x01)
]
= 1.9 kV/m. The associated quiver velocity

of the electrons is vosc = eE0/ (meω0) = 1.1× 104m/s, which is comparable to
their thermal velocity vth =

√
kBTe/me = 2.8×104m/s, with kB the Boltzmann

constant. The energy absorbed per unit time by the electrons is Pei = 2νeiUp,
with Up = 1

4mev
2
osc the ponderomotive energy of the electrons in the electric

field and νei the effective electron-ion collision frequency. For the given field

strength in our cavity νei ≈ νs =
√
2/(3π)ωp,eΓ

3/2
e ln Λ, as has been demon-

strated by charged particle tracking simulations in Ref. [9], with νs the Spitzer
collision frequency, Γe the electron coupling parameter, and lnΛ the Coulomb
logarithm. Calculating the temperature increase per unit of time shows that
Pei/kB ∼ 0.9 × 102K/µs, indicating that the electric field could indeed have
a significant heating effect on our ultracold plasma for early times. For later
times, the temperature is higher as a consequence of the initial heating and the
electron density decreases, causing the effect of collisional heating to become
automatically less significant.

Additionally, the presence of the cavity walls could play a role. The walls
might lead to deviations in the Gaussian density distribution of the UNP, which
causes a breakdown of the self-similarity assumption. For a plasma with an
initial temperature of 50K, this could be important, because its 2σz width
reaches the nearest wall (where the diffraction chip is located) in ∼30µs, roughly
half of the lifetime of the field-averaged electron density. For higher expansion
velocities, the effect could be even larger.
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3.5 Conclusion and outlook

To conclude, we successfully introduced microwave cavity resonance spectroscopy
as a diagnostic enabling in situ studies of the electron dynamics of ultracold
plasmas, without the need for a destructive static electric field. We created
the ultracold plasma from a laser cooled gas of 85Rb atoms inside a compact
magneto-optical trap that is based on a diffraction grating chip, placed in-
side a microwave cavity. We measured the field-averaged electron density as a
function of time, resulting in an initial field-averaged density of 7 × 1011m−3,
with a temporal resolution ∼100 ns and a lower detection limit of ∼ 109m−3

(3×104 electrons), two orders of magnitude better than earlier MCRS measure-
ments. The initial field-averaged density matches well with the calculated value
based on the expected number of electrons and the electric fields in the cavity.
However, we observed a faster than expected decay in the density, possibly due
to collisional absorption or cavity wall effects.

For future experiments, the MCRS technique could be improved even further
by (1) increasing the quality factor. The signal-to-noise ratio is proportional to
Q and can therefore be improved by at least an order of magnitude, implying
a detection limit of ∼1 Hz; (2) monitoring frequency shifts of multiple TM
eigenmodes instead of only the TM010 mode. This allows the evolution of the
spatial distribution to be followed in real time, which has been successfully
demonstrated in highly transient EUV-induced plasmas [23].

Those improvements will enable the study of the electron dynamics of UNPs
in situ, independent of atomic species, with unprecedented sensitivity, temporal
resolution, and spatially resolved. This could be interesting, in particular, for
unraveling competing fundamental plasma heating mechanisms.

In addition, it is intriguing to note that MCRS could also be used to study
cold Rydberg gases, owing to their high polarizability. For example, a 85Rb
atom in the 43s state in a 5 GHz cavity has a dynamic polarizability α ≈
−1.77 kHz/(Vm−1)2 [34]. A basic estimation yields an induced frequency shift
per atom ∆f ≈ −αω0/ (πϵ0Vcav), only one order of magnitude lower than the
frequency shift per electron-ion pair in the ultracold plasma.

Finally, MCRS could be an interesting non-destructive diagnostic for an-
tihydrogen (H) experiments, allowing the detection of initial high density H
plasmas and H Rydberg gases [35, 36].

63



Chapter 3. MCRS of ultracold plasmas

Bibliography

[1] Killian, T. C. et al. Creation of an Ultracold Neutral Plasma. Phys. Rev.
Lett. 83, 4776 (1999).

[2] Lyon, M. & Rolston, S. L. Ultracold neutral plasmas. Rep. Prog. Phys.
80, 017001 (2017).

[3] Langin, T. K., Gorman, G. M. & Killian, T. C. Laser cooling of ions in a
neutral plasma. Science (NY) 363, 61 (2019).

[4] Killian, T. C., Pattard, T., Pohl, T. & Rost, J. M. Ultracold neutral
plasmas. Phys. Rep. 449, 77 (2007).

[5] Gilbert, S. L., Bollinger, J. J. & Wineland, D. J. Shell-Structure Phase
of Magnetically Confined Strongly Coupled Plasmas. Phys. Rev. Lett. 60,
2022 (1988).

[6] Thomas, H. et al. Plasma Crystal: Coulomb Crystallization in a Dusty
Plasma. Phys. Rev. Lett. 73, 652 (1994).

[7] Arp, O., Block, D., Piel, A. & Melzer, A. Dust Coulomb Balls: Three-
Dimensional Plasma Crystals. Phys. Rev. Lett. 93, 165004 (2004).

[8] Van Horn, H. M. Dense Astrophysical Plasmas. Science 252, 384 (1991).

[9] Smorenburg, P. W., Kamp, L. P. J. & Luiten, O. J. Heating mechanisms in
radio-frequency-driven ultracold plasmas. Phys. Rev. A 85, 063413 (2012).

[10] Bergeson, S. D. & Spencer, R. L. Neutral-plasma oscillations at zero tem-
perature. Phys. Rev. E 67, 026414 (2003).

[11] Lyubonko, A., Pohl, T. & Rost, J. M. Collective energy absorption of
ultracold plasmas through electronic edge-modes. New J. Phys. 14, 053039
(2012).

[12] Kulin, S., Killian, T. C., Bergeson, S. D. & Rolston, S. L. Plasma Oscilla-
tions and Expansion of an Ultracold Neutral Plasma. Phys. Rev. Lett. 85,
318 (2000).

[13] Fletcher, R. S., Zhang, X. L. & Rolston, S. L. Observation of Collective
Modes of Ultracold Plasmas. Phys. Rev. Lett. 96, 105003 (2006).

64



Bibliography

[14] Fletcher, R. S., Zhang, X. L. & Rolston, S. L. Using Three-Body Recombi-
nation to Extract Electron Temperatures of Ultracold Plasmas. Phys. Rev.
Lett. 99, 145001 (2007).

[15] Twedt, K. A. & Rolston, S. L. Electronic Detection of Collective Modes of
an Ultracold Plasma. Phys. Rev. Lett. 108, 065003 (2012).

[16] Cummings, E. A., Daily, J. E., Durfee, D. S. & Bergeson, S. D. Fluorescence
Measurements Of Expanding Strongly Coupled Neutral Plasmas. Phys.
Rev. Lett. 95, 235001 (2005).

[17] Simien, C. E. et al. Using Absorption Imaging to Study Ion Dynamics in
an Ultracold Neutral Plasma. Phys. Rev. Lett. 92, 143001 (2004).

[18] Killian, T. C. et al. Ultracold neutral plasmas: recent experiments and
new prospects. J. Phys. A: Math. Gen. 36, 6077 (2003).

[19] Van de Wetering, F. M. J. H., Brooimans, R. J. C., Nijdam, S., Beckers, J.
& Kroesen, G. M. W. Fast and interrupted expansion in cyclic void growth
in dusty plasma. J. Phys. D: Appl. Phys 48, 035204 (2015).

[20] Van de Wetering, F. M. J. H., Beckers, J. & Kroesen, G. M. W. Anion
dynamics in the first 10 milliseconds of an argon-acetylene radio-frequency
plasma. J. Phys. D: Appl. Phys 45, 485205 (2012).

[21] Van der Horst, R. M. et al. Exploring the electron density in plasma
induced by EUV radiation: I. Experimental study in hydrogen. J. Phys.
D: Appl. Phys. 49, 145203 (2016).

[22] Astakhov, D. I. et al. Exploring the electron density in plasma induced by
EUV radiation: II. Numerical studies in argon and hydrogen. J. Phys. D:
Appl. Phys. 49, 295204 (2016).

[23] Beckers, J. et al. Mapping electron dynamics in highly transient EUV
photon-induced plasmas: a novel diagnostic approach using multi-mode
microwave cavity resonance spectroscopy. J. Phys. D: Appl. Phys. 52,
034004 (2019).

[24] Pozar, D. M. Microwave Engineering (Wiley, New York, 2005), 4th edn.

[25] Franssen, J. G. H., De Raadt, T. C. H., Van Ninhuijs, M. A. W. & Luiten,
O. J. Compact ultracold electron source based on a grating magneto-optical
trap. Phys. Rev. Accel. Beams 22, 023401 (2019).

65



Chapter 3. MCRS of ultracold plasmas

[26] Nshii, C. C. et al. A surface-patterned chip as a strong source of ultracold
atoms for quantum technologies. Nat. Nanotechnol. 8, 321 (2013).

[27] Cotter, J. P. et al. Design and fabrication of diffractive atom chips for laser
cooling and trapping. Appl. Phys. B: Lasers Opt. 122, 172 (2016).

[28] McGilligan, J. P., Griffin, P. F., Riis, E. & Arnold, A. S. Diffraction-grating
characterization for cold-atom experiments. J. Opt. Soc. Am. B 33, 1271
(2016).

[29] CST Microwave Studio. URL https://www.cst.com/products/cstmws.
Retrieved July, 2019.

[30] Mendonça, J. T. & Terças, H. Physics of Ultra-Cold Matter: Atomic
Clouds, Bose-Einstein Condensates and Rydberg Plasmas. Springer Series
on Atomic, Optical, and Plasma Physics 70 (Springer, New York, 2013).

[31] Nadeem, A. & Haq, S. U. Photoionization from the 5p 2P3/2 state of rubid-
ium. Phys. Rev. A 83, 063404 (2011).

[32] Kuzmin, S. G. & O’Neil, T. M. Numerical simulation of ultracold plasmas.
Phys. Plasmas 9, 3743 (2002).

[33] Hahn, Y. Relaxation of cold plasmas and threshold lowering effect. Phys.
Rev. E 64, 046409 (2001).

[34] Löw, R. et al. An experimental and theoretical guide to strongly interacting
Rydberg gases. J. Phys. B: At. Mol. Opt. Phys. 45, 113001 (2012).

[35] Ahmadi, M. et al. Observation of the hyperfine spectrum of antihydrogen.
Nature (London) 548, 66 (2017).

[36] Ahmadi, M. et al. Observation of the 1S-2S transition in trapped antihy-
drogen. Nature (London) 541, 506 (2017).

66

https://www.cst.com/products/cstmws


Chapter 4

Collisional microwave heating
and plasma-wall interaction1

Abstract. Recently, we introduced a resonant microwave cavity as a diagnos-
tic tool for the study of ultracold plasmas. This diagnostic allows us to study
the electron dynamics of ultracold plasmas non-destructively, very fast, and
with high sensitivity by measuring the shift in the resonance frequency of a
cavity, induced by a plasma. However, in an attempt to theoretically predict
the frequency shift using a Gaussian self-similar expansion model, a three times
faster plasma decay was observed in the experiment than found in the model.
For this, we proposed two causes: plasma-wall interactions and collisional mi-
crowave heating. In this chapter, we investigate the effect of both causes on
the lifetime of the plasma. We present a simple analytical model to account
for electrons being lost to the cavity walls. We find that the model agrees
well with measurements performed on plasmas with different initial electron
temperatures and that the earlier discrepancy can be attributed to electrons
being lost to the walls. In addition, we perform measurements for different
electric field strengths in the cavity and find that the electric field has a small,
but noticeable effect on the lifetime of the plasma. By extending the model
with the theory of collisional microwave heating, we find that this effect can
be predicted quite well by treating the energy transferred from the microwave
field to the plasma as additional initial excess energy for the electrons.

1The work described in this chapter will be submitted for publication by M.A.W. van
Ninhuijs, J. Beckers, and O.J. Luiten (2021).
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4.1 Introduction

With typical particle number densities of 1016 m−3, and temperatures as low
as ∼1 K for electrons and a few hundreds of microkelvins for ions, ultracold
plasmas (UCPs) form a new exotic category of plasmas in which the limits of
conventional theories in plasma physics can be tested experimentally [1].

UCPs can be produced from ultracold atoms in a magneto-optical trap
(MOT) by photo-ionizing the atoms just above their ionization threshold [2];
the amount of excess energy of the ionization laser’s photons, and the laser’s in-
tensity profile determine the initial temperature of the electrons, and the plasma
density distribution, respectively. This makes it possible to create a plasma with
much better controlled initial conditions than in many other more conventional
plasmas [3].

One of the remarkable features of UCPs is that they can also get strongly
coupled, a condition in which the average thermal energy between the particles
in the plasma is less than their electrostatic potential energy. As a result,
correlations between particles become important, and kinetic plasma theory,
which assumes a large number of particles within a Debye sphere to screen the
long-range Coulomb interactions, breaks down. This condition is quantified by
the so-called coupling parameter Γα > 1, with Γα being defined as

Γα ≡ q2α
4πϵ0akBTα

. (4.1)

Here, ϵ0 is the vacuum permittivity, a the Wigner-Seitz radius, kB the Boltz-
mann constant, and qα and Tα the charge and temperature of the particle species
α, respectively (α = e for electrons and α = i for ions).

Experimentally, strong coupling can be observed in complex plasmas [4–6]
and ionic plasmas, where it may lead to Wigner crystallization. Similar con-
ditions that may result in strong coupling are expected to be found in astro-
physical systems, such as white dwarfs, Jovian planets, and the crust of neutron
stars [7, 8].

However, in the case of ultracold plasmas, certain heating mechanisms such

as three-body recombination for the electrons (due to the strong T
−9/2
e rate

dependence [9]), and disorder-induced heating for both electrons [10] and ions
[11] are preventing the plasma to go into the strongly coupled regime. Only
recently, Killian et. al. managed to obtain an ionic coupling parameter as high
as 11, by laser cooling the ions in a Sr ultracold plasma [12].

Ultracold plasmas are typically studied with techniques which are employed
in the field of atomic and particle physics as well: charged particle diagnostics
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and optical techniques, such as laser-induced fluorescence [13] and absorption
imaging [14]. Charged particle detection, on the one hand, uses a static electric
field to capture the density profile of either the electrons or ions in the plasma
by accelerating them to a nearby microchannel plate (MCP) detector with a
static electric field. This technique allows the dynamics of the plasma profile to
be monitored at microsecond timescales, but is destructive for the plasma as a
whole [1]. The optical techniques, on the other hand, make it possible to capture
the dynamics of the ions in a UCP non-destructively and with a much higher
temporal resolution, but are limited to UCPs with ions that possess ground
state electric-dipole-allowed transitions accessible to lasers and cameras [15];
they are therefore not applicable to ultracold plasmas of all atomic species.

Recently, we introduced a new type of diagnostic for the study of ultracold
plasmas that combines some of the advantages provided by previous UCP di-
agnostic techniques; it allows the plasma to be followed simultaneously in a
non-destructive manner, with nanosecond temporal resolution, high sensitivity,
and is, as a technique, applicable to UCPs of all atomic species [16, 17].

This diagnostic tool is a 5 GHz microwave cavity with a compact diffraction
grating-based magneto-optical trap (GMOT) inside to laser cool and trap a
cloud of 85Rb atoms [18, 19]. It uses the shift in the resonance frequency of
the cavity, induced by the ultracold plasma created from this ultracold atomic
cloud, to retrieve information on the electron dynamics of the plasma. The
technique of using the frequency shift of a cavity to probe a plasma is known
as microwave cavity resonance spectroscopy (MCRS) [20–22] and has been used
before to study the dynamics of some other types of plasmas, such as low-
pressure rf plasmas [23], etching plasmas [24, 25], powder-forming plasmas [26],
and more recently, plasmas induced by extreme ultraviolet irradiation [27] and
atmospheric-pressure plasma jets [28–30].

Although MCRS is an established method to measure the electron dynamics
of plasmas, for ultracold plasmas, a full quantitative comparison of the mea-
sured MCRS signal with a theoretical model has not been given so far. In a first
attempt to theoretically predict the MCRS signal in the study of an ultracold
85Rb plasma with the aforementioned cavity, we found a quite good agreement
between the measured shift in the resonance frequency of the cavity, immedi-
ately after photo-ionization of the atomic cloud, and the theoretically predicted
shift, based on the knowledge of the atomic cloud, the laser beams used, and
the photo-ionization cross section of rubidium. However, we also observed that
the plasma decayed three times faster than predicted by a self-similar Gaussian
expansion model [31]. We proposed two potential explanations for the increased
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Chapter 4. Collisional microwave heating and plasma-wall interaction

plasma decay: collisional microwave heating or inverse Bremsstrahlung, in which
electrons quivering in the Coulomb fields of the stationary ions deflect and ab-
sorb part of the cavity’s microwave energy [32], and plasma-wall absorption.

In this chapter, we investigate both decay mechanisms. We performed mea-
surements of the plasma decay with MCRS for different rf electric field strengths
in the cavity. In addition, we developed an analytical microscopic plasma model,
derived from the macroscopic Gaussian self-similar expansion model, to predict
the flux and thus the loss of electrons to the cavity walls. We validated this
model with MCRS measurements performed on ultracold plasmas with differ-
ent initial electron temperatures. We will show that the cavity’s electric field
indeed influences the lifetime of the plasma, but that this effect is rather subtle;
we will demonstrate that the major cause for the observed increase in plasma
decay can be attributed to losses of electrons from the plasma to the cavity
walls, which is described quite well by the analytical plasma model. In addi-
tion, by extending the model with the theory of collisional microwave heating,
we find that the measurements performed on plasmas with different rf electric
field strengths in the cavity can be predicted quite well by treating the energy
transferred from the microwave field to the plasma as additional initial excess
energy for the electrons.

This chapter is organized as follows. In Sec. 4.2, the experimental setup
is described and the technique of microwave cavity resonance spectroscopy is
discussed in more detail. Then, in Sec. 4.3, the measurements of the effect
of the cavity’s rf electric field on the decay time of the plasma are presented.
Subsequently, the plasma model is discussed (Sec. 4.4); from the macroscopic
self-similar expansion model, discussed in Sec. 4.4.1, we derive the equations
for the microscopic model, which are presented in Sec. 4.4.2. To verify the
microscopic model, we perform MCRS measurements on ultracold plasmas with
different initial electron temperatures (Sec. 4.4.3), and subsequently, in Sec.
4.4.4, the limitations of the microscopic model are discussed. To explain the
rf electric field measurements presented in Sec. 4.3, the microscopic model is
extended in Sec. 4.5, by including the theory of collisional microwave heating,
and the model is subsequently compared to the rf electric field measurements.
Finally, in Sec. 4.6, the conclusions and outlook are presented.

4.2 Experiment and methods

To produce a UCP and to perform MCRS experiments, we make use of the
setup depicted in Fig. 4.1, and follow similar steps as described in Ref. [17].

70



4.2. Experiment and methods

tr
ap

pi
ng

la
se

r

tu
be

lid di
ffr

ac
te

d
be

am
ca

vi
ty

an
te

nn
a

io
ni

za
ti

on
la

se
r

R
b

cl
ou

d

gr
at

in
g

P
C

Po
w

er
de

te
ct

or

R
f

ge
ne

ra
to

r
D

ir
ec

ti
on

al
co

up
le

r

O
sc

il-
lo

sc
op

e

T
T

L
pu

ls
e

ge
ne

ra
to

r

Io
ni

za
ti

on
la

se
r

ω

P
r

P
in

0
.1
P
r

V
r

w
av

ef
or

m
tr

ig
ge

r

tr
ig

ge
r

z

y
x

F
ig
u
re

4
.1
:

E
x
p
er
im

en
ta
l
se
tu
p

w
it
h

th
e
m
ic
ro
w
av
e
ca
v
it
y

an
d

a
sc
h
em

at
ic

re
p
re
se
n
ta
ti
on

of
th
e
d
at
a-

a
cq
u
is
it
io
n
sy
st
em

u
se
d
to

m
ea
su
re

th
e
fr
eq
u
en

cy
sh
if
t
of

th
e
ca
v
it
y
in
d
u
ce
d
b
y
an

u
lt
ra
co
ld

p
la
sm

a.

71



Chapter 4. Collisional microwave heating and plasma-wall interaction

We laser cool and trap 85Rb atoms in the overlap volume formed by the
incident and diffracted trapping laser beams above a diffraction grating chip
[18, 19] inside a 5 GHz microwave cavity.

Next, we use a two-step photo-ionization scheme to create an ultracold
plasma; we excite the atoms from the 52S1/2(F = 3) ground state to the
52P3/2(F

′ = 4) excited state with the 780 nm trapping laser as excitation laser,
and subsequently we photo-ionize the atoms just above their ionization thresh-
old using a tunable 480 nm pulsed dye laser (6 ns). This laser enters the
cavity through one of the access holes, and its wavelength is set to 477.867 nm,
476.679 nm, 474.322 nm, and 467.388 nm to create plasmas with initial electron
temperatures of 50 K, 100 K, 200 K, and 500 K, respectively.

Once the plasma is created, we measure the shift in the resonance frequency
of the cavity, induced by the presence of the plasma, with the data-acquisition
system depicted in Fig. 4.1. We perform a frequency scan with an rf generator
controlled by a pc, for frequencies ω/2π ranging from 4948 MHz to 4958 MHz,
in steps of 100 kHz. The output power of the rf generator depends on the exper-
iment, and is set between −20 dBm and 10 dBm. For each applied frequency ω
in a scan, we electrically couple an amount of rf power Pin to the 5 GHz TM010

eigenmode of the cavity with a linear antenna, and measure (ten percent of)
the reflected power Pr with a power detector behind a directional coupler. The
detector converts the measured power into a voltage Vr, which is recorded as
a function of time with an oscilloscope, and the resulting signal (waveform) is
used to reconstruct a set of Lorentzian curves describing the cavity’s resonant
behavior for each time step. From these curves, the frequency shift ∆ω(t) as a
function of time t can be determined.

For a collisionless nonmagnetized ultracold plasma, the resonance frequency
shift is related to the electron density by [33]

∆ω(t)

ω0
=

e2

2meϵ0ω2
0

ne(t), (4.2)

with e the elementary charge, me the electron mass, ω0 the resonance frequency
of the empty (vacuum) cavity, and ne(t) the so-called field-averaged electron
density. The field-averaged electron density is defined as

ne(t) ≡
∫
Vcav

ne(r, t) |E(r)|2 d3r∫
Vcav

|E(r)|2 d3r
, (4.3)

and represents the weighted average of the local electron density ne in the
plasma, with the square of the electric field E of the used resonant eigenmode
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Figure 4.2: The simulated electric field profile of the TM010 mode of the
cavity, at different positions in the yz-plane. The color indicates the square of
the normalized electric field amplitude E/E0, with E0 being the field amplitude
at position x = 0 mm, y = 0 mm, and z = 2 mm.

of the cavity as a weight factor; it is calculated over all positions r in the cavity
volume Vcav, with r ≡ (x, y, z)T being a position in Cartesian coordinates with
respect to the center of the diffraction grating chip in the cavity.

To interpret measurements of the decay of the field-averaged electron density
ne(t) in terms of plasma dynamics, an electric field map of the used eigenmode
of the cavity, and a plasma model describing the electron dynamics as a function
of position and time are needed.

In Sec. 4.4.2, a plasma model is presented. For the electric field, we use the
field-map of the simulated TM010 mode of the cavity, see Fig. 4.2. This field-
map was previously obtained from simulations performed in cst microwave
studio [34] and verified with bead-pull measurements of the electric field (see
Ref. [17]).

4.3 Experimental evidence of collisional microwave
heating

Before we proceed with the plasma model, we first experimentally investigate
the effect of the rf electric field strength on the decay time of the plasma.

In a previous paper [16], we created a plasma with an initial electron tem-
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Figure 4.3: The normalized field-averaged electron density ne(t)/ne(0) as a
function of time t for six different rf generator output powers ranging from
−20 dBm to +10 dBm, in steps of 6 dB; the amount of rf power Pin that enters
the cavity (see Fig. 4.1) is 4.3 dB less due to losses in the directional coupler.
The values in the legend between brackets indicate the rf electric field amplitude
E0 (in kV/m) in the cavity estimated from the cavity’s quality factor [16].

perature of 50 K, and calculated that, for the used rf electric field in the cavity
(estimated to be ≲ 1.9 kV/m for an rf generator output power of 10 dBm),
collisional microwave heating could increase the temperature by as much as
∼ 102 K in the first microsecond after the plasma was created.

Here, we create a plasma with an initial electron temperature of 50 K as
well, and lowered the rf power supplied to the cavity to investigate whether
collisional microwave heating affects the plasma decay time.

To create an ultracold plasma, we first laser cool and trap a cloud of 85Rb
atoms. The trap contains 6.2× 107 atoms, determined by fluorescence imaging,
and has a Gaussian density distribution with a peak density 1.1 × 1016 m−3

and rms sizes of 1.1 mm by 0.54 mm by 0.57 mm in the x-, y-, and z-direction,
respectively.

Subsequently, a UCP is produced by photo-ionizing the ultracold atomic
cloud with the dye laser, with on average, 420 µJ per pulse. The field-averaged
electron density as a function of time t was measured for six different rf generator
output powers, ranging from -20 dBm to +10 dBm; see Fig. 4.3. The density
was normalized for each rf curve with respect to the density at time t = 0 µs,
and the noisy data was smoothed with a moving average filter with a window
of 50 ns to make the plasma decay trend clearer, without losing a significant
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4.4. Analytical model for plasma expansion and wall interaction

amount of temporal information in the data; the 1/e response time (temporal
resolution) of the cavity to a perturbation is, after all, 18 ns [17].

As can be seen from Fig. 4.3, the rf electric field influences the plasma
lifetime; decreasing the rf power leads to a slower plasma decay. Moreover, for
an rf generator output power of -8 dBm or less, the curves start to lie on top
of each other and the electric field in the cavity does not seem to influence the
decay time of the plasma significantly anymore; note that using this value allows
us to study the ultracold plasma with MCRS non-intrusively as well.

Nevertheless, the effect of the rf electric field on the decay time of the plasma
is too small to explain the discrepancy between earlier observations and the self-
similar Gaussian expansion model. To fully explain the data, an additional loss
mechanism is needed.

4.4 Analytical model for plasma expansion and wall
interaction

In this section, the influence of the loss of electrons to the cavity walls is investi-
gated. For this, a simple microscopic model was developed to calculate the flux
and thus the loss of electrons to the cavity walls. This model is based on the
macroscopic self-similar Gaussian expansion model, which has been described
in literature before, see e.g. Ref. [1] and [35] for an in-depth treatment. Here,
we first recapitulate the important steps that lead to its derivation, since we
use some of the results to derive the microscopic model.

4.4.1 Self-similar expansion model

The self-similar Gaussian expansion model is a collisionless plasma model, with
its dynamics governed by the Vlasov equation. The model assumes (1) the elec-
trons to be in equilibrium with each other at all time instances, (2) a Gaussian
particle density distribution for both the electrons and ions, and (3) quasi-
neutrality for the plasma as a whole.

The first assumption (“electron equilibrium”) is justified by the small electron-
to-ion mass ratio, which makes electrons very mobile on the timescales the ions
move. This means that the velocity distribution of the electrons can be de-
scribed by a Maxwell-Boltzmann velocity distribution

fv,e =

(
me

2πkBTe(t)

)3/2

exp

(
− mev

2

2kBTe(t)

)
, (4.4)
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Chapter 4. Collisional microwave heating and plasma-wall interaction

at all times, with v the velocity of the particles.

The second assumption (“Gaussian profile”) corresponds with the typical
shape of an ultracold plasma produced in experiments [1]. For electrons in the
cavity, the Gaussian electron density distribution ne is given by

ne =
Ne

(2π)3/2σ3(t)
exp

(
−(r− r0)

2

2σ2(t)

)
, (4.5)

with Ne the total number of electrons in the plasma, σ the rms size of the
plasma, and r0 = (x0, y0, z0)

T the position of the center of the ultracold plasma
with respect to the center of the diffraction grating chip.

Substituting the product of these distributions, which represents the electron
phase space density fe = fv,ene, into the electronic Vlasov equation results
in the following expression for the mean-field potential φ experienced by the
electrons and ions:

e∇φ = −kBTe(t)
σ2(t)

(r− r0). (4.6)

Equation (4.6) shows that the force Fα = −qα∇φ acting on the particles of
species α is proportional to the position with respect to the center of the plasma.
For the ions, this suggests that their velocity distribution can be described by
a local Maxwell-Boltzmann distribution

fv,i =

(
mi

2πkBTi(t)

)3/2

exp

(
−mi(v − u)2

2kBTi(t)

)
, (4.7)

with u = γ(t)(r− r0) the average velocity of the ions, mi the mass of the ions,
and γ(t) a parameter describing the rate at which the plasma expands.

Substituting Eq. (4.6) and (4.7) into the ionic Vlasov equation, and as-
suming the plasma to be quasi-neutral, such that the ion density distribution
ni ≈ ne, gives a set of three differential equations for the macroscopic plasma
parameters σ(t), γ(t), and Ti(t), with solutions [1]:

σ2(t) = σ2(0)
(
1 + t2/τ2

)
, (4.8a)

γ(t) =
t/τ2

1 + t2/τ2
, (4.8b)

Ti(t) =
Ti(0)

1 + t2/τ2
, (4.8c)
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4.4. Analytical model for plasma expansion and wall interaction

where τ ≡
√
miσ2(0)/kB[Te(0) + Ti(0)] is the expansion time of the plasma. A

fourth macroscopic plasma parameter, the electron temperature

Te(t) =
Te(0)

1 + t2/τ2
, (4.8d)

follows from the conservation of the average kinetic energy E per electron-ion
pair in the plasma:

dE

dt
=

d

dt

{
3

2
kB [Te(t) + Ti(t)] +

3

2
miγ

2(t)σ2(t)

}
= 0. (4.9)

Equations (4.8a) - (4.8d) give a full description of the macroscopic plasma be-
havior in the self-similar expansion model; they show that the phase space
distributions of the electrons and ions remain Gaussian, while expanding.

4.4.2 Plasma-wall interaction model

However, to describe the effect of absorption of electrons by the cavity walls, we
need a microscopic plasma model. To establish such a model, we first have to
calculate how the positions and velocities of individual particles in the plasma
change under the influence of the mean-field potential [Eq. (4.6)]. We can do
this by substituting the solutions of the plasma rms size [Eq. (4.8a)] and the
electron temperature [Eq. (4.8d)] back into Eq. (4.6). This gives an explicit
expression for the force Fα acting on particles of species α as a function of
position and time, i.e.,

Fα =
sgn(qα)kBTe(0)

σ2(0) (1 + t2/τ2)2
(r− r0), (4.10)

with sgn(x) ≡ x/|x| the sign function.
The equation of motion for a single electron in the plasma then becomes

me
d2re
dt2

= − kBTe(0)

σ2(0) (1 + t2/τ2)2
(re − r0), (4.11)

with re being the position of an electron as a function of time. Solving Eq.
(4.11), and assuming that the electron temperature Te ≫ Ti yields (see Ap-
pendix):

re(t) = r0 +

√
1 +

t2

τ2

{
ve,0τ

χ
sin

[
χ arctan

(
t

τ

)]
+(re,0 − r0) cos

[
χ arctan

(
t

τ

)]}
, (4.12)
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Figure 4.4: The trajectories of two outwards spiraling electrons with different
initial positions and velocities in the yz-plane of the cavity.

with re,0 and ve,0 the initial position and velocity of an electron, respectively,
and χ2 − 1 ≡ mi/me the ion-to-electron mass ratio. The trajectories described
by Eq. (4.12) represent outwardly directed spiral trajectories in a plane through
the plasma. To illustrate this, we plotted the trajectories of two electrons with
a different initial position re,0 and initial velocity ve,0 as a function of time; see
Fig. 4.4.

To calculate the amount of electrons lost to the cavity walls, we perform a
simulation in which we follow the trajectories of Nmacr ∼ 103 macroparticles
representing a collection of electrons, with their initial positions sampled from
a Gaussian electron density distribution, given by Eq. (4.5), and their initial
velocities sampled from a Maxwell-Boltzmann distribution [Eq. (4.4)]. For each
macroparticle k in the plasma (k ∈ {1, 2, 3, . . . , Nmacr}), we use Eq. (4.12) to
keep track of its position re(k, t) in order to calculate the time tw,k at which it
collides with the nearest cavity wall. Since the cavity is grounded, we assume
the electrons in a macroparticle to be absorbed by the wall when this occurs; we
consequently remove the macroparticle from the simulation and calculate the
remaining number of electrons in the cavity (or equivalently the electron flux
to the wall) as a function of time.

To compare the model with a measurement of the field-averaged electron
density, we notice that the number of electrons in the cavity Ne(t) ∼ ne(t) for
early times after the plasma is created. This is because the electric field in
Eq. (4.3) is nearly constant in the region 4.8 mm ≳ z ≥ 0 mm and x2 + y2 ≲
100 mm2 where the plasma is typically created; see Fig. 4.2.

However, for a more accurate comparison at all times during the plasma
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Figure 4.5: The particle positions in the yz-plane of the cavity, at time t =
50 µs and t = 100 µs for the case without wall absorption (two left figures)
and the case with wall absorption (two right figures). The cavity walls are
indicated in gray and the red circle drawn around the plasma, having a radius
of 2σ(t), illustrates the size of the plasma according to the macroscopic model
[Eq. (4.8a)].

decay, we use the field map of Fig. 4.2 to determine the field-averaged electron
density. The field map consists of Ngrid = 273×273×211 Cartesian grid points
with Vgrid = 0.25 × 0.25 × 0.25 mm3 the volume of a cell surrounding each
grid point, and En the magnitude of the local electric field at the nth point
(n ∈ {1, 2, 3, . . . , Ngrid}). We calculate the field-averaged electron density by
discretizing Eq. (4.3), which results in

ne(t) ≈
Ne(0)

Nmacr

∑Nmacr
k=1 E2

f(re(k,t))
H(tw,k − t)∑Ngrid

n=1 E2
nVgrid

, (4.13)

with f being a function which maps the position re(k, t) of the kth macroparticle
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at time t on the nearest gridpoint n of the electric field map, H the Heaviside
step function, and Ne(0) the total number of electrons in the plasma at time
t = 0.

As can be seen from Eq. (4.4), Eq. (4.5) and Eq. (4.12), our model essen-
tially depends on four input parameters: the initial electron temperature Te(0),
the initial number of electrons Ne(0) in the plasma, the initial plasma rms size
σ(0), and the initial position r0 of the center of the plasma with respect to the
diffraction grating chip.

To compare our model with the self-similar expansion model, we performed
a simulation in which we track the positions of 3000 particles as a function of
time, during the first 100 µs of the plasma decay, in time steps of 100 ns. We
created a particle distribution with initial conditions resembling the conditions
of the measurement reported in a previous paper [16]; we chose Te(0) = 50 K,
Ne(0) = 5.2×106 electrons, r0 = (0, 0, 3.5)T mm, and, since our model assumes
the plasma to have a spherical instead of ellipsoidal shape, we set σ(0) to the
geometrical mean of the rms sizes of the UCP created in Ref. [16], which is
410 µm.

The results of the simulation for two time steps during the plasma decay
are shown in Fig. 4.5; on the left side, the particle positions in the yz-plane are
shown for the case absorption of the particles by the cavity walls is turned off,
which is equivalent to the situation described by the macroscopic self-similar
expansion model, while the right side of Fig. 4.5 shows the situation where
particles are absorbed by the cavity walls, as described by the microscopic
model. The cavity walls are indicated in gray and a red circle with a radius of
2σ(t), containing ∼ 73% of the total amount of particles in the case without
wall absorption, is drawn around the plasma to illustrate the size of the plasma
according to the self-similar model [Eq. (4.8a)].

As can be noticed from Fig. 4.5, the number of electrons inside the cavity, re-
sponsible for the magnitude of the field-averaged electron density, is significantly
less in the case with wall absorption than in the case without wall absorption,
which could explain the faster decay in the microscopic model. In both cases,
the electrons that enter the region z < 0 do not contribute to the field-averaged
electron density, since the electric field E = 0 kV/m. However, a difference
between the microscopic and macroscopic model originates from the spiral tra-
jectories electrons make in the microscopic model. If such a spiral trajectory
intersects with a wall, then the electron is absorbed. As a consequence, the
upper part of the plasma sphere in Fig. 4.5 is empty in the case wall absorption
is turned on, since these particle positions have become “forbidden” by the mi-
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Figure 4.6: The field-averaged electron density ne as a function of time t for
an ultracold plasma with an initial electron temperature Te(0) = 50 K, 100 K,
200 K, and 500 K.

croscopic model. Hence, this leads to a faster plasma decay in the microscopic
model than in the macroscopic model.

4.4.3 Experimental verification of the model

To verify our model, we first performed MCRS measurements on UCPs with
four different initial electron temperatures; see Fig. 4.6. We measured the field-
averaged electron density as a function of time for decaying plasmas with an
initial electron temperature set to Te(0) = 50 K, 100 K, 200 K, and 500 K. The
temperature was set by controlling the wavelength (photon excess energy) of
the ionization laser. The output power of the rf generator was set to -8 dBm,
such that the influence of the cavity’s rf electric field on the plasma decay time
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Figure 4.7: Determination of the position z0 of the plasma above the diffrac-
tion grating chip. (a) With the help of a computer-controlled stage (not shown
here), the ionization laser (1) is moved along the x- and z-direction in the cavity
(2), until the laser overlaps best with the 85Rb gas cloud (3) and the measured
MCRS signal is maximal. The position of the cloud above the grating, obtained
from a fluorescence image taken with an infrared camera (4) behind a dichroic
mirror (5), can then be used as an estimate for z0. (b) The actual fluorescence
image used to determine the position z0. From the known height h = 7.5 mm
of the access hole through which the camera looks, the pixel density of the im-
age/camera magnification was determined.

is negligible, as discussed in Sec. 4.3.

Subsequently, a simulation was performed and the field-averaged electron
density predicted by our model was compared to the measurements.

The input parameters for our model were determined as follows. The value
of the initial electron temperature Te(0) was calculated from the measured wave-
length of the ionization laser, as mentioned before.

The initial number of electrons Ne(0) was chosen, such that the initial mea-
sured field-averaged electron density of the 500 K curve matches the predicted
one quite well. This is justified since we already showed in a previous paper [16]
that we could predict Ne(0) quite well (within 20% of the measured value), and
since Ne(0) in our model does not determine how fast the plasma decays. Using
the 500 K measurement curve as a reference, gives Ne(0) = 5.0× 106 electrons.
For the simulation of the other measurement curves, this value was scaled by
the ratio of ne(0) of the 500 K measurement curve and ne(0) of a curve at
temperature Te(0).

The initial plasma rms size was set to σ(0) = 465 µm. This value was
estimated from the dimensions of the MOT and from the properties of the
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4.4. Analytical model for plasma expansion and wall interaction

ionization laser beam [16]. Knowing the initial plasma rms size very accurately
is, however, not important; for early times during the plasma decay, the plasma
is located in a constant electric field region, and the MCRS signal therefore does
not depend on the size of the plasma. For later times (when the plasma collides
with the wall), the contribution of σ(0) to the total plasma rms size σ(t) [Eq.
(4.8a)] becomes negligible.

The initial position z0 of the plasma above the diffraction grating chip was
determined from a fluorescence image of the laser-cooled 85Rb gas cloud; the
image was taken with an infrared camera behind a dichroic mirror, through one
of the cavity access holes, see Fig. 4.7. With the help of an accurate, in-house
built computer-controlled translation stage the ionization laser beam was moved
along the x- and z-direction inside the cavity, until the center of the 85Rb cloud
overlapped as good as possible with the center of the ionization laser beam and
the measured MCRS signal is maximal; the position of the center of the cloud
above the diffraction grating chip can then be used as an estimate for the initial
position z0 of the ultracold plasma in the cavity.

From the known height h = 7.5 mm of the cavity access hole, the pixel
density of the fluorescence image was determined to be (127 ± 10) px/7.5 mm
≈ (17 ± 2) px/mm. Multiplying the inverse of this value with the amount of
pixels the atomic cloud is located above the diffraction grating chip, results in
z0 = (3.6± 0.4) mm. The value of z0 = 3.6 mm was therefore used as an input
parameter for the simulation. The positions x0 = y0 = 0 mm, since the plasma
is created above the center of the diffraction grating chip.

With these input parameters, we performed a simulation of the plasma decay
for each of the measured curves given in Fig. 4.6; we compared the field-
averaged electron density predicted by our model (“wall interaction model”) to
the measurement data and ne resulting from the self-similar expansion model.

As can be seen from Fig. 4.6, the field-averaged electron density predicted
by the wall interaction model matches the measurement data quite well; there
are some small deviations, but the model overall predicts the timescale at which
the plasma decays, in comparison with the self-similar model, quite accurately.
Moreover, it works for UCPs with different initial electron temperatures and
does not require any fit parameters to do so.

4.4.4 Discussion of the validity of the model

Self-similarity. For the UCP with Te(0) = 50 K, and for later times during the
decay of each plasma, there are still some small deviations. This is, however, not
surprising, since the self-similar expansion model, and therefore also the wall
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interaction model start to lose their validity in those cases. For Te(0) ≲ 50 K,
UCP heating mechanisms, such as three-body recombination, become relevant,
which cause the plasma to expand faster than solely based on the excess energy
of the ionization laser’s photons. In addition, the self-similar expansion model
assumes the plasma to be completely neutral; in reality, many ultracold plasmas
are quasi-neutral and have a small charge-imbalance due to the escape of the hot
electrons right after the moment the UCP is created. In our case, we estimate
the initial charge-imbalance of the UCP to be on the order of ∼ 10%, which
increases for later times during the plasma decay, since we expect relatively more
electrons than ions to be absorbed by the cavity walls. However, in order to
better predict the effect of a charge-imbalance on the plasma decay at later times
during the decay, more advanced simulations should be performed that take the
change of the mean-field potential due to a charge-imbalance into account.

Electron trajectories. The microscopic model we presented was based on a
collisionless approach: the mean-field force acting on the electrons in the plasma
lets them make spiral movements which inherently conserve the Maxwell-Boltz-
mann distribution [Eq. (4.4)], without the need for collisions. In reality, how-
ever, electron-electron collisions might change the directions of the electrons in
the plasma, and thus their trajectories. In fact, an estimation of the electron-
electron collision frequency νee according to the Landau-Spitzer treatment shows
that, for early times during the plasma decay,

νee =
1√
3π
ωp,eΓ

3/2
e ln Λ ∼ 102 µs−1. (4.14)

In this equation, ωp,e =
√
nee2/(meϵ0) is the electron plasma frequency, and

lnΛ = ln[(1 + b2max/b
2
min)

1/2] the Coulomb logarithm, with bmin and bmax the
minimum and maximum impact parameter, respectively. Here, we set bmin to
bmin = e2/(4πϵ0mev

2
th) as minimum cut-off value for the Coulomb logarithm,

with vth =
√
kBTe/me the thermal velocity of electrons, and used the Debye

length λD = vth/ωp,e as maximum impact parameter.

However, in the presence of an rf electric field, the Coulomb logarithm
changes significantly [32]; besides the thermal motion of electrons, the pon-
deromotive velocity vosc = eE0/(meω0) needs to be taken into account as well,
which replaces the thermal velocity vth in the Coulomb logarithm by an effective

velocity veff ≡
√
v2th + v2osc, and the electron plasma frequency in bmax by the

frequency ω0 of the rf electric field.

A calculation then shows that, for the used electric field in the cavity
(estimated to be E0 ≈ 0.2 kV/m), the collision frequency rapidly drops to
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νee ∼ 0.1 µs−1 in approximately 20 µs after the plasma is created. This is
comparable with the time it takes for the plasma to hit the wall. We therefore
think collisions are not significant for the plasma decay, which agrees well with
the measurements, but this reasoning assumes that the weakly coupled theory
for the collision frequency is valid. In reality, the Landau-Spitzer theory starts
to break down for Γe ≳ 0.2, which occurs for the 50 K plasma at almost the
same time the collision frequency reaches νee ∼ 0.1 µs−1. Although several
expressions have been proposed recently that replace the Coulomb logarithm
in Eq. (4.14) by an effective Coulomb logarithm to correct for strong coupling
effects [36], to our best knowledge, none of these corrections include the effect of
an rf electric field as well. In order to make a better prediction of the exact effect
of collisions on our decay curves, new theory should therefore be developed that
takes into account both the effects of strong coupling and an rf electric field on
the Coulomb logarithm.

4.5 Collisional microwave heating

In the previous section, a model for the expansion and wall losses was developed
and validated. In this section, we will extend this model to include collisional
microwave heating and apply this to explain the observations made in Sec. 4.3.

The collisional microwave heating rate Pei for electrons in an rf electric field
is given by [32]

Pei = 2νeiUp, (4.15)

with νei the effective electron-ion collision frequency, which is, for vosc ≲ vth
and apart from a factor

√
2, equal to the electron-electron collision frequency

νee given by Eq. (4.14), and Up = (eE0)
2/(4meω

2
0), the ponderomotive energy

of an electron in the rf electric field.
Adding this term to the right-hand side of the energy conservation equation,

Eq. (4.9), as a heating source term for the electrons, and assuming the temper-
ature of the electrons Te ≫ Ti, results in the following set of coupled differential
equations for the macroscopic plasma parameters σ(t), γ(t), and Te(t):

∂σ2(t)

∂t
= 2γ(t)σ2(t), (4.16a)

∂γ(t)

∂t
=
kBTe(t)

miσ2(t)
− γ2(t), (4.16b)

∂Te(t)

∂t
= −2γ(t)Te(t) +

Pei [E0, Te(t), ne(t)]
3
2kB

. (4.16c)
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Figure 4.8: The macroscopic plasma parameters σ, γ, and Te as a function
of time, for different rf electric fields strengths, for initial conditions Ne(0) =
6.5× 106 electrons, σ(0) = 4.6× 102 µm, and Te(0) = 50 K.

The microwave heating rate Pei in Eq. (4.16c) is a function of the electric field
strength E0, the electron temperature Te, and the electron density ne. To couple
Eq. (4.16c) to Eq. (4.16a), and to solve the problem, we still need to establish
an additional relationship between ne and σ. For simplicity, we ignore the
spatial dependence of the electron density profile and set the electron density
ne in the microwave heating rate expression to half of the peak density of a
Gaussian-shaped ultracold plasma with rms size σ, i.e.,

ne(t) =
1
2Ne(0)

(2π)3/2σ3(t)
. (4.16d)

Equations (4.16a)-(4.16d) then describe the macroscopic plasma behavior
in the presence of an rf electric field, without wall absorption. The numerical
solutions for the plasma parameters are illustrated in Fig. 4.8, for electric field
strengths and initial conditions very similar to those for the plasma produced
for the rf measurements discussed in Sec. 4.3, i.e., Ne(0) = 6.5× 106 electrons,
σ(0) = 4.6× 102 µm, and Te(0) = 50 K.

As can be seen from Fig. 4.8, the electron temperature rises immediately
after the UCP is created, in the presence of an rf electric field. This is because
the microwave heating rate is strongest during the initial phase of the plasma
expansion and then quickly drops due to an initial increase in temperature and
a decreasing electron density.
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4.5. Collisional microwave heating

To determine the plasma behavior in the case of collisional microwave heat-
ing with wall absorption, we need a microscopic plasma description again. Such
a description requires a non-conservative force acting on the electrons to ac-
count for the energy increase by microwave heating, and is not easy to find. For
example, simply modeling collisional microwave heating phenomenologically as
an effective frictional force acting on the electrons [32] does not preserve the
self-similarity of the model.

However, since the microwave heating mainly takes place during the initial
phase of the plasma expansion, we assume that the heating can be taken into
account by an instantaneous electron temperature increase, on top of the excess
energy the electrons already obtain from the photo-ionization laser; we can
then use the wall interaction model again to estimate the effect of collisional
microwave heating on the plasma decay curves.

To account for the additional initial excess energy obtained from collisional
microwave heating, we take the maximum electron temperature the plasma
reaches for each rf electric field strength, shown in Fig. 4.8, and then perform
a simulation with the wall interaction model with this temperature as initial
electron temperature.

Fig. 4.9 shows the results of the simulation for the lowest and highest rf
electric field strength used in the rf measurements discussed in Sec. 4.3. In Fig.
4.9a, E0 ≈ 0.06 kV/m, and collisional microwave heating is negligible; the UCP
indeed follows the wall interaction model with Te(0) = 50 K, solely determined
by the excess energy of the photo-ionization laser. In Fig. 4.9b, however, the
effect of collisional microwave heating is expected to be relevant; the electric
field strength E0 ≈ 1.9 kV/m, which leads to a rapid temperature increase from
50 K to 128 K according to the temperature curve in Fig. 4.8. By setting Te(0)
to Te(0) = 128 K in the wall interaction model, and performing a simulation,
we can clearly see that collisional microwave heating predicts the decay time
(half-time) of the UCP quite well, see dotted line in Fig. 4.9a and 4.9b.

The observations of the reduced lifetime of the plasma with an increasing
electric field size in the cavity, made in Sec. 4.3, can therefore be explained
by the existing theory of collisional microwave heating. However, to make a
more realistic prediction of the effect of this heating mechanism on the plasma
decay time, more advanced simulations (e.g. particle-in-cell) should be per-
formed, preferably in combination with an improved cavity design in which the
effect of the cavity wall is eliminated. This would enable us to study colli-
sional microwave heating in a more clean way, and potentially in relationship
to other competing fundamental plasma heating mechanisms of interest at low
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Figure 4.9: The measured and modeled normalized field-averaged electron
density ne(t)/ne(0) for a decaying UCP with Te(0) = 50 K. (a) The decay in
the presence of an rf electric field with size E0 ≈ 0.06 kV/m, where microwave
heating is negligible. (b) The decay in a field with size E0 ≈ 1.9 kV/m, where
microwave heating is relevant and leads to an increase of Te(0) to 128 K in the
wall interaction model. The dotted line in both figures indicates the half-time
of the modeled decay.
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temperatures, such as three-body recombination.

4.6 Conclusions and outlook

We investigated the effect of collisional microwave heating and plasma-wall in-
teractions on the decay time of an ultracold plasma measured with a resonant
microwave cavity.

To study the effect of plasma-wall interactions, we developed a simple ana-
lytical microscopic model which is based on the collisionless macroscopic Gaus-
sian self-similar expansion model. We showed that the electrons make spiral
trajectories in the plasma, which lead to a faster plasma decay than predicted
by the macroscopic model when taking absorption of electrons by the cavity
walls into account. We validated our model with measurements of the decay of
a UCP with an initial electron temperature of 50 K, 100 K, 200 K, and 500 K,
and found that the model agrees well with the measurements.

To study the effect of collisional microwave heating, we performed measure-
ments on the plasma decay for different rf electric field strengths in the cavity.
We found that, for fields below ∼0.2 kV/m, the effect is negligible; this allows
us to use MCRS as a non-intrusive technique for studying UCPs as well. For
higher electric field strengths, there is a small, but noticeable effect on the life-
time of the plasma. By using the microscopic model again and treating the
energy transferred from the microwave field to the plasma as an additional ini-
tial excess energy for the electrons, we found that the rf measurements match
reasonably well with the model. This means that the effect of the electric field
on the decay time of the plasma can be attributed to collisional microwave
heating.

The earlier observed discrepancy of a factor of three in the decay time of the
plasma between model and measurement is therefore mainly caused by plasma-
wall interactions; the effect of the rf electric field on the decay time is only
small.

However, more research is needed to investigate whether electron-electron
collisions can alter the electron trajectories in such a way that the decay time
is significantly changed. Although there are strong reasons to believe that this
is not the case (the Coulomb logarithm is suppressed in the presence of an rf
field when the plasma hits the nearest wall, and there is a good agreement be-
tween the measurement data and model), more advanced simulations should be
performed to validate this. This should be done in combination with the devel-
opment of new collision theory, since the current collision theory that corrects

89



Chapter 4. Collisional microwave heating and plasma-wall interaction

for strong coupling effects does not include the effect of an rf electric field on
the Coulomb logarithm.

Appendix: Particle trajectories

To determine the time at which an electron in the plasma collides with a cavity
wall and gets absorbed, and therefore to estimate the amount of electrons lost
to the walls, we need to calculate the electron trajectories.

In this Appendix, we will give a derivation for the electron trajectories, and
for the ion trajectories as well. Our derivation, and thus the microscopic model
presented in this chapter, is based on the collisionless macroscopic self-similar
expansion model; it uses the mean-field potential given by Eq. (4.6) to calculate
the particle trajectories of both the electrons and ions.

As discussed in Sec. 4.4.2, substitution of the solutions of the plasma rms size
[Eq. (4.8a)] and electron temperature [Eq. (4.8d)] into the mean-field potential
[Eq. (4.6)] leads to an explicit expression for the force acting on the particles
[Eq. (4.10)] as a function of position and time. This results in the following
equation of motion for the position of individual particles in the plasma

(
1 + t2/τ2

)2 d2r̃α
dt2

− Cαr̃α = 0. (4.17)

Here, r̃α ≡ rα − r0 is the position of a single particle of species α with re-
spect to the position of the center of the plasma, Cα a constant defined as
Cα ≡ sgn(qα)kBTe(0)/

[
mασ

2(0)
]
, and mα the particle mass.

Equation (4.17) represents a second-order linear ordinary differential equa-
tion with non-constant coefficients, and can be solved analytically by converting
it to a constant-coefficient differential equation by using the following transfor-
mation [37]:

ξ ≡ τ arctan(t/τ), (4.18a)

wα ≡ r̃α/
√

1 + t2/τ2. (4.18b)

Substitution of Eq. (4.18b) into Eq. (4.17) yields

(
1 + t2/τ2

)3/2 d2r̃α
dt2

− Cαwα = 0. (4.19)

This leaves us with calculating the second-order derivative of the particle po-
sitions d2r̃α/dt

2 in terms of wα, which in turn can be calculated from the
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first-order derivative. By applying the chain rule, using the derivative of Eq.
(4.18a), which is dξ/dt = 1/

(
1 + t2/τ2

)
, and by using Eq. (4.18b), the first-

order derivative dr̃α/dt in terms of wα becomes

dr̃α
dt

=
dr̃α
dξ

dξ

dt

=

[
dwα

dξ

√
1 +

t2

τ2
+wα

d

dξ

(√
1 +

t2

τ2

)]
dξ

dt

=
dwα

dξ

1√
1 + t2/τ2

+wα
t/τ2√

1 + t2/τ2

=

(
dwα

dξ
+

t

τ2
wα

)
1√

1 + t2/τ2
. (4.20)

The second-order derivative d2r̃α/dt
2 in terms of wα can be found in a similar

way, and becomes

d2r̃α
dt2

=
dξ

dt

d

dξ

(
dr̃α
dt

)
=
dξ

dt

[(
d2wα

dξ2
+

1

τ2
dt

dξ
wα +

t

τ2
dwα

dξ

)
1√

1 + t2/τ2

−
(
dwα

dξ
+

t

τ2
wα

)
t/τ2

(1 + t2/τ2)3/2
dt

dξ

]
=

1

(1 + t2/τ2)3/2

[
d2wα

dξ2
+

(
1

τ2
+
t2

τ4

)
wα +

t

τ2
dwα

dξ

−
(
dwα

dξ
+

t

τ2
wα

)
t

τ2

]
=

1

(1 + t2/τ2)3/2

(
dwα

dt2
+

1

τ2
wα

)
. (4.21)

Substitution of Eq. (4.21) into Eq. (4.19) results in the following second-order
differential equation with constant coefficients:

d2wα

dξ2
+

(
1

τ2
− Cα

)
wα = 0. (4.22)

This equation can be solved analytically by substituting the ansatz wα =
exp (−Ωαξ) c, with c an arbitrary vector, into the differential equation. This
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gives the following auxiliary equation

Ω2
α + 1/τ2 − Cα = 0. (4.23)

The roots Ωα of the auxiliary equation depend on the plasma species α. For
electrons, the two roots are given by

Ωe = ±j
√

1

τ2
− Ce

= ±jχe
τ
, (4.24)

with j the imaginary unit, and the variable χe defined as

χe ≡
√
1 +

mi

me

Te(0)

Te(0) + Ti(0)
. (4.25)

The general solution of Eq. (4.22) for electrons then becomes

we(ξ) = c1 cos
(χe
τ
ξ
)
+ c2 sin

(χe
τ
ξ
)
, (4.26)

with c1 and c2 two vectors depending on the initial conditions of an electron
in the plasma. Rewriting Eq. (4.26) in terms of the electron position re(t) by
using Eq. (4.18b), yields

re(t) = r0 +

√
1 +

t2

τ2

{
c1 sin

[
χe arctan

(
t

τ

)]
+c2 cos

[
χe arctan

(
t

τ

)]}
. (4.27)

The vectors c1 and c2 can be found by applying the initial conditions for the
position and velocity of an electron to Eq. (4.27). From the initial electron
position re(t = 0) = re,0, we find that c2 = re,0 − r0. The vector c1 can be
found by first calculating the velocity ve(t) of an electron as a function of time,
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by taking the derivative of Eq. (4.27). This gives

ve ≡
dre
dt

=
χeτ

t2 + τ2

√
1 +

t2

τ2

{
c1 cos

[
χe arctan

(
t

τ

)]
−(re,0 − r0) sin

[
χe arctan

(
t

τ

)]}
+

t/τ2√
1 + t2/τ2

{
c1 sin

[
χe arctan

(
t

τ

)]
+(re,0 − r0) cos

[
χe arctan

(
t

τ

)]}
. (4.28)

By using the initial condition for the electron velocity ve(t = 0) = ve,0, we find
that c1 = ve,0τ/χe.

The full solution of a trajectory of an electron in the plasma is then described
by

re(t) = r0 +

√
1 +

t2

τ2

{
ve,0τ

χe
sin

[
χe arctan

(
t

τ

)]
+(re,0 − r0) cos

[
χe arctan

(
t

τ

)]}
. (4.29)

This represents a spiral trajectory in a plane through the plasma.
The ion trajectories can be found in a similar way. The roots of the auxiliary

equation for ions are given by

Ωi = ±j
√

1

τ2
− Ci

= ±jχi
τ
, (4.30)

with the variable χi defined as

χi ≡
√

Ti(0)

Te(0) + Ti(0)
. (4.31)

The remaining steps for finding the trajectories are completely analogous to
those discussed above for finding the electron trajectories; the steps result in
almost the same solution for the ion trajectories, with the only exception that
χe in Eq. (4.29) is replaced by χi. As a consequence, the ions will move in
spiral trajectories as well, but on a much larger time scale in comparison with
the electrons; the latter is caused by the much heavier mass and lower initial
temperature of the ions in a UCP.
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Chapter 5

Photo-ionization cross section
measurement using MCRS1

Abstract. We present microwave cavity resonance spectroscopy as a novel
technique to determine excited state photo-ionization cross sections of lasers-
cooled atoms. We demonstrate this technique by measuring the photo-
ionization cross section of the 52P3/2(F

′ = 4) excited state of 85Rb to con-
tinuum, by creating an ultracold plasma inside a 5 GHz resonant microwave
cavity. We find a photo-ionization cross section of ∼ 5× 10−22 m2 for photon
excess energies of 50 K, 100 K, 200 K, and 500 K above the ionization thresh-
old. The measurements yield a cross section which is approximately 2 to 3
times smaller than the value provided by existing theory for the 5p excited
state of 85Rb, and two earlier measurements performed with other techniques,
for similar excess energies.

1The work described in this chapter will be submitted for publication by M.A.W. van
Ninhuijs, J. Beckers, and O.J. Luiten (2021).
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5.1 Introduction

Photo-ionization cross sections determine the probability that an atom is ion-
ized by one or more photons; they are of fundamental importance for the under-
standing of many types of plasmas, such as astrophysical plasmas [1], controlled
thermonuclear plasmas [2], plasmas induced by extreme ultraviolet irradiation
in state-of-the-art photolithography tools [3], and for the production of laser-
produced plasmas such as the ultracold plasma [4] described in this thesis.

For atoms that are photo-ionized in a two-step photo-ionization process, a
few experimental techniques have been developed over the last couple of decades
to measure their photo-ionization cross section from the excited state to the
continuum. These techniques include the use of a magneto-optical trap (MOT)
[5] and the saturation technique. In the first technique, atom losses from the
MOT by photo-ionization are taken into account as an additional loss term in
the rate equations that describe the loading process of atoms in the trap (see
Sec. 2.5.1). By measuring the increase (decrease) of the fluorescence signal of
atoms in the excited state, the photo-ionization cross section can be determined.

The saturation technique uses an excitation laser beam that is operated at
intensities higher than the saturation intensity to create an equilibrium with
half of the population of atoms in the excited state and half in the ground
state. Subsequently, the atoms in the excited state are photo-ionized with
a pulsed ionization laser with a pulse length that is short compared to the
lifetime of the excited state, to prevent excited atoms to decay to the ground
state. By measuring the number of ions created as a function of the ionization
laser pulse energy, and increasing the pulse energy until the ionization laser
beam is saturated as well, the photo-ionization cross section can be determined
from curve fitting the measured data with an exponential fit function. This
method allows the cross section to be determined without having to know the
exact number of atoms present before photo-ionization, as we will see later.

The number of ions created in the two-step photo-ionization process using
the saturation technique can be determined in a few different ways [1]. For
example, Ambartzumian et al. used two parallel capacitor plates, one held at
ground and the other at a negative potential, in order to collect the ions created
from the photo-ionization of a metallic vapor between the capacitor plates [6].
Kallenbach et al. used a setup with a thermionic diode, in which its cathode
was heated [7]. This results in the thermionic emission of electrons from the
cathode and creates a negatively charged region in its vicinity. By subsequently
photo-ionizing a metallic vapor of interest in the setup, part of the emitted
electrons are neutralized by the created ions. This results in an increase of the
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diode current, which can be used as a measure for the number of ions created.
A third technique that is being employed is a triple-crossed-beam apparatus,
in which two lasers used for photo-ionization intersect with a collimated beam
from an atomic oven [8]. The ions created in the overlap volume of the lasers
and atomic beam can be extracted by a small electric field applied between
two electric grids around the overlap volume. By accelerating the ions towards
a particle detector with the field, the number of ions in the experiment can
be determined. If the ions are, after extraction, additionally accelerated with a
higher electric field in combination with a drift space, then such a setup can also
be used as a time-of-flight mass spectrometer [9]; this allows the photo-ionization
cross section of different isotopes of an atomic species to be determined, since
ions with a different isotopic mass will arrive at a different time at the ion
detector.

In this chapter, we presentmicrowave cavity resonance spectroscopy (MCRS)
as a novel technique to determine the photo-ionization cross section. We give a
proof of concept of this technique by measuring the photo-ionization cross sec-
tion of the 52P3/2(F

′ = 4) excited state of 85Rb using the saturation technique
in combination with a 5 GHz resonant microwave cavity as a charged particle
detector. For this, we first laser cool and trap a cloud of 85Rb atoms in a com-
pact magneto-optical trap, based on a diffraction grating chip [10, 11] inside a
microwave cavity, and subsequently photo-ionize the atoms in a two-step photo-
ionization process. By using a saturated excitation laser pulse we excite half of
the atomic population of the 52S1/2(F = 3) ground state to the 52P3/2(F

′ = 4)
excited state, and subsequently photo-ionize the atoms just-above threshold
with a nanosecond pulsed dye laser in order to create an ultracold plasma. By
measuring the shift in the resonance frequency of the cavity, induced by the
ultracold plasma, we obtain a measure for the number of electrons present in
the plasma immediately after photo-ionization and thus for the number of ions
as well (since the atoms are singly ionized). Repeating this measurement for
different pulse energies of the photo-ionization laser until the ionization tran-
sition is saturated too, therefore enables us to determine the photo-ionization
cross section of the excited state of 85Rb.

The outline of this chapter is as follows. In Sec. 5.2, we will briefly review the
theory of the saturation technique. By using rate equations for the three levels
involved in a two-step photo-ionization process, we will derive an expression for
the number of ions created during this process, which can be used to determine
the photo-ionization cross section from the excited state. Subsequently, in Sec.
5.3, we discuss the experimental setup and how our microwave cavity can be
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used to obtain the cross section of the 52P3/2(F
′ = 4) excited state of 85Rb. We

then show, in Sec. 5.4, the results of a measurement of the photo-ionization cross
section for four different wavelengths of the ionization laser beam, and compare
these to theoretical predictions and a few earlier measurements performed by
other groups (Sec. 5.5). Finally, we end with some concluding remarks and an
outlook for further developments.

5.2 Theory

Consider a three-level system consisting of a ground state, excited state, and
an ionized state. The particle number density of the atoms in the ground state
is given by n1, the number density in the excited state by n2, and the number
density in the ionized state by ni. When an excitation laser is used to optically
pump the atoms from the ground state to the excited state, and an ionization
laser to photo-ionize the atoms near-threshold, then the change in the particle
number densities as a function of time t for each of the states is governed by
the following rate equations [1, 12]:

dn1(t)

dt
= −Rabs(t)[n1(t)− n2(t)], (5.1a)

dn2(t)

dt
= Rabs(t)[n1(t)− n2(t)]−Rpi(t)n2(t), (5.1b)

dni(t)

dt
= Rpi(t)n2(t). (5.1c)

Here, Rabs(t) is the photo-absorption rate and Rpi(t) = σpiIpi(t)/Eph the photo-
ionization rate, with σpi the photo-ionization cross section from the excited
state to continuum, Ipi(t) the intensity of the photo-ionization laser, and Eph =
hc/λ the photon energy, with λ the wavelength of the photo-ionization laser, h
Planck’s constant, and c the speed of light.

In the saturation technique, we furthermore assume that the excitation tran-
sition is fully saturated, such that half of the total atomic number density
ntot(t) ≡ n1(t) + n2(t) is in the excited state, i.e.,

n2(t) = ntot(t)/2. (5.2)

Using this fact and adding Eq. (5.1a) to Eq. (5.1b) results in the following
differential equation for the excited state density

dn2(t)

dt
= −1

2
Rpin2. (5.3)
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Multiplying Eq. (5.3) with the integrating factor exp(12
∫ t
0 Rpi(t̃)dt̃) yields

d

dt

[
n2(t) exp

(
1

2

∫ t

0
Rpi(t̃)dt̃

)]
= 0. (5.4)

Performing the integration and using the initial condition n2(0) = ntot(0)/2
gives the solution for the excited state density

n2(t) =
1

2
ntot(0) exp

(
−1

2

∫ t

0
Rpi(t̃)dt̃

)
. (5.5)

Suppose the ionization laser pulse, with pulse length τ , starts to photo-ionize
the excited atoms at time t = 0. The ion density at time t = τ can then be found
be substituting Eq. (5.5) into Eq. (5.1b) and integrating over the ionization
laser pulse length τ , which gives

ni(τ) =

∫ τ

0
Rpi(t)n2(t)dt

=
1

2
ntot(0)

∫ τ

0
Rpi(t) exp

(
−1

2

∫ t

0
Rpi(t̃)dt̃

)
dt. (5.6)

Equation (5.6) can be evaluated by integration by substitution. Suppose that
the integral in the argument of the exponential∫ t

0
Rpi(t̃)dt̃ = ψ(t)− ψ(0), (5.7)

then its derivative is given by

dψ

dt
= Rpi(t) ⇔ Rpi(t)dt = dψ. (5.8)

Substituting Eq. (5.7) and Eq. (5.8) into Eq. (5.6) changes the integration
variable from t to ψ, and the integration boundaries for the leftmost integral
from [0, τ ] to [ψ(0), ψ(τ)]. The ion density at time t = τ then becomes

ni(τ) =
1

2
ntot(0)

∫ ψ(τ)

ψ(0)
exp

(
−1

2 [ψ − ψ(0)]
)
dψ

= ntot(0)
[
1− exp

(
−1

2 [ψ(τ)− ψ(0)]
)]
. (5.9)

By substituting Eq. (5.7) with t→ τ , and the definition of the photo-ionization
rate Rpi into Eq. (5.9), we find the solution for the particle number density ni
of ions created in the two-step photo-ionization process, i.e.,

ni(τ) = ntot(0)

[
1− exp

(
−σpiF
2Eph

)]
, (5.10)
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with

F =

∫ τ

0
Ipi(t̃)dt̃ (5.11)

the fluence (energy per area) of the ionization laser pulse.

If we furthermore assume that the photo-ionization laser beam has a con-
stant fluence F = Epulse/A in the overlap volume of the atoms with the excita-
tion laser beam and ionization laser beam, with Epulse and A the ionization laser
pulse energy and beam area, respectively, then the number of ions Ni created in
the two-step photo-ionization process follows from simply multiplying the ion
density in Eq. (5.10) by the overlap volume V . Hence,

Ni = Ntot(0)

[
1− exp

(
−σpiF
2Eph

)]
, (5.12)

with Ntot(0) = ntot(0)V the total of number of atoms at time t = 0.

Equation (5.12) is typically used as a fit function to determine the photo-
ionization cross section with the saturation technique; by measuring the number
of ions created as a function of the ionization laser pulse energy, until the ion-
ization transition is saturated too, the photo-ionization cross section can be
obtained from fitting the measured data with this exponential function.

The advantage of using Eq. (5.12) as a fit function is that an accurate
determination of the photo-ionization cross section only requires the wavelength
λ of the ionization laser and its beam area in the overlap volume of the lasers
and atoms to be measured; it does not require knowledge of the total number
of atoms present before photo-ionization, since the exponential behavior of Eq.
(5.12) makes the total number of atoms a fit parameter as well.

However, in reality, the ionization laser often does not have a constant flu-
ence in the overlap volume, but a Gaussian shape, in which the tails of the
Gaussian profile can contribute considerably to the production of ions [13].
This is also true for the experiment performed in this chapter, and we therefore
use an adapted version of Eq. (5.12), which takes the spatial profile of the ion-
ization laser beam into account. In Sec. 5.3, we will discuss this in more detail,
together with how the frequency shift in the cavity, induced by an ultracold
plasma, can be used as a measure for the number of ions present in the plasma.
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5.3 Experiment and methods

5.3.1 Optical setup

The setup used for the determination of the photo-ionization cross section of
85Rb is depicted in Fig. 5.1. The main part consists of an ultrahigh vacuum
(UHV) chamber with a microwave cavity (1) inside in which a cloud of 85Rb
atoms is laser cooled and trapped using a grating chip MOT, as discussed in
the previous chapters. This is done with a 780 nm cooling laser, which enters
the cavity through the hole shown in Fig. 5.1. To count the number of atoms
present in the magneto-optical trap and to determine the atomic density profile,
two infrared cameras are used to image the fluorescence of the 52P3/2 excited
state to the 52S1/2 ground state; this is one fast camera (2) with a zoom lens
(3) positioned behind a dichroic mirror (4) and another camera (5) with a lens
(6) that makes a one-to-one image of the ultracold atoms from a perpendicular
angle through a 50:50 non-polarizing beam splitter (BS) cube (7).

After the magneto-optical trap has been loaded with atoms, an ultracold
plasma is created by two-step photo-ionization. The trapping laser is rapidly
turned off with an acousto-optic modulator (AOM) to let the atoms in the
excited state decay to the 52S1/2 ground state. After 1 µs (which is much
longer than the 26 ns lifetime of the excited state), the excitation laser beam
is turned on to resonantly excite the atoms to the 52P3/2 state. The excitation
laser beam, which is fiber-coupled, is split off from the trapping laser beam
(not shown here) and enters the setup through a collimator (8). It has a 1/e2

Gaussian beam diameter of 1.5 mm, is linearly polarized, with its angle of
polarization set by a λ/2 waveplate (9), and has a typical power of 1.3 mW upon
arrival in the cavity. As a result, the beam has a peak intensity I0 = 1.3/[2π ×
(0.15/4)2] = 1.5 × 102 mW/cm2, which is much larger than the saturation
intensity Isat = 3.12950 mW/cm2 for π-polarized light for the 52S1/2(F = 3)
to the 52P3/2(F

′ = 4) cycling transition [14]. This results in an on-resonance
saturation parameter s0 = I0/Isat = 47, and the steady state excited state
fraction f2 will therefore be f2 = 1

2s0/(1 + s0) ≈ 1
2 , which justifies the use of

the saturation technique.

The excitation laser is operated in both pulsed and continuous wave (CW)
mode. Pulsed mode is used for performing the measurements of the photo-
ionization cross section. An excitation pulse with a pulse length of 5 µs is used,
which is more than enough for the atoms to reach the steady state situation in
which half of the atoms occupies the excited state. In between measurements,
when the pulse energy of the photo-ionization laser is changed, the excitation
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Figure 5.1: Experimental setup with the nanosecond ionization laser, laser
translation stage, the ultrahigh vacuum chamber containing the resonant mi-
crowave cavity (1), and several other parts; a complete description of the setup
can be found in the main text.

laser is switched to CW mode in order to monitor the beam profile and laser
power, since the energy in a single excitation laser pulse is not large enough to
be measured. Monitoring is done to ensure the laser power is large enough for
the excitation transition to be saturated. For capturing the beam profile, an
infrared camera (10) is placed at an optical path length from the 50:50 BS cube
(7), which is the same as the path length from the 50:50 beam splitter cube to
the center of the cavity. The camera is placed behind a 58:42 non-polarizing
BS cube (11), which transmits 58 percent of the light in the forward direction.
The remaining 42 percent is split off and subsequently divided by another non-
polarizing beam splitter (12); 50% of the light is directed to a power meter (13)
and 50% is measured with a fast photo-diode detector (14). The latter is being
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used to temporally overlap the excitation laser pulse with the photo-ionization
laser pulse in the cavity, on an oscilloscope.

After being excited to the 52P3/2 state, the atoms are ionized with a nanosec-
ond photo-ionization laser. The nanosecond photo-ionization laser setup con-
sists of a 1064 nm Q-switched Nd:YAG laser used to pump a 480 nm tunable
pulsed dye laser at a repetition rate of 10 Hz; the Nd:YAG laser has two crys-
tals at its output side, used for second-harmonic generation (532 nm) and sum-
frequency generation (355 nm), respectively. Two dichroic mirrors (15, 16) are
used to filter out the 1064 nm and 532 nm components, and the remaining
355 nm pulses are subsequently being used to pump a dye of Coumarin-480 in
the dye laser in order to generate 480 nm nanosecond laser pulses. The exact
wavelength of the dye laser pulses is set by the angle of a diffraction grating
inside the dye laser and is monitored throughout the experiment with a Fizeau
interferometric wavemeter by splitting off 1% of the output beam power with
a beam sampler (17) and coupling the light into a collimator (18) connected to
the wavemeter. The pulses have a Gaussian beam profile with an rms size of
1.1 mm by 0.8 mm in the x- and z-direction, respectively (see Fig. 5.1), and
a pulse energy up to ∼500 µJ upon arrival in the cavity, with a full-width at
half-maximum pulse length of 6 ns. The dye laser pulses photo-ionize the atoms
with a delay of 250 ns with respect to the start of the excitation laser pulse, in
order to let the atoms obtain a steady state excited state fraction f2 ≈ 1

2 before
photo-ionization.

A computer-controlled translation stage steers the ionization laser beam in
the xz-plane of the cavity (see Fig. 5.1), which simplifies overlapping the ion-
ization laser beam with the excitation laser beam considerably, without having
to manually adjust the angles of several mirrors in the optical path before the
cavity. The stage also contains a computer-controlled λ/2 waveplate (19) in
front of a polarizing BS cube (20) which can be used to control the pulse energy
of the ionization laser beam, by changing the angle of the waveplate.

The ionization laser beam is focused towards the cavity with a lens (21) at-
tached to the translation stage, and its beam profile is measured with a camera
(22). The camera was placed behind a 90:10 non-polarizing BS cube (23), at
a distance that is the same as the optical path length from the non-polarizing
BS cube to the center of the cavity. This was done in order to measure the
size of the ionization laser beam, which is crucial for the correct determination
of the photo-ionization cross section. A fast photo-diode detector (24) is used
to temporally overlap the ionization laser with the excitation laser beam. A
computer-controlled λ/2 waveplate (25) in front of the UHV chamber is used
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to change the angle of the linearly-polarized ionization laser beam and a power
meter (26) behind the UHV chamber measures the pulse energy of the nanosec-
ond laser pulses. Since the UV grade fused silica windows of the UHV chamber
transmit only 92% of the light at 480 nm, we correct for the decrease in pulse
energy arriving at the power meter in the analysis.

In order to spatially overlap the excitation laser beam with the ionization
laser beam and the ultracold atomic cloud, the following procedure was followed.
First, the trapping laser beam was kept on all the time, and the ionization laser
beam was moved in the xz-plane with the translation stage until the laser
overlaps with the laser-cooled atomic cloud. Then, the trapping laser beam is
turned off just before photo-ionization, and the excitation laser beam is turned
on. Subsequently, the excitation laser beam was moved in the cavity until it
overlaps with both the ionization laser beam and the ultracold atomic cloud. A
good overlap was achieved by maximizing the measured shift in the resonance
frequency of the cavity, induced by the ultracold plasma, at the moment of
photo-ionization.

5.3.2 Microwave cavity resonance spectroscopy

The shift in the resonance frequency ∆ω of the cavity was measured as a function
of time t with the data-acquisition system discussed in the previous chapters,
and is related to the electron density of the ultracold plasma by [15]

∆ω(t)

ω0
=

e2

2meϵ0ω2
0

ne(t). (5.13)

Here, ω0 is the resonance frequency of the unperturbed cavity, e the elementary
charge, ϵ0 the vacuum permittivity, me the electron mass, and the quantity ne
the field-averaged electron density, which is defined as

ne(t) ≡
∫
Vcav

ne(r, t)|E(r)|2d3r∫
Vcav

|E(r)|2d3r , (5.14)

with ne the local electron density at positions r in the cavity, E the electric field
of the used resonant eigenmode in the cavity, which is the TM010 mode in our
case, and Vcav the cavity volume.

Since the electric field is constant in the region Vp in the cavity where the
ultracold plasma is created, i.e., E(r) = E0ẑ, with E0 the electric field amplitude
and ẑ the unit vector in the z-direction, it can be taken out of the integral. This
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makes the field-averaged electron density at time t = τ (the moment the plasma
is created) a direct measure for the number of electrons in the cavity. Hence,

ne(τ) =

∫
Vp
ne(r, τ)|E0ẑ|2d3r∫
Vcav

|E(r)|2d3r = CNe(τ). (5.15)

Here, Ne is the total number of electrons in the plasma, and the constant C ≡
E2

0/
∫
Vcav

|E(r)|2d3r a proportionality constant that relates the field-averaged
electron density to the number of electrons.

This basically makes the microwave cavity a charged particle detector and
therefore ideal for the measurements of the photo-ionization cross section by us-
ing microwave cavity resonance spectroscopy in combination with the saturation
technique.

However, in MCRS, the measured signal (field-averaged electron density) is
related to the free electrons present in the plasma, and not to the ions, as is the
case in the saturation technique. To obtain a fit function that, in the case of
MCRS, relates the measured signal to the pulse energy of the ionization laser,
and in addition takes the spatial profile of the ionization laser into account (as
discussed in Sec. 5.2), we rewrite Eq. (5.15) in terms of the ion density and
use the expressions derived in Sec. 5.2. Since the plasma is quasi-neutral, i.e.
ne ≈ ni, the field-averaged electron density becomes

ne = CNe ≈ C

∫
Vp

ni(r)d
3r, (5.16)

with ni the ion density given by Eq. (5.10). Substitution into Eq. (5.16) yields

ne = C

∫
Vp

ntot(0)

[
1− exp

(
−σpiF (x, z)

2Eph

)]
dxdydz. (5.17)

The ionization laser in our experiment has a Gaussian beam profile, and enters
the cavity along the y-direction (see Fig. 5.1). The fluence F of the ionization
laser in Eq. (5.17) is therefore given by

F (x, z) =
Epulse

2πsxsz
exp

(
− x2

2s2x
− z2

2s2z

)
, (5.18)

with Epulse the pulse energy of a single ionization laser pulse, and sx and sz the
rms sizes of the laser beam in the x- and z-direction of the cavity, respectively.
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The atomic density profile ntot of the laser-cooled and trapped atoms in the
magneto-optical trap is given by a Gaussian density profile as well:

ntot =
Ntot

(2π)3/2σxσyσz
exp

(
− x2

2σ2x
− y2

2σ2y
− z2

2σ2z

)
, (5.19)

with Ntot the total number of atoms in the MOT before photo-ionization, and
σx, σy, and σz the rms sizes of the atomic cloud in the x-, y-, and z-direction,
respectively.

Substituting the total atomic density profile [Eq. (5.19)] into Eq. (5.17)
then gives

ne =
CNtot

2πσxσz

∫ ∞

−∞

∫ ∞

−∞
exp

(
− x2

2σ2x
− z2

2σ2z

)
×
[
1− exp

(
−σpiF (x, z)

2Eph

)]
dxdz. (5.20)

Here we made use of
∫∞
−∞ exp

(
−y2/2σ2y

)
dy =

√
2πσy, since the ionization laser

pulse propagates in the y-direction and can therefore ionize excited atoms at all
y-positions along its path.

Equation (5.20) replaces the original fit function Eq. (5.12) used for deter-
mining the photo-ionization cross section; it takes the non-constant fluence of
the ionization laser beam into account, and since the atomic cloud is not much
larger than the ionization laser beam size, the size of the atomic cloud as well.
In the next section, this equation will be used to determine the photo-ionization
cross section.

5.4 Results

We laser cooled and trapped a cloud of 85Rb atoms with on average ∼ 3.4 ×
107 atoms, and an rms size σx = 0.8 mm, σy = 0.6 mm, and σz = 0.4 mm.
Subsequently we photo-ionized the cloud, as discussed in the previous section;
we turn off the trapping laser, wait for 1 µs to let the atoms decay to the ground
state and then turn on the saturated excitation laser. After 250 ns from the start
of the excitation laser pulse, we photo-ionize the atoms with the nanosecond
laser. We measured the field-averaged electron density as a function of time, for
ten different pulse energies of the nanosecond laser. In Fig. 5.2, the measured
field-averaged electron density directly after photo-ionization is plotted as a
function of the pulse energy for ultracold plasmas with four different initial
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electron temperatures: 50 K, 100 K, 200 K, and 500 K. From curve fitting the
four measurements with Eq. (5.20), we found a cross section for photo-ionizing
the 52P3/2(F

′ = 4) excited state of 85Rb of (5±2)×10−22 m2, (6±2)×10−22 m2,
(5 ± 2) × 10−22 m2, and (4.9 ± 0.9) × 10−22 m2 for UCPs with initial electron
temperature of 50 K, 100 K, 200 K, and 500 K, respectively.

In comparison with theory and two earlier measurements performed by other
groups, we find a cross section that is a factor of 2 to 3 lower. Regarding the
theoretical value, to our best knowledge, the photo-ionization cross section has
not been calculated for the 52P3/2(F

′ = 4) state, but only for the 5p state of
85Rb, which gives a cross section with a value between 12.5 × 10−22 m2 and
14 × 10−22 m2 at ionization threshold, depending on the central-field model
used [16]. This makes it difficult to quantitatively compare our measurement
with the theoretical value, and therefore, the cross section should be calculated
by taking the (hyper)fine structure of 85Rb into account.

Two earlier measurements performed of the photo-ionization cross section
of the 52P3/2 state, one with the MOT loading technique discussed in Sec. 5.1
and the other with the saturation technique on a collimated atomic beam, yield
values that are comparable with each other, and which are slightly higher than
the theoretical value: Gabbanini et al. find a cross section of 14.8(22)×10−22 m2

with the MOT loading technique [17], while Nadeem et al. report a cross section
of 15 × 10−22 m2 with the saturation technique, with a total uncertainty of
16% [18].

5.5 Discussion discrepancy

Potential sources of error in our measurements that could lead to a lower value
for the photo-ionization cross section than in earlier measurements are a slightly
detuned excitation laser beam, a larger photo-ionization beam area than ex-
pected, and the tails of the Gaussian laser-cooled atomic cloud not being com-
pletely saturated due to the finite size of the excitation laser beam. Below we
estimate the error for each of those causes and we find that their individual
influence on the photo-ionization cross section is rather small (≤ 28%).

Firstly, the excitation laser might in practice have a small detuning due to a
mismatch between the frequency where we lock the laser and the 52S1/2(F = 3)
to 52P3/2(F

′ = 4) atomic transition frequency (as discussed in Sec. 2.5.1). This
could decrease the excited state fraction f2. However, the laser is typically
locked within one natural linewidth Γ of the atomic transition, so we estimate
f2 to be at least f2 = 1

2s0/(1 + s0 + 4δ2/Γ2) ≈ 0.45, with δ the laser detuning
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Figure 5.2: Black dots: measured field-averaged electron density ne as a func-
tion of the pulse energy Epulse of the nanosecond photo-ionization laser for
ultracold plasmas with different initial electron temperatures. Blue curves: fits
of the measured data using Eq. (5.20). The error bars in the 500 K graph
are smaller than in the other graphs, since the measurements have been car-
ried out for an rf electric field strength E0 ≈ 1.0 kV/m in the cavity, whereas
E0 ≈ 0.5 kV/m for the measurements of the other graphs.
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with respect to the transition, Γ/2π = 6.07 MHz being the natural line width
of the D2 line transition of 85Rb [14], and s0 = 47 as discussed in Sec. 5.3.
Replacing the factor 1

2 in the exponential of the fit function [Eq. (5.20)] by 0.45
therefore leads to a maximum increase of the photo-ionization cross section by
10%.

Secondly, a difference in the optical path length from the non-polarizing
BS cube (23) to the center of the cavity (1) and from the same BS cube to
the CCD of the photo-ionization camera (22) might lead to an underestimate
of the photo-ionization laser beam area. However, we estimate the difference
in the optical path length to be less than 1 cm. Since we use a positive lens
(21) with a long focal length of 25 cm to decrease the beam size of the photo-
ionization laser, the beam area does not change considerably along its typical
4σy = 2.4 mm path through the atomic laser-cooled cloud and by maximally
28% along a 1 cm optical path difference (for comparison, the Rayleigh length
is 1.7 cm). Hence, this will lead to a maximally 28% higher cross section.

Thirdly, since the excitation laser beam size is comparable to the size of the
laser-cooled atomic gas cloud, the fraction of atoms in the excited state at the
tails of the Gaussian atomic density distribution is less than 1

2 . To estimate
the influence on the photo-ionization cross section, we can correct for this again
by replacing the factor 1

2 in the exponential in the fit function [Eq. (5.20)] by
the excited state fraction f2 =

1
2s0(r)/[s0(r) + 1] as a function of position, with

s0(r) = Iexc(r)/Isat the earlier defined on-resonance saturation parameter and

Iexc(r) =
P

2πςyςz
exp

(
− y2

2ς2y
− z2

2ς2z

)
(5.21)

the spatial intensity profile of the excitation laser beam, with P the peak power
and ςy and ςz the rms sizes of the laser beam, respectively. Performing the
correction, with the measured P = 1.3 mW and ςy = ςz = 3×102 µm leads to a
∼20% higher cross section, so the effect of the non-saturated tails of the atomic
cloud on the photo-ionization cross section is not very large.

Finally, the uncertainty in the wavelength of the photo-ionization laser, and
the stability of the other parameters in the fit function Eq. (5.20) seem to have
a negligible effect on the photo-ionization cross section, when correcting for this.
Hence, for future experiments the above mentioned effects should therefore be
first taken into consideration when repeating a measurement.
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5.6 Conclusions and outlook

We have demonstrated microwave cavity resonance spectroscopy as a novel tech-
nique to measure the excited state photo-ionization cross section of laser-cooled
atoms. We used a diffraction grating-based magneto-optical trap inside a cav-
ity to laser cool and trap a cloud of 85Rb atoms and showed that, by creating
an ultracold plasma with a saturated excitation laser beam and by varying the
pulse energy of a pulsed dye laser until the dye laser beam is saturated as well,
we could measure the photo-ionization cross section of the 52P3/2(F

′ = 4) ex-
cited state of 85Rb to the continuum. The measurements give a cross section
of ∼ 5× 10−22 m2 for initial electron temperatures of 50 K, 100 K, 200 K, and
500 K. The found cross sections are approximately a factor of 2 to 3 lower than
the theoretical value for the 5p state of 85Rb and two earlier measurements
performed with different techniques.

We investigated several potential sources of error that, in our case, could
lead to a lower value than reported before; however, we find that their indi-
vidual influence on the total photo-ionization cross section is not very large.
Nevertheless, their combined effect should be considered and reduced when re-
peating an experiment. In addition, since the cross section is only known for
the 5p state from literature, and not for the 52P3/2(F

′ = 4) state, a completely
proper comparison of our measurements with the theoretical predictions is not
yet possible. A more extensive calculation should be performed that takes the
(hyper)fine structure of 85Rb into account.
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Chapter 6

Conclusion

6.1 Summary of results

In this thesis, the interactions of an ultracold plasma with the electromagnetic
fields inside a resonant microwave cavity were studied. To this end, we first
developed an ultrahigh vacuum setup with a 5 GHz resonant microwave cavity
inside. We demonstrated it was possible to laser cool and trap a gas of 85Rb
atoms inside the cavity, by using a grating magneto-optical trap. Subsequently,
an ultracold plasma was produced by photo-ionizing the ultracold atoms, and
we gave a proof of concept that a microwave cavity can be used as a diagnostic
to study these plasmas non-destructively, fast (at nanosecond timescales), and
with a high sensitivity; we improved the lower detection limit of MCRS by
two orders of magnitude, and we performed an in situ study of the electron
dynamics of an 85Rb ultracold plasma.

To compare the measured plasma decay curve with a theoretical model, and
to benchmark the MCRS technique for UCPs, we used a self-similar Gaussian
expansion model to describe the plasma decay. We found that the initial signal
could be predicted quite accurately, given the MOT atom numbers, 85Rb photo-
ionization cross section, and properties of the excitation and ionization laser
beams. However, we observed that the plasma was decaying approximately
three times faster than predicted by the model, which might be attributed
to collisional microwave heating and/or absorption of electrons by the nearest
cavity wall, where the diffraction grating is located.

To test these hypotheses, we performed new experiments in which we varied
the rf electric field strength in the cavity. In addition, we developed a simple
analytical microscopic plasma model, based on the collisionless macroscopic self-
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similar Gaussian expansion model, to describe the electron trajectories in the
plasma, in order to account for electron losses to the cavity walls.

We found that the rf electric field influences the decay time of the plasma,
but that the effect is rather small; the major cause for the observed discrepancy
in the plasma decay time can be attributed to absorption of electrons by the
cavity walls. We verified this by comparing the microscopic model with MCRS
measurements of ultracold plasmas with different initial electron temperatures,
and found that the model describes the measurements quite well.

To take the subtle effect of the electric field on the decay time of the plasma
into account as well, the microscopic model was extended using the theory
of collisional microwave heating. By treating the energy transferred from the
microwave electric field to the plasma as initial excess energy for the electrons,
in addition to the photon excess energy, we found that the MCRS measurements
performed for different rf electric fields match reasonably well with the model.
This implies that the subtle effect of the electric field on the plasma decay time
can be attributed to collisional microwave heating.

The overall interaction of the plasma with the MCRS method is thus quite
well described by the plasma model that includes absorption of electrons by
the cavity walls. However, a question that remains open is whether electron-
electron collisions could alter the trajectories in the plasma model in such a way
that the plasma decay time is significantly changed; although there are reasons
to believe this is not the case, more research is needed to investigate this.

Finally, in Ch. 5, we use the MCRS technique in combination with the so-
called saturation technique to determine the photo-ionization cross section of
the 52P3/2(F

′ = 4) excited state of 85Rb, without having to calibrate for the ini-
tial number of electrons in the UCP. We found a photo-ionization cross section
of ≈ 5× 10−22 m2 for initial electron temperatures of 50 K, 100 K, 200 K and
500 K. The measurements yield a 2 to 3 times smaller value than provided by
existing theory for the 5p excited state of 85Rb, and two earlier measurements
performed with different techniques. In view of this discrepancy, an improve-
ment of the theoretical description, which takes the (hyper)fine structure of
85Rb into account, is in order.

The research conducted in this thesis has led to a better understanding of the
interactions of a UCP with the electromagnetic fields inside a cavity, and to an
improvement of microwave cavity resonance spectroscopy in terms of sensitivity.
The improved sensitivity allowed us to set the first steps towards a quantitative
study of collisional microwave heating in UCPs.

However, the main limiting factor of the current setup is the quality factor
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Q0 of the microwave cavity; the low Q-factor is caused by the 100 nm thin
Al reflective layer on top of the Si substrate of the diffraction grating chip,
which is small compared to the 1.2 µm skin depth of Al at 5 GHz. In order to
perform much faster, and even more sensitive MCRS measurements in future
experiments, and to study fundamental heating mechanisms in ultracold plas-
mas, such as collisional microwave heating in greater detail, the cavity quality
factor should be drastically improved.

In the next section, we will discuss how much can be gained in terms of
sensitivity by increasing the Q-factor of the cavity, how a higher quality factor
cavity might be realized in practice, and what this implies in terms of the
number of electrons that can be detected. Then, in Sec. 6.3, we discuss how
the plasma-wall effect can be suppressed. Finally, in Sec. 6.4, an MCRS-based
method to determine the electron temperature of UCPs will be presented.

6.2 Improvement sensitivity MCRS

Up till now, cavities with a relatively low Q-factor (typically Q0 ≲ 102) have
been used to study plasmas with MCRS, since the quality factor determines the
response time τ of the cavity; although a higher Q-factor increases the resolution
with which the resonance frequency ω0 can be determined through curve fitting
of the measurement data, often the quality factor has been intentionally lowered,
so as not to lose temporal information of the plasma decay process [1].

However, as we will show below, this is not necessarily true; in certain cases
it might be beneficial to increase the cavity Q-factor significantly, since the
signal-to-ratio is directly proportional to Q0, as briefly discussed in Ch. 3.

To understand this, let us examine the cause for the loss of temporal informa-
tion in the measured frequency shift. Mathematically, the measured frequency
shift ∆ωm(t) as a function of time t can be described by the convolution of the
actual frequency shift ∆ω(t) with an instrumental transfer function g(t), i.e.,

∆ωm(t) = (∆ω ∗ g)(t). (6.1)

In general, the transfer function g(t) of a system is not known a priori. However,
in our case, we can reconstruct g(t). As we will show in the Appendix, the
transfer function g(t) of the cavity is given by

g(t) =
1

τ
exp

(
− t

τ

)
H(t), (6.2)
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with H(t) the Heaviside step function, τ = Q0/ω0 the response time (tempo-
ral resolution) of the cavity, and Q0 and ω0 the quality factor and resonance
frequency of the (unperturbed) cavity, respectively.

The transfer function can be used to recover the actual frequency shift ∆ω
describing the plasma decay from a measured frequency shift ∆ωm, by perform-
ing the inverse operation of Eq. (6.1), i.e., the deconvolution. The temporal
information of a plasma decay process, due to an increase of the Q-factor of the
cavity, is therefore not necessarily lost.

How well the deconvolution works, depends on the signal-to-noise ratio
(SNR); generally speaking, the noisier the signal is, the harder it will be to
recover ∆ω(t). However, as we will show with calculations below, by increasing
the Q-factor of the cavity, the signal-to-noise ratio will go up as well.

To find out how the signal-to-noise ratio depends on the Q-factor and the
actual frequency shift, recall from Ch. 2 that the ratio of the absorbed power
Pabs by the cavity to the total amount of transferred power Ptot to the cavity,
is described by a Lorentzian function L, i.e.,

Pabs

Ptot
= L(ω, ω0, β,Q0) =

4β

4[Q0(ω − ω0)/ω0]2 + (1 + β)2
, (6.3)

with ω an angular frequency, and β the coupling coefficient of the antenna,
describing how well the cavity is impedance matched with an external network
(β = 1 indicates impedance matching).

However, since we use a logarithmic detector and determine the reflected
power instead of the absorbed power by the cavity, the actual signal measured
is the so-called reflection voltage Vr, given by

Vr = V0 + C ln [1− L(ω, ω0, β,Q0)] , (6.4)

with V0 a voltage offset, and C a detector constant.
The signal-to-noise ratio scales with the magnitude of the maximum change

in reflection voltage; this change occurs at the frequencies ω̃ where the derivative
of Eq. (6.4) with respect to ω is maximum. Hence,

ω̃ = ω0

[
1± ξ(β)

6Q0

]
, (6.5)

where

ξ(β) ≡
√

−3− 3β2 + 6η(β); (6.6)

η(β) ≡
√
1− β2 + β4. (6.7)
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Evaluating the first derivative of the reflection voltage ∂Vr/∂ω at frequency
ω = ω̃ yields (

∂Vr
∂ω

) ∣∣∣∣
ω=ω̃

= ±Cγ(β)Q0

ω0
, (6.8)

with

γ(β) ≡ 6β ξ(β)

η2(β) + η(β) + [η(β)− 3]β2
. (6.9)

In Ch. 3, we showed that the change in reflection voltage ∆Vr satisfies the
relationship ∆Vr = −(∂Vr/∂ω)∆ωm for all frequencies ω (as illustrated in Fig.
3.2). The magnitude of the maximum change in reflection voltage ∆Vr,max(t),
which is proportional to the signal-to-noise ratio, is therefore given by

|∆Vr,max(t)| =
∣∣∣∣−∆ωm

(
∂Vr
∂ω

) ∣∣∣∣
ω=ω̃

∣∣∣∣
= ∆ω(t) ∗ 1

τ
exp

(
− t

τ

)
H(t)

|C|Q0

ω0
γ(β)

= ∆ω(t) ∗ exp
(
− t

τ

)
|C|γ(β)H(t), (6.10)

where we expressed the measured frequency shift in terms of the convolution of
the actual frequency shift ∆ω(t) with the transfer function g(t).

To proceed, an expression for the actual frequency shift ∆ω(t) is needed to
perform the convolution. For mathematical convenience, we assume an expo-
nential decay, described by

∆ω(t) = ∆ω̃ exp

(
−(t− t0)

texp

)
H(t− t0), (6.11)

with texp the time constant of the decay, and ∆ω̃ the frequency shift at time
t = t0, the moment the plasma is created.

By substituting Eq. (6.11) into Eq. (6.10), and performing the convolu-
tion, we find that the magnitude of the maximum change in reflection voltage
∆Vr,max(t) as a function of time becomes

|∆Vr,max(t)| = ∆ω̃

(
texpτ

texp − τ

)[
exp

(
−(t− t0)

texp

)
− exp

(
−(t− t0)

τ

)]
× |C|γ(β)H(t− t0). (6.12)

The signal-to-noise ratio is maximal at time

tmax = t0 +

(
texpτ

texp − τ

)
ln

(
texp
τ

)
. (6.13)
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Figure 6.1: The magnitude of the normalized maximum change in reflection
voltage |∆Vr,max/∆Vr,0| at time t = tmax as a function of the dimensionless time
T ≡ τ/texp, for an exponential decay in frequency shift given by Eq. (6.11),
and with |∆Vr,0| defined in the main text.

Evaluating |∆Vr,max(t)| at time t = tmax yields∣∣∣∣∆Vr,max(tmax)

∆Vr,0

∣∣∣∣ = T

T − 1

[
T 1/(1−T ) − T T/(1−T )

]
, (6.14)

with T ≡ τ/texp the cavity response time normalized with respect to the time
constant of the exponential decay and |∆Vr,0| ≡ |C|γ(β)∆ω̃ texp.

In Fig. 6.1, the maximum normalized signal |∆Vr,max/∆Vr,0| at time t = tmax

as a function of the normalized time T is illustrated. By multiplying both sides
of Eq. (6.14) with the normalization constant |∆Vr,0| the following conclusions
about the maximum signal can be drawn. If texp ≫ τ , then

|∆Vr,max(tmax)| = |C|γ(β)∆ω̃ τ, (6.15)

so for small T , the maximum signal-to-noise ratio scales linearly with τ and
thus with Q0. If texp ≪ τ , then the maximum signal

|∆Vr,max(tmax)| = |C|γ(β)∆ω̃ texp (6.16)

is a direct measure for the decay time texp, and deconvolving the signal is not
even required to obtain texp.

Increasing the Q-factor thus not only smoothes out the signal, but also makes
the signal to go to a larger maximum value. This therefore strongly suggests
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that the Q-factor of the cavity should, in future experiments, be made as high
as possible within the practical limits of a cavity design, to improve MCRS and
make it an even more sensitive technique for studying all types of plasmas.

A Q-factor that is practically possible for normal conducting cavities is a
Q0 ≳ 104. This implies that the signal-to-noise ratio could at least be improved
by a factor of 20 with respect to the SNR of the current cavity, which would
enable the detection of as few as 1.5× 103 electrons in a UCP.

In practice, increasing the Q-factor of the existing cavity might be realized
by developing a new diffraction grating chip with a conductive substrate instead
of a Si substrate, as is currently being used. Alternatively, the diffraction grating
chip might be patterned onto the cavity walls using electron beam lithography
in combination with a lift-off process.

6.3 Suppression of the plasma-wall effect

Besides the low Q0 of the current cavity, the interaction of the plasma with the
cavity walls complicates the analysis and comparison of the measured plasma
decay curves with a plasma model, and consequently the further studies of
ultracold plasmas with a microwave cavity. The effect of the cavity walls on
the plasma decay should therefore be reduced. This can be straightforwardly
realized by increasing the cavity volume along its axial direction. Although this
lowers the magnitude of the frequency shift (for a given Gaussian-shaped UCP
in an ideal TM010 cavity, the initial frequency shift scales inversely proportional
to the cavity’s volume, as discussed in Ch. 2), this reduction is much smaller
than the expected increase in the measured signal due to a higher Q-factor
cavity.

6.4 Multimode MCRS for temperature measurements

As discussed in Ch. 1, multimode MCRS provides a new technique which
makes conventional MCRS spatially resolved. Its feasibility was recently shown
for EUV-induced plasmas [2], and allows the moments of an electron density
distribution to be followed, e.g. the peak density and rms size σ of a Gaussian-
shaped electron density distribution. For UCPs, multimode MCRS could be
an interesting technique to implement as well, since the technique reveals how
fast the plasma is expanding; this could be used to determine the electron
temperature Te as a function of time t in UCPs during the full plasma decay
and with high sensitivity; for example, if the plasma has a Gaussian density
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distribution with rms size σ(t), then ∂2σ2(t)/∂t2 ∼ Te(t). Current techniques
to determine Te in a UCP are different from those employed for conventional
plasmas, and either use a model to describe the fraction of escaped electrons
from the plasma potential in the presence of an external electric field [3], Tonks-
Dattner resonances [4], or the fact that the three-body recombination rate is
nearly constant during the plasma decay [5]. However, these techniques are
limited in some sense. For example, the first technique gives large uncertainties
in Te, and has, up till now, only revealed the electron temperature during the
first 10 µs of the plasma decay, while the second technique currently lacks theory
to make it a quantitative method. Multimode MCRS might therefore provide
valuable additional and highly sensitive information on the electron dynamics
of ultracold plasmas. This, in turn, could be interesting in the further studies
of fundamental heating mechanisms in these plasmas, which strongly depend
on the electron temperature for low temperatures.

Appendix: Cavity transfer function g(t)

Recall that in Ch. 2 we discussed a novel technique for determining the response
time (temporal resolution) of a microwave cavity as a diagnostic tool for plasmas
by measuring the delayed frequency shift to a sudden perturbation in the cavity,
in this case an ultracold plasma created by femtosecond photo-ionization. Using
a simple model describing the change in the electromagnetic energy stored in
the cavity, we derived that, for a sudden change in the resonance frequency

∆ω(t) = ∆ω̃H(t− t0), (6.17)

the measured frequency shift ∆ωm(t) lags behind the actual frequency shift
∆ω(t) associated with the perturbation, i.e.,

∆ωm(t) = ∆ω(t)

[
1− exp

(
−(t− t0)

τ

)]
. (6.18)

Here, t is the time, t0 the time at which the plasma is created, H(t) the Heaviside
step function, ∆ω̃ the magnitude of the frequency shift, τ = Q0/ω0 the response
time (temporal resolution) of the cavity, and Q0 and ω0 the quality factor and
resonance frequency of the (unperturbed) cavity, respectively.

In Ch. 2, we used this model to obtain the response time τ of the cavity by
curve fitting the measured data with Eq. (6.18). Here, we will use this model
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to reconstruct g(t). Substitution of Eq. (6.17) in Eq. (6.1) yields

∆ωm(t) = (∆ω ∗ g)(t) = ∆ω̃

∫ ∞

−∞
g(t̃)H(t− t0 − t̃)dt̃

= ∆ω̃

∫ t−t0

−∞
g(t̃)dt̃. (6.19)

Taking the derivative with respect to time gives

g(t− t0) =
1

∆ω̃

d

dt
(∆ω ∗ g)(t) = ∆ω(t)

∆ω̃

1

τ
exp

(
−(t− t0)

τ

)
, (6.20)

and hence, substitution of Eq. (6.17) in Eq. (6.20) then results in the transfer
function of the cavity

g(t) =
1

τ
exp

(
− t

τ

)
H(t). (6.21)
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Microwave cavity resonance spectroscopy of ultracold plasmas

For the downscaling and embedding of an ever-increasing number of transis-
tors on integrated circuits, state-of-the-art photolithography tools use light at a
wavelength of 13.5 nm, in the so-called extreme ultraviolet (EUV) range of the
electromagnetic spectrum. This light is generated by a laser-produced plasma
of tin, and gets, as a consequence of the high photon energy (92 eV), absorbed
by all conventional refractive optics; reflective optics, consisting of multilayer
coated Mo-Si Bragg mirrors, are therefore employed in EUV lithography tools
to guide the light from the source to the wafer.

To reduce contamination of these delicate mirrors with tin, a low-pressure
background gas of hydrogen is used. The presence of this gas in lithography
tools, however, comes at a cost: high-energy EUV photons ionize the back-
ground gas, resulting in a so-called EUV-induced plasma, which reacts with
the mirrors through, e.g., ion-bombardment and plasma-assisted chemistry. A
good understanding of the interaction of the EUV-induced plasma with the mir-
rors is therefore of crucial importance. Moreover, state-of-the-art EUV photo-
lithography tools currently lack metrology tools to simultaneously monitor the
EUV beam power and position in a non-invasive way, and with a high temporal
(< 10 µs) and spatial resolution (< 10 µm).

As a solution to both of these challenges, the technique of microwave cavity
resonance spectroscopy (MCRS) was recently proposed at Eindhoven University
of Technology. This technique utilizes the shift in the resonance frequency of
an electromagnetic standing wave (eigenmode) excited in a resonant microwave
cavity, induced by the presence of a plasma inside the cavity, to obtain in-
formation about the electron dynamics of the plasma. By exciting different
eigenmodes, even spatial information about the plasma, and therefore the EUV
beam position, can be acquired.

However, in order to develop a prototype of a resonant microwave cavity
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EUV beam monitor, and to calibrate/benchmark the MCRS method, a better
understanding of the interactions of a plasma with the electromagnetic fields is
needed. The research conducted for this doctoral thesis focuses on this goal,
that is:

To study the fundamental interactions of a plasma with the
electromagnetic fields inside a resonant microwave cavity.

To study the interactions, an ultracold plasma (UCP) was used as a model
plasma, instead of an EUV-induced plasma, since the behavior of an EUV-
induced plasma is quite complex. Ultracold plasmas, on the contrary, are very
clean and controllable plasmas, which can be produced by near-threshold photo-
ionization of a cloud of laser-cooled and trapped atoms inside a magneto-optical
trap (MOT); the excellent control over the intensity profile and wavelength of
the photo-ionization laser beam used allows the initial electron temperature
Te(0) and electron density profile of the plasma to be precisely set. Moreover, the
low temperature of UCPs decreases the plasma expansion speed substantially
and enables observation of transient plasma phenomena in great detail. Finally,
the UCP expansion is theoretically described by a well-established analytical
self-similar Gaussian expansion model (for Te(0) ≳ 50 K), which can be obtained
ab initio from the Vlasov equation.

A 5 GHz resonant microwave cavity was first developed, to create an ultra-
cold plasma inside an ultrahigh vacuum chamber. A novel, compact type of
magneto-optical trap, based on a diffraction grating chip, was implemented to
laser cool and trap a gas of ∼ 7×107 atoms of 85Rb to ∼ µK temperatures inside
the resonant microwave cavity. The atoms were subsequently photo-ionized by
nanosecond photo-ionization to create an ultracold 85Rb plasma and a proof of
concept of using the cavity as a novel type of diagnostic for ultracold plasmas
was given; it was shown that the cavity can be employed to simultaneously
measure the electron dynamics of UCPs in situ, very fast (ns temporal resolu-
tion), with high sensitivity, and can be used for ultracold plasmas of all atomic
species.

To quantitatively compare the measured frequency shift of the cavity, in-
duced by the plasma, with theory, a self-similar Gaussian expansion model was
used to describe the plasma decay. A good agreement was found between the ini-
tial measured frequency shift, and the one calculated from the number of atoms
present in the MOT, the photo-ionization cross section of the 52P3/2(F

′ = 4)
excited state of 85Rb, and the properties of the lasers used in the experiment.
However, a three times faster plasma decay was observed than predicted by this
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model, which we attributed to collisional microwave heating and/or the absorp-
tion of electrons by the nearest cavity wall, where the diffraction grating chip
is located.

To test these hypotheses, new experiments were performed in which the in-
fluence of the cavity’s rf electric field strength on the plasma decay time was
studied. In addition, a simple analytical microscopic model, was developed to
calculate the trajectories of the electrons in the plasma, in order to account for
electrons being lost to the cavity walls. It was found that this model explains the
measurement performed for UCPs with different initial electron temperatures
quite well, and that the earlier observed discrepancy could be mainly attributed
to electrons being lost to the walls; only a subtle effect of the rf electric field (for
field strengths E0 ≳ 0.2 kV/m) on the plasma decay time was found in experi-
ments. To account for this effect as well, the microscopic model was extended
using the theory of collisional microwave heating. By treating the energy trans-
ferred from the microwave field as an additional initial excess energy for the
electrons on top of the excess energy of the ionization laser’s photons, a quite
good agreement was found between the model and measurements; the subtle
effect of the rf electric field on the plasma decay can therefore be attributed to
collisional microwave heating.

The interactions of the plasma with the electromagnetic fields inside the
cavity were therefore reasonably well understood in terms of the plasma model.
However, a question that remains unanswered is whether electron-electron col-
lisions can affect the electron trajectories in such a way that the plasma decay
is significantly altered; although there are reasons to believe that this is not
the case, more advanced simulations should be performed, that also take the
change of the mean-field potential into account due to a charge-imbalance at
later times during the plasma decay.

Finally, MCRS was used as a novel method to determine the photo-ionization
cross section of the 52P3/2(F

′ = 4) excited state of 85Rb. By combining MCRS
with the so-called saturation technique from the field of atomic physics, a cross
section of 5× 10−22 m2 was found for UCPs with initial electron temperatures
of 50 K, 100 K, 200 K, and 500 K. In comparison with the theoretical value
of the photo-ionization cross section of the 5p state of Rb, and two earlier
measurements performed by other groups, we find a cross section which is a
factor of 2 to 3 lower. However, to make a better comparison of the cross
section with the theoretical value, a more extensive theoretical calculation, that
takes the (hyper)fine structure of 85Rb into account, should be performed.

To perform faster and even more sensitive MCRS measurements in future
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experiments, and to study fundamental plasma heating mechanisms, such as
collisional microwave heating in more detail, the cavity’s quality factor should
be significantly improved; the current Q-factor is limited by ohmic losses in the
silicon substrate of the diffraction grating chip. By using a grating chip with
a conductive substrate, an improvement in the signal-to-noise ratio by a factor
of 20 should be possible. In addition, the cavity’s volume in the axial direction
should be increased, to reduce the effect of the cavity walls on the plasma de-
cay, and to simplify the analysis and comparison of future measurements with a
plasma model. Moreover, it might be interesting to excite multiple eigenmodes
in a new cavity design to obtain spatial information about the electron density
distribution; this technique, called multimode MCRS, was already demonstrated
for EUV-induced plasmas, and could be a valuable novel technique to monitor
the electron temperature of UCPs during the whole plasma decay.

Keywords: ultracold atoms, ultracold plasma, microwave cavity resonance
spectroscopy, diffraction grating chip, magneto-optical trap, rubidium photo-
ionization cross section, collisional microwave heating, plasma diagnostic
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