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Real is what can be measured.
Max Planck
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Zusammenfassung
Es gibt nur eine Handvoll physikalischer Systeme, die sowohl durch eine
exakte fundamentale Theorie beschrieben, als auch unter experimentellen
Bedingungen untersucht werden können, die den idealisierten Annahmen
der theoretischen Beschreibung sehr nahe kommen.
Der Ein-Atom-Maser oder Micromaser stellt ein solches Beispiel dar und
macht die Untersuchung der fundamentalen Eigenschaften der Atom-FeldWechselwirkung möglich. Der Micromaser kommt dem idealisierten Fall
sehr nahe, in dem ein einzelnes Zwei-Zustands-Atom mit einer einzelnen
quantisierten Mode eines Resonatorfeldes in Wechselwirkung tritt.
Im Micromaser haben die Atome einen doppelten Zweck: Einerseits
pumpen sie das Feld, andererseits dienen sie seiner Messung, indem die
austretenden Atome gemessen werden. Jedes andere Verfahren zur Messung des Feldes im Resonator hätte den nachteiligen Effekt den Q-Faktor
des Resonators und damit die Photonen-Speicherzeit zu verringern. Die
lange Photonen-Speicherzeit im Resonator lässt den Feld-Zerfall während
der Durchflugszeit eines Atoms und seiner Wechselwirkung mit dem Feld
vernachlässigbar werden.
Das Verhalten von Atomen im Resonator wird durch einen oszillatorischen Energieaustausch zwischen Atomen und Feld bestimmt, der RabiOszillation genannt wird. Für Resonator-Felder ohne oder mit wenigen Photonen (Fock-Feldzustände), wurden diese Rabi-Oszillationen bereits gemessen. Um zu verhindern, dass thermische Effekte die reinen Fock-Zustände
verschmutzen, wurden diese Experimente bei niedrigen Temperaturen (unterhalb 1 K) durchgeführt. Die beobachtete Auflösung der Rabi-Oszillationen war allerdings enttäuschend (nur etwa 2% des vorhergesagten theoretischen Wertes) und verhinderte ehrgeizigere Experimente wie Atom-AtomKorrelationen oder zeitaufgelöste Untersuchungen der Maser-Feld-Dynamik.
Der beobachtete Kontrast der Rabi-Oszillationen kann als Kennzahl für
die Auflösung der quantenmechanischen Eigenschaften des Maser-Feldes gelten. Daher ist eine hohe Auflösung bei der Messung der Rabi-Oszillationen
von entscheidender Bedeutung.
Da mit dem Micromaser statistische Messungen mit einzelnen Atomen
durchgeführt werden, die zeitaufwändig sind, muss das experimentelle System stabil, effizient und zuverlässig sein.
iv
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Diese Arbeit beschreibt die Methoden und Verbesserungen, die eingesetzt wurden, um die Auflösung der Messung der Rabi-Oszillationen um
einen Faktor 10 zu erhöhen. Die folgenden Verbesserungen und Entwicklungen erwiesen sich dabei als entscheidend:
• Die erreichte Temperatur des Kryostaten wurde auf 0.3 K, d.h. auf
ein Drittel des ursprünglichen Wertes abgesenkt. Gleichzeit wurde die
Dauer, während der das System bei dieser Temperatur verweilt um
etwa eine Größenordnung (auf mehr als 12 Stunden) verlängert.
• Für die Anregung der Atome ins Rydberg-Regime wurde ein neues
dreistufiges Dioden-Laser-System konstruiert. Die Anregungseffizienz
wurde gegenüber dem alten Farbstoff-Laser-Aufbau um zwei Größenordnungen verbessert. Mit einer Top-of-Fringe-Stabilisierung mit Hilfe
neuer spektroskopischer Methoden, einer speziell entwickelten Fehlersignal- und Feed-Back-Erzeugung sowie fortschrittlicher PID-Regler
bleibt das Laser-System etwa 8 Stunden stabilisiert (im Gegensatz zu
den 20 Minuten mit dem alten System).
• Die Flexibilität des dreistufigen Systems erlaubt die Anregung besonderer Maser-Zustände und damit zum ersten Mal die Untersuchung
reiner Maser-Übergänge.
• Verschiedene Verbesserungen des Atomofens und der ChanneltronDetektor-Einheiten sichern eine zuverlässige und stabile Erzeugung
und Detektion des Atomstrahls. Die beobachtete Verteilung der Atomstrahl-Statistik erreicht bis auf 6% die Poisson-Grenze, die bei Abwesenheit experimenteller Unvollkommenheiten erwartet wird.
• Neu entwickelte Verfahren bei der Magnetfeld-Kompenstation gestatten deren Durchführung mit einer um drei Größenordnungen verbesserten Auflösung.
Um die neuen Fähigkeiten des Apparats zu beweisen und die verbesserte
Auflösung von Quantenfeldern anzuwenden, wurde eine zuvor nicht mögliche
detaillierte Untersuchung der mittleren Photonenzahl und der atomaren Inversion im Micromaser für unterschiedliche Verstimmungen durchgeführt.

Abstract
There are only fistful of systems in physics that can be described by an exact
theory from first principles and, at the same time, can be investigated under
experimental conditions approaching the idealized theoretical ones.
The one-atom-maser or micromaser provides such an example, making
a detailed study of the fundamental properties of the atom-field interaction
possible. The situation realized in a micromaser is very close to the ideal
case of a single two-level atom interacting with a single quantized mode of
a cavity field.
In the micromaser the atoms have a dual purpose of both pumping the
field and also probing it via measurements of the outgoing atoms. Any other
means of measuring the field inside the resonator has the detrimental effect
of lowering its Q-factor and thereby the photon storage time. The long
photon storage time of the resonator allows for the decay of the field to be
negligible during the passage of an atom and its interaction with the field.
The behavior of atoms in a cavity is governed by the oscillatory exchange
of energy between the atoms and the field, which is called Rabi oscillation.
For cavity fields in the vacuum and few photon number states (Fock states),
Rabi oscillations have been measured in the past. To prevent thermal effects
from polluting the pure number states these experiments were performed
at low temperatures (below 1 K). However, the observed resolution of the
Rabi oscillations measurements was quite disappointing (only about 2% of
the predicted theoretical value) and precluded more ambitious experiments
like atom-atom correlations or time resolved investigations of the maser field
dynamics.
The observed contrast of Rabi oscillations can be considered as a figure
of merit for the experimental resolution of quantum features of a maser
field. Therefore, a high resolution in the measurements of Rabi oscillations
is crucial.
Since in micromaser statistical measurements with single atoms take a
lot of time, the whole experimental system should be stable, efficient and
reliable.
This thesis describes the methods and improvements applied to enhance
the resolution of Rabi oscillations by a factor of 10. The following upgrades
and developments proved to be crucial in this work:
vi
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• The base temperature of the cryogenic system was lowered to 0.3 K,
i.e. one third of the original value. At the same time, the time during
which the system remains at the base temperature was improved by
almost of an order of magnitude (to more than 12 h).
• For the promotion of the atoms to the Rydberg regime new three-step
diode laser setup was constructed. The excitation efficiency compared
to the old dye laser was increased by two orders. Using top-of-fringe
stabilization with new spectroscopic methods, specially designed error
detection and feedback schemes as well as state-of-the-art PID regulators the continuous locking of lasers is about 8 h (compared to about
20 min with the old dye laser system).
• The flexibility of using the three step excitation allows to excite different maser states and for the first time to investigate pure maser
transition.
• Various improvements on the atomic oven and the channeltron detection unit led to the reliable and stable production and detection of
the atomic beam. Observed distribution of the atomic beam statistics reaches to within 6% the Poisson limit which is expected in the
absence of experimental imperfections.
• New developed techniques in magnetic field compensation allow to
perform such measurements with three orders of magnitude better
accuracy compared to the previous experiments.
To demonstrate the new capabilities of the apparatus and to apply its improved resolution of quantum fields, previously impossible in-depth analysis
of mean photon number and the atomic inversion produced by a micromaser
for various detunings between the cavity- and atomic resonance frequency
was also performed.
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Chapter 1

Introduction
Across a broad front in physics, cavity quantum electrodynamics (CQED)
plays an important role as a fundamental system and research field where
light-matter interaction is investigated. It covers a wide spectrum of aspects ranging from fundamental studies of pure number state generation to
quantum information processing.
The birth of this field of research was introduced by the publication of
Edward Mills Purcell in 1946, where he noticed that the rate of spontaneous
emission of an atom can be significantly enhanced by coupling it to an electrical circuit resonant with the atomic radio-frequency transition [Pur46].
CQED study electromagnetic field in a confined space and the radiative properties of atoms in such field. And obviously, one of the simplest
systems in the scope of CQED is a single atom interacting with a single
field mode. The theory describing this system was first developed by Jaynes
and Cummings in 1963 [JC63], providing the most basic model to CQED
experiments.
The main obstacles in the experimental realization of a coupled atomcavity system is that the coupling is disturbed by spontaneous emission of
the atom and damping of the cavity field. Thus, the most relevant regime
for observing quantum phenomena of the atom-field dynamics is reached
in the schemes where the coupling is strong enough to exceed the spontaneous emission rate as well as cavity damping. Fortunately, the tremendous
progress in controlling single atoms as well as in manufacturing high finesse
cavities, accomplished over the last decades, has allowed experimentalists
to achieve the strong coupling with single atoms in cavities in two distinct
regimes, the microwave and the optical region.
At microwave frequencies, highly excited Rydberg atoms are coupled
to the field of a superconducting cavity with a very high Q-factor while
crossing the cavity mode one by one [WVEB06][HR06]. Strong coupling in
the optical domain has been reached using ultra-cold ground-state atoms
and cavities with small mode volume [MN+ 05][RFH+ 03].
2
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In recent years, cavity experiments have also been conducted on a variety of solid-state systems resulting in many interesting applications. Some
outstanding examples of these are microlasers [ACDF94][FYYH+ 06], photon bandgap structures [FSH+ 05] and quantum dot structures [MKB+ 00]
in cavities.
In experimental realization of such CQED systems in microwave regime,
two approaches have been proven to be particularly successful. One was
pioneered by our group based on the original idea and continuing input of
H. Walther, which utilized closed resonators. Meanwhile, the other one was
developed in Paris by S. Haroche using open resonators.
In this thesis, an atom-cavity system in a microwave regime is investigated. A one-atom-maser or micromaser provides the possibility of making
a detailed study of the atom-field interaction in closed cavities. Provided the
atomic and cavity decay is negligible, theory predicts a coherent interaction
between the atom and the field which produces a sinusoidal oscillations of
the population known as Rabi oscillations. These oscillations are governed
by atom-field coupling constant g. Strong coupling regime in this case is
characterized by g being much larger than atomic decay constant γ and
cavity decay constant κ: g >> γ, κ.
To satisfy this condition, these parameters should be chosen correspondingly. In modifying coupling constant g, there is a possibility of tuning two
parameters: dipole matrix element or the mode volume. If the dipole matrix
element is tuned, it is reasonable to go to the Rydberg regime. If the mode
volume is tuned, it is proper to use extremely small cavities. This leaves no
other option than going to the optical regime, because in µ-size cavities no
microwave radiation will fit inside.
In our experiments coupling constant is made large (g/2π ≈ 7 kHz) by
going to the Rydberg regime. This means that the frequencies goes down automatically and the transition frequency is in the microwave regime. Accordingly, the decay constants should also be chosen. Atomic decay constant is
small (γ/2π = 0.7 kHz) due to the Rydberg regime where the states are generally long lived, and cavity decay constant is made small (κ/2π ≈ 0.02 kHz)
by using superconductive Nb cavities with a very high Q-value.
The atoms in the micromaser play a dual role of both pumping the
field and also probing the field via measurements made of the outgoing
atoms. Any other means of measuring the field inside the resonator has the
detrimental effect of lowering its Q-factor. The long photon storage time of
the resonator allows the decay of the field to be negligible during the passage
of an atom whose interaction time is much shorter than the photon storage
time.
Over the last decades the closed cavity QED system in the microwave
regime has been successfully used for quantum interaction between two-level
Rydberg atoms and one privileged microwave mode of the radiation field
theoretical and experimental studies. Since its first experimental realization
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[MWM85], this system has allowed the investigation of many fundamental
aspects in quantum optics.
In the recent years, various features of the quantum fields with a closed
cavity systems have been investigated. In the early works devoted to the
theory of the microscopic maser (Filipowicz et al. [FJM86a][FJM86b]), the
case of incoherent pumping was investigated where two-level atoms, excited
to their upper level, randomly interact with a single quantized mode of a
superconducting cavity. When the average lifetime of a photon in the field
mode is larger than the mean time between the interactions, the field mode
evolves toward a steady state where some interesting non-classical features
can be found. At the steady state, the radiation field inside the high-Q cavity
may show highly non-classical features, like sub-Poissonian photon statistics
[RSKW90] or trapping states (TS) of the cavity field [MRW88][WVHW99].
In addition to this time dependent measurements like quantum collapses and
revivals of Rabi oscillations [RW87] were done. Operating the micromaser
under pulsed regime and trapping conditions under the higher pump rates
the generation of Fock states was also reported [VBWW00][BVW01]. These
findings established the significance of the micromaser as a testing ground
for fundamental principles of radiation-matter interaction.
However, first of all the observations of vacuum Rabi oscillations plays
an important role in the investigation of the light–matter interactions in
the micromaser. These are often used as proof of the quantum-mechanical
nature of the system as they can not be explained by a classical wave theory
of the radiation field. The contrast of these oscillations in real measurement
can be considered as a figure of merit for the resolution of quantum features
of the field. So far in the micromaser experiments at low temperatures
(below 1 K) Rabi oscillations have been observed with a rather low contrast
[VBWW00]. Therefore, the scope of this work is to improve the resolution
of quantum field measurements with such a closed-cavity setup.
To perform such vacuum Rabi oscillation measurements, one has take
care about the rate of the atoms passing through the resonator. Between
the subsequent atom-field interactions, one has to wait at least 2 cavity decay cycles to be sure that the cavity is with a necessary probability in a
vacuum state. Having a cavity with a Q-factor of about 5 · 109 , a single
probe experiment takes about 200 ms. For the investigation of one point
with the necessary statistical depth, one needs approximately 5000 atoms.
This makes the amount of time necessary for the measurement including
the detection efficiency of about 50% from the given data which is about
35 min. Recording a full Rabi oscillation measurement (consisting of 10
points) takes about 6 h of pure data collection. Therefore it is important
to have a reliable, stable and efficient experimental system, since any readjustments would protract the experiment. Hence, it would make it more
difficult to achieve such measurements with a necessary statistical depth.
Initially due to the various shortcomings concerning improper thermal
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insulation and not sufficient cooling power of the 3 He cryostat, it was possible
to run the measurements only for half an hour. The situation was further
complicated by the dye-laser system that was not reliable and needed a lot
of additional attention. In addition, other important experimental parts
like atomic oven and detection system were working not stable enough to
perform such measurements.
It turned out that almost all components of the system had to be revised
either conceptually or technically. The improvements also include the refinement of several techniques that are instrumental in calibrating the system,
like highly sensitive measurement of the magnetic fields. Also, the new implemented methods in the spectroscopic setup using three-step diode laser
system opened the possibility of exciting other maser states that have never
been done until now.
A consequence of various implemented upgrades and improvements of
almost all components of the system at the end have culminated to the
main result of this work. It significantly increased contrast of the quantum
features of the field in resonator, vacuum Rabi oscillations, by a factor of ∼
10. This is the best result for the closed-cavity systems at the temperatures
below 1 K reported so far.
Now with the resolution of quantum features as expressed by contrast of
vacuum Rabi oscillations, it should be possible to attack investigations that
has been beyond the scope of Garching micromaser group so far. Among
the most interesting are atom-atom correlation [ELS96][CL05], quantum
stochastic resonance [BM98][WSB04] or phase diffusion [CFL+ 03] [Wal04]
measurements.
The work is organized as follows: Chapter 2 discusses the main theoretical aspects of the one-atom maser physics and briefly reviews the theory
of the Rabi oscillations. In Chapter 3 more detailed is described as to how
the closed cavity approach has been realized in the experiment, together
with the various improvements that have been performed as well as various
techniques that were developed and extended to other areas. Chapter 4
describes the main experimental results. In Chapter 5, the new three-step
diode laser excitation setup is presented. In Chapter 6, improved magnetic
field compensation experiments are described separately. Not only a new
experimental method (velocity selected magnetic field compensation) was
developed but also significantly refined measuring schemes involved in realizing it (modulation-demodulation scheme). It seems that the theoretical
work in connection with the development of this new method is not available outside this work (is new and recently prepared for publication). Both
theory as well as the experimental realization are discussed in detail here.

Chapter 2

Theoretical Background
2.1

Basics

A single-atom maser or a micromaser allows a detailed study of the atomfield interaction. The realized situation is very close to the ideal case of a
single two-level atom interacting with a single-mode quantized field.
The excited atoms are injected into a single-mode resonator at a rate low
enough that at most one atom at a time is inside the resonator. In addition,
it is assumed that atom-field interaction time tint is much shorter than the
cavity damping time κ, so that the relaxation of the resonator field mode
can be ignored while an atom is inside cavity [BK86]. The micromaser
is then described in the following way: while an atom flies through the
cavity, the coupled field-atom system is described by the Jaynes-Cummings
[JC63] hamiltonian, and during the intervals between successive atoms the
evolution of the field is governed by the master equation of a harmonic
oscillator interacting with a thermal bath.
The most important features are:
• Field-atom interaction is a resonant electric dipole coupling of a single
mode of the field and two well-defined Rydberg states of the atom.
• Micromaser operates in the strong coupling regime:
Constant
Atom-Field Coupling
Atomic Decay
Cavity Decay

g/2π
γ/2π
κ/2π

Value ( kHz)
∼7
0.7
∼ 0.02

• Field interacts at most with one atom at a time, and the duration τ
of this interaction can be controlled.
6
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To describe the dynamics that goes on in the micromaser, the description
of a classical fields in metallic cavities should be looked into first. To avoid
cluttering the equations with too many constants, the theory is outlined in
CGS units.
A (perfect) evacuated metallic cavity is a region R in space with finite
extension and a perfectly conducting boundary ∂R. In such metallic cavity,
a classical field is governed by Maxwell’s equations with metallic boundary
conditions:
∇·E = 0

(2.1)

∇·H = 0
1
∇ × H + Ė = 0
c
1
∇ × E − Ḣ = 0
c

(2.2)
(2.3)
(2.4)

where the boundary conditions is mathematical expression for the highly
conducting wall of the cavity: E⊥∂R. This is just a pure classical result, a

Figure 2.1: Classical field in a metallic cavity.

coupled system of partial differential equations with a boundary condition.
The theory of partial differential equations tells that under mild regularity
conditions, these equations for a given region and given boundary conditions
can be solved where any field that is described by Maxwell’s equations can
be extended by splitting time (qk (t)) and space (Ak ) dependence. There is a
complete (orthonormal) system {Ak }k∈N of mode functions, i.e. divergence
free metallic solutions of the vector-Helmholtz equation
4Ak = −

Ω2k
Ak
c2

(2.5)

8
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and any field can be decomposed in the following way:
E (r, t) = −

1X
Ak (r) q̇k (t)
c

(2.6)

k

and
H (r, t) =

X

∇ × Ak (r) qk (t)

(2.7)

k

Now when it comes to finding a model for a quantum field, a classical
energy expression is the starting point. The energy can be represented as
a sum of the energies of classical harmonic oscillators. Using the mode
decomposition, the energy of any field by Jean’s energy representation for
classical field is


Z
 2
 X1
Ω2k 2
1
3
2
2 2
d r E (r, t) + H (r, t) =
4πc pk (t) +
q (t)
H (t) =
8π R
2
4πc2 k
k
(2.8)
where pk is the momentum canonically conjugated to qk :
pk =

1
∂H
=
q̇k
∂ q̇k
4πc2

(2.9)

Quantizing a set of independent harmonic oscillators is done by introducing
the annihilation operator
s
r
Ωk
2πc2
def
â =
q̂
+
i
p̂k
(2.10)
k
8π~c2
~Ωk
and dropping an infinite constant (renormalization) the result reads the
quantum field description by the Hamilton operator:
X
(2.11)
Ĥ =
~Ωk â†k âk
k

Before going further, the main micromaser parameters which are presented in the Table 2.1 are introduced. The main principle of micromaser
experiment is shown in Figure 2.2. It can be described in the following steps:
• Field-atom interaction involves only one mode of the field and two
atomic states: cavity geometry ensures that there is one mode (frequency Ω) that facilitates a near resonant strong coupling of two
atomic states |ei and |gi (transition frequency ω ∼ Ω, while radiative transitions of |ei and |gi induced by other modes are negligible.
• Incoherent pumping: atoms are prepared in energetically higher state
|ei before they enter the cavity.
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Figure 2.2: The main principle of the micromaser. The thermal atomic beam of
Rb is produced in the atomic oven. With the help of laser radiation, the atoms are
promoted to the upper Rydberg state |ei and through the small coupling holes are
injected into the superconductive cylindrical cavity. The cavity is designed in a way
that excited atoms can interact with one mode of the cavity field. This mode mediates a transition from upper Rydberg level to lower one. Afterwards, the state of
the atoms is detected by using the state-selective field-ionization detection system.
In this way the information about the field inside the cavity and its dynamics is
inferred. Experiments are done with a dilute atomic beam to ensure that only one
atom at a time interacts with the field. The interaction time between the field and
atom is controlled using angular excitation of the laser beam by means of Doppler
effect.

• Field interacts at most with one atom at a time: dilute atomic beam.
• Duration of field-atom interaction τ controlled by Doppler selection
(angular excitation).
• The coupling between field and atom is much stronger than the coupling between field and environment: cavity has a very high Q-value
and a very low temperature T .
Up to this point, the field was described without any coupling to the environment. Such field would stay there indefinitely. There will be no loss of
energy, because the system is stationary. In the micromaser, however, the
field exchanges the energy with the atoms and environment (see Figure 2.3).
This is a theoretical model of basic processes in the micromaser cavity. The
corresponding Hamiltonians for an atom, field and environment (thermal

10
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Table 2.1: Main micromaser parameters

Upper maser state

|ei

63P3/2

Lower maser state

|gi

61D5/2

Resonance frequency

ω
2π

Q-factor

Q = Ω/γ = Ωτc

1 · 109 . . . 4 · 1010

Interaction time

τ

40 . . . 120 µs

Temperature

T

∼ 0.4 K

=

Ω
2π

21.456 GHz

bath) are:
1
HA = ~ωσz
2
HF = ~Ωa† a
X
HB =
~ωk b†k bk

(2.12)
(2.13)
(2.14)

k

and corresponding simple model for the energy exchange between an field
and atom (V ) and between filed and environment (W ) is given by the following interaction (creation - annihilation logic):


V = ~ gσ+ a + g ∗ σ− a†

X
W =~
gk a† bk + gk∗ ab†k

(2.15)
(2.16)

k

where σz , σ± are the Pauli-spin matrices for the atomic two-level system.
If both interactions occur at the same time, it would be complicated
to describe the system. Therefore the simplification is introduced where
approximate treatment of the field dynamics, i. e. of the temporal evolution
of the density matrix of the field in the micromaser is following:
• While an atom is in the cavity, the weak interaction W of the field
with the environment is neglected and the processes are described
using Jaynes-Cummings model for field-atom dynamics;

2.2. JAYNES-CUMMINGS MODEL
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Figure 2.3: The theoretical model of micromaser: the field exchanges energy
with the atoms and environment.

• While no atom is in the cavity, the interaction V is absent and the effect
of the environment on the field is treated perturbatively by Master
equation for the field-density operator.
Such an approach is justified because the micromaser works in the strong
coupling regime. To understand the full dynamics in the micromaser the
Jaynes-Cummings model and the Master equation will be discussed separately.

2.2

Jaynes-Cummings Model

The Jaynes-Cummings model is applicable if there is one mode (frequency
Ω, mode function A) that facilitates a near resonant strong coupling of
two atomic states |ei and |gi (transition frequency ω ∼ Ω), while radiative
transitions of |ei and |gi induced by other modes are negligible. Here (|ei is
upper maser state and |gi - lower maser state.
Starting with the quantum model for the dynamics of an atom interacting with a classical field and replacing the classical field variables by their
quantum analogues yields (to a very good approximation - rotating wave
approximation):


1
H = HA + HF + V = ~ωσz + ~Ωa† a + ~ gσ+ a + g ∗ σ− a†
(2.17)
2
and the coupling constant g (in CGS units) is given by
g = −√

i
~ω
√ A · he| − er|gi
2~c ~Ω

(2.18)
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Figure 2.4: Jaynes-Cummings model for micromaser: an atom-field interaction.

Analytic solution for the field is found in the following way. Let ρ be the
interaction picture density matrix of the field. If at time t the field is in a
state ρt and an atom in the upper state |ei is injected and interacts for a
time τ with the field then the field statistics at time t + τ is given by:

 

δ sin (φτ )
δ sin (φτ )
2
ρt+τ = Fτ ρt = cos (φτ ) − i
ρt cos (φτ ) + i
2
φ
2
φ
(2.19)
2 † sin (φτ ) sin (φτ )
ρt
a
+ |g| a
φ
φ
where φ is the operator:
r
φ=

δ2
+ |g|2 (a† a + 1)
4

(2.20)

The result for the atoms: The probability Pe of measuring the atom after
the interaction time τ in the upper state is given by:
q

2
2
δ2
δ2
2
4 + |g| (n + 1) τ
X 4 + |g| (n + 1) cos
Pe =
ρnn
(2.21)
2
δ2
+
|g|
(n
+
1)
n
4
For a Fock state ρ = |ni hn|, Pe exhibits Rabi oscillations. For detuning
δ = 0:
√

(2.22)
Pe = cos2 |g| n + 1 τ

2.3

Master Equation

For the theoretical treatment of the dynamics of the photon field in the
micromaser, a standard master equation approach is employed. The master

2.3. MASTER EQUATION
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Figure 2.5: Relaxation processes in the micromaser: a field-bath interaction.

equation gives an approximate equation of motion for the interaction picture
density matrix of the field ρ.
The basic assumption is done that the bath has negligible correlation
time (Markoff approximation) and remains in a thermal state corresponding
to a given temperature T . The changes that occur in the field on the short
time scale, when the atom-field interaction happens, are ignored. In essence,
the main interest are the changes that occur in the photon state during the
passage of atoms.
The derivation is based on the von-Neumann equation for the full dynamics in the interaction picture and an initial product state, successive
approximation to second order in W , partial tracing, coarse graining and
continuous mode density approximation for the bath that yields:



 γ
γ
ρ̇t = Lρt = − (nth + 1) a† aρt − aρt a† − nth ρt aa† − a† ρt a + adj.
2
2
(2.23)
where nth is the mean thermal population number of the bath at frequency
Ω:
1
(2.24)
nth = ~Ω
kB T
e
−1
and the relaxation constant γ can be related to the Q-value of the cavity:

γ=

Ω
Q

(2.25)
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Steady State

In describing the continuous micromaser operation, both relaxation and
pumping processes has to be taken into account.
Let velocity selected atoms from an atomic beam fly through the cavity. Let ρk be the interaction-picture state of the field when the k-th atom
enters the cavity (time tk ). Combining Jaynes-Cummings dynamics and
subsequent relaxation, the state ρk+1 is given by:
ρk+1 = exp {−L (tk+1 − tk − τ )} Fτ ρk

(2.26)

Atomic arrivals have a Poissonian distribution. Let us consider the regime
where the rate of atoms be r and 1/r  τ . Then the expectation values
hρk+1 i, hρk+1 i are related by:
(1 − Fτ ) hρk+1 i = L hρk i

(2.27)

The thermal field state of temperature T is a steady state of the master
equation. The requirement ρk+1 = ρk yields the diagonal steady state. For
zero detuning, its populations are given by [FJM86b]:

pn = p0

n kn + Nex sin2
Y
th
k=1

√

k (nth + 1)

k |g| τ


,

(2.28)

where Nex = r/γ = rτc is the number of atoms entering the cavity per cavity
decay time τc = 1/γ = Q/Ω.
In the steady of one atom maser, pumped by resonant excited atoms,
the energy balance implies the equality between the gain and loss rates.
In the case of an unpumped resonator, when there are no atoms, the
steady state turns into the thermal state.

2.5

Vacuum Rabi Oscillations

The Rabi oscillation is the cyclic behavior of a two-state quantum system
in the presence of an oscillatory driving field. A two-state system has two
possible states. If they are not degenerate energy levels, the system can
become ”excited” when it absorbs a quantum of energy. Rabi oscillations
can be interpreted as a periodic change between absorption and stimulated
emission of photons.
In the micromaser, a vacuum Rabi oscillation is a damped oscillation of
an initially excited atom coupled to a cavity in which the atom alternately
emits photon(s) into a single-mode electromagnetic cavity and reabsorbs
them.

2.5. VACUUM RABI OSCILLATIONS

15

Figure 2.6: Steady state photon distribution in the micromaser.

As already shown in the Section 2.2, in the Jaynes-Cummings Hamiltonian, describing the single-atom - single-mode system, if there are no dissipative losses, therefore spontaneous emission is reversible and two level
atoms undergo Rabi oscillations in the presence of a photon number |ni,
where n = 0, 1, 2, ... . Under this influence, the relative populations√of the
excited and ground states of an atom will oscillate at a frequency g n + 1,
where g is atom-field coupling constant. Experimentally, the atomic inversion is measured, which is given by I = Pg − Pe where Pg and Pe are the
probabilities of finding ground and excited state atoms, respectively. For an
n photon Fock state this produces Rabi oscillations which are given by
√
I(τ ) = 1 − 2Pe = − cos (2 |g| n + 1 τ )
(2.29)
where τ is the interaction time of the atoms with the cavity field.
For a vacuum Rabi oscillations (n = 0), as it is of the main interest in this
work, the theoretical curves are shown in Figure 2.7. For the calculations,
the experimental parameters were chosen, like atom-field coupling constant
g/2π = 7 kHz and corresponding τ .
In the case of 0 K temperature (thermal photon number Nth = 0 also),

16

CHAPTER 2. THEORETICAL BACKGROUND

Figure 2.7: Theoretical vacuum Rabi oscillations for different temperatures,
calculated using experimental parameters: atom-field coupling constant g/2π =
7 kHz and corresponding interaction time τ .

the system undergoes periodic and uniform Rabi oscillations with a maximum inversion. However in the case of the present thermal field (T = 0.7 K
or T = 1.4 K correspond to Nth ≈ 0.3 and Nth ≈ 0.9) the vacuum Rabi
oscillation periodicity gets spoiled and the contrast decreases.
The measurements of vacuum Rabi oscillations in the micromaser were
done at T = 0.7 K temperature. The experimental setup and results are
presented in Section 4.4.

2.5. VACUUM RABI OSCILLATIONS
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Chapter 3

Experimental Setup
3.1

Overview

In the realization of the experiments, described in the theory section, atoms
interacting resonantly with a single mode electromagnetic field are needed.
This is achieved by using highly excited Rydberg atoms [LP79] which interact with a single mode of a high quality superconducting niobium resonator
[Jac99][Kle89].
The actual realization of atomic beam generation, excitation, interaction
with the cavity field and detection takes place in a cryogenic high vacuum
system. This has a modular design shown in Figure 3.1. The use of a vacuum system is inevitable in cryogenic setup. Otherwise, collisions with
background gas particles would preclude the formation of an atomic beam.
The system consists of three sections: atomic oven chamber, auxiliary chamber and a 3 He cryostat. For maintenance purposes, each of the chambers
can be separated from the other ones. Each chamber is equipped with its
own turbomolecular pump (where these being connected to the mechanical
pump system). Usually the vacuum of the order of 5 · 10−7 mbar is achieved.
Integrated appropriate valve system selectively allows the opening of one
chamber without interfering with the vacuum in the other chambers.
In choosing the suitable element for light-matter interaction in micromaser experiments, several points should be considered:
• First, a strong dipole moment is needed to achieve a strong coupling
as far as selection of the atom is concerned. Strong dipole moments
can be found in the Rydberg regime where the wave functions overlap
strongly and far away from the nucleus.
• Second, the transition between the states should be in the microwave
regime.
• Finally, the excitation of the atoms to the Rydberg regime should be
done with reasonable technical efforts. Since for the population of the
18
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Figure 3.1: Main experimental setup: three cryogenic-vacuum chambers. Thermal beam of Rb atoms is produced in the atomic oven. Part of the atomic beam
passes through auxiliary detection system, where laser frequency stabilization takes
place. Main atomic beam goes to 3 He cryostat, where atoms interacts with the single mode resonator and afterwards are detected by field-ionization detection system.

Rydberg states the conventional lasers are used, alkali metals of higher
periods are chosen.
Therefore, traditionally, rubidium (Rb) is among the most prominent members used that satisfies these conditions. The handling also plays an important role where Rb is a suitable candidate concerning low melting point and
relative easy handling at room temperature.
Rubidium is a soft, silvery-white metallic element of the alkali metal
group. It has a melting point at about 312 K [Lid90]. Naturally Rb is a
mixture of the two isotopes: 85 Rb (72.2 %) and 87 Rb (27.8 %) [Lid90], but
our experiment is tuned to operate with only 85 Rb isotope for quantitative
reasons.
The atomic beam of Rb atoms is produced in the first section of the
apparatus. With the help of laser radiation the atoms are promoted to the
upper (63P3/2 ) Rydberg state. They enter into the superconductive cylindrical resonator through the small coupling holes. Although the resonator
has infinitely many modes, only one of them fulfills two conditions that are
necessary for a significant interaction with the atom:
1. The mode frequency has to be in resonance with an atomic transition;
2. The Q-factor for this frequency should be large enough to fulfill the
strong coupling condition (see Chapter 2).
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For the purpose of this study, the resonator is designed in a way that only this
single mode mediates a strong resonant coupling from the upper Rydberg
state to the lower one (61D5/2 ). Since the experiment is concerned with only
very small fields (only of an order of a few quanta), it makes it very difficult
to use conventional systems to access the field strength. Second, any system
that allows to extract the information in a conventional way does it by
extracting the intensity (energy) from the resonator. Since the experiment
deals with the high Q-environment, such a method would present a leakage
and significantly reduce the Q-factor. Therefore, realizing a strong coupling
system from which one can extract atoms already presents a reasonable
detector. Hence an indirect approach via the measuring the state of the
atom exiting the resonator is used. This is done with a state-selective fieldionization system based on the principle design described in [Bab89] [MS92].
Through this, the information about the diagonal elements of the field’s
density matrix can be extracted by making measurements with different
velocities of atoms. A complete state tomography [Ant99] [Mar03] becomes
feasible if additional coherent states are mixed with the field in the resonator.
For this purpose, the system is already equipped with the necessary features:
the microwave coupler, which allows to send the coherent state from the
microwave generator into the resonator; the whole experimental system is
placed on the vibration-isolated optical table to avoid mechanical vibrations
when phase-sensitive measurements are done.
This approach requires a system that deals with a significantly reduced
noise levels respect to what has been reached so far. Since the figure of merit
for system capability in performing such a measurements is the contrast of
Rabi oscillations, this work is mainly dedicated on it.
In the following sections, the auxiliary processes (atomic beam generation, excitation and detection) for the realization of micromaser experiments
will be discussed. In the last two sections of this chapter a high Q-factor
resonator will be described and the cryogenic system will be explained.

3.2

Atomic Beam Production

For the micromaser operation and corresponding measurements, a stable
atomic beam is necessary that provides a velocity profile with a certain width.
The atomic oven is shown in Figure 3.2. This new setup of the oven
was developed to overcome the old problems which were present in previous
models: such as bursts in the atomic beam (not stable operation), nozzle
blocking, difficult and inconvenient control of the velocity distribution and
the flux rate.
The new setup of the atomic oven consists of a two separate stainless steel
cylinders (section 1 and section 2) connected by an insulating material. In
the lower cylinder, a refillable cartridge of rubidium is inserted from below,
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Figure 3.2: Atomic oven provides a thermal beam of rubidium atoms.

along the rotational axis. This part is heated with the resistance wire well
above the Rb melting point to about 470 K temperature. The rubidium
vapor emanates from the upper cylinder through a small nozzle.
Such a setup provides more flexible options in choosing the proper temperatures T1 for section 1 and independently T2 for section 2. This allows to
access two different parameters of the atomic beam independently: overall
atomic flux and the temperature profile. The temperature of the body T1
determines how much bulk Rb is evaporated or the pressure of the oven and
the tip temperature T2 via thermalization determines the velocity distribution. This new design of the two cylinder setup is also more effective at
smothering bursts of the Rb in the evaporation process.
In addition, the properties of the atomic beam can be selected using
different nozzles. Longer nozzles with a smaller diameter lead to a well
collimated beam with a small divergence at the expense of the atomic flux.
Furthermore, since only a tiny fraction of emitted gas from the atomic oven
is used in forming the atomic beam, the diameter of the nozzle should be
correspondingly small to avoid vacuum contamination. For the experiments
empirically a 3 mm long and 0.3 mm diameter nozzle is chosen that provides
a reasonable compromise between atomic flux and divergence.
Previously, the nozzle was frequently blocked, so it turned out that is
reasonable to use additional heating. For this purpose, the nozzle is heated
separately to approximately 100 K higher temperature than the oven with
a resistance wire. This separate heating allows also to control the flux rate
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and velocity distribution of atoms. For the temperature monitoring a two
thermocouples (type K: Chromel (Ni-Cr alloy) / Alumel (Ni-Al alloy)) are
placed on the oven and nozzle.
Since the probability of an atom to leave the oven is proportional to
its velocity, the velocity distribution of the atomic beam is described by a
modified Maxwell-Boltzmann distribution law [Ram85, Mar03]:
 
1 m 2 3 − mv2
P (v) ∝ PM B (v)v =
v e 2kT dv
2 kT

(3.1)

p
The most probable velocity for atoms is:
3kB T /m, which in our case is
about 400 m/s. The 85 Rb atomic velocity distribution dependence on the
temperature is shown in Figure 3.3.

Figure 3.3: The speed probability density functions of the speeds of
at various temperatures.

85

Rb atoms

Since the experiment needs high atomic flux of the velocities between at
least 150 to 850 m/s (for e.g. Rabi oscillation measurements), it would be
good to control the atomic flux and the velocity distribution independently.
This was not the case before, where changing the temperature, the velocity
distribution could be changed, however, at this time it would lead to the
lower atomic flux in the one of the velocity distribution wings (see Figure
3.3).
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As mentioned previously, a new setup of the atomic oven was made to
solve this problem, where better independent control of atomic flux rate and
velocity distribution of atoms are achieved.
The rubidium atoms emerging from the atomic oven are pre-collimated.
The pre-collimation is done not for the purpose of forming an atomic beam,
but for keeping a better vacuum in the system. The whole oven is surrounded
by a water cooled copper shield, which reduces the thermal radiation. A
liquid nitrogen cooled copper shield is placed in front of the oven, which
traps the atoms that exits the oven in an undesirable direction. It also
helps to keep the high vacuum. The fact that the large part of Rb that is
not used in the atomic beam formation is condensed on this cold copper
shield, it also reduces the deposition of the Rb on the other parts of the
cryogenic system. This helps avoid the formation of a strong basic chemical
Rb-hydroxide (RbOH) on these parts and the corrosion when the setup is
opened and Rb reacts with the humidity.
The main experimental region, also containing the atomic beam collimator, is about 0.9 m away from the atomic oven. Concerning the dimensions
of the collimator (which are explained later), the acceptance angle for the
atomic beam is 0.34 deg. This means that atomic oven should be aligned
to the atomic beam collimator within 5 mm accuracy. For this purpose, the
whole atomic oven is placed on the XY translation stage for fine tuning and
easier atomic beam alignment to the collimator in the main experimental
region.
To form an atomic beam from the Rb vapor the atomic beam collimator
(Figure 3.4) is used. A good collimation of atomic beam is important also
for velocity selection, because this is done via the Doppler effect where a
major role plays the velocity of the atom and the angle (see Section 4.3).
Smaller diameter collimator would lead to smaller angular dispersion of an
atomic beam, therefore the narrow velocity distribution in the excitation
region, but at the same time also to smaller atomic flux. In order to guarantee a reasonable compromise between atomic flux and angular dispersion
of atoms in the beam, the dimensions of the collimator were chosen correspondingly. The length of the collimation tube is 50 mm and the inner
diameter is 0.3 mm, which gives an acceptance angle of 0.34 deg and therefore the velocity dispersion of ∼ 12 m/s (∼ 1.85 MHz), which is of the order
of the linewidth of the laser.
Before, collimator was made of several brass parts that caused several
problems: mechanical instability leading to misalignment with respect to
the atomic beam during the cooling process due to different tension of materials; contact potentials causing the atomic line shifts in the excitation
region; complicated mounting and aligning with other experimental parts
procedure which cost some time. In order to overcome these problems, a
new atomic beam collimator together with the excitation region (Figure
3.4) was designed. To assure high accuracy these two parts (collimator and
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Figure 3.4: Atomic beam collimator with the excitation region manufactured
from a single piece of Nb.

excitation region) were manufactured using CNC (computerized numerical
control) technique and combined using electron welding technology. Since
the collimator is mechanically directly attached to the resonator, it is produced from the same material (Nb) to avoid the contact potentials. It is
attached using specially manufactured screws from Nb also.

3.3

Excitation

The atoms are promoted to the Rydberg regime via three-step excitation ladder using new designed diode laser system.
The selective excitation of Rydberg states requires the use of frequency
selective lasers. As already discussed in the Section 3.1, in the experiments
Rb is used, due to the excitation to the Rydberg regime possibility using
conventional laser technologies. Therefore, traditionally, frequency doubled
dye lasers are chosen for this purpose [Ant99] [Bra01].
For the one-step excitation in the experiments, an Argon-Ion (Ar+ ) (Coherent Innova-300) pumped intracavity-frequency-doubled Rhodamine-6Gdye laser (Spectra-Physics 380D) was used providing the necessary radiation
in the UV at 297 nm. However, there were several problems with using this
laser system, mainly:
• laser beam spatial instability (∼ 0.1 deg /s), leading to fluctuating
excitation rates - instable micromaser operation;
• bad laser mode quality related to the crystal degradation, which caused
problems with the focusing and correspondingly reduced the efficiency
of excitation;
• laser power instability - due to misalignment laser power dropped
∼ 10 %/h, and this made an additional active intensity stabilization
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necessary. At the same time, this meant that not the maximum laser
power was available for the experiment, but only a floor, chosen in a
way that the laser would remain for a sufficient amount of time beyond
this value;
• frequency doubler D-ADA crystal for which intracavity frequency doubled laser is optimized degradation (deuterated ammonium dihydrogen
arsenate crystals are no more produced);
• frequent (∼ every 2 h) realignments were necessary; weekly dye change
should be performed.
To get rid of these problems, a new diode laser system has been constructed
to realize the promotion of the atoms to the upper maser state in the following three steps:
5S1/2 , F = 3 −→ 5P3/2 , F = 4 −→ 5D5/2 , F = 5 −→ 63P3/2
In the micromaser experiments, a few attempts have been made to set a
three-step-excitation diode laser systems in the past. However, due to inefficiency in the generation of the Rydberg states these projects were abandoned.
This new three-step-excitation diode laser setup is the first one proven
to be capable of replacing the conventional one-step-excitation dye lasers in
the micromaser experiments. At the same time, the new setup also solved
many problems that were present in the past using the common dye laser
systems. In using such a diode laser system, the beam pointing stability or
bad laser mode comes not in question because of the rigid resonator design.
The comparison of the old dye-laser and the new developed three-step diodelaser system is reviewed in the Table 3.1.
Table 3.1: Comparison of the old and the new one laser systems

Parameter
Max. count rate (1/s)
Continuous locking (min)

Old dye-laser
∼ 104
∼ 20

New diode laser system
∼ 106
∼ 480

The new three-step laser setup (Figure 3.5) employs three commercially
available grating-stabilized diode lasers. The main parameters of each laser
stage is presented in the Table 3.2.
The first two stages are frequency stabilized on the spectroscopic signals
generated in the Rb cells, and the third stage laser is locked on the atomic
beam signal.
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Figure 3.5: New three-step diode laser setup and 85 Rb atomic excitation scheme.
Table 3.2: The main parameters of the corresponding diode laser stages

Stage
I-st (Toptica DL 100 L)
II-nd (Toptica DL 100)
III-rd (Toptica DL 100 L)

Wavelength (nm)
780.243
775.978
1256.730

Power (mW)
80
40
25

The spectroscopy setup for the first stage is quite simple and straightforward. The transition here is resolved by means of the saturation spectroscopy.
For the second stage, all the approaches so far relied on an indirect
method to detect the right frequency on spectroscopy of this transition via
the cascaded decay [Lan94]. In the new approach, we detect the 5P3/2 , F =
4 −→ 5D5/2 , F = 5 transition directly. In the diploma thesis of Th. Germann [Ger08] the comparison of the old and new one approaches in terms
of the signal-to-noise ratio has been performed indicating that the new approach is superior by an one order of magnitude. This new method for
stabilizing the second stage proved to be so simple and successful that it has
been applied in the laboratory for other experiments, like a direct detection
of the Rydberg states in the cells [THS+ 09] [TGH+ 09].
The frequency stabilization of the third stage is done directly on the
atomic beam. For this purpose, all the three laser beams are overlapped and
directed to atomic beam in the cryogenic vacuum system. The excitation
to the Rydberg regime (63P3/2 ) and the third stage frequency stabilization
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takes place in the ”auxiliary” chamber, where all the three lasers hit the
atomic beam perpendicularly.
This flexibility of using the three step excitation offers the possibility of
populating the Rydberg states selectively. This can be done by using various
atomic selection rules in order to selectively populate corresponding states
for different experiments. This selective excitation will be discussed later together with the description of the corresponding experimental measurements
and results.
All the lasers are frequency stabilized on the peak of the corresponding spectroscopic and atomic beam signals. This was not the case in the
old setup, where the side of fringe (constant count rate) stabilization was
performed what lead to undesired frequency changes. In the new setup
the stabilization is done using adapted synchronous demodulation (lock-in)
scheme. Error signals are processed with a specially designed home made
regulators with a modified PID topology.

Figure 3.6: Test of the stability of the system: excited atomic beam statistics
over the time should show Poissonian distribution.

How well and stable such a three-step laser system with a specially
adapted stabilization units works, can be extracted from the excited atomic
beam statistics. The result is shown in Figure 3.6. If all the three lasers are
truly monochromatic, then the count rate (discrete signal) statistics for the
perfect system should show a Poissonian distribution (discrete probability
distribution). This expresses the probability of a number of events occurring in a fixed period of time, if these events occur with a known average
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rate and independently of the time since the last event. However, any gitter would result to a broadening of the signal. Therefore the proximity of
the observed distribution to Poissonian one is a figure of merit for a quality
of atomic beam generation, stability of the three lasers in terms of power
and frequency and detection. Actually it is more than just a test of a laser
stabilization, because it includes all main parts of the experiment. The experimental results are very close to the Poissonian distribution - theoretical
limit (within 6 %), that shows not only good stabilization of the three diode
laser system, but also the reliable and stable production and detection of
the atomic beam.
Since some new methods concerning laser, spectroscopical and stabilization setups were realized, that have quite lengthy descriptions, it will be
outlined in a separate chapter. The full description about the new ratingstabilized diode laser system, excitation realization, used schemes and corresponding optical setups will be discussed further in Chapter 5.

3.4

Detection

The information read-out about the field inside the resonator is done by
detection of atoms with the state-selective field-ionization detection system.
Auxiliary detection setup is used for laser frequency stabilization.
The only possibility of gaining the information about the field (and it’s
dynamics) inside the resonator is by observing its influence on atoms. This is
done by detecting the atomic state of the atoms by means of state-selective
field-ionization [TLP76] and detection of electrons in two separate single
channel electron multiplier detectors (channeltrons).
A channeltron is a small, curved glass vacuum-tube structure that multiplies incident charges (at the output end a pulse of 107 to 108 electrons
emerges; pulse duration is ∼ 10 ns). For best performance, the Burle 7010M
single channel electron multipliers in the form of a planar spiral glass tube
with a 10 mm diameter input cone in this experiment are used. For the
detection of electrons, the input of channeltron is kept grounded and the
output is at a high positive voltage (3 kV). At such voltages, the typical
minimum gain is about 5 · 107 [Bur]. The channeltron in the micromaser
experiments is operated in pulse counting mode where produced output
pulses have characteristic amplitude, whereas other possible analog operating mode of the channeltrons have a very wide distribution of output pulse
amplitudes. The operating point for a channeltron in the pulse counting
mode is usually determined by the point at which a plateau is reached in
the count rate versus voltage characteristic curve. A typical measured curve
is shown is Figure 3.7. The characteristic curve shows four regimes:
1. Low gain: at the low voltages applied potential is not enough to multiply incident charges - no pulses are produced, or the pulse amplitude
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is very small, i.e. below threshold.
2. Threshold: as the voltage applied to the channel is increased,
gain rises and the output pulses become larger. The pulses are
of the same size, but as the gain increases, more of them exceed
equivalent threshold. The process continues until all the pulses
above threshold.

the
not
the
are

3. Plateau: the plateau occurs when all the signal is being collected at
the input of the channeltron. Additional increase in voltage raise the
gain, but the count rate remains essentially constant.
4. Ion back action: still increasing the voltage a point is reached where
ion feedback (parasitic effect when gasses adsorbed on the surface of
the walls are desorbed and ionized, forming positive ions, which travel
back toward the input of the device and when they strike the walls near
the input, they produce secondary electrons which are subsequently
amplified and detected at the output end as a noise pulse) becomes
significant due to very high gain and the count rate again increases
rapidly. This is an undesirable condition since the extra counts are
produced within the channeltron itself and are not the result of an
input.
The middle point of the plateau was used as the operating point for the
stability reasons. If the voltage here changes a little bit, the pulse height
distribution changes a bit also, but the count rate remains the same. For
this reason, the operating voltage of the channeltron is set in the middle of
this regime, which is at 3050 V.
As the channeltron ages, the plateau moves to the right and voltage must
be increased. It either is the result of continuous degradation effected by
high velocity electron scrubbing and therefore causing the surface degradation and reduction of concentration of elements that are necessary to reach
a high gain, or the contamination with Rb, that reduces the gain of the
channeltron also. The lifetime of channeltrons, that is significantly below
the ones specified by the suppliers, was observed. Therefore it is assumed
that the contamination with the Rb causes the main problems.
For the ionization of atoms, a certain static electric field is necessary.
As the principle quantum number n of an atom increases, the size of the
orbit and also the coupling of the electron with the applied electric field
increases as n2 , whereas the binding energy decreases as n−2 [ZLKK79]. The
strength of ionization field depends on effective principle quantum number
n∗ [KLZ83]:
 
R2 0 π
3.21 · 108 V
E = ∗4 3 =
,
(3.2)
n e
n∗4
cm
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Figure 3.7: Plateau curve of the channeltron. The channeltron is operated in the
middle of the plateau, in this case at 3050 V.

where R is Rydberg constant, e is elementary charge and 0 is electric constant.
For Rydberg states, the atoms are already ionized in the electric field of
about several tens of volts (for n∗ = 61 UI = 23.2 V/cm; and for n∗ = 63
UI = 20.4 V/cm correspondingly).
Such field-ionization process happens in a well shielded device - channeltron box (Figure 3.8) - which works at plate condensator principle. Here the
atoms are subjected to adjustable electric field created between the negative voltage electrode-plate and positively charged ionization electrode-grids.
The field gradient is achieved due to intermediate specially widening-shaped
and grounded plates. These plates are shaped in a way, that along the flight
path of atoms the electric field slowly increases, in this way creating a different strength of electric field in two regions nearby the channeltrons, and
in between remains constant for better spatial separation, i.e. for avoiding
the miscounts in corresponding channeltrons. State selective ionization is
achieved by detecting the electrons in two channeltrons.
Atoms in the upper maser state 63P3/2 are ionized by lower electric
fields, so along the path in the channeltron box they will be ionized earlier
than the atoms in the lower maser state 61D5/2 due to the field gradient
described earlier. By choosing the right potential of electrodes, the situation
is reached where atoms with two different states are detected in two separate
channeltrons.
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Figure 3.8: Channeltron box: state-selective field-ionization detection system.
During the passage, atoms experience increasing electric field. Atoms with different
atomic states are ionized at different points. Detection is done via channeltrons by
counting ionized electrons.

The calibration of the working voltage for electrodes is done in the following way. Initially the resonator (see Section 3.5) is tuned out of resonance,
to have all the atoms in the initially prepared upper maser state. Then the
electrode voltage is scanned, the signal is detected in both of the channeltrons and recorded with a computer (Figure 3.9(a)).
The same is done with the resonator tuned in the resonance to have the
highest possible count rate of maser ground state atoms (Figure 3.9(b)). In
both cases, first the signal in channeltron 2 is observed, in front of which
the electric field is highest due to the special geometry of slits. At a certain
threshold value, the field becomes so big that the atoms are already ionized
in the first channeltron and the signal rises strongly, while it disappears
in channeltron 2. The ionization curves for the maser ground state atoms
(measurement with resonator in resonance) are shifted in the direction of
higher voltages compared to the non-resonant measurement, which reflects
higher ionization-potential for the energetically lower lying state.
The optimum value of the applied ionization voltage lies where in channeltron 1 as high as possible number of atoms in the upper maser state are
detected, and correspondingly as few as possible in the ground state. Analogously in channeltron 2 as high as possible number of atoms in the ground
state should be observed, and as few as possible one in the upper maser
state. In this case the difference between the count rates for resonant and
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non-resonant maser for channeltron 1 should show a pronounced maximum
and for channeltron 2 - pronounced minimum. Such difference of the count
rates is depicted in the Figure 3.9(c). The optimum ionization voltage in
this case lies at 152 V, which is indicated in the diagrams by dashed vertical
line. This value is higher compared to the theoretical one discussed earlier,
but here the distance between the ionization plates of 2 cm should be taken
into account, and of course the field gradient forming plates in between.
In using the old channeltron box some problems were encoutered, like
insufficient state selectivity in each of the channeltrons, saturation effects
at low temperatures, and unstable long term operation of the whole stateselective field-ionization system.
Several improvements to the channeltron box have been done to solve
these problems. To achieve a more precise calibration of the ionization voltage and better state selectivity in both channeltrons, the ionization grid
voltage for each channeltron is now controlled independently. The final manual offset-ionization-voltage adjustment for each channeltron allows to get
steeper ionization distribution curves and in this case better discrimination
of both maser-states in the channeltrons compared to the old channeltron
box setup.
Previous set up of channeltron box was also not stable in long term
operation, due to the charging of the insulators, that hold the channeltrons,
by free electrons. So all the channeltron box was revised to properly shield
the insulators, which leads to stable long term operation.
The electrical resistance of the channeltrons at room temperature is
about 600 MΩ. Due to the cooling to liquid He temperatures the resistance of the channletrons increase by more than two orders of magnitude.
That leads to a channeltron saturation effect because the electrons cannot be
replenished on the timescale of the pulse transit, imposing an ultimate limit
on the output count rate. To avoid this the channeltrons are wrapped with
special high resistivity NiCr20AlSi wire (ISAOHM R ) and heated slightly
above 77 K temperature.
For the laser frequency stabilization to an atomic beam (see Section
3.3) a similar auxiliary detection system is used, which works at the same
principle like the one described above. This setup (Figure 3.10) for easier
maintenance is placed in a separate vacuum chamber and is aligned in a
way that a portion of the atomic beam by the small angle up from the
atomic oven is injected. 85 Rb atoms passes through a 0.5 mm diameter and
50 mm long collimator and are excited to the Rydberg state (63P3/2 ) with
the perpendicularly crossing laser beam. At the end, atoms are detected
using the same field-ionization technique, as described above. Ionization
is done by applying an orthogonal static electric field to the atomic beam
direction using a pair of plates. The ionization region can be kept in a quite
narrow zone with the help of one tilted negative-potential ionization plate,
which produces a field that is increasing into the atomic beam propagation
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Figure 3.9: Field-ionization signal for atoms in the upper-maser state and in the
lower maser state. The graphs shows the signal in both channeltrons in the case
of non-resonant resonator (a) and the resonator in resonance (b). In graph (c) is
depicted the difference signal of the (a) and (b) curves. The optimum ionization
voltage in this case lies at 152 V.
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direction. The ionization fragments - electrons - emerge through an array
of small holes in the middle of the positive charged plate and are detected
by single channel electron multiplier detector.

Figure 3.10: Auxiliary detection system for the laser frequency stabilization on
the desired atomic transition.

Since the channeltron works in the pulsed regime, at the end there is a
series of voltage pulses, the number of which are proportional to the number
of ionized atoms. Using this signal as an error one, the laser is stabilized
on the top of the desired 85 Rb 63P3/2 atomic line. The laser stabilization
technique will be discussed in more detail in Section 5.2.
In the excitation region perpendicularly to the atomic and the laser
beams, there are two parallel capacitor plates. Here one can apply an electric field and shift the spectral lines of 85 Rb due to the Stark effect. Since
the laser is stabilized on the peak of the atomic transition, it changes the
frequency also due to the shift. This precisely controlled laser frequency
shifting is used for the velocity selection of the atoms in the main experimental region and is discussed in Section 4.3.

3.5

Resonator

The main part of the one-atom-maser experiment is a cylindrical high quality factor superconductive resonator within which the atom-field interaction
takes place.
For the generation and storage of microwave photons, a superconductive
cylindrical resonator is used, which is developed in Max-Planck-Institute of
Quantum Optics.
The length and the inner diameter of the resonator is about 25 mm.
Symmetrically in the center of both sides of the cylinder are holes of about
2 mm diameter for the entry and exit of the atomic beam, as well as for
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microwave injection.

Figure 3.11: The main part of one-atom-maser experiment: high Q-factor superconductive cylindrical niobium resonator.

The atomic beam passes through the cylindrical resonator along its axis,
where only the T E1np and T M1np modes posses a non-vanishing transversal
electric field. The indexes m, n and p for the classification of the T E- resp.
T M -modes have the following meaning [PP71] [TS75] [Riz88]:
m: the number of half-period variations of Er with respect to θ (of Hr
for T M modes);
n: the number of half-period variations of Eθ with respect to r (of Hθ
for T M modes);
p: the number of half-period variations of Er with respect to z (of Hr
for T M modes).
The T E121 mode is used in the experiment, while along the atomic beam
axis it has uniform direction high strength of electric field. Mode form
corresponds to a half period of a sin wave. The polarization direction allows
a simple coupling of a microwaves through the waveguide which is important
for the resonator frequency and Q-factor measurements. The resonance
frequency of cylindrical resonator is given by [Jac99]:
s
02
1
x12
π2
+
,
(3.3)
ω=√
µ R2
L2
where µ is magnetic permeability,  is the dielectric constant, R and L are
0
the radius and length of the resonator respectively, x12 is the 2-nd zero of the
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first derivative of the Bessel function J1 (x12 = 5.331). The mode volume
of T E121 mode is V = 1.58 · 10−2 · πR2 L. The distribution of the transverse
E-field in the resonator is depicted in Figure 3.12.

Figure 3.12: The transverse electric field distribution of the T E121 mode in the
resonator.

In the ideal cylindrical resonator, the T E121 mode is doubly degenerate.
The degeneracy is removed by a slight deformation of the circular cross section into an oval shape, which then determines the direction of polarization
of the field mode. The deformation is achieved by squeezing the resonator
(described later). Because the frequency depends inversely on the spatial dimensions, this causes one degenerate resonance to be shifted towards higher
frequencies, whereas that for orthogonal polarization shifts to lower values.
In this experiment the vertical polarization mode is used, which is tuned by
squeezing to the higher frequencies.
Resonator is made of pure 99.9 % niobium. At atmospheric pressure
the critical temperature for superconductivity of niobium is 9.3 K. Since
the unloaded electrical quality factor of a vacuum superconducting cavity
resonator is given by [Lui01]:
−1
Q−1
0 = Rs Γ

(3.4)

where Rs is the surface resistance and Γ is the geometric factor of the mode,
to reach high quality factor one needs low Rs . To surface resistance Rs
mainly contributes two factors: the residual resistance (which can be related
to normal conducting inclusions, surface oxides, interface and dielectric rf
losses) and so-called BCS term (due to the unpaired electrons at the Fermi
level) [Mül83]. The surface resistance dependence on the temperature for the
niobium resonator with the parameters used in the experiment is shown in
Figure 3.13. Due to the high-advanced preparation technique of the niobium,
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Figure 3.13: Surface resistance Rs dependence on the temperature for the
21.456 GHz niobium resonator.

surface resistance of the superconductive resonator can reach several nΩ,
leading to Q-factors of the order of 1010 [AFH+ 71].
The production of such a resonator requires great precision and care and
takes several steps:
• First of all the pot and the lid of resonator is made from niobium
with the best possible precision using CNC-machines (computerized
numerical control).
• After electro-polishing both parts are welded in a vacuum with an
electron beam welding (pro-beam AG&Co.KGaA) technique.
• Then the resonator is etched (buffered chemical polishing) in the 1 : 2 :
1 mixture of the nitric (HN O3 ), phosphoric (H3 P O4 ) and hydrofluoric
(HF ) acids.
• And finally the resonator is baked in ultra high vacuum oven at about
1800 ◦ C for 24 h.
Afterwards, the resonator is placed in the He-bath cryostat, cooled down
and its properties at superconductive temperature are thoroughly tested. If
the resonant frequency lies not about 15 MHz below the desired atomic transition frequency of 21.465 GHz, which can be tuned by reversible mechanical
squeezing, the etching and baking steps have to be repeated.

38

CHAPTER 3. EXPERIMENTAL SETUP

Figure 3.14: Resonator frequency dependence on the applied piezo voltage. Resonator with the mechanical screwdriver is squeezed so, so that the transition frequency (21.456 GHz) lies in the center of the piezo tuning range.

Baking procedure is also important for the high Q-factor, since it reduces lattice irregularities, builds 1 - 10 mm single crystal domains, reduces
light-element concentration, homogenizes their distribution and reduces the
thickness of surface oxide layer.
In maintaining high Q-factor, baking procedure should be repeated every
time the main cryostat is opened and resonator is left even for short time in
air.
Adjustment of the frequency to the required atomic one (63P3/2 →
61D5/2 = 21.456 GHz) is performed by elastic mechanical deformation of
the resonator cylinder. Rough tuning in the range of 15 MHz is done manually with mechanical screwdriver and the fine sweep in 500 kHz frequency
range by 0.5 kHz steps is done with the piezoelectric drive. Figure 3.14 shows
the measured resonator frequency tuning range as the applied piezo voltage
is changed. The piezoelectric unit together with the resonator is placed
on the coldfinger of the 3 He cryostat and cooled down to a temperature of
several hundred mK.
The resonator Q-factor is measured by a heterodyne technique, since
a direct measurement of microwave frequencies is complicated. The basic
setup of a measurement is depicted in Figure 3.15.
In the first the resonance of the resonator is located by feeding the signal
(with Wandel&Goltermann tracking generator TG-23) via the rectangular
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Figure 3.15: Resonator Q-factor measurement setup. A synthesizer produces a
microwave which is periodically switched between two frequencies. One of them
is resonant with the resonator and is coupled in. During the radiation of second
frequency it mixes with the leaked out signal of the resonator. This beat signal
through the microwave circulator is transmitted to the detector.

K-band microwave waveguide into resonator and observing coupled out signal with the spectrum analyzer (Wandel&Goltermann SNA-33) which comes
through circulator and microwave waveguide back. Then a microwave signal
generated from a synthesizer (model Systron Donner 1730B) which is periodically modulated between two values - one resonant with the resonator
and the other detuned by 100 Hz is send via microwave waveguide to resonator. Inside the resonator, the resonant wave creates a field which decays
exponentially. A part of this field is transmitted through the coupling holes
out of the resonator. The reflected from the resonator detuned microwave
signal superimposes with the coupled out resonant signal and propagates
back through the rectangular waveguide and microwave circulator where
finally is detected in microwave diode. The electric field is:
E(t) = E0 e−iω0 t+φ0 e−γt + E1 e−iω1 t+φ1

(3.5)

and the intensity which is detected by the microwave diode is proportional
to:
|E(t)|2 = |E0 |2 e−2γt + |E1 |2 + 2E0 E1 cos [(ω0 − ω1 )t + φ0 − φ1 ]e−γt (3.6)
Since E0  E1 , the quadratic term of E0 can be neglected. So detected
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Figure 3.16: Resonator Q-factor measurement. From a fitted red curve extracted
energy decay time is 73 ms leading to Q-factor value of 4.9 · 109 .

intensity can be written as:
|E(t)|2 = |E1 |2 + 2E0 E1 cos [(ω0 − ω1 )t + φ0 − φ1 ]e−γt

(3.7)

where |E1 |2 term is filtered out by high pass filter. This shows that the
beat signal also decays with the time constant of the electric field. From the
decay time of the amplitude of the beat signal one can directly extract the
photon lifetime and the resonator Q-factor:
Q = πνres τf ,

(3.8)

where τf is resonator field decay time and νres the resonator frequency.
A typical result of such a heterodyne measurement is shown in Figure
3.16. Corresponding to extracted from the fit a decay time of 73 ms the
resonator Q-factor is Q = 4.9 · 109 .
For a newly produced resonator, Q-factor values up to one order of magnitude higher is achieved [Wal04]. However, this is the subject of fluctuations
and depends on individual manufacturing process.

3.6

3

He cryostat

The cryostat is used to make experiments at very low temperatures for sup-
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pression of the thermal radiation and achieving high Q-factor values of the
cavity.
The one-atom-maser experiments should be performed at very low temperatures for two reasons:
• First of all, the thermal photon number in the cavity should be reduced
in order to investigate only pure quantum atom-field interaction (see
Chapter 2). Figure 3.17 shows the thermal photon number nth dependence on the temperature. Often an important requirement in either
theoretical or experimental consideration is that there is no thermal
photon (nth < 0.5) in the cavity. This requires that the micromaser
cavity is cooled down to below 0.9 K.
• Second, the superconductor surface resistance, which plays a significant role for the quality factor of the cavity, is inverse proportional
to its temperature (for details see Section 3.5). So in achieving high
cavity Q-factors the temperatures should be below 0.7 K (see Figure
3.13).
3 He

cryostat is used for these purposes in this experiment.

Figure 3.17: Mean thermal photon number dependence on the temperature.

One of the simplest ways for reaching temperatures significantly below
1 K is by using a 3 He evaporation cryostat. Whereas by pumping on a
liquid bath of 4 He a temperature of approximately of 1 K can be obtained
routinely, the lower limit with 3 He is slightly below 0.3 K. It is because of
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the smaller mass of the 3 He atom, therefore larger zero point motion than
4 He. The vapor pressure of 3 He is also at all temperatures higher than
the vapor pressure of 4 He. The normal boiling point of 3 He is 3.19 K, its
critical temperature and pressure are 3.32 K and 116 kPa respectively, and
the latent heat of evaporation at 0.3 K is 21 J/mol [Wil67].
It is also worth mentioning that the interval from 3.3 K to 0.3 K which
can be covered by pumping on liquid 3 He, is more than an order of magnitude
in temperature.
A schematic drawing of a modified commercial Oxford 3 He cryostat is
shown in Figure 3.18. Nitrogen and helium baths, under standard atmospheric pressure at 77 K and 4.2 K respectively, surround a vacuum chamber
inside of which below the 3 He pot on the cooper plate (so called coldfinger)
main experimental equipment - cavity with the microwave coupler, squeezing mechanism and collimator - is mounted. The 1 K pot is equipped with
a narrow (about 1 mm diameter) tube connected to 4 He bath. The inflow
of liquid 4 He from the 4.2 K bath is controlled precisely with the needle
valve. 4 He is pumped away from the other side of the 1 K pot by means
of a mechanical vacuum pump, cooling it down to near 1 K. This 1 K pot
is used as the heat sink: all tubes and electrical wires going to the 3 He
pot and coldfinger are thermally anchored to it. At this temperature also
a 3 He gas from the dumps (reservoir for storing 3 He in vapor-form) starts
to condense in the 3 He pot. Finally, when the 3 He pot becomes filled with
liquid by pumping on it a base temperature of 0.35 K can be achieved. The
pumping on 3 He is done with the passive charcoal sorption pump, which
starts to absorb gas when cooled down below 40 K. The pump is brought
into operation by lowering its temperature by heat exchange with the 4 He
bath. The flow of 4 He through the heat exchanger is increased by a small
vacuum pump and the rate of flow is controlled by a valve in the pumping
line. A heater is fitted to the sorption pump so that its temperature can be
controlled. Due to the high costs of 3 He, it is handled in a closed system.
This 3 He cryostat is of the single-cycle type. Once the 3 He pot is filled,
low temperatures can be maintained as long as there is liquid in the pot.
On the other hand, the sorption pump has also its capacity limits: when
it becomes saturated it has to be warmed up to regenerate the absorbed
material (3 He).
In the experiments at these low temperatures, it is also important to
reduce the external heat leak as much as possible. For this reason the
thermal shields, anchored to liquid nitrogen and liquid helium tanks, are
installed surrounding the 3 He pot and coldfinger.
The initial version of this commercial Oxford 3 He cryostat was not suited
for the experimental purposes. Cooling down the massive setup (about 1 kg)
that is used for our experiments, only the base temperature of 0.9 K could be
reached with a cooling cycle of about 2 h. These results were not satisfactory
nor in temperature nor in time scales. For this reason the whole cryogenic
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Figure 3.18: The basic principle of the 3 He cryostat. By means of evaporation
of 3 He the experimental setup is cooled down to temperatures of several hundred
mK.
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setup was modified and afterwards the temperature of 0.3 K with a cooling
cycle of more than 12 h was achieved.
The reason for this were mainly the problems related to the excessive
heat conduction, radiative heating, and cooling power that was insufficient.
The problems were solved addressing the various points individually:
1. Heat conduction: the thermal load from outside the cryostat through
the electrical cooper wires which go to experimental region have been
reduced by substituting them into the manganin ones, which have
lower thermal conductivity. Furthermore, these wires are thermally
anchored at the liquid N2 and 4 He tanks.
2. Radiative heating: in the thermal isolation shields instead of the holes
for the atomic and laser beams the small 5 mm of diameter and 30 mm
long tubes have been installed reducing thermal radiation from outside,
especially in the microwave regime. Furthermore, the liquid nitrogen
and liquid helium temperature thermal isolation shields were covered
with a thermal superinsulation foil also.
3. Cooling power: to reach cooling better performance, the partial pressure and amount of 3 He in the cryogenic setup was changed. Additional 3 He gas was added to the system, which allows now to condense about 42 cm3 of 3 He in the pot. Since the sorption originally
was designed to absorb much lower amounts of condensed 3 He (about
20 cm3 ), additional mechanical pump was connected to the closed 3 He
system. This pump is used to pump on the 3 He prior to the sorption
pump reaching some tens of mbar pressure. In this way the coldfinger
is cooled down slowly in more efficient way, letting all experimental
equipment to reach thermal equilibrium.
4. Weight reduction: some components of the experimental region like
atomic beam collimator, cavity squeezing mechanism and the fieldionization detection system have been re-designed to reduce the mass
which has to be cooled.
After all these implemented improvements, the performance of the system
has dramatically improved. In the end, the base temperature of 0.3 K
reached with cooling cycle of more than 12 h.
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Chapter 4

Measurements with the
Atomic Beam
4.1

Magnetic Field Compensation

Magnetic field should be compensated for reduction of magnetic field flux
frozen inside the superconductive cavity and for avoidance of Zeeman level
splitting.
In the one-atom-maser system, magnetic field should be compensated
once before cooling to superconductive temperatures due to two reasons:
• to reduce magnetic field flux frozen inside the superconductive cavity
which worsens its Q-factor;
• to avoid Zeeman level splitting under which the operation of the twolevel one-atom-maser is hardly possible.
The magnetic field is compensated once before every measurement cycle.
Then the resonator is cooled down below the superconductive temperature
and the magnetic field state is ”frozen” inside. Such a situation remains
during the whole cooling cycle, i.e. several weeks.
Due to the technical reasons, it is not possible to perform such a magnetic
field compensation inside the resonator using usual magnetic sensor equipment, so in the micromaser the atoms themselves are used as the magnetic
field probes. The main scheme for magnetic field compensation is shown
in Figure 4.1. Compensating magnetic field is produced by three pairs of
perpendicular Helmholtz coils. These are arranged outside the cryostat so
that the resonator lies in center of the symmetry point.
With the help of circularly polarized light of the first laser (780 nm), the
magnetic moment of all atoms are polarized along one direction by means of
optical pumping. Afterwards the atoms move through the resonator where
magnetic field should be compensated. During the time of passage the hyperfine structure spin of the atoms precess around magnetic field thereby by
46
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Figure 4.1: Magnetic field compensation scheme.

changing the distribution of the initially prepared quantum number state.
This means that in non vanishing magnetic field, the atomic state will evolve
to superposition of different mf states. Each part of corresponding component is well defined and depends on the time of passage through the magnetic
field and it’s strength. In the end, using three step excitation scheme atoms
are promoted to the Rydberg state, where they are detected. Due to the
different Clebsch-Gordan coefficients, the excitation probability differs for
each mf transition. The experimental results of such a magnetic field compensation measurement in each of the three directions is presented in Figure
4.2. In this case, magnetic field compensation is done with the accuracy of
less than 1 mG, which is several times better than it was achieved in the
past.
The detailed description of this improved magnetic field compensation by
using new three step excitation scheme with the thermal atomic beam and
the new developed method achieving even several orders of magnitude better
compensation accuracy (∼ 10 µG) by using demodulation technique will be
done separately in Chapter 6. There is also a new setup and experimental

Figure 4.2:
directions

Experimental magnetic field compensation curves in all the three
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results of coherent atomic control by means of the Hanle precession in static
magnetic field with a well-defined-velocity atoms that will be presented.

4.2

Resonance Curve of the Maser

To check the maser operation, the resonance curve (so called ”maser line”)
of the maser is taken. The cavity is slowly tuned over the maser transition
by changing the voltage of the piezoelectric transducer. Simultaneously, the
field-ionization signal is recorded.
The main experimental parameters are presented in the following Table
4.1:
Table 4.1: Main experimental parameters

Maser transition:

85 Rb

Transition frequency:

21.456 GHz

Lifetime 63P (61D):

488 µs (244 µs)

Coupling constant

g
2π :

63P3/2 → 61D5/2

7 kHz

Cavity Q-factor:

1 · 109

Cavity temperature:

0.5 K

The count rate in two channeltrons corresponding to the two states (upper 63P3/2 and lower 61D5/2 respectively) starts to change in the vicinity of
the resonance frequency (21.456 GHz). Atoms in the upper maser state begin to exchange the energy with the cavity field leading to the superposition
between the two states due to Rabi oscillations phenomenon (see Section
2.5). Measured maser line for the count rate of 350 counts/s (Nex ≈ 10
(number of atoms per cavity decay time)) is shown in Figure 4.3.
The observation of maser-lines has a long history in experimental micromaser physics. The first work, that demonstrated the stimulated emission
with at most one atom in the cavity was based on the observation of saturation broadening of maser lines [Mes84] [MWM85]. However, a detailed
theoretical analysis of the micromaser was published only later. Furthermore, the argumentation in this paper was rather qualitative. In a later
work [Rai95] [RBW95], large deviations of observed maser-lines from expected curves were observed for large atomic fluxes using velocity selected
atoms. These effects were explained by a complicated stray-field effect theory in the entrance and exit holes of the cavity.
In our experiments a rather simple theoretical model for the maser line
width and its shape explanation was used. The experimental results of such
maser line done at 1.6 K temperature for different Nex together with the
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Figure 4.3: Resonance curve of the maser. The count rate in the two channeltrons
changes as the frequency of the resonator is tuned over the resonance.

corresponding theoretical fit is shown in Figure 4.4. For the measurement of
the maser lines a thermal atomic beam was used where all the velocities are
averaged. The features of the maser line and its width for different atomic
rates Nex can be explained using the approach based on the steady state
equation (see Section 2.4) of the micromaser. Two things were taken into
account:
1. Rabi frequency term is substituted with the detuned Rabi frequency
term:


|Ω|2
2 1 0
Pg = 02 sin
Ωτ
(4.1)
Ω
2
where Ω02 = Ω2 + ∆2 is effective Rabi frequency.
2. Atomic velocities are averaged over many oscillation periods of the
Rabi frequency:
ZT /2
lim

T →∞
−T /2

2

sin



1 0
Ωτ
2


dτ =

1
2

(4.2)

This is a rather simplified approximation because it requires that a really
broad velocity range is covered in curve, which is not always the case. How-
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ever, the nice coincidence with the measured data justifies it. At higher
count rates in the cavity builds up a photon field which leads to maser
line broadening. A slight asymmetry in some maserlines is still observed
which can be attributed to entrance hole effects, but especially on the high
frequency wing of the maser line the agreement between experiment and
theory is excellent.

Figure 4.4: The experimental resonance curve measurements for the two different
count rates: a) Nex = 140 and b)Nex = 75. Fitted theoretical curves corresponds
to a higher Nex numbers, correspondingly Nex = 300 and Nex = 180 from where
we extract the detector efficiency of about 45 %.

By using an atom field coupling constant of g/2π = 7 kHz which has
been independently determined in a high resolution vacuum Rabi oscilla-
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tion measurement (see Section 4.4), an overall detection efficiency of the
Rydberg atom detection process of ∼ 45 % can be extracted by fitting the
calculated theoretical curves to the experimental results (Figure 4.4 and 4.5).
The atom field coupling constant is the only free parameter used to calculate
the maser lines. This number gives the ratio of the probability that atoms
are really detected compared to the number of atoms that pass through the
resonator. This extracted detection efficiency of ∼ 45 % includes all the
loss mechanisms taking into account the decay of the Rydberg states going
from the excitation to the detection region, the ionization process and finally
the cooled detectors (see Section 3.4) which have lower detection efficiency
(unfortunately not specified by the manufacturer) than at the room temperature. Such a detection efficiency estimation from the theoretical maser
line width model was done for the first time in the maser experiments.

Figure 4.5: The resonance curve linewidth dependence on the count rate. To
the theoretical predicted fit plotted experimental data includes previously from the
measurements extracted (see Figure 4.4) ∼ 45 % detection system efficiency.

Previously in the maser experiments also some measurements were done
where the detector efficiency of 19 % was extracted [Bab89], but there the
comparison to incomplete theoretical model without a maser line was used
and the atom-field coupling constant g was not determined in the independent measurements.
Another effect that was observed by measuring the maser lines with
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Figure 4.6: The maser line resonance shift dependence on the count rate.

different pump rates Nex is the resonance shift to the lower frequencies
as the number of atoms passing through the resonator is increased. The
experimental results are shown in the Figure 4.6. The observed linear shift
is compatible with the measurements described in [Rai95] where this effect
is explained in the terms of stray field theory in the entrance holes of the
resonator. The measurements confirms the predictions of this model by
observing a linear shift of the resonance peak as a function of the mean
photon number with a slope of 0.73 kHz per photon. Such linear character of
this shift was not demonstrated in earlier experiments. Whereas this theory
still remains the most complete theoretical work to explain all features on
maser lines, its complicated nature hinders intuitive understanding of the
physical processes in the cavity. These effects will not be discussed here,
since in the experiments all the following measurements are done at very low
count rates (Nex ≤ 1), where the shift is negligible and simple micromaser
theory dominates.

4.3

Velocity Selection and Time of Flight Measurements

Accurate control of the interaction time between atom and field plays an important role in the one-atom maser experiments. It differs thereby strongly
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from the usual maser, where the uncertainty of this parameter averages out
the typical microscopic effects. The interaction time is equal to the transit
flight time of the atoms in the the resonator, therefore there is a need for a
good atomic velocity distribution selection.

Figure 4.7: Time of flight measurement scheme.

In the experiment, the velocity of the atoms is selected by means of the
Doppler effect using angular excitation. In this case only a certain velocity
group of the atoms will be excited, whereas the rest would pass through the
experimental region in the ground state. To avoid the contact potentials
and to shield the region from the external stray fields, the excitation of
atoms is done in a niobium cylinder shortly before the resonator. The first
two laser stage beams hits the atomic beam perpendicularly (to match the
corresponding transition frequencies since they are stabilized in the Rb cells
on the Doppler free transition signals, as described in Chapter 5), whereas
the third stage laser beam is superimposed on the atomic beam at the same
point but at an angle of approximately 11◦ (in special case, for coherent
atomic control measurements, the third laser beam can be superimposed
along the atomic beam, i.e. at 0◦ ). Due to the Doppler effect, the atoms see
the third stage laser beam blue-shifted, with the frequency:
ν 0 = νl

c + v sin θ
c

(4.3)

where ν 0 is the Doppler shifted frequency, νl is the frequency of the third
stage laser beam, v is the velocity of the atom, θ is the angle between
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this laser and atomic beam and c is the velocity of light. By changing
the frequency of the third laser (the frequency tuning is described in the
Section 3.4), it is possible to select a certain group of the atoms with the
corresponding velocity:
c ∆ν
v=
(4.4)
ν sin θ
where ν is the frequency of the transition 5D5/2 → 63P3/2 and ∆ν = ν − νl .
The velocity selection resolution depends on the atomic beam divergence,
laser linewidth and the excitation angle. The three step diode system in this
sense has a drawback compared to the previously used dye laser, because
only from the laser wavelength (1257 nm and 297 nm correspondingly) one
gets the difference in the uncertainty of the atomic velocity selection of about
4 times. In addition, the role plays also the laser linewidth, which for IR
diode laser is also about 2 times larger as for UV dye laser (2 MHz and
1 MHz 1 correspondingly).
Typically the values of δτ /τ = 8% for the velocity selection are reached.
The relation between the time of flight ttof from the excitation region to the
detection and Stark voltage USt for the atoms with the velocity v can be
written as
2
ttof = P1 + P 2/USt
(4.5)
The values P1 and P2 are system dependent values, which should be determined from day to day repeatedly, because they depend on not so exactly
controllable parameters, like the excitation angle and stray fields at the Stark
plates caused by Rb-deposition. Such a calibration of the P1 and P2 values is made by time of flight measurements. This is realized by using pulsed
laser excitation where the time of passage of the atom from excitation region
till the arrival to detection system is measured. Such measurement setup is
shown in Figure 4.7.
For the generation of the uniformly time spaced laser pulses from the
continuous laser beam, a mechanical beam chopper is used. Compared to
the optical laser beam modulators (EOM) the mechanical chopper has the
merit concerning the extinction ratio, which play an important role in maser
experiments to avoid the excitation events, that spoils the measurement
statistics. However, mechanical beam chopping has also a drawback wherein
one cannot choose flexibly the pulse duration and separation times. For the
time of flight measurements the corresponding laser pulse and separation
times are chosen that the interval between two consecutive laser pulses is
much larger than the average passage time of the atom from the excitation
point to the detection. Moreover, it is important that the pulse width of
the laser gives a reasonable compromise between the number of excitation
events and resolution. Therefore, the following values were chosen: laser
pulse width is 5 µs (FWHM) and the separation between the pulses is 20 ms.
1

Laser linewidth data were taken from the corresponding product specification sheets.
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Figure 4.8: Time of flight measurement for two different Stark voltages.

As shown in Figure 4.7, mechanically chopped third laser beam at an
angle of 11◦ crosses the other two laser stages and atomic beam just before
the resonator (detuned). A part of the splitted third laser beam goes to the
photodiode which gives a reference signal for the start of the measurement
when the atom is excited. The time of flight of the atom is measured until
it reaches the detection system, where corresponding click gives the signal
to stop the measurement. For a calibration, several such a time of flight
spectra are taken and for each time interval occurrence histogram is made.
Figure 4.8 shows two of such a measurements for different Stark voltages.
The distribution width of the arrival times in the time of flight spectrum
can be explained by the Doppler equation which shows that the distribution
of arrival times is expected to be broader for the slower atoms:
δt =

x c δν
v 2 sin θ ν

(4.6)

The different side slopes can be explained in the following way: the laser
linewidth is symmetric about some chosen value in the thermal atomic velocity distribution profile. Now depending on which side of this thermal
velocity distribution profile one selects the atomic velocity group, on one
side there will be more atoms than in the other one. If one doesn’t saturate
and assume some constant excitation probability, then the excitation probability would be proportional to the number of atoms with exact that velocity,
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Figure 4.9: Time of flight calibration measurement. The width of the error bars
is given by the widths (FWHM) of the velocity distributions, as shown in Figure
4.8.

which correspond to the laser detuning. The product of the laser linewidth
and the thermal velocity distribution profile will get different slopes of selected atomic velocity distribution profiles, as shown in Figure 4.8.
For the velocity distribution calibration the time of flight spectra for
different Stark voltages are measured. Experimental results are shown in
Figure 4.9. The theoretical fitted parabola is using the equation (4.5) to
these time of flight spectra adapted curve.

4.4

Vacuum Rabi Oscillations

As discussed in the Chapter 2, the interaction of a two-level atom with a
single mode of the cavity field is described by the Jaynes-Cummings hamiltonian. In this model, an atom in the presence of a resonant quantum field
undergoes Rabi oscillations. If the cavity contains the quantum mechanical
vacuum field, a single atom that enters the cavity in state |ei will leave it in
the same state with probability
Pe = cos2 (|g|τ )
where g is atom-field coupling constant and τ is interaction time.

(4.7)
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Figure 4.10: Measurement scheme of vacuum Rabi oscillation.

At zero atomic flux, the cavity contains the blackbody field. The average
number of thermal photons at 0.65 K temperature is n̄th = 0.26. When an
atom in the upper maser level enters the resonant cavity, the probability of
spontaneous decay is increased as a result of the enhanced vacuum field in
the cavity. In addition, the emission is stimulated by the thermal radiation
field, which is, as mentioned above, quite small. As a result of this emission,
the cavity field is increased by the emitted photon, and the atom, now in
the lower maser level can reabsorb a photon and return to the upper maser
level. Since the average number of photons accumulated by the Rydberg
atoms in the cavity is approximately given by n̄m ≈ τf r/2, where r is the
number of Rydberg atoms passing through the cavity per one second, for
vacuum Rabi oscillation measurements r was chosen to be ∼ 3 s−1 , to ensure
that the cavity is in the vacuum state. With τf = 73 ms (see Section 3.5)
this gives a n̄m ≈ 0.05, what is on the secure side for observation of pure
vacuum Rabi oscillations, even when the probability of detecting an atom
in either the excited or ground state is about 45%, as it was mentioned in
the Section 4.2. Due to the finite lifetime of the atoms, additional atoms
are lost through spontaneous decay in the flight between the cavity and the
detectors.
The experimental setup for measurements of Rabi oscillations is equivalent to one of the time of flight measurement, which was depicted in Figure
4.7. Pulsed excitation of the atoms is used so that the number of atoms
passing through the cavity can be predetermined. The polarization of the
laser beams were chosen accordingly as depicted in Figure 4.10, where only
the 63P3/2 mj = ±1/2 levels are populated. This is a conventional setup
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which has been always used before in maser experiments with one step laser
excitation, as the same scheme is realized also with the three steps.
When the field-ionization signal is recorded in the experiment, the contribution of many atoms is averaged. Changing the selected velocity leads
to a different interaction time and leaves the atom in another phase of the
Rabi cycle when it reaches the detector. Measured atomic inversion
1 − 2Pe = − cos(2|g|τ )

(4.8)

(here Pe is the probability to detect an atom in the upper maser state)
oscillates sinusoidally around zero and is called vacuum Rabi oscillation.
The experimental results are shown in Figure 4.11. Measurement using

Figure 4.11: Experimental results of vacuum Rabi oscillation measurement. From
the measurement extracted coupling constant g/2π = 6.7 kHz.

such a excitation scheme is a little bit inconsistent because it leads to a
statistical mixture of the mj = +1/2 and mj = −1/2 states that interacts
with the resonator mode. Only due to the fact that the interaction for both
of these two pairs is exactly the same, allows to interpret the result as the
investigation of one of these two transitions.
The resolution of measured Rabi oscillations is comparable with the results achieved by Varcoe et al. [VBWW00]. Between the factors that reduces
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Figure 4.12: Experimental results of vacuum Rabi oscillation measurement, analyzed in a single time units, given by acquisition program.

the resolution like atom - atom collisions, detection efficiency, significant role
also plays limited atomic velocity distribution selection (discussed in section
4.3) in recent experiments with the three step excitation.
From the measurement extracted coupling constant g/2π = 6.7 kHz is in
a good agreement with theoretically predicted values and the previously experimentally measured values of ∼ 7 kHz [Mes84] [Rem86] [Ben95] [Rai95]
[Bra01]. However, most of these previously measured g-values were extracted from the measurements like maser resonance lines or pump curves,
where the measurements are influenced by the detector efficiency. And the
only one direct measurement which does not dependent on the efficiency of
the detectors for the coupling constant g-value establishment is the vacuum
Rabi oscillation measurement.
To reduce the atomic velocity selection distribution effect this measurement was analyzed in a different way also. The inversion for not whole
velocity group as measured was calculated, but the whole measurement
data were divided into a time scale of the resolution of the measurement
program of 1 µs (even when the excitation pulse width was larger: 5 µs).
Since the measurements are taken with the 1 µs scale resolution, the whole
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measured experimental data of velocity distributions can be correspondingly
overlapped and summed. In such a way analyzing the data and calculating
the inversion, it is possible to avoid this velocity distribution spreading effect, and afterwards to extract the result of the Rabi oscillations for each
1 µs time interval. The final result is shown in Figure 4.12. The extracted
from the measurement coupling constant, as expected, remains the same:
g/2π ≈ 7 kHz. However, as can be seen from the extracted data, in this case
the resolution of the vacuum Rabi oscillation measurement is significantly
increased up to 0.2. This result shows about ten times better contrast of
such a measurement than it was achieved by predecessors ([VBWW00]).

Figure 4.13: New measurement scheme of Rabi oscillation using a single transition.

Using flexibility, that three step excitation setup gives, a different excitation scheme was realized also (Figure 4.13), which allows to investigate the
single 63P3/2 mj = 3/2 → 61D5/2 mj = 3/2 transition. As only one transition is involved, such a measurement is insensitive to any possible atomic
levels shifts, i.e. due to the remnant magnetic fields, which was not the
case in the previously described vacuum Rabi oscillation measurement. Using this single transition, Rabi oscillation measurements were done for the
first time in the micromaser experiments. The experimental results of such
a measurement is shown in Figure 4.14. From the measurement extracted
coupling constant g = 5.3 kHz.
If one looks carefully at what contributes to Rabi frequency, then it
is product of various quantities, and only factor that differs for these are
Clebsch-Gordon coefficients for these transitions. Sice the Clebsch-Gordon
coefficients can be evaluated directly, one can calculate the theoretical ratio
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Figure 4.14: Experimental results of vacuum Rabi oscillation measurement using
single transition.

using Wigner 3-j symbols for the two mj = ±1/2 and mj = 3/2 transitions
correspondingly:
3

5
2 1
2
= −0.3163
(4.9)
1
1
2 0 −2
3
2
3
2

1 52
0 − 32


= 0.2582

(4.10)

so theoretically predicted ratio
|g3/2 |
≈ 0.82
|g1/2 |

(4.11)
g

The comparison with the experimental g-factor ratio g3/2 = 0.79 yields
1/2
a good agreement with the theoretical prediction. This good agreement
confirms, that in the previous measurement of Rabi oscillations with the
mj = +1/2 and mj = −1/2 states (see Figure 4.10) state degeneracy was
present what otherwise would lead to a statistical mixture of these transitions and therefore different value of atom-field coupling constant g.
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Figure 4.15: Experimental results of vacuum Rabi oscillation measurement using
single transition and analyzed in a single time units, given by acquisition program.

Such measurements also lead to a conclusion that the magnetic field
in the system is compensated well enough, that it doesn’t influence the
measurements due to Zeeman effect level splitting.
This measurement for reducing the atomic velocity selection distribution
effect was also analyzed in the same way described earlier. The results are
shown in the Figure 4.15. Extracted g-factor is almost the same: g ≈
5.2 kHz, but the resolution is increased up to ∼ 0.2.
The measurement of the increased vacuum Rabi oscillation and for the
first time in the micromaser experiments investigated and measured pure
magnetic level transition Rabi oscillation, furthermore, the reproducible results of such a measurement shows, that with the constructed micromaser
apparatus is possible to investigate the quantum effects in the resonator
with almost 10 times increased resolution as it was achieved in previous
micromaser experiments [VBWW00] [Bra01].
The remaining inconsistencies with the theoretical prediction of the vacuum Rabi oscillation resolution (see Figure 2.7, the curve of T = 0.7 K for
comparison) should be attributed to still existent limited atomic velocity
distribution selection and atom - atom collisions. Additional point could be
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higher field temperature, because with the temperature sensor one measures
only the temperature of the cavity walls. In fact the field inside the resonator
can be hotter, because resonator has the holes, where the outside radiation
from hotter surface can come in, like from an atomic oven. Therefore could
be possible, that the field temperature inside is higher.

Chapter 5

Laser System and
Spectroscopy
5.1

Overview

For the efficient excitation of 85 Rb atoms to the upper maser state (63P3/2 ),
a new three step diode laser setup is used. As already mentioned in the
Section 3.3, this new system was developed because the initially used frequency doubled dye laser system showed several problems, like power and
beam spatial instabilities, bad laser mode quality, frequency doubler crystal degradation (deuterated ammonium-dihydrogen-arsenate crystals are no
more produced) and finally high maintenance costs (everyday intracavity
frequency doubled ring dye laser adjustment, weekly dye change).
In the experiments used new excitation scheme is depicted in Figure 5.1.
85 Rb atoms from the 5S
1/2 , F = 3 hyperfine structure state are efficiently
pumped to the Rydberg 63P3/2 state by means of three resonant steps:
5S1/2 , F = 3 −→ 5P3/2 , F = 4 −→ 5D5/2 , F = 5 −→ 63P3/2
The three lasers whose frequencies are stabilized on the three mentioned
transitions (λ1 = 780.243 nm, λ2 = 775.978 nm and λ3 = 1256.730 nm) are
one with another spatially overlapped in order to accomplish this excitation scheme. The excitation probability in three steps to 63P3/2 state is
also higher than in using one step excitation, since the overlap of the wave
functions of the involved intermediate states in each case is much larger.
Previously, the low count rates prolonged the measurements and in consequence, it made them more susceptible to long term drifts. With the efficient
promotion of atoms to Rydberg states by means of three-step excitation high
flux experiments also with the slow and fast atoms in the range of velocity
distribution wings can be done.
Another problem with former UV laser setup was that using one step
excitation in the experiments for interaction times below 40 µs due to the
64
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Figure 5.1: Excitation of 85 Rb atoms to the upper maser state scheme using
three-step diode laser system.

Doppler effect the excitation spectra of 63P3/2 and 63P1/2 fine structure
levels overlap, leading to excitation of 63P1/2 state atoms also, which do not
interact with the resonator field however are counted in the detectors and
lead to perturbation of the counting statistics. This problem is solved by
using three-step laser excitation setup, where flexibility of choosing atomic
selection rules is used and meanwhile allows to perform the experiments that
were not possible with former one step excitation setup.
The main scheme of the three-step diode laser system is shown in Figure 5.2. For all the three stages, a commercially available external-cavity
Littrow configuration diode lasers (TOPTICA Photonics AG, type SYS DL
100) are used together with voltage supply and monitor unit (type DC 100),
as well as a temperature stabilization module (type DTC 100), and current control model (type DCC 100). The first two lasers (stage one: λ1 =
780, 243 nm, P = 80 mW and stage two: λ2 = 775, 978 nm, P = 40 mW) are
frequency stabilized on spectroscopic signals generated in the Rb cells and
the third laser (stage three: λ3 = 1256, 730 nm, P = 25 mW) is locked on
the atomic beam signal.
The adjustment to the corresponding resonant wavelength in each of the
lasers is done by a simple angular rotation of the grating relative to the
optical axis of the laser cavity. With such angle tuning of the diffraction
grating, a small tuning range in the order of 10 GHz may be performed.
Fine tuning of the emission wavelength of such a laser diodes is performed
by changing the temperature of the laser case or by changing the injection
current. Changing the temperature of the laser mount is suitable for a larger
wavelength tuning. Since the change of the temperature is a slow process,
tuning rates are very limited. Changing the laser current results in a faster
tuning, however the total tuning range is much smaller than the tuning

Figure 5.2: Diode laser system. It consists of the three commercially available diode lasers stabilized on the signals from the Rb cells
and atomic beam correspondingly.

66
CHAPTER 5. LASER SYSTEM AND SPECTROSCOPY

5.2. LASER FREQUENCY STABILIZATION

67

range by changing the laser temperature.
All the details about each of the laser stages, setup and frequency stabilization on the corresponding transitions will be discussed in the following
sections.

5.2

Laser Frequency Stabilization

For the laser stabilization on the required frequency, lock-in detection scheme
is used to generate the error signal which is afterwards processed with specially made PID regulator.
The laser frequency stabilization scheme used in former experiments with
the dye-laser was not satisfactory because the frequency was stabilized on
the fixed count rate, where the change in the atomic flux led to undesired
frequency change. To overcome this problem, a new top-of-fringe laser frequency stabilization system for the new diode laser setup was developed
using specially designed error detection and feedback schemes.
All the three laser stages are frequency stabilized on the spectroscopic
signals from the corresponding transition lines using the same technology,
namely synchronous demodulation scheme. The drifts or the instabilities
in laser frequency can be minimized to zero through a feedback mechanism
that monitors the output frequency of the laser and uses it to produce an
error signal, with rapid enough action to force the laser frequency to remain
at a fixed value. As a reference frequency for this feedback mechanism,
the required hyperfine transition of Rb is used. Although there are various
mechanisms that can provide suitable feedback to lock the laser, in this
experiment employed mechanism incorporates a lock-in amplifier (Stanford
Research Systems model SR510 for the first stage and model SR530 for the
second stage).
The main scheme of such a laser stabilization circuit is shown in Figure
5.3. It consists of two main parts, lock-in-amplifier and regulator. Essentially, the lock-in-amplifier takes the derivative of the corresponding peak
of spectroscopy signal and produce a dispersive signal (error signal) which
is then processed by a special home made regulator with a modified PID
topology. This error signal has the 0 value at the maximum of the atomic
transition line, which is taken as a frequency reference, and a positive or
negative value corresponding on which direction the frequency is shifted off.
Depending on error signal, the PID regulator delivers correction voltage to
the monitoring unit of the laser system, forcing the laser output back on the
summit frequency, once it randomly drifts off it, so that the error signal is
regulated to the 0 value.
The PID controller involves three separate parameters: the Proportional,
the Integral and Derivative values. The Proportional value determines the
reaction to the current error, the Integral value determines the reaction
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Figure 5.3: Laser frequency stabilization scheme.

based on the sum of recent errors, and the Derivative value determines
the reaction based on the rate at which the error has been changing. The
weighted sum of these three actions is used to adjust the process via a control
element such as the laser frequency. By ”tuning” the three constants in the
PID controller algorithm, the controller can provide control action designed
for specific process requirements. The response of the controller can be
described in terms of the responsiveness of the controller to an error, the
degree to which the controller overshoots the set-point and the degree of
system oscillation.
The proportional, integral, and derivative terms are summed to calculate
the output of the PID controller. Defining u(t) as the controller output, the
final form of the PID algorithm is [TQGC99]:
Zt
u(t) = M V (t) = Kp e(t) + Ki

e(τ )dτ + Kd

de
dt

(5.1)

0

and the tuning parameters are:
1. Kp : Proportional gain - larger Kp typically means faster response
since the larger the error, the larger the Proportional term compensation.
An excessively large proportional gain will lead to process instability and
oscillation.
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2. Ki : Integral gain - larger Ki implies steady state errors are eliminated
quicker. The trade-off is larger overshoot: any negative error integrated
during transient response must be integrated away by positive error before
reaching steady state.
3. Kd : Derivative gain - larger Kd decreases overshoot, but slows down
transient response and may lead to instability due to signal noise amplification in the differentiation of the error.
The PID regulators, used in our experiment, were specially developed by
G. Stania, and together with the stabilization circuit thoroughly described
in [Sta05]. As an adaptation to the experimental setup some minor changes
were done. Based on a mathematical model for a PID regulation scheme, the
amplifications in the P, I and D sections has been determined to guarantee
the operation of the system under aperiodic damping conditions. In this
way, each regulator is specially adapted to the system that it controls.
Closed feedback loops are characterized by so called perturbation response. Perturbation response describes the influence of at the certain place
in the closed loop (Figure 5.3, point ”Step function”) introduced variable
disturbance on the output of the system. To test this, the stabilization circuit is closed and the step function perturbation is fed to the system. In
this study, the goal of such a closed loop dynamics is aperiodic damping of
perturbations. Such investigation of the system for the first and the second
laser stages are shown in Figure 5.4.
The first stage implements field effect current control of the diode laser,
leading to the damping times of aperiodic perturbation of about 200 µs
(Figure 5.4(a)). In the second stage using the current modulation scheme,
the measured perturbation damping times reaches 140 µs (figure 5.4(b)). In
both cases, the aperiodic damping time constant τ is 5 times smaller than
the time constant of lock-in-amplifier.
In the last, third stage, the frequency stabilization is done on the atomic
beam signal, or more precisely, on the signal from the field-ionization detection system (the setup and production of signal will be discussed more in
detail in Section 5.5). This detection system gives out the discrete signal,
count rate, which is dependent on the laser frequency. The count rate fluctuations, which are pure statistical fluctuations, have relatively long time
scales and bring noise in the system. So the regulation dynamics is limited
here. Top of fringe stabilization is done using digital lock-in processing of
the count rate signal and control with PI regulator. The test of stabilization
for the third stage is also discussed in Section 5.5.
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Figure 5.4: Step function response of the closed stabilization loop for the fist (a)
and second (b) laser stages.
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First Stage
The D2 Transition of Rb

As an alkali metal with one valence electron, Rb has an energy-level scheme
that resembles hydrogen. The ground state electron configuration of Rb
is [1s2 , 2s2 , 2p6 , 3s2 , 3p6 , 3d10 , 4s2 , 4p6 ], 5s1 . As for the core Rb+ ion, it is
spherically symmetric, resulting to a total angular momentum (L), spin angular momentum (S), and thus spin-orbit L−S coupled angular momentum
(J = |J| = |L + S|) of zero. Consequently, with all the core ion quantum
numbers equal to zero, the observed energy transitions with the associated
changes in L − S coupled quantum numbers comes from the valence electron
only. As stated in L − S coupling notation: (nl)2S + 1Lj, (where n and l
are the principle and angular momentum quantum numbers respectively),
the ground electronic state is 52 S1/2 , and the first electronic excited state
is found in the 52 p orbital. Here S = 1/2 and L = p = l = 1, leaving two
possible values for J (i.e., |L–S|, . . . , J, . . . , |L + S| in integer steps) equal
to 1/2 and 3/2. As a result, two possible energy levels exist for these given
n and l values. The first, less energetic excited state is referred to as the
D1 line and has the following quantum numbers: 52 P1/2 . The second, more
energetic excited state is referred to as the D2 line and has these quantum
numbers: 52 P3/2 . This splitting of the S = 1/2 and L = 1 state into two
finer (J = 1/2, and 3/2) states is known as the magnetic fine structure
states of the atom, where the former state corresponds to a transition from
the ground state with a wavelength of 794.7 nm, whereas the latter transition corresponds to a wavelength of 780 nm. We concentrate on the D2
line.
The spin quantum number of the nucleus (I) and the nuclear quadrapole
moment lead to even finer splittings in the energy spacing of the atom, known
as the atomic hyperfine structure. In zero or even very weak magnetic fields,
I and J couple together and lead to what is known as the grand total angular
momentum quantum number of the whole atom: F = |F | = |I + J|, where
|I–J|, . . . , F, . . . , |I + J| in integer steps. Now, it must be noted that 85 Rb
has I = 5/2, whereas 87 Rb has I = 3/2. Therefore, considering only the
D2 line where J = 3/2, the two isotopes each have differing states. That
is, with J = 3/2 and I = 5/2, 85 Rb has the following possibilities for F
states: F = 1, 2, 3, and 4, whereas with I = 3/2, 87 Rb has these following
values of F states: F = 0, 1, 2, and 3. The ground state quantum numbers
for 85 Rb are J = 1/2, and I = 5/2, resulting in the possible F states: 2 and
3, whereas the ground state quantum numbers for 87 Rb are J = 1/2 and
I = 3/2 resulting in these possible F states: F = 1 and 2. Evidently, in
both cases the ground state is split into two hyperfine levels, making the total
number of possible transitions in each isotope, from the ground state to the
excited D2 line, not eight, but six. This is due to the fact that transitions
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Figure 5.5: Energy manifolds of

85

Rb transitions.

from one energy level to another must obey certain quantum mechanical
selection rules that prohibit two of the transitions above. These selection
rules for the exchange of one value of quantum number for another in a
given transition, for the quantum numbers F, J, L and M , dictate that no
quantum number may change by more than 1. In other words, the difference
between the value of a ground state and an excited state quantum number
can either be 0 or 1. The only exception is that L can only change by one,
not by zero. Thus, in the case of transitions from the F values of 2 and 3 for
85 Rb, and 1 and 2 for 87 Rb, to the four corresponding excited state F values
of each isotope, there can only be six possible transitions as illustrated in
the hyperfine energy manifold of 85 Rb in Figure 5.5.

5.3.2

Doppler-free Saturation Spectroscopy

The first stage diode laser is frequency stabilized on optical doppler-free saturation spectroscopy signal from Rb cell.
Doppler broadening is usually the dominant contribution to the observed
width of lines in atomic spectra, at room temperature. The techniques of
Doppler-free laser spectroscopy overcome this limitation to give much higher
resolution.
If the radiation from the laser, oriented along the z axis, has a frequency
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νL in the lab frame, atoms moving at velocity vz with respect to the lab
frame will see a frequency νA such that


vz
(5.2)
νL = νA 1 +
c
When νA equals one of the resonant frequencies of the atom, ν0 , the atom
will absorb the radiation to jump to an excited state. This means that atoms
moving towards the laser, will absorb at a frequency that, when measured
in the lab frame, is lower than their resonant frequency, and atoms moving
away from the laser will absorb at higher than their resonant frequency.
The measured absorption spectrum will thus be characterized by broad signals around each absorbed frequency. If the atom velocities are given by a
Maxwell distribution, the full-width at half maximum amplitude (FWHM)
of the Doppler-broadened signal is given by


ν0 2kT
νF W HM = 2
ln 2
(5.3)
c
M
which is about 500 MHz for rubidium.
The primary feature of saturation laser spectroscopy is its avoidance
of the Doppler effect. The saturation spectroscopy setup is depicted in
Figure 5.6. In this technique three laser beams are utilized, all split off
from the same laser and thus have the same frequency. All three beams
are directed into Rb vapor cell (about 10 cm length). The Rb cell was
kept at room temperature and enclosed by a µ-metal magnetic shield by
which the residual magnetic field was reduced to about 1 mG. This shield
is essential for obtaining large and stable signals, because a stay magnetic
field is disruptive in the experiment [YUM+ 03]. Concerning the laser beams,
there is one saturating, intense laser beam called the pump beam and two
other probe beams. One beam is overlapped with the pump beam such that
the two beams propagate in opposite directions and overlap at the possible
smallest angle as they pass through the cell. The purpose of the saturating
beam is to saturate the transition of those atoms in its path such that the
overlapping probe beam cannot interact with them. The reference probe,
meanwhile is displaced far enough from the pump beam within the vapor
cell such that the saturating beam cannot impinge upon it. This is for the
purpose of providing a reference frequency sweep. Afterwards, the two probe
beams are detected by the photodiodes (PD) in producing the Doppler-free
spectrum. The Fabri-Perot interferometer was used to diagnose the spectral
properties of the laser and mode hop-free-scan range optimization at the
required wavelength.
Now, once the counter-propagating pump beam overlaps one of the probe
beams, the situation remains relatively unchanged with respect to the absorption profile, since the two beams interact with different velocity classes
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Figure 5.6: Setup of Doppler-free saturation spectroscopy.

of atoms. That is, since the two beams are of the same frequency, they each
interact with atoms moving with similar speeds and thus similar Doppler
transition frequencies. However, since the beams are counter-propagating,
they interact with atoms with opposite directions of movement. At one particular value of frequency in the sweep, each of the two beams interacts with
atoms on opposite sides of the Doppler profile. The absorbed light in both
cases is either blue-shifted or red-shifted. Assuming it is blue-shifted, once
the sweep goes up in frequency, the two beams switch sides of the Doppler
profile, and the respective atoms now see the light red-shifted. This is just
another way of saying that the production of the Doppler peak is independent of the direction of the laser beam in the lab. Since the two beams
interact with a different set of atoms altogether, they have no effect on one
another. As a result, the probe beam reports a signal to the PD that is
unperturbed by the presence of the pump beam.
However, when the laser is nearly tuned to the lab frame or zero velocity transition frequency during the scanning, the two beams have no choice
but to interact with the same set of zero velocity atoms. This results to
the reduced absorption of the probe beam at one spot along the Doppler
broadened profile. Namely, during the course of a sweep across an absorption peak, the PD reports the familiar Doppler broadened profile, but the
absorption is suddenly reduced and the intensity goes up at one location
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once the sweep reaches the transition frequency of the zero velocity atoms.
Once the laser is tuned to the lab frame transition frequency, both beams interact with the same atoms, but the pump beam, being much more intense,
has a much larger probability of interaction. Once an atom is excited, it
cannot be re-excited until it decays. In other words, once the pump beam
excites a certain atom, it is removed from the pool of excitable atoms available to the probe beam. Furthermore, once the two beams are overlapped,
the absorption of the probe beam is reduced by a factor governed by the
number of zero velocity atoms that are excited by the pump beam. As a
result, the signal reported by the overlapping probe beam tuned to the lab
frame transition reveals Doppler broadened peaks with small dips (called
Lamb dips)[Dem92] corresponding to the absorption frequencies of the zero
velocity class of atoms only. Since the un-broadened absorption profile is a
direct result of the natural linewidth of the atomic transitions, which have
a Lorentzian lineshape, these Lamp dips inherit the very same Lorentzian
lineshape.
Figure 5.7 shows such a saturation spectroscopy signal. A green line
shows Doppler broadened signal, where the pump beam was not present and
the other curve (blue) shows usual Doppler-free saturation spectroscopy signal where the all three (5S1/2 , F = 3 −→ 5P3/2 , F = 2, 3, 4) hyperfine transitions are nicely resolved. Since the signal with the presence of the pump
beam still has the Doppler broadened background, this can be removed by
electronically subtracting the Doppler broadened background from the saturated signal. The result is depicted in Figure 5.7(b). The linewidth is given
by δν = Γ/2π, which is the ”natural width” of the transition. In the present
case of Rb, δν = 5, 98 MHz [MvdS99].
Pressure broadening can also be a limiting factor due to the fact that
at a high enough vapor pressure within the vapor cell, perturbations in
Rb energy levels are manifested through the increased collisions in moving
atoms. However, since the commercial Rb cell at room temperature is used,
the pressure in the Rb vapor is just saturated vapor pressure, high enough
for adequate signal production and low enough to avoid pressure broadening.
The final type of broadening is power broadening. In this case the laser
light saturates the transitions of the atoms. A good balance of pump and
probe beam power for observation of minimized linewidths is described by
[PBH+ 80]. Here is shown that differential lineshape A12 (ν) for saturated
absorption by a low-density target is

A12 (ν) = As

∆
2

2 

2

(ν − ν0 ) +



∆
2

2 −1
(5.4)

where As scales as
Iprobe

Ipump 1 − Γi T
[F + F 2 ]
Isat 2 + Γi T

(5.5)
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Figure 5.7: Hyperfine transitions for the first stage. a) Green curve shows
Doppler broadened signal, where the pump beam was not present and the blue
curve shows usual Doppler-free saturation spectroscopy signal where the all three
5S1/2 , F = 3 → 5P3/2 , F = 2, 3, 4 hyperfine transitions are nicely resolved. b)
To get rid of Doppler broadened background, this is removed by electronically
subtracting it from the saturated signal.
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γ(1+F )
4π

is the power broadened width (FWHM) of the signal in Hz.
q
I
The quantities Iprobe and Ipump are laser beam intensities, F = 1 + pump
Isat
is the broadening factor, γ = 1/τ + 2/T + 2πδνlaser is the homogeneous
hν0
linewidth of the transition in rad/ sec, and Isat = sigma
(1 + Tτ )(2 + Γi T )−1
0τ
is a convenient yardstick to measure the intensity of the pump beam. In
this expression ν0 is the transition frequency between a hyperfine level of
the 52 S1/2 ground state and the i-th hyperfine level of the excited 52 P3/2
manifold, τ is the lifetime of the 52 P3/2 state, Γi represents the sum over
all spontaneous decay rates from the i-th excited hyperfine level to all lower
levels except the initial one, and T is the duration of the excitation (the
time that the atoms remain in the laser beam).
The absorption cross section per atom is
σ0 =

16π 2 kµ2 1
hγ
4π0

(5.6)

where k = ω/c, the electric dipole moment µ satisfies
µ2 =

20 hc3 Γ0
2ω03

(5.7)

and Γ0 is the spontaneous decay rate peculiar to the resonant pair of hyperfine levels. The values of Γi and Γ0 reflect hyperfine branching ratios and
satisfy the equation Γi + Γ0 = 1/τ . Through a given expressions it is evident
that greater pump intensities Ipump imply stronger but broader signals, and
that large values of Γi imply small values of Isat , which means that Ipump
need not be large to produce sizeable saturated absorption signals in the
presence of optical pumping. Finally, if T is large compared to τ then in the
limit of low laser power, the saturated absorption linewidth ∆ is essentially
δνlaser .
Since the minimum observable linewidth is ∼ 6 MHz, the residual measured hyperfine transition (5S1/2 , F = 3 −→ 5P3/2 , F = 4) broadening to
∼ 10 MHz can be attributed to other broadening effects, mentioned above
and also to residual Doppler effect due to a small, but still non-vanishing
angle of superimposed pump and probe beams [Dem92].
The final spectrum reveals not only the Doppler free peaks that were
discussed, but also additional spurious peaks, appearing between each real
absorption peak. These spurious peaks are known as cross-over peaks. These
can arise when there is more than one hyperfine transition under the same
Doppler profile, allowing the laser beam the possibility of interacting with
two different velocity classes of atoms at the same time. Crossover peaks
occur because the Doppler shift allows certain moving atoms to be in resonance with both the pump beam and the probe beam. For instance, if the
laser is tuned halfway between the transitions from F = 3 to F , = 3 and
from F = 3 to F , = 4, atoms moving towards the probe beam could see
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the pump beam as the lower frequency resonance, causing them to depopulate the F = 3 ground state, and they could see the probe beam as the
higher frequency resonance, resulting in a signal where none ought exist at
the frequencies halfway between successive Doppler free transitions.
In the Figure 5.7(a) are depicted three real hyperfine transitions 5S1/2 ,
F = 3 −→ 5P3/2 , F = 2, 3, 4 and the three corresponding crossover peaks,
appearing at the halfway frequencies of the transitions 5S1/2 , F = 3 −→
5P3/2 , F = 2 and F = 3; 5S1/2 , F = 3 −→ 5P3/2 , F = 2 and F = 4;
5S1/2 , F = 3 −→ 5P3/2 , F = 3 and F = 4.
The first stage laser frequency, as already described in the Section 5.2 is
stabilized on the required 5S1/2 , F = 3 −→ 5P3/2 , F = 4 hyperfine transition by means of lock-in technique where the feedback is processed by PID
regulator.

5.4

Second Stage

The second stage laser (λ2 = 775, 978 nm) is used to promote atoms further
the ladder to the 5D5/2 state. To lock the laser on this transition, special
absorption spectroscopy setup is realized, where the laser is stabilized on the
transmission signal from the first laser. The sketch of such a setup shown
in Figure 5.8.
The second stage laser beam, which should be frequency stabilized is
superimposed with the light from already frequency locked counter propagating first laser beam in the room temperature Rb vapor cell. The cell
is about 10 cm long and enclosed by a µ-metal magnetic shield like in the
saturation spectroscopy setup. By using the photodiode (PD), the transmission of the first stage laser is recorded, as the frequency of the second stage
is scanned. Since the first stage laser is already locked to the Doppler-free
peak, it also excites the atoms in this cell that have no velocity component in the direction of laser beam . If the second stage laser frequency is
on resonance (5P3/2 , F = 4 −→ 5D5/2 ), it will deplete the population of
the 5P3/2 , F = 4 level and promote partially the atoms to the 5D5/2 level.
Therefore, the portion of atoms that can absorb the light of the first stage
laser is reduced, which causes the transition of this laser beam to go up.
Due to the different lifetimes of the 5P3/2 , F = 4 and 5D5/2 states, the
stronger signal is obtained from the recorded transmission of the first stage
laser beam.
Simple rate model for such system can be estimated using by Einstein
introduced A and B coefficients, which describe spontaneous emission and
induced absorption and emission. The Einstein A coefficient is defined in
s from an one level |ii to
terms of the total rate of spontaneous emission Wik
another level |ki for a system of Ni atoms:
s
Wik
= Aik Ni ,

(5.8)
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Figure 5.8: Setup of absorption spectroscopy.

where
1/tspont =

X

Aik .

(5.9)

k

The spontaneous emission coefficient Aik is proportional to the Einstein
coefficient of induced absorption Bki :
ω
=
Bki

gi ω
B
gk ik

;

Aki =

3
~ωik
Bω ,
π 2 c3 ik

(5.10)

where ωik is the resonance frequency of the transition, gi and gk are the
degeneracy factors of the levels [Hil82].
Sine the lifetime of 5D5/2 hyperfine levels is approximately ten times
longer as the lifetime of the 5P3/2 , F = 4 hyperfine levels (238, 5 ns [SGO08]
and 25, 69 ns [The84] respectively), the transmission signal of the first laser
beam is more apparent compared to the absorption of the second stage
beam.
The excitation scheme used is a bit similar to the electron-shelving
[Deh82] technique often used in the trapped ion experiments, called Vexcitation scheme. In this study the excitation is different. A ladderexcitation scheme is utilized here.
Since the linewidth of the 5P3/2 , F = 4 transition in this experiment is
about 10 MHz (FWHM) as explained before, the hyperfine structure levels
F = 3, 4, 5 of the 5D5/2 state can not be simply resolved using usual excitation scheme, because the frequency between them lies in the same range
(∼ 9 MHz [NBFM93][GSVD+ 95]). Therefore, the transitions from all the
three hyperfine structure levels will be existent in the last excitation step
(5D5/2 F = 3, 4, 5 → 63P3/2 ), which would spoil the usual maser operation.
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To avoid this, a special excitation scheme is realized where hyperfine transitions 5P3/2 , F = 4 −→ 5D5/3 , F = 3, 4, 5 can be resolved (Figure 5.9a)) and
one necessary hyperfine transition can be selected (Figure 5.9b)). For this
purpose the optical pumping effect and dipole selection rules are used.
In optical pumping with circularly polarized light [Kas50], the transfer
of angular momentum from the light beam to the atomic system results in
orientation of the atoms. For circularly polarized photon σ+ the transition
selection rules are ∆mf = +1. Thus every absorption an excited atom
produces one unit more of projected angular momentum than it had before
the transition. Spontaneous downward transitions can occur with ∆mf =
±1, 0.
In our setup using circular σ+ light for both laser beams in the Rb cell
and due to the atomic selection rules we realize
5S1/2 , F = 3, mf = 3 → 5P3/2 , F = 4, mf = 4 → 5D5/3 , F = 5, mf = 5
(5.11)
excitation scheme, which is schematically depicted in Figure 5.8. The two
laser beams from the first and the second stage (both circularly polarized
in the same direction with the help of λ/4 plates) are superimposed from
different sides in the Rb cell. In Figure 5.9 (a) it is shown, that all the three
hyperfine transitions are resolved, when the polarizations of the two laser
beams were not perfectly circular. When the polarization of the laser beams
is set correctly to the circular one, the atoms are optically pumped only
into the one hyperfine transition state (Figure 5.9 (b)). The linewidth of
the transition is about 15 MHz. Even a smaller linewidth could be obtained
in such setup, however the laser powers were optimized to guarantee the
best signal-to-noise ratio, even if the linewidth at these power levels is a bit
larger than the optimal values.
Anyway, using such a approach the resolved line has much better contrast
compared to the methods where the fluorescence signal from the atomic decay 6P3/2 to the ground state (420, 3 nm) for the laser frequency stabilization
was used [Lan94, Ger08].
The frequency stabilization of the second laser on the required 5P3/2 , F =
4, → 5D5/3 , F = 5, transition is done by means of usual lock-in technique.
The feedback signal is processed by PID regulator, similarly like in the first
stage frequency locking, described earlier in Section 5.2.
Utilization of selective atomic excitation approach, described here, has
led to other experiments, where we have successfully demonstrated the
purely optical spectroscopy of rubidium Rydberg states (specifically Rb
63P3/2 ) in a room-temperature gas cell. This work of using different polarization schemes and possible excitation geometries with the experimental
applications and results are published in [THS+ 09] and [TGH+ 09].
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Figure 5.9: Spectroscopy signal for the 2−nd stage laser locking. a) Three
hyperfine transitions 5P3/2 , F = 4 → 5D5/3 , F = 3, 4, 5 can be resolved. b) A
necessary hyperfine transition 5P3/2 , F = 4 → 5D5/3 , F = 5 for the second stage
laser stabilization is selected using the effect of optical pumping and dipole selection
rules.
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Third Stage

The last laser stage (λ3 = 1256, 730 nm) is used to promote the Rb atoms
from the 5D5/3 , F = 5 state directly into the Rydberg regime (63P 3/2 state).
Since the mean lifetime of the Rydberg states are much longer compared to
the lower lying levels used in the first two excitation stages due to the weak
overlap of the atomic wave function with that of ground state [FH83], the
stabilization of this laser frequency is done directly on the atomic beam
signal (5.10) in the auxiliary chamber (see Section 3.4). All the three laser
stage beams are superimposed perpendicularly to the atomic beam realizing
5S1/2 , F = 3 → 5P3/2 , F = 4 → 5D5/3 , F = 5 → 63P3/2 excitation scheme.
The atoms in the Rydberg state are detected using field-ionization detection
setup.

Figure 5.10: The signal from the atomic beam.

Since the obtained signal from the detection system is digital one, stabilization in this case should be done in a bit different way compared to the
first two stages, where analog signal from photodiodes was taken. While
the usual commercial lock-in amplifiers cannot produce an error signal from
the digital input signals, a special circuit was developed for this purpose,
which works at the synchronous demodulation principle. The error signal
from this circuit afterwards is processed by PI regulator. Such stabilization
setup allows reliably to stabilize the frequency of the third laser stage on
the peak of the required transition.
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For the frequency stabilization quality estimation, atomic beam count
rate stability test was performed. In this study all the three lasers were
locked and during the fixed interval of time the atomic count rate was
recorded (Figure 5.11(a)). In the analysis of the statistics of such measurement, a conclusion about the laser frequency stabilization can be done.
In the ideal case, considering that the laser system works perfectly, frequency is stable, and not only of the last laser stage, but also of the first
two, considering that there are no fluctuations in the atomic beam and that
the detection system works perfectly, one would expect to get Poisson distribution.
The Poisson distribution is a discrete probability distribution that expresses the probability of a number of events occurring in a fixed period
of time if these events occur with a known average rate and independently
of the time since the last event. If the expected number of occurrences in
the fixed time interval is λ, then the probability that there are exactly k
occurrences (k = 0, 1, 2, ...) is equal to
f (k; λ) =

λk e−λ
k!

(5.12)

where k is the number of occurrences of an event - the probability of which is
given by the function and λ is a positive real number, equal to the expected
number of occurrences that occur during
√ the given interval. The standard
deviation of the Poisson distribution is λ.
Such experimental results are plotted in Figure 5.11(b) together with
the theoretical Poisson curve. Experimental statistics is very close to the
fundamental physical limit(within 6 %), which confirms the high laser stabilization quality (for all three stages) and overall stability of the system.
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Figure 5.11: The test of the laser stabilization. (a) Recorded atomic count
rate. (b) Observed beam statistics reaches to within 6% the Poisson limit which is
expected in the absence of experimental imperfections.
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Chapter 6

Magnetic Field
Compensation
6.1

Overview

Without compensation in the experimental region, existent magnetic field
is of the order of 350 mG (mainly earth magnetic field). Since the resonator is made from niobium, which is superconductor of type II, below the
superconductive critical temperature (9.2 K) the magnetic field fluxes freeze
inside. This causes increased high frequency resistance [Pie73] in the walls
of resonator, worsens it’s Q-factor [PSS93] and reduces the lifetime τcav of
the field.
Another reason for compensation is that in magnetic field magnetic sublevels of the transitions, used in the maser experiments, are no longer degenerate. Due to the different Lande-factors the transitions 63P3/2 , mj =
1/2 → 61D5/2 , mj = 1/2 and 63P3/2 , mj = −1/2 → 61D5/2 ,
mj = −1/2 splits about 1.5 kHz/mG. Since the splitting should be smaller
than Rabi frequency Ω/2π, the magnetic field should be compensated to at
least 2 mG [Rai95].
Rough magnetic field precompensation down to ∼ 30 mG is done using
magnetometer (Magnetoscop type 1.068)
Due to experimental reasons, the final precise magnetic field compensation (MFC) in maser is possible when atoms themselves are used as the
detectors. For this purpose, the precession of magnetically oriented atoms
in a variable magnetic field is observed.
The main setup of a magnetic field compensation is shown in Figure 6.1.
Outside the cryostat, three pairs of perpendicular Helmholtz coils (diameter
∼ 1 meter) are arranged in a way that the resonator lies in the center point.
The current through each pair of the coils is controlled by high-precision
current supplies (Burster Digistant 6426). With the help of the first laser,
the magnetic moments of all atoms are aligned along the direction of this
86
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Figure 6.1: The main setup of magnetic field compensation in one-atom maser.

laser beam, in this way polarizing the atomic sample. Then the atoms
move through the region of about 10 cm where magnetic field should be
compensated, namely, resonator. In this region the magnetic moment of the
atoms precesses around non vanishing magnetic field. Afterwards, such a
precession (Hanle effect 2 [Han24]) is detected by subsequent excitation of
the atoms to the Rydberg levels with a second laser.
A more detailed explanation is shown in Figure 6.2. Atoms from the oven
with the thermally equally distributed quantum numbers using the circular
light of the 780 nm diode laser are pumped to the extremal quantum state:
52 S1/2 , F = 3 → 52 P3/2 , F = 4

(6.1)

Since only the transitions of ∆mf = +1 are allowed (laser beam direction defines the quantization axis), after several hundred of absorption and
spontaneous emission cycles in the laser beam (laser beam diameter ∼ 3 mm;
average velocity of atoms ∼ 300 m/s and the lifetime of excited state 26 ns
gives ∼ 380 cycles) the atoms leave this excitation region in a 52 S1/2 , F =
3, mf = 3 state with a well aligned magnetic moment.
So if the atoms are moving along a certain distance, where they are
subjected to a static homogeneous magnetic field, then during the time of
2

Whereas in the original experiments the rotation of the polarization of emitted fluorescence of an atomic ensemble was examined, the name Hanle-effect is now used for
a variety of experiments which involve an optical detection of rotating atomic magnetic
moments.
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Figure 6.2: Quantum mechanical explanation of magnetic field compensation in
one-atom maser.

passage, the hyperfine structure spin will precess around magnetic field,
thereby changing the distribution of mf quantum number states in a coherent manner. The probability that the spin after the time t will be oriented
again in the initial direction (mf = +3) is given by
Pmf =+3 (t) = 1 − sin2 α sin2 (ωt)

(6.2)

eB
where α is the angle between magnetic field and laser beam and ω = gF 2m
is Larmor frequency. The constant gF is hyperfine structure Lande-factor
(here 1/3). This theoretical model comes from the calculations done by
investigating the coherent atomic control of the atomic states described in
Section 6.3.
At the end of the region atoms are promoted to the Rydberg state with
the three-step laser system which was already described in Chapter 5. The
polarization of three laser beams are chosen in a way (corresponding to
σ+ , σ+ , σ− ) that in 0 magnetic field the excitation rate over the selected
ladder

5S1/2 , F = 3, mf = +3 → 5P3/2 , F = 4, mf = +4 →
5D5/2 , F = 5, mf = +5 → 63P3/2 , F = 4, mf = +4 (6.3)
is most efficient (i.e. the highest excitation probability is achieved in vanishing magnetic field, when there is no precession of the magnetic moment).
However in the presence of magnetic field, the excitation probability of atoms
depends on mf quantum number. Depending on how far the spin has precessed, the resulting superposition of mf quantum levels will be different.

6.1. OVERVIEW
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Figure 6.3: The experimental results of magnetic field compensation in one-atom
maser for all the three spatial directions.
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Because each mf transition has characteristic from Clebsch-Gordan coefficients dependent oscillator strength, the probability at which the atom will
be promoted into the Rydberg regime depends on the direction and magnitude of magnetic field and the interaction time.
Since the precession of a spin is a periodic process, the excitation rate
for an atoms with a fixed velocity depends on magnitude of magnetic field
periodically also (oscillatory behavior of the count rate excitation to the
Rydberg states). Each of these oscillations corresponds to complete rotation
of a spin. However, since in the usual setup the atoms with all velocity
components are excited with the laser that is perpendicular to the atomic
beam, higher order oscillations are smeared out. Only at B = 0 field - the
symmetry center of the curve - the oscillation has a pronounced extremum
since the magnetic moment of all atoms remains temporally aligned. The
required magnetic field compensation point lies in the symmetry center of
this curve.
Such magnetic field compensation using an iterative method is done in
all three directions. There is one special case, when magnetic field is in
~ ~k) direction. In
the direction of quantization axis, namely laser beam (Bk
this case the magnetic moment of atoms and the magnetic field is collinear
and the spin precession around itself yields a zero net result. The magnetic
field compensation in this direction is done by applying a small (∼ 3 mG)
magnetic field offset in one of the other directions.
The experimental results of magnetic field compensation are shown in
Figure 6.3. Here the final iterative scans for each of three directions are
shown. The right compensating magnetic field is determined from the symmetry center of the curve. The magnetic field compensation in this case is
done with the precision of about 1 mG.
Such magnetic field compensation measurements have been routinely
performed in one-atom-maser experiments before as well, but increased reliability, stability and efficiency of the system allows to compensate magnetic
field better, compared to those measurements [Bod00, Bra01], which have
been performed previously.

6.2

High Resolution Magnetic Field Compensation

For even more precise magnetic field compensation, a new method was developed and realized in the experiment. The resolution with which magnetic field is compensated, using this new modulation-demodulation technique dramatically increased by several orders of magnitude. Using such a
method magnetic field compensation was performed for the first time in the
one-atom-maser experiments.
This method employs a lock-in based detection scheme which is used to
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Figure 6.4: The modulation - demodulation scheme for the magnetic field compensation.
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Figure 6.5: Experimental results of the modulation - demodulation magnetic
field compensation. (a) Blue curve shows magnetic field compensation signal; black
curve shows demodulated signal. (b) The slope of the demodulated signal. A linear
fit yields the compensating field B0 and its error, that gives an absolute resolution
of ∼ 10 µG.
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determine the compensating coil current with strongly enhanced resolution.
The main idea is graphically represented in Figure 6.4. The basic steps are:
• Small rectangular modulation (”dither”) is superimposed on the DCcurrent (”offset”) of one of the Helmholtz pairs. For the realization
of this new method on each of the Helmholtz coils an additional 10
wire-windings (applied 1 mA current correspond to B = 0.225 mG) for
the field modulation were added. Modulation frequency was limited
by the induced induction in the coils and the optimum value of 2 Hz
was chosen.
• A phase shifted signal defines two detection channels: channel ”+”
and channel ”-”. Channel ”+” (”-”) is open if and only if the phase
shifted dither signal has a positive (negative) polarity.
• Separate counters determine the excitation events for each of the two
channels. The demodulation signal is obtained by subtraction.
Such measurement is performed for a set of offset currents that are sufficiently dense in the vicinity of the compensating current. Figure 6.5(a)
shows the experimental results. The blue points correspond to usual magnetic field compensation signal as it was described in the previous section. The black points corresponds to the dispersion signal. A linear fit
y = a(B − B0 ) (Figure 6.5(b)) to the demodulated signal based on all measured peaks with:
∆min
∆max
≤∆≤
(6.4)
2
2
yields the compensating field B0 and its error, that gives an absolute resolution of ∼ 10 µG.
Such high resolution magnetic field determination and compensation
in the micromaser experiments was achieved for the first time. The obtained result is three orders of magnitude better compared to those measurements with ”several mG” resolution which have been performed previously
[Rai95][Bra01].

6.3

Velocity Selected Magnetic Field Compensation

The new three-step-excitation setup opened the possibility for the detail
investigation of the atomic Hanle precession in the static homogenous magnetic field. It also made a magnetic field compensation measurements with
a velocity selected atoms possible. Such kind of measurements were done
for the first time in one atom maser experiments. Performing such measurements allows not only to compensate magnetic field with a higher resolution
compared to the measurements with a thermal atomic beam (see Section

94

CHAPTER 6. MAGNETIC FIELD COMPENSATION

6.1), but also to perform quantum coherent control of the magnetic substate of the atoms.
The setup of the velocity selected magnetic field compensation (MFC) is
similar to the one used in MFC experiments with the thermal atomic beam
(see Section 6.1). However for the certain atomic velocity group selection
via the Doppler effect a different excitation scheme to the Rydberg states
was utilized.
The main principle of the experiment depicted in Figure 6.6. With a circularly polarized light of the first laser (λ = 780 nm), the magnetic moment
of all atoms are polarized along the laser direction by means of optical pump→
−
ing. The laser beam direction ( k ) is also chosen as the quantization axis.
After several hundreds of absorption and spontaneous emission cycles in the
laser beam, the atoms leave this excitation region in a 5S1/2 , F = 3, mf = 3
state with a well aligned magnetic moment. Afterwards atoms move along
a certain distance (around 8 cm) including the resonator where they are
subjected to a static homogeneous magnetic field.
Magnetic field is produced by three pairs of Helmholtz coils which were
already described in Section 6.1.
During the time of passage the magnetic moment of atoms precess around
magnetic field thereby by changing the distribution of mf quantum number
states in a coherent manner (Hanle precession [Han24]).
At the end of a region using diode lasers (described in Chapter 5) in
a three-step-ladder (λ1 = 780 nm; λ2 = 776 nm; λ3 = 1256 nm) atoms are
promoted to the Rydberg state 63P3/2 and detected using a state-selective
field-ionization detection system.
To realize the excitation scheme depicted in Figure 6.6, the polarizations
of the laser beams are chosen correspondingly. For this purpose the first two
laser stages are circularly (σ + ) polarized and superimposed to hit the atomic
beam perpendicularly. The third laser beam is placed along the atomic beam
and is linearly (π) polarized along the propagation direction of the first and
second stage lasers. This laser is also used for the selection of the certain
well defined velocity group of the atoms by means of the Doppler effect.
The measurements were done at 77 K temperature. The experimental
results of such a Hanle precession are shown in Figure 6.7. The detection of
atoms in the Rydberg state is measured as the magnetic field in the direction
→
−
perpendicular to the pump laser beam (B ⊥ k ) is scanned. Here the atoms
with the 345 m/s velocity were chosen.
The laser power were: 5 mW for optical pumping, Pλ1 = 5 µW, Pλ2 =
4 mW and Pλ3 = 10 mW. The power of the λ1 laser were chosen correspondingly low, to avoid optical pumping and redistribution of atoms where
Hanle precession would be hardly observable (see Figure 6.10).
The symmetry center of the curve shows the compensated (B = 0) earth
→
−
and ambient magnetic field. In this scan direction (B ⊥ k ) it is at B =
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Figure 6.6: The scheme of experimental coherent atomic control realization. With
the first laser, the magnetic moments of atoms are aligned by means of optical
pumping. Then the atoms pass through the region where they are subjected to
a static magnetic field. At the end of the region, the atoms are promoted to
the Rydberg regime by a three-step excitation. Depending how far the spin has
precessed in the magnetic field, the resulting mf quantum number state distribution
will be different. This is observed by detection of atoms in the Rydberg regime,
because every mf have different oscillator strength, therefore different excitation
probability (noted in numbers above each excitation path).

→
−
342 mG. In the other B ⊥ k direction the compensation is done in similar
way.
However, the case where the magnetic field is applied in the direction of
→
−
quantization axis (B k k ), should be discussed separately. The precession of
atomic magnetic moment in this case can not be observed due to 0 deg angle
between the induced magnetic moment and the magnetic field. To make the
Hanle precession effect visible, a small (∼ 2 mG) magnetic field offset in one
of the other directions should be applied. When one applies such a small
offset in the one of the perpendicular directions, the magnetic moment of
atom will precess around this component. However, when the B-field in the
laser direction is strong, this precession would be hardly observable again,
because the effect of this applied component would be in comparison very
small. So only when the B-field in the laser direction is small then this small
offset starts to play a dominant role and the precession can be observed.
Such measurement is shown in Figure 6.8. That is why in this scan direction
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Figure 6.7: Theoretical fit and experimental results.

the oscillations are observable only at almost compensated magnetic field
(here compensated magnetic field corresponds to B = 210 mG).
Such magnetic field compensation measurement using coherent control
of atoms is done in all the three directions in an iterative way.
Figure 6.9 shows a scan for different velocity groups of atoms. Since the
different velocities of atoms takes a different time of passage through the
region where magnetic field is applied, the accumulated precession angle is
different also. Therefore the period of the Hanle precession is smaller for
the higher velocities of atoms. Due to the different number of atoms in each
velocity group the corresponding count rate is different also. For the clarity
reasons the count rate here was normalized to the symmetry point of the
curve. At the compensated magnetic field for all the atoms no precession
occurs what leads to the dark state. This is clearly pbserved from the point
where all the curves overlap (B0 = 342 mG). From such measurements,
the magnetic field compensation with the precision of the 0.3 mG in each
of the three directions is done. This gives more than 3 times better resolution than using common (see Section 6.1) magnetic field compensation
approach, but is less sensitive than demodulation technique (described in
Section 6.2) where the absolute resolution of ∼ 10 µG is achieved. Nevertheless, such measurements were performed not to increase the B-field
compensation resolution even more, but for better investigation and understanding of coherent control effect of atoms.
As mentioned above, if in the excitation to the Rydberg states process
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→
−
Figure 6.8: Experimental results of magnetic field scan in the B k k direction.

the laser power of the first stage is sufficient to make an optical pumping, it
affects the final Hanle precession signal. It is shown in Figure 6.10, where
the power of the first stage laser was Pλ1 = 6.2 mW, as compared to the
Pλ1 = 5 µW used in measurements shown in Figure 6.7. In this case the
secondary minimas are suppressed due this optical pumping effect. The
qualitative explanation can be done by investigating the whole excitation
to the Rydberg states scheme. If one has a σ+ σ+ π scheme, the excitation
probability in the Rydberg states grows towards the direction of extremal mf
state (see the numbers over each of excitation paths in Figure 6.6). If there
is not dark state at the extremal mf = 5, one would observe a maximum
count rate for a perfectly compensated magnetic field. But in addition to
this behavior, one has an abrupt cut, because the excitation to the extremal
63P3/2 mf = 5 state probability is zero, which gives a qualitatively sharper
minimum for the compensated magnetic field (see Figure 6.7). Therefore,
one has a double structure in this curve.
Now if the sufficient optical pumping takes place in the excitation path
to the Rydberg states, the population towards the extremal mf states occurs
as in the case for the compensated magnetic field. Therefore the case where
B = 0 is not affected. However, in this case the secondary minima (which
is the effect of the negative mf sublevels, which population is depleted by
optical pumping) is suppressed (Figure 6.10).
To explain the observed data the optical pumping, the evolution of the
atoms in a magnetic field and the detection process have to be described
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Figure 6.9: Experimental results of magnetic field scan for different classes of
atomic velocities.

separately.
The calculation approach chosen here is formally very simple (similar
to the one described in [BKD08] where the Hanle effect calculation is done
for the simple F = 0 → F = 1 transition). It has the advantage that the
influence of different processes can be followed directly. The main idea is
represented in Figure 6.11:
1. Starting with the ideal case, it is assumed that the optical pumping
is ideal and laser beam direction is chosen as the quantization axis,
where the optical pumping is described as σ+ .
2. Since chosen atomic coordinate system does not coincide with the Bfield direction, in order to describe precession, a coordinate rotation
using the Wigner D-matrix into the direction of the magnetic field is
necessary, where the magnetic field is chosen now as the quantization
axis (and is perpendicular to laser direction). One has to calculate the
Wigner D-matrix for arbitrary rotation angle (α = 0, β = 0, γ = π/2;
here α, β and γ are the Euler angles) in 7 dimensions (for 5s1/2 , F = 3
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Figure 6.10: The scan of magnetic field with the higher first stage laser power
Pλ1 = 6.2 mW due to the optical pumping effect shows spoiled Hanle precession.

and each mf state) according to the [Wei78]:
p
X (−1)λ (j + m)!(j − m)!(j + m0 )!(j − m0 )!
(j)
Dm0 m (αβγ) =
λ!(j + m − λ)!(j − m0 − λ)!(m0 − m + λ)!
λ

×e

im0 α

(6.5)

1
1
0
0
(cos β)2j+m−m −2λ (sin β)m −m+2λ eimγ
2
2

3. The interaction with the magnetic field. In this case the phase factor
eimf ωL t for each mf state is added, where ωL is the Larmor frequency
and t is the interaction time.
4. Wigner D-matrix is rotated back, where the coordinate system again
is chosen in the detection laser beam direction.
5. Finally, the excitation transition probabilities are calculated by using
general formula [MvdS99] for each transition separately (see Figure
6.6):
0

0

0

µeg = e(−1)1+L +S+J+J +I−MF hα0 L0 ||r||αLi
p
× (2J + 1)(2J 0 + 1)(2F + 1)(2F 0 + 1)
 0
 0


L J0 S
J F0 I
F 1 F0
×
J L 1
F J 1
mf q −mf

(6.6)
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Figure 6.11: Scheme of the theoretical model for the Hanle precession calculation.

Here the 3 − j and 6 − j symbols were taken from [RBMJKW59]. In the
calculations it is assumed, that the magnetic field is constant over the whole
interaction region. Asymmetries in the observed spectra can be attributed
to such imperfections and therefore are not reproduced by the calculations.
For easier and faster calculation and variation of the fitted experimental
parameters the whole theoretical model process was programmed.
For the explanation of the observed signals when the magnetic field is
scanned over a wide range (Figure 6.12), two additional effects have to be
taken into account:
• First, optical pumping in a finite magnetic field is not perfect and the
atoms no longer start their interaction with the magnetic field in the
extremal mf state.
• Second, the averaging due to a non perfect velocity selection has to be
taken into account.
While the first effect can be treated by including a magnetic precession into
the description of the optical pumping process, the second effect is treated
by averaging several obtained spectra over different velocities. The velocity
spread of the atoms can be calculated in a time of flight setup and was
determined to be 8% (see Section 4.3). Figure 6.12 shows that all relevant
features of the measurement can be reproduced in the theoretical calculation.
The theoretical fit to the measured curve in Figure 6.7 was done by using
analytical approach. First, it was assumed that all atoms are pumped by
the 780 nm laser into the extremal mf state and start interacting with the
magnetic field in the 5 S1/2 , F = 3, mf = 3 ground state. If the direction of
the magnetic field does not coincide with the propagation direction of the
780 nm laser, the coordinate system has to be rotated with a 7 × 7 Wigner
D−Matrix. As the state selective field ionization of the Rydberg atoms is
insensitive to the mJ quantum number of the Rydberg atom, the observed
signal depends on the probability to excite the ground state atom into the
Rydberg manifold with the three step laser system. If the magnetic field is
perpendicular to the propagation direction of the first two lasers, an analytic
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Figure 6.12: Theoretical model and experimental measurement of the Hanle precession over a large range of magnetic field scan.

formula for the excitation probability of the atoms is given as a sum over 6
cosine-terms with real amplitudes Ai , where only angular part of transition
matrix element gives an overall scaling and the calculated curve has to be
multiplied by a P0 factor to match the count rate:
P = P0 · (A0 +

i=6
X

Ai · cos(2i · ωL t))

(6.7)

i=1

Here ωL is the Larmor frequency and t the interaction time. If the excitation
is performed via the 5D; F = 5 level, dipole selection rules ensure, that only
the 63P, F = 4 level can be excited in the Rydberg manifold. So a particular
hyperfine level of the Rydberg manifold can be selected even if these levels
cannot be individually resolved in spectroscopy. For this case, the prefactors
Ai are given in Table 6.1. While in the first two labeled excitation schemes
the case of zero magnetic field corresponds to a dark state, it corresponds to
an excitation maximum in the case of σ+ σ+ σ− excitation. For comparison,
in the last column the excitation probability for a single step excitation from
the 5S1/2 ground state to the 63P3/2 Rydberg state with σ+ polarized light
is given, where such an excitation scheme was utilized in former magnetic
field compensation measurements.
The dependence of this probability on the magnetic quantum number
of the ground state is shown in Figure 6.6. As each hyperfine level of the
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Table 6.1: Coefficients in the general expression for the excitation probability
for different excitation schemes. All coefficients are expanded only to give integer
numbers and have to be scaled to match the overall excitation probability. The last
column represents one step excitation used in the previous micromaser experiments.

A0
A1
A2
A3
A4
A5
A6

σ+ σ+ π
131026
60464
-116555
-64040
-10370
-520
-5

σ+ σ+ σ+
4942
-1912
-4625
820
706
68
1

σ+ σ+ σ−
2043398
2993272
1163435
229580
20810
700
5

σ+
2
1
0
0
0
0
0

ground state ends up in one specific substate of the Rydberg manifold due to
well selected laser polarizations and therefore well defined excitation paths,
interferences between different excitation pathways are not observed and not
included in the calculation.
Figure 6.7 the shows the excitation probability for slight detuning of
the magnetic field around zero. The polarizations of the three lasers are
σ+ σ+ π. Minima can be observed for Larmor precession angles of 0, π and
2π. Whereas the minima at the even multiples of π can be explained as
dark states of the excitation process, the minima at the odd multiples of
π are due to the small excitation probabilities for negative mf states. The
sensitivity of magnetic field detection is therefore increased by a factor of
two compared to a one step excitation process where minima occur only at
odd or even multiples of π.
As mentioned in the beginning, such kind of measurements were done
for the first time in the one atom maser experiments. Using the new three
step laser excitation scheme opened the possibility to make precise magnetic
field compensation by selecting just one velocity group of the atoms.
This method can be used not only to control the ambient magnetic field
in an atomic beam apparatus but also to control the magnetic substate
and Zeeman coherences of the atoms in a well defined interaction region.
Applying a small magnetic field in a specified direction and selecting the
velocity on the excited atoms it is possible deterministically control the
magnetic substate of the atoms after the interaction region. In principle
every magnetic state which corresponds to a magnetic moment pointing in
a well defined direction can be produced on demand. This demonstrates the
possibility of coherent control of magnetic substates in an atomic beam.
If the setup is seen as an atom interferometer, the rotation of the quantization axis in the direction of the magnetic field puts the atom in a coherent
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superposition of mF sublevels, each of which acquires a different phase in the
magnetic field. By rotating the quantization axis back into the propagation
axis of the probing lasers the 7 different interferometer paths are superposed
again, and an interference signal is observed.

Conclusions
In this thesis the methods and improvements applied to enhance the resolution of quantum field measurements in the one-atom-maser are described.
To achieve such results, almost all components of the system had to be
revised either conceptually or technically. The most crucial upgrades and
developments in this work concern the cryogenic system, the new three-step
diode laser system, various upgrades on the atomic oven and field-ionization
detection system.
The improvements also include the refinement of several techniques that
are instrumental in calibrating the system, like highly sensitive measurement
of the magnetic fields.
Also, new implemented methods in the spectroscopic setup using threestep diode laser system opened the possibility of exciting other maser states
that have never been done until now.
A consequence of various implemented improvements and upgrades of
almost all components of the system have culminated to the main result of
this work. It significantly increased contrast of the quantum features of the
field in resonator, vacuum Rabi oscillations, by a factor of ∼ 10. This is
the best result for the closed-cavity systems at the temperatures below 1 K
reported so far.
Given the strongly enhanced capability of the apparatus to resolve the
quantum features of maser fields, the prospects of more demanding experiments like atom-atom correlation, quantum stochastic resonance or phase
diffusion have significantly improved.
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