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A B S T R A C T

Bruno Sanguinetti, Building a Modern Micromaser: Atoms and Cavities, Ph.D. thesis, the
University of Leeds, August 2009.

The One Atom Maser, or Micromaser is a cavity Q.E.D. experiment consisting
of a high-Q superconducting microwave cavity which interacts with a sequence of
single 2-level Rydberg atoms. Thanks to the simplicity with which it can be treated
theoretically and thanks to its fundamental nature it has generated much interest.
Its implementation however is technically complex. In this thesis I will show how a
variety of new techniques can be used to make this experiment more accessible and
scalable. In particular I develop a 3-step laser excitation system for Rubidium Rydberg
states, which I present together with the most accurate Rydberg spectroscopy to date
of Rubidium P states with principal quantum number 36 to 63, from which quantum
defects and an accurate value of the ionisation energy of Rubidium is derived. Work on
locking multiple lasers to a single frequency comb, thus performing accurate multi-step
spectroscopy is presented. A motor able to produce a 10 N force and 5 cm of travel
and operating at cryogenic temperatures is described as well as the practical usage
of the �rst single-chamber cryogen-free dilution refrigerator. I discuss the details of
cavity design and manufacturing and present new results on the optimal geometry
of a Fabry-Perot resonator in the near-�eld limit. I also discuss how an alkali metal
dispenser beam source was used in the experiment.
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1
I N T R O D U C T I O N

The way in which information is processed and communicated has always been a
very in�uential factor on human society: speech has set us apart from other animals;
the written word has marked the beginning of history; the printing press, the telephone,
broadcast media, the digital computer and networks have each marked the beginning
of eras with radically di�erent societies. Information has become so important that it
represents the main asset for close to half the largest companies in the world.1 Although
today’s technologies are indeed impressive, hundreds of millions transistors can be
integrated on a single chip,2 they are still far from any limit imposed by nature: in fact
it still takes weeks of supercomputer time to simulate a few nanoseconds of the life of
a DNA molecule.

The science of Quantum Information attempts to understand and harness the phys-
ical nature of information and promises the ability to maintain the exponential growth
in computer power that has fuelled our knowledge-based society. In the future, high
complexity systems could be simulated, propelling us towards the solution to many
problems in physics, biology, medicine and mathematics.

A particularly interesting way of exploring the nature of information is provided
by cavity quantum electrodynamics (CQED) which describes the interaction between
quantum states of light and quantum states of matter. Photons and atoms can be
used to controllably store and transfer quantum information, satisfying the essential
requirements for a quantum processing element. In the micromaser [3] the stationary
Qbits are represented by a long lived single mode of a microwave cavity and the
�ying Qbits by atoms. This experiment was able to demonstrate many quantum
e�ects relating to the number state of the �eld: collapse and revival [4], subpoissonian
statistics [5], quantum jumps [6] and Fock states [7]. A very similar experiment by the

1. Out of the 188 companies with gross revenue greater than 40G$, FT Global 500 March 2008. Here
I considered ITC companies as well as the banking, media and insurance industries, who do not produce
tangible goods. The pharmaceutical industry was also taken into account as their intellectual property is
their main asset.

2. In comparison, even our brain, modestly, packs 1014 synaptic connections.
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2 introduction

École Normale Superieure in Paris is geared towards working with the phase properties
of the �eld and has implemented a Quantum Phase Gate [8], measured negative values
of the Wigner function [9] and is able to accurately reconstruct the �eld [10].

In more recent years, successful cavity QED experiments have been conduced in the
optical regime [11], where the stationary qbit is a trapped atom [12] or ion [13] and the
travelling qbit is a photon. These experiments have the great advantage of being purely
based on optics, not needing any cryogenics or superconductivity. The Micromaser is
a complex experiment, involving a large number of di�erent components. Although
there are more than 2000 published papers on this experiment3, only one laboratory
had ever built one. It has done this gradually, over 30 years, with a proportion of
today’s most eminent physicists working on it. Many of the results where produced
only once, furthermore the great majority of theoretical papers on the subject propose
experiments that have not yet been carried out. The one atom maser is often cited as a
possible component of other experiments, as a source of single atoms or as a detector
os single microwave photons.

Can technical innovations make this experiment more accessible? This thesis, as well
as the entire experiment, and much of experimental quantum information, is not direc-
ted towards discovering unknown physics, but rather at developing new experimental
techniques that make working with known quantum “objects” possible. Serge Haroche
refers to this approach as turning thought experiments into laboratory experiments.

This thesis is organised as follows: after a brief overview of the micromaser and
necessary theoretical background4 I will describe my main contributions to the experi-
ment: In the optics chapter I will describe how the experiment can be made simpler
and more reliable by using a novel three step excitation arrangement and a �bre based
system. I then present new spectroscopic data on 27 Rubidium Rydberg states, as well
as the determination of the Rubidium ionisation energy to an accuracy that is greater
than previous results by more than one order of magnitude. The methods and results
described here make working with Rydberg atoms much more accessible.

The cryogenics chapter will show how the experiment may be made more user
friendly by a new cryogen-free cryostat design, and how a non-magnetic motor, capable
of producing forces large enough to squeeze a cavity can operate at very low temperat-

3. In fact, it has its own PAC number: 42.50.Pq Cavity quantum electrodynamics; micromasers.
4. I will not dwell on the theory, which can be found in numerous text-books [14, 15, 16] as well as in

freely-accessible review papers such as [17].
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ures. The use of these systems, pioneered by our group, has had a very high impact on
the cryogenics industry.

In the cavities chapter I will present new ways of machining Niobium, as well as a
re-discovery and detailed description of cavity design and manufacturing.

The next chapter presents results of simulations that clarify the size limits for a
Fabry-Perot cavity, as well as optimal parameters for the radius of curvature of the
mirrors in this small-size limit. These important results in near-�eld optics will be used
in the design of the next generation of cavities.

I will then discuss how other technical innovations that have become available
in recent years have been integrated in the experiment, these include alkali metal
dispensers and the self-referenced frequency comb.

The details of the calculations, source code, CAD drawings, lab books and raw data
are included in the attached CD-ROM.

As a large experiment, the one atom maser was built as a collaborative e�ort by a
group of people. The above contributions are attributed to me based on the fact that I
carried out most of the work and wrote the papers. More speci�cally, the three-step
excitation system was a long standing idea at the MPQ that had not worked previously
due to instability of the lasers. It was realised simultaneously by Gary Wilkes at Sussex
and by myself at the MPQ, under the supervision of Thomas Becker and Gernot Stania.
The idea, planning, implementation and data analysis of the Rydberg state spectroscopy
were performed by myself, using the a 3-step excitation system built in collaboration
with Hawri Majeed and an atomic beamline built by Martin Jones, Gary Wilkes and
myself. The idea for a cryogenic cavity squeezing system was Ben Varcoe’s, while I
developed the speci�c implementation and carried out the experiment. The results in
cavity design where my work but would not have been possible without extensive use
of the referenced literature and innovative open-source algorithms.





2
T H E O R Y A N D S I M U L AT I O N S

The One Atom Maser, or Micromaser is a cavity Q.E.D. experiment consisting of a
high-Q superconducting microwave cavity which interacts with a sequence of single
2-level Rydberg atoms.1

The extreme isolation of the �eld from the environment is obtained by using cavities
with a Q-factor of more than 1010 corresponding to lifetimes of up to 300 ms and
operating at temperatures of the order of 50 mK, corresponding to an average thermal
photon number of 10−6. The cavity can be seen as a box, from which information
cannot escape by other means than the controlled interaction of the atoms with the
�eld. These conditions allow the system to be described by the Jaynes-Cummings
Hamiltonian [18]:

HJC = i hg0

(
a†σ− − aσ+

)
where the coupling constant g0 is 38000 Hz, which places us in the strong coupling
regime, i.e. where the square of the coupling constant is much larger than the product
of the cavity and atom decay rates.

Rydberg atoms are passed through the cavity at a rate that is su�ciently low to make
the presence of more than one atom in the cavity at any one time unlikely. Atoms
enter the cavity in the excited state (63P3/2) and undergo Rabi oscillations at a mean
frequency f that is a function of the number n of photons in the cavity:

f = g
√
n+ 1 (2.1)

Using state selective ionization we measure the probability of an atom exiting the cavity
in a excited or ground state, and calculate the atomic inversion

I = Pe − Pg (2.2)

1. A good review paper on micromaser theory, by Berthold Englert is freely available on the arXiv [17],
here I will therefore only summarise the most essential aspects of the theory.
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6 theory and simulations

Atomic
 beam

Perpendicular
lasers

Angled
laser

Cavity

State selective
detector

Classical fields

Figure 1: Experimental setup. The classical �elds should be able to rotate the atomic state before
and after interaction with the cavity.

for di�erent interaction times, which is an image of the Rabi oscillations performed by
the atoms. For a particular interaction time tint, I is related to the probability Pn of
�nding n photons in the cavity mode by the following expression:

I(tint) = −
∑
n

Pn cos(2g
√
n+ 1tint) (2.3)

The probability distribution P(n) can be recovered by linearly �tting the frequency for
each n to I. This means that the probability of emitting (or absorbing) a photon inside
the cavity depends on the state of the �eld inside the cavity, therefore providing the
feedback mechanisms needed to maintain a speci�c state, e.g. a trapping state, in the
cavity.

2.1 the steady state

The micromaser steady state is achieved by pumping the cavity for a period of
time much longer than its lifetime with atoms of a particular velocity such that the



2.1 the steady state 7

interaction time between each atom and the �eld is constant. The �eld in the cavity
then can be expressed by the following probability distribution [17]:

P(n) = C

(
nb

1 +nb

)n n∏
k=1

(
1 +

Nex

nb

sin2(θ
√
k/Nex)

k

)
(2.4)

where nb is the number of background (thermal) photons, Nex is the number of
atoms that cross the cavity per cavity decay time, and θ is the pump parameter: θ =
√
Nexgtint that can be varied to achieve di�erent states. These states are shown in

Figure 2.
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Figure 2: Micromaser steady state. The Maximum ampli�cation state (similar to a coherent
state), as well as the n = 0, 1 and 2 trapping states are shown. Here Nex = 10,
nb = 10−5 , g = 38 000 Hz



8 theory and simulations

2.2 simulations

A theoretically simple system such as the Micromaser can be in many cases treated
analytically, with some restrictions, such as for example the assumption of a steady
state. Numerical simulations provide a very useful intermediate step between theory
and experiment: we can integrate many realistic e�ects and observe how this totally
controllable system behaves. If the simulation is fast, a variety of di�erent experimental
con�gurations can be explored in silico allowing us to choose which ones to carry out
“in vitro”. When the experiment does not behave as expected, it can be compared to its
simulation to see whether it is operating in the wrong parameter range, whether an
important e�ect has been neglected, or whether something has broken.

When writing a simulation one is brought to consider all the mathematical details of
the experiment, which are often ignored in more abstract theoretical treatments.

In particular, during my �rst year, I have programmed a fast quantum trajectory
simulation of our experiment, geared at evaluating the possibility of creating di�erent
micromaser states and measuring them with a weak probe.

The quantum trajectory (a.k.a. Monte Carlo wavefunctions) technique was intro-
duced to me by Martin Jones who also treats it in detail in his thesis [19]. The Ph.D.
thesis of Howard Wiseman [20] is a very intuitive introduction to the subject, and can be
complemented by earlier works such as the ones by Carmichael [21] or by Molmer [22]
or later approaches speci�cally applied to the Micromaser by Cresser and Pickles [23]
or by Casagrande et. al. [24].

What is particularly useful about this technique is that it outputs the same “clicks” as
the experiment would, so that the data can be analysed in the same way as if we were
analysing experimental data, allowing us to check that our analysis works as expected.

2.3 trajectories

Classically, a trajectory is the path followed by a point in phase space. If two closed
systems interact, each system will still have a well de�ned, reversible, trajectory in phase
space. As the number of interacting systems grows, solving the equations governing
them will become impracticable. If we are interested in a particular system that interacts
with the others only weakly, and under the condition that information di�uses quickly
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in the other systems, they can be labelled as “the environment”, and treated statistically.
This will result in an irreversible trajectory of this open system.

If the bath quickly dissipates any information leaked from the system, then all the
information about the system is contained within the system itself, for which it is then
possible to set up a Markovian evolution equation: the master equation.

This equation is deterministic as it describes the evolution of the entire density
operator, i.e. it describes all possible trajectories. From the master equation we can
derive stochastic equations of the system’s state vector, which will evolve as stochastic
“quantum trajectories”. The density operator can be seen as the superposition of all
of the system’s possible state vectors. We then derive stochastic equations for the
evolution of these state vectors, i.e. the quantum trajectories. The evolution of the
density operator can then be inferred by the ensemble of trajectories, some of which
we can simulate, approximating a solution to the master equation.

The density operator can however be decomposed into individual state vectors in
di�erent ways, leading to di�erent ensembles of trajectories. These ensembles are
called “unravellings” of the master equation, and will all produce the same solution,
but drastically di�erent types of trajectories, hinting that we should not look for any
physical meaning behind these trajectories.

It is however possible to unravel the master equation in a way that will feel natural
to the problem at hand. For example, we will use trajectories in the Fock-state basis,
which is natural as what we detect are changes of photon number in the cavity.

If we assume zero temperature and high detector e�ciency, the cavity will follow
a trajectory which is pure in the Fock basis. However, as we deviate from this simple
case physical meaning is lost.

2.4 analysis

In both the simulation and the experiment what we detect is the state of the atoms,
after they have passed through the cavity, as being an excited state or ground state. The
interaction time between the cavity and the atoms is also known, either because the
atoms where velocity selected or from time-of-�ight information. For each interaction
time tint, we can then calculate the probability Pe of measuring an excited atom and
the probability Pg of measuring a ground atom state. This can be summarised as
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the inversion de�ned as I(tint) = Pe − Pg and plotted in Figure 3. I is related to the
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Figure 3: Simulated inversion of an n=4 trapping state. Data at the extremities is less reliable
due to the limited range of atomic velocities available (slow atoms will decay before
they are detected). The parameters used were: γ = 5 Hz, R = 1 kHz, Rp = 100 Hz,
Nth = 10−6 , Tp = 200 ms, Tpr = 1 ms and Tr = 200 ms, to gather the statistics, the
simulation was run for the equivalent of 38 experimental hours.

probability Pn of �nding n photons in the cavity mode by the simple expression:
I(tint) = −

∑
n Pn cos(2Ω

√
n+ 1tint). This is because atoms in the cavity will

undergo Rabi oscillations at a frequency proportional to
√
n+ 1 and a superposition or

mixture of nwill result in a linear combination of the relevant terms. We can therefore
extract all Pn with a linear �t of the inversion. As we assume a particular phase and
frequency, this method is much more accurate than a Fourier transform and can extract
the correct state even from very noisy data.
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2.5 results

My quantum trajectory simulation2 was developed mainly to design a “Quantum
State Reconstruction” experiment. The experiment would consist of three cyclical steps:
�rst we create the desired quantum state by pumping the cavity with accurately velocity-
selected atoms. Then we send a weak probe i.e. a single, non velocity selected atom3
of which we then measure the state. The last step consists of letting the cavity relax,
so that we can start a fresh experiment. When simulating pump-probe experiments,
the most important simulation parameters are: the cavity decay rate γ; the rates at
which the maser is pumped and probed R and Rp respectively; the average number
of thermal photons in the cavity Nth, and the times for which the cavity is pumped,
probed and relaxed Tp, Tpr and Tr. The numbers used for these parameters are stated
in the relevant �gure captions.

The state of the cavity during one of these experiments is shown in Figure 4. Here
we are measuring the n = 4 trapping state. Note how quickly the state is reached, and
how the speed of the experiment is limited by the time that it takes for the cavity to
relax, i.e. the Q factor.4 Note also the small peak coinciding with each probe, which
even if very weak still destroys the state.

I found that fairly high �delities can, in theory, be obtained very quickly (in a matter
of hours), but improving on these values would take a prohibitively long amount of
time. Figure 5 shows the increase of �delity with time for a trapping state and for a
pseudo phase-state.5

The e�ciency of the experiment can be improved with the number of assumptions.
It is clear from the simulation that we can for example assume that a trapping state
will be reached very quickly, but will be very sensitive to strong probes. Other states
will be reached more slowly, but will be less sensitive to probing. This can be seen as
information being transferred between cavity and the atoms at di�erent rates.

2. Commented code and documentation are available on the CD under the directory “Simulations”
3. In practice this is done by decreasing the atomic rate so that on average one tenth of an atom is

sent.
4. It seems in fact that for many applications a Q factor of 5× 108 , two orders of magnitude below

what can be achieved, is optimal.
5. By pseudo phase-state I mean the mixed state composed of pure Fock states where each number

state has equal probability. If this state were a totally coherent superposition i.e. if we did not detect the
atoms, it would have a very well de�ned phase.
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Figure 4: Simulation of a cyclically steady state: the n=4 trapping state. The parameters used
were: γ = 5 Hz, R = 1 kHz, Rp = 100 Hz,Nth = 10−6 , Tp = 200 ms, Tpr = 1 ms and
Tr = 200 ms, to gather the statistics, the simulation was repeated 10 000 times.
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γ = 5 Hz, R = 1 kHz, Rp = 100 Hz, Nth = 10−6 , Tp = 200 ms, Tpr = 1 ms and
Tr = 200 ms.
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By these simulations, it seems that the steady state solution is reached rather quickly
in most situations. Making the very strong assumption that a Micromaser steady state
is present in the cavity, and �tting the inversion with this particular kind of state as
detailed in [25], very high �delity seems to be achievable very quickly.

It is important to note that in most micromaser experiments, and in these simulations,
we assume that the cavity is always in a Fock state. This is because we do not rotate
the input state of the atom (it’s usually purely excited) and we measure atoms in the
excited/ground state basis, which always leaves the cavity in a Fock state.

2.6 random numbers

I found that the results of Monte Carlo simulations heavily depend on the quality of
the random numbers that they are fed. For my simulations, the speed at which high
quality random numbers can be generated has been a limiting factor. Even simple tests
such as P(χ2) fail when the computer runs out of the “entropy” it collects from various
sources of randomness such as the keyboard and mouse. In fact, I have measured how
much randomness the computer manages to collect while I am typing at it. It is: 21 bps.

Being in a quantum optics laboratory, I have explored the possibility of obtaining
random numbers from a quantum source, speci�cally systems using APDs in Geiger
mode. Neil Lovett and Viv Kendon, with the help of Bill Munro have had some good
implementation ideas. Trying those in the lab one however stumbles across many
issues: the photodiodes and discriminating electronics have to be of high quality, and in
order to avoid dark counts have to operate at low temperatures (using a peltier). The
setup ended up using very expensive equipment, that we would rather use elsewhere.

ID quantique sell a pre-packaged, fast, quantum random number generator for a
much cheaper than one could be built from individual components.

The solution I have found is to use the noise obtained from a CMOS camera. These
devices are very sensitive to thermal noise at room temperature. Essentially they are
an array of millions of tiny photodiodes which can be read fast. The fact that they are
noisy has been a problem �rst in astronomy, where they are cooled to −50 C and have
therefore to be kept under vacuum, and in digital comeras where the industry has not
yet found a way of getting rid of the noise. Understanding the best ways of extracting
the randomness coincides with understanding the best way of extracting information.
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As a random number generator I used a webcam, as described in Appendix B.9. The
real random numbers obtained by this method can be used to frequently seed a fast
pseudorandom number generator, such as the Mersenne Twister6.

6. Very fast implementations for the Graphics Processing Unit are available.





3
O P T I C S

The one atom maser relies on having atomic states with a very large electric dipole
moment so that they can interact strongly with the extremely small �eld associated
with microwave photons. These high dipole moments are obtained by exciting the
atoms to a Rydberg state using lasers. I implemented the three step excitation scheme
both at the MPQ and in Leeds. This scheme has proven to be very reliable and e�cient.
The details described here will allow the experiment to be easily reproduced, making
working with rubidium Rydberg states very accessible. The uncertainty in the exact
energy of the Rydberg states with respect to the ground state1 made these states hard
to �nd initially, the results presented in the next chapter make �nding these states easy.

3.1 excitation scheme

Diode lasers are not available for direct Rydberg transitions, which fall in the UV
part of the spectrum, and UV optical �bre components can be expensive and di�cult
to use. We therefore use the followinng excitation scheme:

5S1/2
780 nm−−−−→ 5P3/2

776 nm−−−−→ 5D5/2
1257 nm−−−−→ 63P3/2

This scheme has the following advantages:
– Availability of lasers: 780 nm is the wavelength used by CD players. 1257 nm is

close to telecommunication wavelength, making �bres available and cheap.
– Spectroscopy is well documented for these transitions [26, 27]
– 780 nm and 776 nm light can use the same set of optics, reducing costs.
– It is possible to excite P, D and F states directly: in our experiments 63P3/2 represents

an exited atom, 61D2 represents our ground state atoms. F states are very sensitive
to stray electric �elds and can be used to evaluate them.

1. Rydberg spectroscopy often de�nes the ionisation energy to be 0, rather than that of the ground
state.

2. D→ D transitions are in theory forbidden, but as Rydberg states increase in energy, they become
more and more classical and selection rules become less strict.

17
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Figure 6: Our excitation scheme uses three lasers: 780 nm, 776 nm and 1257 nm. The levels are
not to scale.

– This three step method is e�cient, and the �rst two transitions can be easily
saturated with even small light levels.

– The same setup can be used to measure magnetic �eld via the Hanle e�ect.
The �rst step is locked to the 5S1/2, F=3 to 5P3/2, F=4 transition of 85Rb using a

polarization spectrum [26], which o�ers a dispersion curve with no need for modulation.
The second step laser is locked to the 5P3/2, F=4 to 5D5/2, F=5 transition. Enhanced

transparency to the 1st step when the 2nd step is on resonance is used because of its
high signal to noise ratio at low intensities, which guarantees a large steepness of the
dispersion curve that we obtain using a small modulation and a lock-in ampli�er. This
spectroscopy is free from Doppler broadening because the only atoms that participate
in the reaction are the ones selected by the 1st step laser, which itself is tightly locked to
the Doppler free polarization spectrum.
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3.2 requirements

Before discussing the actual laser setup, I will talk about what our experiment needs in
terms of optics. Although lasers do not play a direct role in the atom-cavity interaction,
they are essential in the production of the beam of Rydberg atoms, in the selection
of their velocity (which determines the interaction time with the cavity), and in the
creation of “pulses” of atoms. The main requirements are power stability, frequency
stability, tunability, switching, reliability and ease of use.

3.2.1 Power and frequency stability

For the one atom maser to operate in a regime that approaches the micrcomaser
steady state theory [17] the atomic arrival times should be distributed according to
poissonian statistics. How stable should our lasers be? Simulations suggest that keeping
the atomic �ux rate stable to within 1% should be su�cient. So, laser power should
be stable to better than this amount. We found that the power output from the laser
is stable to better than one part in a thousand when free running. The lasers are
locked using feedback to both the PZT3 and the current. The laser power output being
a function of the current input made us question the use of current feedback, as it
could result in increased power instability. However, we have measured that, a laser
that is frequency locked using current as the feedback has an increased power stability,
achieving stability of one part in ten thousand4. This suggests that the frequency output
of our diode lasers is highly correlated to power. Indeed, this relation between power
and frequency stability is to be expected as the two quantities are related by the Fourier
transform. By tightly locking to a speci�c frequency the system is able to improve
short-term power stability. This e�ect can be seen in Figure 7.

Power out of the laser is more stable than we actually need it to be. However, an
instability in the frequency of the laser can translate in an instability of the rate of
excited atoms, i.e. if the laser drifts away from resonance. So, how stable should our

3. This stands for Lead (latin Plumbum) Zirconate Titanate: a ceramic that exhibits a strong piezo-
electric e�ect and is commonly used to transduce an electric signal to the position of the grating in diode
lasers

4. To some extent this measurement is limited by the accuracy of the photodiode used in the
measurement.



20 optics

A
lla

n 
D

ev
ia

tio
n 

(Δ
P/

P 0
)

10-5

10-4

10-3

Time (s)
0.01 0.1 1 10

Locked
Free running

Figure 7: Laser power stability, this measurement was performed on a Toptica DL100 (long
baseplate model) when “phase locked” via the FET input to the frequency comb and
when free running.

frequency be? Below saturation, the number of excited atoms is proportional to the
overlap between the lorentzian atomic line and the laser line (also a lorentzian). The
width of our multi-photon transition is mainly determined by the natural linewidth
of the 5P level, which is 8 MHz. The linewidth of the lasers is much lower (in the
range 0.3 MHz–1 MHz, This means that we can approximate the shape of the excitation
probability to be the same shape as the natural linewidth of the 5P state. Figure 8
shows how much di�erence in excitation we expect from a di�erence in frequency.
If we want to stay within 1% of peak the countrate, we must stay within 5% of the
peak. Notice however that the requirements become more stringent if we do not lock
to the centre, but instead we lock to the fringe. Here the relation is nearly directly
proportional, meaning that we need a stability of 1% in frequency. This corresponds to
400 kHz on the peak or 80 kHz on the fringe. Polarization spectroscopy is ideal in this
case: it does not require modulation of the laser, and the point of maximum steepness
(which provides the tightest lock) of the polarization spectrum corresponds to the peak
of the atomic line.
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3.2.2 Tunability and velocity selection

The atom-�eld interaction time is selected by choosing a speci�c atomic velocity.
This velocity is chosen by detuning a laser which is at an angle with respect to the
atomic beam. Thus, the Doppler e�ect only allows atoms of the desired velocity to
see the laser on resonance, and only those atoms will get excited and participate in our
experiments. The width in the velocity distribution re�ects the width in the transition
frequency. This can be seen by the following di�erential argument:

the Doppler e�ect:
f ′

f
= 1 +

v

c
cosα (3.1)

v =

(
f ′

f
− 1
)

c

cosα

di�erentiating:
dv

df ′
=

c

cosα
d

df ′

(
f ′

f
− 1
)

dv

df ′
=

c

cosα
1
f

we get: δv =
λ

cosα
δf ′ (3.2)

where α is the angle between the laser and the atomic beam, as shown in Figure 9, f
is the laser frequency, f ′ is the Doppler shifted frequency, v is the atomic velocity and c
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is the speed of light. Our IR transition at 780 nm is about 8 MHz wide, and α = 79°
traditionally. This corresponds to a velocity spread of≈ 33 m/s, much more than for the
UV transition with its smaller wavelength and a δf = 1 MHz limited only by the laser
linewidth; resulting in≈ 1.5 m/s velocity spread. This is not necessarily a disadvantage
for the IR system, as selecting a larger velocity class increases the countrate. It is possible
to select the width of the velocity class by changing the angle between the laser and
the atomic beam. The smallest velocity spread is achieved with parallel beams and is of
6 m/s, as shown in Figure 10.

Equation 3.2 does not tell us what interaction times are achievable. To obtain a more
detailed picture of available velocities one must consider the speed distribution of the
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oven, and the overlap between the atomic resonance La and the doppler shifted laser
frequencyD(Ll), both Lorentzians.

Then the probability of exciting an atom in a velocity class between v and v+ dv

can be written as:

P(v)dv = fmb(v)

∫∞
−∞ La(f)D (Ll(f), v)df (3.3)

where fmb(v) is the probability of having an atom (not necessarily excited) in the desired
velocity class. Equation 3.3 can be solved numerically5 to give a more accurate picture
of the velocity distribution. Results for a 900 K Maxwell-Boltzmann distributed beam,
at various detunings can be seen in Figure 11: for detunings of greater than 1 GHz far
o�-resonant excitations of the centre of the Maxwell-Boltzmann distribution start to
overcome our velocity selecting e�orts.

A detuning to negative velocities could also be used as an e�ective method to attenuate
the beam of excited atoms by a factor of 50 dB, in conjunction with power attenuation
by an EOM it would ensure that no unwanted atoms are excited. Issues regarding the
atomic beam and oven design, are considered in Chapter 8. In conclusion, we need to
be able to tune our lasers by 1 GHz, preferably in a time that is fast in comparison to

5. Code can be found in: Python/velocity_selection.py

Python/velocity_selection.py
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the cavity lifetime, as one laser would then be able to be used for multiple purposes,
such as producing both pump and probe atoms.

In some experiments, such as in probing the cavity, it is desirable to select atoms
from a wide velocity distribution. This can be done by aligning the laser perpendicular
to the atomic beam. Figure 12 shows the e�ect of misalignment on the countrate and
velocity distribution of the atoms for the 1st step excitation. If the laser is more than 0.1°
degree o�-perpendicular the e�ects start to be felt, and at a misalignment of 1°, the
countrate is already reduced by one order of magnitude. The shape of the distribution,
however, changes much more slowly. The e�ects of misalignment on a three level
excitation will be stronger. If using a Rubidium dispenser oven (see Section 8.1) which
is e�ectively one-dimensional, it is advisable to align it so that the slit is parallel to the
direction of propagation of the lasers. This will ensure that for small misalignments,
there exist a perpendicular line of sight.
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3.2.3 Switching

Pump-probe experiments rely on having de�nite “pulses” where the probability of
having an atom is very high, on a background as close to zero as possible. The pulses
must be short so that we can both infer the velocity of the atoms from the delay between
excitation and detection, and so that we reduce the risk of exciting two atoms at the
same time. During the rest of the experiment, the beam of excited atoms should be
attenuated by a factor A that guarantees that less than one atom is excited on average
during the entire time of the experiment.

τ

T
� A (3.4)

where τ is the pulse time, T is the experiment time, and A is the attenuation. A typical
situation would require 10 µs pulses and a 10 s experiment, demanding an attenuation
of at least 60 dB. It is also important that we operate below the threshold for atomic
saturation, as at high intensities the number of excited atoms increases slowly. In view
of this, the laser must not be focused through the excitation region, but rather it must
be collimated.

A Pockels cell is a common type of electro-optical modulator (EOM) i.e. a crystal
where the birefringence of the material can be controlled by an applied electric �eld.
These systems can be used to rotate linearly polarised beams with very high accuracy
(one part in 105 ). Linear polarisation of the same purity can be obtained with a good
polarising beamsplitter, such as the Glan-Thompson. A further polarising beamsplitter
can be introduced after the Pockels cell, which will then act as an optical switch. The
rise and fall times of this arrangement are very fast (nanoseconds), the attenuation
however only reaches 50 dB, which is below our requirement of at least 60 dB. We
experimented cascading two such systems with negligible improvements. Finally, to
obtain both small pulse times, and zero background we combined this system with
the hard-disk based mechanical shutter described in [28]. The hard-disk shutter can
produce pulses on the order of 1 to 100 µs with absolute extinction of the light and a rate
that can be varied from 0 Hz to 50 Hz. Within this pulse we can produce a Pockels-cell
pulse of any desired duration. The e�ective attenuation obtained with this method is
of better than 100 dB.
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3.2.4 Reliability and ease of use

The lasers should be a resource that can be relied on and fully operated through
software. The y only need to be rapidly checked in the morning, and can be relied
upon in producing stable frequency and power all day long. For this to be possible the
speci�cations of our system have been pushed beyond the above requirements.

Property Required Achieved

Power stability 1% 1× 10−4

Frequency stability 80 kHz 8 kHz

Tuning 1 GHz 8 GHz

Attenuation 60 dB 100 dB

3.3 frequency comb

Before going into details of how our diode lasers work, I will introduce the optical
frequency comb, a piece of equipment that I have used extensively for characterising
our systems as well as for high precision spectroscopy and as an alternative way of
locking our lasers.

The optical frequency comb [31, 32] is arguably the most important invention that
the �eld of optical and microwave metrology has seen in decades. It has recently won a
Nobel prize for Ted Hänsch and John Hall.

The apparatus is able to relate an optical frequency to a microwave frequency with
an accuracy of 10−16 · This means that we could e�ectively count very fast (400 THz)
optical oscillations for about a minute without losing a single phase, and in combination
with sub-Hz optical spectroscopy produce extremely accurate clocks [33]. These could
for example be mounted on GPS satellites for extremely accurate positioning.

The other important application is in spectroscopy, where the comb allows us to
measure any optical frequency in terms of an accepted microwave frequency standard,
such as a Caesium clock which thanks to more than sixty years of development can
achieve accuracies of 10−15 · Figure 15 shows the experimental layout of our Menlo
Systems �bre-based frequency comb, the �rst one made by Menlo that allows for the
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simultaneous locking four lasers, which we used for accurate measurements of the
three resonant frequencies of a three-step transition.

A resonant laser cavity can in general support a large number of resonant modes:
each separated by the “free spectral range” or more formally the repetition ratewr i.e.
the inverse of the round-trip time of a pulse propagating in that cavity.

It is possible to make all these modes phase-correlated for example by using a nonlin-
ear ampli�cation medium that will promote the propagation of a single, high-intensity,
pulse. This is equivalent to having all the laser modes resonate in phase, destructively
interfering at all points but the location of the pulse. This laser will be “mode-locked”
and output a “frequency comb” i.e. a set of very narrow lines, each an integer multiple
of the repetition rate. This can then be used as a very accurate frequency scale.

In real systems a further complication arises from the fact that in the lasing medium
di�erent frequencies travel at di�erent velocities and at each round trip the phase of
the carrier will have shifted by a small amount ∆φ width respect to the pulse envelope.
This small shift will o�set all the comb lines by a frequencyω0 = ∆φωr.
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Measuringωr is simply done with a photodiode, and locking it to a desired value is
done by varying the cavity length with a piezo.

Measuring and lockingω0 is harder but allows the comb to be an absolute frequency
scale. To measure this o�set the comb is made to span an entire octave (1050 nm to
2100 nm) by using the self-phase modulation e�ects in a photonic crystal �bre ampli�er
with a wide gain pro�le (XPS EDFA). This kind of �bre allows for single spatial mode
propagation of a pulse with very low dispersion. Thanks to this, very high intensities
(hundreds of GW/cm2) can be maintained over a signi�cant length of �bre, providing
for strong spectral broadening via self phase modulation. An important role is also
played by four wave mixing (FWM) which is a nonlinear e�ect that allows two or more
signals co-propagating in a �bre to mix, producing new signals spaced at the same
frequency intervals as the original signals.6 This e�ect grows exponentially with power,
it also grows when the two signals are closely spaced and is enhanced by both the
low chromatic dispersion of the microstructure �bre and the phase-coherence of the
input, which ensures that all signals stay in phase for a signi�cant length of �bre. FWM
guarantees that the periodicity of the input comb is transferred to the output.

The light is then passed through a PPLN crystal that doubles the 2100 nm component.
ω0 is then detected as the beatnote between the 1050 nm and the frequency doubled
2100 nm components of the comb. This frequency can be tightly locked to a desired
value by feeding back to the pump power of the �bre laser. This idea is shown in
Figure 16. This beatnote can be seen in Figure 17 �tted by a Voigt function. This
particular line has a large Gaussian width (150 kHz) which indicates that the laser is not
particularly well locked. Note however that this line is the beatnote obtained not from
just two comb “teeth”, but between two entire series of lines, having passed through
the XPS which can of itself have a broadening e�ect. To measure the actual linewidth
of the comb one would have to use a delay line longer than the coherent length of the
laser (thousands of kilometres).

In comparison to our system, Ti-Sapphire lasers can achieve comb linewidths of
below 150 Hz and directly span an octave. However, �bre based combs use more
cheaply available and very reliable components: in fact they use telecommunication
modules that have failure rates of only a few percent in 30 years!

6. If f2 = f1 +∆f then fFWM1 = 2f1 − f2 = f1 −∆f and fFWM2 = 2f2 − f1 = f2 +∆f
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Figure 16: Principle of operation of a self-referenced frequency comb: we beat a frequency
doubled part of the comb at f2 = 2(nωr +ω0) with comb lines one octave higher
in frequency f1 = 2nωr +ω0. The beat notes are at f2 + f1 too high to be observed
and f2 − f1 = ω0 that can be measured with a photodiode.

We “phase locked” all our lasers to the frequency comb, the most problematic one
being the third step at 1257 nm which is the �rst laser in this region of the spectrum7
to be locked to a comb. The beatnote between this laser and the comb can be seen in
Figure 18 having a 30 dB SNR, su�cient for a stable frequency lock. The “phase lock”
was not as stable, often coming out of lock. We expect that a 40 dB SNR is needed.

We also used the comb for precision spectroscopy8 in two di�erent ways. The �rst
way has been the traditional method of building a stable lock to a line peak, as described
in, for example [34], the beatnote of the locked CW laser and the comb can then be
recorded, and an absolute frequency calculated.

For the second spectroscopy method, we experimented with scanning over a trans-
ition peak by directly scanning the comb. This system only involves a Rubidium cell
and a photodiode. Figure 19 shows a typical line, as measured. By �tting this line width
a Lorentzian, extremely accurate values for the centre can be obtained. The Doppler
background can be measured separately and taken into account by the �t. The �t

7. There is considerable interest in locking in this region, as it is the frequency of a down-converted
HeNe laser which is heavily used in metrology.

8. A program to extract the absolute frequency from comb parameters can be found under the name
integercalculation.m in the Matlab folder.
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Figure 17: A typical comb beat note, �tted by a Voigt function with a Gaussian linewidth of
150 kHz and a Lorentzian linewidth of 46 kHz. Data was taken with a 5 kHz resolution
bandwidth. The �t was performed on a linear scale. Note that this is not the beatnote
between two single lines of the comb, but rather between two entire series of lines.
The fact that the Gaussian linewidth dominates the Lorentzian linewidth indicates
that in this instance the lock was not particularly good.
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Figure 18: Beat note between the frequency comb and the 3rd step laser. This measurement
was taken without the 5 MHz notch �lter, centred at 30 MHz which, when locking
the laser, is used to get rid of the residual noise peaks and increase the SNR from
20 dB to 30 dB.

uncertainty remains quite high, on the order of 100 kHz, limited by the scan resolution.
This could be reduced by taking slower, �ner scans (10 kHz was achieved). It was not
done here, as our atomic clock not being connected to GPS results in a systematic on
the order of 100 kHz. According to Menlo systems we are the �rst people to experiment
with this method, probably due to the fact that it is better to use an AOM to scan over
the peaks.

3.4 lasers

Five di�erent diode lasers are used in the micromaser experiment: the �rst two are
780 nm and 776 nm and excite the atoms through the �rst and second steps of our
scheme (detailed in Section 3.1). A further 780 nm laser, which can be tuned by a few
GHz around the atomic resonance, is used for velocity selecting atoms in pump-probe
experiments (see Section 3.2.2). The third and last excitation step is provided by a
1260 nm lasers. An extra 1260 nm laser can be used to excite the atoms in a second
atomic beam to the same or to a di�erent Rydberg state. In this section I will detail how
each of these lasers is locked: the �rst 780 nm laser is locked to a polarisation spectrum.
The 776 nm laser is locked to a saturated absorption peak. The velocity-selecting
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Figure 19: Rubidium spectroscopy with the frequency comb of the F=3 to F=3 hyper�ne trans-
ition of 85Rb at 795 nm, �tted by a Lorentzian.
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780 nm laser is locked to a speci�c o�set frequency relative to the �rst laser, employing
a commercial cavity (iScan). The third step laser(s) are locked to the rubidium Rydberg
spectrum in an auxiliary vacuum chamber, or to the comb. A portion of each of
the above lasers is fed both into a wavemeter and beat with light coming from an
optical frequency comb, which allows us to determine its absolute wavelength to high
accuracy. I used this system to perform high precision Rydberg spectroscopy, as detailed
in Chapter 4. It is also possible use the frequency comb to tightly lock any laser which
has a fast feedback system such as a FET or bias-T input. An overview of how the laser
system �ts into the experimental apparatus is shown in Figure 20.

3.4.1 First step laser

The �rst step laser is a Toptica DL100 external cavity diode laser. As this laser is
also used in the locking of all other lasers, its stability is very important. This laser
is locked either to a saturation or to a polarisation spectrum, as shown below.9. The
instantaneous linewidth of this laser was measured to be approximately 300 kHz, and
when locked its Allan deviation is less than 20 kHz.

Saturated absorption spectroscopy

Rubidium atoms in a room temperature gas have signi�cant velocities. Atoms
traveling at a velocity vwill see a laser beam incident at an angleα and having frequency
f Doppler shifted to a frequency f ′ such that

f ′ = f
(

1 +
v

c
cosα

)
(3.5)

This corresponds to a shift in the order of GHz. Our experiment however uses an
atomic beam which is excited by a perpendicular set of lasers. The Doppler shift in this
case is 0. The aim of Saturated absorption spectroscopy is to produce a sharp signal
for a zero Doppler shift in a gas, this signal can then be used as a reference to lock our
lasers. Figure 21 shows the experimental setup for saturated absorption spectroscopy.
A strong pump saturates the transition of atoms of a particular velocity class, leaving

9. It is possible to switch from a polarisation spectrum to a saturation spectrum by adding, instead
of subtracting the signals from each polarisation



3.4 lasers 35

G
PI

B

D
A

C

Ti
m

er
s

Et
he

rn
et

CO
M

D
A

C

Fr
eq

ue
nc

y 
M

ea
su

re
m

en
t

La
se

r 
sy

st
em

M
ic

ro
w

av
e 

sy
st

em

Cr
yo

st
at

A
ux

ili
ar

y 
 a

to
m

ic
 b

ea
m

Co
m

pu
te

r 
co

nt
ro

l

Co
nt

ro
l e

le
ct

ro
ni

cs

Ch
an

ne
lt

ro
n 

de
te

ct
or

s 
1

Ca
vi

ty
 

sq
ue

ez
er

A
tt

oc
ub

e

Ra
m

se
y 

zo
ne

Ca
vi

ty

Fi
el

d 
io

ni
za

ti
on

 1

D
is

cr
im

in
at

or

1s
t 

st
ep

 s
pe

cr
os

co
py

2n
d 

St
ep

 
sp

ec
tr

os
co

py

O
ff

se
t 

lo
ck

 o
pt

ic
s

Ch
an

ne
lt

ro
n 

de
te

ct
or

Fi
el

d 
io

ni
za

ti
on

O
pt

ic
al

 
sp

ec
tr

os
co

py

A
to

m
ic

 s
ou

rc
e

A
to

m
ic

 s
ou

rc
e 

1

D
is

cr
im

in
at

or
s

Sy
nt

h 
1

Sy
nt

h 
2

!

D
et

ec
to

r
1s

t 
st

ep
 

lo
ck

2s
t 

st
ep

 
lo

ck

O
ff

se
t 

lo
ck

H
V

 s
up

pl
ie

s

sq
ue

ez
er

 c
on

tr
ol

po
si

ti
on

in
g 

co
nt

ro
l

A
to

m
ic

 
cl

oc
k

W
av

em
et

er

Co
m

b

Be
at

 
de

te
ct

io
n 

un
it

s

Co
un

te
rs

Ex
ci

ta
ti

on
 r

eg
io

n

Ex
ci

ta
ti

on
 r

eg
io

n 
1

Ex
ci

ta
ti

on
 

re
gi

on
 2

A
to

m
ic

 
so

ur
ce

 2
Fi

el
d 

io
ni

za
ti

on
 

2

Ra
m

se
y 

zo
ne

Ch
an

ne
lt

ro
n 

de
te

ct
or

s 
2

Pu
ls

e 
ge

ne
ra

ti
on

Pu
ls

e 
ge

ne
ra

ti
on

In
te

ns
it

y

Fi
br

e 
sy

st
em

78
0 

nm

77
6 

nm

78
0 

nm 12
60

 n
m

12
60

 n
m

Te
m

pe
ra

tu
re

 
m

ea
su

re
m

en
t 

an
d 

co
nt

ro
l

G
as

 h
an

dl
in

g

Fi
gu

re
20

:O
ve

rv
ie

w
of

th
e

ex
pe

rim
en

ti
n

th
e

cu
rr

en
tc

on
�g

ur
at

io
n.

La
se

rs
he

re
ar

e
lo

ck
ed

to
at

om
ic

sp
ec

tr
a,

lo
ck

in
g

to
th

e
fre

qu
en

cy
co

m
b

is
al

so
po

ss
ib

le
an

d
ha

sb
ee

n
ac

hi
ev

ed
fo

ra
ll

la
se

rs
th

at
po

ss
es

a
FE

T
or

bi
as

-T
in

pu
t.



36 optics

Rb cell
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PD 2
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Figure 21: Optics arrangement for simple saturation spectroscopy: a laser beam is split between
a pump and two weak probes using a thick glass plate. The pump and one of the
probes interact while counterpropagating in a gas cell. The di�erence between the
two probe signals, measured with two photodiodes, will be a clean, Doppler-free
spectrum.

a reduced number of atoms in the ground state. A weak, counterpropagating, probe
is partly absorbed by another velocity class. When δ = 0 vpump = vprobe = 0. Under
these conditions the pump and probe interact with the same atomic sample, this is
observed as an increase in transparency of the sample to the probe due to fact that
the pump has excited many atoms out of their ground state, therefore making them
unavailable for interaction with the probe. The signal obtained is a peak of the natural
linewidth on the broad Doppler background dip. It is also practical to use a second
probe that does not interact with the pump, so that a diode (PD 1) can be used to
measure the Doppler-broadened line, which can then be subtracted, yielding the “pure”
natural spectrum. Note that for accurate spectroscopy, having two photodiodes can
be a problem, as their response curves can vary slightly, inducing drifts. If this is done,
“matched” diodes, coming from the same wafer can be bought, which guarantee more
similar responses. Sensors with two inputs, and an integrated di�erential ampli�er are
also available. We found that if one wants to obtain accurate results however, having
two sensors and related signal paths must be avoided, it is better to chop the pump
beam with an EOM and use a lock-in ampli�er to do the subtraction, thus recovering
the pure peak signal. For our locking purposes, however, the polarisation spectrum
discussed below o�ers considerable advantages.
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Polarisation spectrum

Saturation spectroscopy is a very simple spectroscopic technique, but polarisation
spectroscopy [40, 26] has several advantages over it when it comes to locking a laser: it
naturally di�erentiates the saturation spectrum, so that a dispersion curve is obtained,
rather than peaks. This means that we can easily lock to the centre of this dispersion
curve without the need to modulate the laser frequency or of a lock-in ampli�er.
The locking frequency can also be shifted within the size of the peak, by changing
the locking point. Another advantage is that the SNR is much stronger that for the
saturation spectrum, especially for the f ’ peak where we lock.10 Another practical
advantage is that if we allow for some of the Doppler background in our signal, the
entire spectrum (the set of dispersion curves) becomes embedded in a large dispersion
curve (the di�erential of the Doppler background) so that the centre of each individual
line is at a di�erent voltage, making locking completely unambiguous: if the laser is
locked, it is always locked to the correct line.

Our particular polarisation spectroscopy arrangement is shown in Figure 23: a laser
which is accurately linearly polarised (after passing through a 60 dB isolator) is split
into pump and probe with a wedge. The pump is set up to produce perfectly circular-
polarized light using a quarter-wave plate, while the probe’s polarisation is set to 45°
with respect to the subsequent polarising beamsplitter cube. In the cell, the pump and
probe are entirely overlapped, the angle between them being very shallow.

The intensities involved are very low (to minimise power broadening): the pump is
barely visible on a �uorescent card, and the probe is approximately 10 times weaker.
For detection we use custom photodiodes based on the IPL 10530DAL chip design,
which have an on-chip ampli�er, and integrated lens, and can be customised by the
manufacturer with band-pass coatings and for di�erent electronic characteristics. Power
and signals are passed through individually shielded (video) cables and connectors. We
�nally obtain a sensitivity of 60 V/µW, a 32 V range and noise level of 100 µV, or 300 µV
after the detector is “burned” by shining too much light on the diode. This allows us to
get a SNR of 105 with very low signals and a bandwidth of 12 kHz.

A typical saturation spectrum obtained with the above-mentioned system is shown
in Figure 24. Optimising the signal for a maximum steepness at the locking point, it
is possible to obtain very stable locks, even with feedback loop operating at a modest

10. The peaks are named in Figure 22.
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Figure 24: Typical polarisation spectra. The peak used for the lock in our experiments is at the

origin of the frequency scale. Using a telescope broadening can be minimised, and
the SNR can be pushed to values of above 300 (100 mV Signal, 300 µV noise, 12 kHz
bandwidth), as shown in (a). Increasing laser intensity the steepness of the signal
can be maximised and a unique locking point obtained, as shown in (b). Here some
optical noise due to residual interferometric e�ects (back-re�ection in the cell) can
be seen. These oscilloscope traces were taken in approximately 5 ms.



3.4 lasers 41

12 kHz it is possible to maintain an Allan deviation of below 20 kHz for the running
time of the experiment, as shown in Figure 25. Note however that the linewidth of the
laser is not narrowed and is of the order of 300 kHz.
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Figure 25: Allan deviation of the �rst step laser when locked to the polarisation spectrum. This
Allan deviation was measured by beating the locked laser with a frequency comb
that is self-referenced to an accuracy of better than 1 Hz. The data was taken during
12 hours.

3.4.2 Second step laser

The second step laser needs to be locked to the 5P3/2, F=4 to 5D5/2, F=5 transition
at 775.97880 nm. For this we combine light from a locked 1st step laser, and the 2nd step
laser. A faint violet (420 nm) glow can be observed when both lasers are on resonance.
This glow can be detected using a photomultiplier as photodiodes are not sensitive
enough at this frequency. Due to the digital nature of photomultiplier pulses, a digital



42 optics

lock should be implemented. Some success was also achieved using a low-pass �lter on
the TTL pluses coming from the photomultiplier. With count rates of up to 1 MHz,
we can, assuming Poissonian statistics, obtain a S/N ratio above 30 when using a 1 kHz
low-pass �lter. The photomultiplier being sensitive to single photons and prone to
saturation means that the entire setup must be kept in absolute darkness.

Another approach is combine the 1st and 2nd step lasers using a polarising beams-
plitter, and then look for just an absorption dip in the 2nd step. This signal is easily
found but small. Better is to look at the enhanced transmission of the 1st step once
the 2nd step is on resonance. This happens because the lifetime of the 5D5/2 state is
τD = 238.5 ns [38], much longer that the lifetime of the 5P3/2 state, which can be
estimated to be τP = 10 ns from the natural 8.7 MHz linewidth and the time-energy
uncertainty principle. While the atoms are in the D state, they do not scatter any of
the 1st step laser, which means that the “enhanced transparency” peak is stronger than
the direct measurement by a factor of τD/τP ≈ 30.

The experimental layout of the system is shown in Figure 23: light from the 1st

and 2nd laser is combined on a polarising beamsplitter. Both lasers participate to the
atomic excitation in the cell, before the 1st step laser is extracted for detection, while the
2nd step is dumped using a Glan-laser polarising beamsplitter.11 Laser alignment and
the alignment between the two beamsplitters is critical to obtaining a high SNR. The
orientation of the Glan-laser is such that the transmitted beam, which is purest, is the
1st step only, we then detect this signal with a photodiode. The 2nd step is extinguished
with an accuracy of one part in 105 .

The size of each beam can be varied with an iris, and the intensity that passes through
the PBS can be adjusted with two half-wave plates.

Optimum results are obtained when the 1st step laser (the probe) is fully “inside”
the 2nd step laser, ensuring that all the light we detect participates in the reaction. It is
also best to have the 2nd step laser polarisation fully aligned with the horizontal axis
of the �rst beamsplitter so that there is no vertical polarisation present that can pass
through the Glan-laser and the power is maximised. The 1st step laser intensity used in
this spectroscopy should be 10 to 100 times smaller than the 2nd step.

This spectroscopy is Doppler-free because the �rst step laser, when locked, is only
resonant with the class of atoms that are at rest, so that only these will be able to

11. A Glan-laser prism has a Glan-Taylor design optimised for intense light by using steeper prism
angles and allowing the output beam to be dumped far from the prism itself.
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participate in the reaction. Similar 2nd step spectroscopy can be obtained with counter-
propagating beams, which makes separating the beams more easy, requires only one
beamsplitter and has the advantage that if the 1st step is not quite on resonance, the
2nd step will lock to a frequency that is shifted by the same amount in the opposite
direction, making the 1st and 2nd step laser sum frequencies constant.
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Figure 26: Second step peak with a Lorentzian �t. The trace was taken in 2 ms. The slight
asymmetry of the peak is due to the �nite 12 kHz bandwidth of the photodiode and
the unresolved hyper�ne structure. The S/N ratio at this bandwidth is 60.

Figure 26 shows the typical signal obtained with this kind of spectroscopy. The
18 MHz width of this peak is due to the convolution of the 9 MHz 5P3/2 state with the
accessible hyper�ne components of the 5D5/2 state that are separated by 10 MHz [27].

Figure 27 shows the dependency of the 2nd step transition linewidth versus second
step laser power, �tting to a power function reveals an exponent of 0.50 i.e. a perfect
square root, as we would expect from power broadening. Extrapolating the �t to
0 power we obtain a 18 MHz “natural” linewidth. Broadening is not much of a problem,
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as we observed that the peak height increases linearly with peak width, meaning that
the steepness, which is the most important locking parameter, is conserved.
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Figure 27: Second step transition linewidth versus 2nd step laser power. The �t is a power
function which yields 0.50 as an exponent, and is therefore a perfect square-root.

3.4.3 Velocity selection laser

The velocity selection laser, also a Toptica DL100 running at 780 nm is used to excite
only atoms of a particular velocity class, this laser is incident onto the atomic beam at an
angle, so that the Doppler e�ect can be used to select the desired atomic velocities. For
this to work an appropriate tuning of the laser frequency is needed, i.e. we must lock
to a slight o�set from the �rst step laser, this o�set can be adjusted to select di�erent
velocities, which correspond to di�erent interaction times between the atoms and the
cavity. I have found rather di�cult to build an o�set lock that can be quickly and reliably
scanned over a large range: even though high-speed photodiodes (8 GHz) are readily
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available, RF components that have consistent characteristics over a large bandwidth
(10 MHz to 10 GHz) are only coming on the market slowly.

Standard scanning-mirror cavities, even with a monolithic invar spacer, can work
but have a relatively high drift rate on the order of 1 MHz/s. A wavemeter based on
Fizeau interferometers will keep a 1 MHz accuracy for a about one hour (see Figures
33 and 32). A Fizeau interferometer is essentially just a glass substrate, acting as a low
re�ectivity Fabry-Perot etalon; as the frequency is scanned, the interference produces
a sine function, rather than a set of peaks. The phase φ of this sine function depends
on the the wavelength λ of the incident light, but also on the refractive index n of the
glass, the thickness of the etalon d and the incident angle α, as shown in Equation 3.6.

φ(α, d, λ) =
4πnd
λ

√
1 −

sin2(α)

n2 (3.6)

For a system simpler than a wavemeter, we can feed such an interferometer with
two beams picked o� a glass wedge that has a particular angle α such that the phase of
the interference pattern of each of the two optical paths is out by 90°. This is shown in
Figure 28. The 0° and 90° detectors display a very high fringe contrast and represent the
cosine and sine components of the “phase” of this interferometer. The 180° and 270°
components are added to the 0° and 90° respectively to obtain frequency independent
normalisation values for the signals.

The two Signals can be plotted against each-other on an oscilloscope (X-Y mode), and
on the scanning of one free-spectral-range they will draw a full circle. The phase around
this circle is directly proportional to laser frequency and the amplitude is proportional
to laser intensity.

This system, together with a temperature controller, a PID and a laser controller
is commercially available in the form of the iScan from T.E.M. Messtechnik. We used
this apparatus to lock a laser, reliably and linearly scan it over tens of GHz and have it
rapidly jump from one frequency to another within 8 GHz. When optimally set up,
the frequency resolution is on the order of 300 kHz, mainly limited by the resolution of
the photodiodes and electronics. The Allan deviation of this system was measured by
beating a Toptica DL 100 laser locked to the iScan with a line of a frequency comb (see
Section 3.3) and recording the resulting beat-note. The Allan deviation was observed
to stay below 2 MHz for approximately 30 minutes, and the thermal drift rate was
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Figure 28: Setup of the iScan interferometer.

measured to be approximately 2 MHz/hour. Results are presented in Figure 29. Some
of the noise arises from the fact that the lock could not compensate for fast noise picked
up from our UPS power supply.

3.4.4 Third step laser

The third step laser can be locked via software to the maximum countrate of Rydberg
atoms produced in the auxiliary chamber. Martin Jones developed this kind of lock in
LabWindows, I started development of an FPGA-LabView version. A software lock to
a discrete countrate can cope very elegantly with the large changes in the rate at which
information is acquired, which is a great advantage for a system where counts can vary
from 1 kHz to many MHz. Gernot Stania has developed a hybrid discrete board that
has a digital input stage and an analogue output stage. This board was very e�ective
without the need of a computer.

Rydberg atoms can be very sensitive to electric �elds, to guarantee a stable lock it is
much better to lock directly to the frequency comb, as described in the next section.



3.4 lasers 47

100 101 102 103 104
0.1

1

10

τ(s)

A
lla

n 
de

vi
at

io
n 

(M
H

z)

seconds minutes hours

Figure 29: iScan Allan deviation, as measured with the frequency comb. Data was taken during
27 hours.
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3.4.5 Notes on locking

In all of the locking schemes described above I have mainly talked about how the
frequency reference was obtained, without going into the details of the electronics
used in the feedback loop. The feedback loops I used are all very similar in principle,
with the main di�erence being the “bandwidth” of the loop, or the speed at which it
can act. For example, the maximum feedback frequency to our �rst step laser is 12 kHz,
while feedback from the comb can contain frequencies of many tens of MHz. Figure 30

Comparison with 
Reference

Error generation

PID

Spectroscopy, comb,
cavity, beat,
wavemeter ...

Lock-in amplifier,
polarisation spectrum,
digital counter ...

Laselock, computer,
FPGA, custom circuit.

laser

(separate frequency components)

feedback

Experiment

Figure 30: Generic feedback loop.

shows the structure and options that we have in a generic feedback loop: the laser that
we want to lock is compared to the desired frequency reference. An error signal is
then extracted from this comparison and converted into an appropriate correction to
be applied to the laser. Feedback processes have played a major role in Engineering
(and in Nature!) for a long time: pneumatic and hydraulic PIDs were used before the
time of electronics. Feedback control is an engineering �eld in its own right, when well
understood and employed it results in very stable and reliable systems.

I would argue that the most important steps in the design of our feedback loops are:
on one hand �nd out what the requirements are for the experiment (see Section 3.2)
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and on the other hand have an appropriate method for evaluating whether these
requirements have been met; this usually presupposes the availability of an extra,
higher quality, reference. We were lucky enough to be able to use a self-referenced
frequency comb, which is more accurate than our experimental requirements by many
orders of magnitude.

Setting PID ampli�cation parameters

This is analogous to setting the correct damping parameters on the suspension
system of a car: any shock to the system must be absorbed as e�ectively as possible,
without going into subsequent oscillations.

The relevant characteristics of the feedback loop and of each of the P, I and D
components of the system can be evaluated by simulating a “bump” with known
parameters and measuring the response. By analysing these responses, optimal values
for the ampli�cation of each of the P, I and D components can be derived.

The best way to simulate a “bump” is to change the desired frequency setpoint
i.e. the voltage level on the error curve at which we lock. This can be done virtually
instantly, very accurately and without directly a�ecting (damaging) the laser.

We can then look at how quickly the laser follows this abrupt change in desired
locking frequency. Figure 31 shows the results obtained: we want to reach the desired
frequency as fast as possible, with the least number of oscillations. When the feedback
is not strong enough, we approach the correct frequency only slowly, when it is too
strong the system becomes unstable and produces oscillations. Note that with the
appropriate parameters a 200 µs rise-time was achieved for a 5 MHz frequency change,
this is very fast considering the 1 kHz low-pass �lter on the laser.

Often, the optimal feedback setting and the point of instability are close, once optimal
feedback has been achieved it is advisable to loosen the lock slightly to ensure that small
drifts in the electronics will not bring the system into unstable operation.

3.5 metrology

We use a varied set of equipment to measure the energy of atomic transition, to
make sure we understand the atomic physics of rubidium and that our lasers operate
within requirements (see Section 3.2). In this section we detail the capabilities and
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Figure 31: E�ect of changing the PID parameters of the feedback loop.

limitations of this equipment, as well as the way in which we use it in our experiment.
We express the stability over time of our equipment with the Allan deviation.

3.5.1 Wavemeter

We have been using two types of wavemeters:

scanning michelson interferometer This is a “classic” type of wavemeter,
described in [42] and that comes in various forms (e.g. Burleigh WA1500) and can easily
be built on an airtrack in the lab. It consists of a moving two-sided corner-cube with
a sample and reference lasers counterpropagating in both arms. While the length of
one arm is increased, the length of the other is reduced by exactly the same amount.
Fringes are counted. Typial accuracies are of ≈ 2× 10−7 but are strongly dependent
on the quality of the electronic circuitry which needs an accurate digital section to
quickly count fringes. Here the resolution is limited by the number of fringes that can
be counted over a reasonable length. It is possible to increase the resolution of such a



3.5 metrology 51

Laser Wavelength Refractive Index
HeNe 632.8 nm 1.000 257 561 (38 )

2nd step 775.98 nm 1.000 256 310 (38 )

1st step 780.24 nm 1.000 256 283 (38 )

3rd step 1260.73 nm 1.000 254 799 (38 )

Table 1: Refractive index of air calculated at T = 35 C, P = 101.325 kPa, and humidity = 50%,
using the modi�ed Edlen equation.

wavemeter by allowing it to measure small fractions of a fringe. This is usually achieved
by adding an analogue section to the system which can distinguish up to 1000 points
within a single fringe, increasing resolution by the same amount.

It is very important to take into consideration the wavelength dependent di�erence
in refractive index of the gas traversed by the lasers.12 This can be done using the
modi�ed Edlén equation13, some values used in our experiment are shown in Table 1.

fizeau interferometer The HighFinesse WS7 wavemeter we use works by
comparing a number of interference patterns from a set of Fizeau interferometers
to a set of reference patterns obtained during calibration. It has a speci�ed absolute
accuracy of 60 MHz (3σ) at 780 nm and 40 MHz at 1260 nm when calibrated every two
weeks. I measured its Allan deviation against our 1st step laser to be of better than
300 kHz for a few minutes, and of better than 2 MHz for times shorter than two hours,
as shown in Figure 32.

We calibrate the wavemeter using our �rst step laser, which is locked to a point
in the rubidium spectrum that we have measured with the frequency comb to an
accuracy better than 300 kHz. We used the frequency comb to check that the wavemeter
calibration transfers between 780 nm and 1260 nm to within the display resolution
which is equivalent to 4 MHz.

I have set up the wavemeter to broadcast its results on the laboratory network, when
enough power is provided (>200 mW) a measurement can be taken and broadcast in
less than 50 ms.

12. Some wavemeters can be evacuated
13. Available at http://emtoolbox.nist.gov/

http://emtoolbox.nist.gov/
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Figure 32: Allan Deviation of HighFinesse Ångström WS7 wavemeter. The data was taken over
a period of twelve hours at 780 nm

The wavemeter is connected to an 8-input �bre switch, particular care must be taken
when choosing the �bre connecting this switch to the wavemeter: usually this will be a
large core multi-mode �bre that works across all wavelengths; however we observed
signi�cant performance degradation with some �bres. For a precise measurement one
would ideally plug the single mode �bre directly into the wavemeter.

We tested the accuracy of this wavemeter for small di�erences in wavelength between
calibration and sample lasers by measuring the 1st (780 nm) and 2nd (776 nm) step lasers,
adding their frequencies we obtain the energy of the 5P1/2 F=3→ 5D5/2 F=5 transition:
770 570 285 074 kHz which has been measured by Nez [27] to be 770 570 284 734 (8) kHz:
a di�erence of 340 kHz. This type of wavemeter seems to be able to achieve much
higher accuracy at longer wavelength, exceeding its speci�cation by orders of magnitute,
however, it has been reported to barely perform to speci�cation in the UV range.

3.5.2 Fabry-Pérot cavities

Fabry-Pérot cavities can be a very useful tool in determining whether a laser is
running single-mode or not. We built a set of 10 cm confocal Fabry-Pérots to monitor
our lasers by using “Cage” mirror mounts from Thorlabs (that can be connected
together at the corners with steel or invar rods). One can look at the modes by scanning
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Figure 33: Allan Deviation of a “cage” mounted Fabry-Pérot cavity. This was measured by
locking the cavity to a stable laser, the deviation was inferred from the error voltage
of the lock. Typical characteristics can be distinguished: white noise below 10−2 s,
followed by a “bounded” random walk till 10 s and a linear drift after this. This set of
data was collected on an open table before air conditioning was installed and displays
a high temperature drift of 2 MHz/s that corresponds to 1.2 mK/s if we assume the
temperature expansion coe�cient of the steel rods to be 17.3× 10−6 /K at room
temperature. Invar has a thermal expansion coe�cient of 1.2× 10−6 /K and reduces
long term drifts by a factor of nearly 20.

the laser. For the lasers that have to be monitored while locked, a piezo mirror mount
is used.

The �nesse F of the cavity is de�ned in Equation 3.7. In a low loss regime it depends
only on the free spectral range (itself determined by the length L) and the losses ρ.

F =
FSR

FWHM
≈ 2π

1 − ρ
(3.7)

where

FSR =
c

4L
(3.8)
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Figure 34: Setup of a simple confocal Fabry-Pérot interferometer. Cage mounts allow for very
simple alignment and relatively stable operation (a drift rate of≈ 2 MHz/s). Fibre
coupling ensures that alignment only needs to be done once.

3.5.3 Fibres and beam Pro�ling

Where possible, I have tried to use optical �bres, which has greatly simpli�ed the
experimental arrangement: no window in the cryostat, no beams crossing the laborat-
ory, the possibility of having �oating optical tables, and great savings both in terms of
space and money. The system uses 40 Fibres14. Fibres are FC-APC on the side of the
�bre launchers, �bre-to-�bre connections are also APC where possible. All �bres are
single mode, polarisation maintaining �bres are used only where strictly necessary. An
overview of the �bre system is shown in Figure 20 on page 35.

In order to collect the maximum possible amount of light, we made sure that the input
beams were mode-matched to the �bres by selecting collimators of the appropriate
focal length for each beam pro�le and �bre numerical aperture. Accurate beam pro�les
were measured by using a �bre on a translation stage as detailed in [43].

3.5.4 Photodiodes

Photodiodes are the main way in which we measure light intensity. The main
characteristics that one must balance when choosing one are speed vs SNR. The P-
N junction within the photodiode acts as a two-plate capacitor, the area of which is
determined by the size of the active area: smaller photodiodes are faster. The distance
between the “plates” depends on the potential across the junction by reverse biasing

14. These were kindly made by Martin Jones and Melody Blackman.
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a photodiode it is possible to increase this distance (the size of the depletion layer)
and reduce the capacitance, however this also increases the internal resistance, and
consequently the current noise. Fast and avalanche photodiodes are used in o�set
frequency locking, and work up to a frequnecy of 8 GHz. With about 1 mW of light
and �ltering to select the frequency of interest, we could obtain SNRs of up to 45 dB;
these diodes are AC-coupled and can be very expensive. Avalanche photodiodes are
fast and can work with smaller signals. To maintain good SNRs high grade electronic
components must be used. Where high speed is not required we use the IPL 10530DAL
which is a single chip photodiode and ampli�er. If they are powered from a clean supply
and connected via high grade wires (we use video component cable) they provide a DC
signal of up to 32 V with just 300 µV noise: and a SNR of 50 dB. Although slow (12 kHz)
these are cheap and extremely sensitive (60 V/µW) allowing us to make experiments
far below saturation. We used these, in conjunction with a Keithley voltmeter to take
an accurate picture of the rubidium spectrum .





4
R Y D B E R G S TAT E S P E C T R O S C O P Y

Rydberg states are an interesting target for spectroscopy as they have interesting
properties: for example, they present a very large electric dipole, allowing them to
be used as very sensitive �eld probes. Rydberg states are also interesting in their own
respect, as they can range from nanometers to millimetres in diameter, displaying some
aspects of the quantum to classical transition. I did some precision spectroscopy on
some of these states to demonstrate that the atomic beam and laser systems work as
expected. The results presented here are more accurate than previous results by more
than one order of magnitude. The analysis of this data however requires the theoretical
background, presented below.

4.1 the rydberg-ritz formula

In 1888 Rydberg observed that wavelength of spectral lines emitted by Hydrogen-like
atoms could be described by the following (at the time phenomenological) formula:

1
λ

= RZ2
(

1
n2 −

1
(n ′)2

)
(4.1)

where λ is the frequency of the emitted light, and n and n ′ are integers, and R is a
physical constant (the Rydberg constant). Later, Walter Ritz noted that if one considered
the frequencies associated with the spectral lines, they could all be expressed as the
sum or di�erence of other frequencies, suggesting a conservation of energy, and a set
of allowed levels, as observed in quantum mechanics. We are particularly interested in
highly excited Rubidium atoms. In these atoms, a sigle electron orbits the “core” which
is composed of the nucleus and Z− 1 electrons. This leaves an e�ective charge of Z = 1

57
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on most of the space occupied by the outer electron’s wavefunction. We can therefore
rearrange equation 4.1 as follows:

En − En ′

RRb
=

1
n2 −

1
(n ′)2 (4.2)

At n ′ = ∞ we reach the ionization limit, and we de�ne Ei ≡ En ′ : the ionization
energy. Equation 4.2 then becomes:

En = Ei −
RRb

[n− δ(n)]2
(4.3)

Where En is the energy of level n with respect to the ground state1; Ei is the
ionization energy (the energy for n = ∞) measured with respect to the ground state,
and δ(n) is the “quantum defect”: a small adjustment for the time that the electrons
spends in the internal part of the atom, where the e�ective nuclear charge is larger
than 1.

To �rst approximation, Ei, R and δ are constants, which allows us to guess values
for En. However, the accuracy of these values is not su�cient to set our lasers to the
correct frequency: we would have to �nd a narrow transition in too large a range.

Although Ei, R and δ are not constants, their values for di�erent atomic levels are
related: Ritz pointed out that out that the e�ective quantum number n∗ = n− δ(n)

could be expanded as follows:

n∗ = n− δ(n) (4.4)

= n− δ0 −
δ2

(n− δ(n))2 −
δ4

(n− δ(n))4 −
δ6

(n− δ(n))6 − · · · (4.5)

This “extended Rydberg-Ritz formula” can be rearranged to give the quantum defect
δ(n) :

δ(n) = n−n∗ = δ0 + δ2tn + δ4t
2
n + δ6t

3 + · · · (4.6)

1. Usually, the ground state is taken to be the centre of mass of the hyper�ne level components, in
our case, 1 264 888 (4) kHz below the 5S1/2, F = 3 state: the real level at which we start the excitation.
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where

tn =
1

[n− δ(n)]2
=
Ei − En

RRb

This is called an extended Rydberg-Ritz formula. As the main quantum number n
increases, the energy En approaches the ionization energy Ei, making tn a very small
number; i.e. the series in Equation 4.6 will rapidly converge, with just the �rst few
terms being meaningful. This has been justi�ed �rst by Sommerfeld [44], then by
Hartree [45, 46].

Equation 4.6 can however not be solved directly because δ(n) appears in tn; its
parameters must be evaluated by an iterative procedure,2 which can also be used
to �t the quantum defect to measured values of En and �nd the “real” parameters
Ei, δ0, δ2, δ4, δ6, . . ..

For a more practical equation, the following approximation can be made:

tn =
1

[n− δ(n)]2
≈ 1

(n− δ0)2 (4.7)

Using the constant δ0 rather than δ(n) allows for the formulation of an equation
that can be directly evaluated:

δ(n) = δ0 +
a

(n− δ0)2 +
b

(n− δ0)4 +
c

(n− δ0)6 + · · · (4.8)

Unlike δ0, δ2, δ4, δ6, the constants a, b, c do not bear physical meaning. In Equation
4.8 δ0 must be derived from a value of Ei obtained by �tting Equation 4.6. If one is
only concerned with having a practical equation rather than the physical meaning of
constants, it is also possible to approximate δ0 ≈ a and �t Equation 4.8 directly. The
di�erences between these �tting methods is treated in detail in the work of Drake [47]
who continues discussing the physics that can be learned from more accurate measure-
ments of the energies of Rydberg states. Our experimental results displayed a di�erence
of 1σ between these �tting methods, as detailed in Section 4.2. This is more signi�cant
than it might seem at �rst, as here σ is for the most part a systematic, rather than
random, error.

2. This can be done by minimizing theσ = rhs− lhs. Code that does this can be found in: /MyPapers/
Rydbergs/rrfitting.py

/My Papers/Rydbergs/rrfitting.py
/My Papers/Rydbergs/rrfitting.py
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4.2 rydberg spectroscopy experiment

Starting with values from the literature, one can reduce the required scan range
considerably, then, once the transitions are found, their respective Ens can be measured.
This spectroscopic data can then be �tted to yield better values for the constants
discussed above, and precise predictions for other Ens.

The laser setup is shown in Figure 35 and consists of a �rst and second lasers locked
to their respective transitions, and a broadly tunable “Stry” design [29] diode laser from
Sacher. This laser has the properties required for this kind of spectroscopy: it has a
stability of better than 1 MHz over 1 s, can be tuned very accurately by a few GHz using
a low voltage piezo actuator driven by a 16 bit optically isolated DAC, and can be tuned
by 100 nm using a stepper motor.

Polarisation 
spectroscopy

Laser 1

Laser 2

Laser 3

PBS

λ/2

λ/2 Rb cellPBS

L2 to experiment

L2 to λ-meter
and comb

L1 to experiment

L1 to λ-meter
and comb

L3 to experiment

L3 to λ-meter
and comb

Figure 35: Simpli�ed representation of the optics setup for the Rydberg Spectroscopy experi-
ment.



4.3 beamline 61

4.3 beamline

The beamline consists of a Rubidium dispenser (described in Chapter 8), and an
excitation region made from a monolithic metal block that acts both as a collimator
and a mount for the optical �bres, as shown schematically in Figure 36.

Figure 36: Beamline. Not to scale, the entire beamline occupies about 50 cm with the Rubibium
dispenser (≈2 cm tall) at one end, and the excitation region (≈5 cm) and detector
(≈10 cm) at the other.

The experiment can be conducted at room temperature thanks to the low emission
rate of the dispenser (see section 8.1) the pressure in the chamber is of the order of
5× 10−8 mbar. The turbo-pump, at a rate of 300 l/s, only removes 3× 109 atoms/s, a
negligible amount compared to the 1017 atoms/s produced by the oven. Most of the ru-
bidium probably condenses on the surfaces of the chamber, and the real pressure inside
the chamber will be closer to the vapour pressure of rubidium at 20 C: 2.2× 10−7 mbar.
Note that the vapor pressure is an exponential function of temperature, and a small
change in room temperature can bring a large change in background pressure. We
then record the countrate from an ionization detector versus the frequency measured
by the wavemeter.



62 rydberg state spectroscopy

4.4 results

The energy of Rydberg states with principal quantum numbers n=36 to n=63 was
measured. Results are show in Table 2 together with the inferred quantum defect.
These frequencies are the average over multiple measurements, taken at di�erent times.
I found the standard deviation over di�erent sets of measurements to be 1 MHz, which
would lead to very low standard error. I however believe that systematic errors of up
to 10 MHz could be present.

The quantum defect can be measured by more accurate methods which rely on
measuring microwave transitions [48], those measurements are however unable to
determine the ionisation energy Ei and are therefore not able to determine the absolute
energy of Rydberg states. Table 2 shows the quantum defects that can be inferred from
our direct frequency measurement. These are signi�cantly more precise than the work
by Lorenzen and Niemax [49], and are shown in Figure 37.
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Figure 37: Quantum defects of nP3/2 states of 85Rb. The dark circles are measurements from
this work, while the light diamonds are from Lorenzen and Niemax [49]. The �t
takes both data into account, weighted by their respective uncertainties.
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n 3rd step En δ δ Error
(MHz) (MHz) (×10−5 )

36 236 496 706 1 007 068 254 2.641 87 2.3
37 236 666 310 1 007 237 858 2.641 79 2.5
38 236 821 728 1 007 393 277 2.641 70 2.7
39 236 964 479 1 007 536 027 2.641 75 2.9
40 237 095 926 1 007 667 475 2.641 77 3.2
41 237 217 235 1 007 788 783 2.641 73 3.4
42 237 329 406 1 007 900 954 2.641 76 3.7
43 237 433 360 1 008 004 909 2.641 62 4.0
44 237 529 853 1 008 101 402 2.641 60 4.3
45 237 619 595 1 008 191 144 2.641 56 4.6
46 237 703 191 1 008 274 740 2.641 63 5.0
47 237 781 211 1 008 352 760 2.641 51 5.3
48 237 854 117 1 008 425 666 2.641 54 5.7
49 237 922 362 1 008 493 911 2.641 48 6.1
50 237 986 322 1 008 557 870 2.641 55 6.5
51 238 046 352 1 008 617 901 2.641 67 6.9
52 238 102 791 1 008 674 339 2.641 44 7.3
53 238 155 879 1 008 727 427 2.641 61 7.8
54 238 205 906 1 008 777 455 2.641 59 8.2
55 238 253 103 1 008 824 651 2.641 39 8.7
56 238 297 662 1 008 869 210 2.641 39 9.2
57 238 339 780 1 008 911 329 2.641 48 9.8
58 238 379 637 1 008 951 185 2.641 58 10.3
59 238 417 400 1 008 988 949 2.641 41 10.9
60 238 453 197 1 009 024 746 2.641 51 11.5
61 238 487 172 1 009 058 721 2.641 51 12.1
62 238 519 445 1 009 090 994 2.641 51 12.7
63 238 550 123 1 009 121 672 2.641 65 13.4

Table 2: Measured frequencies for the nP3/2 states and respective quantum defects. En is
measured from the centre of mass of the lower and upper states, and contains a small
correction to the wavemeter calibration. The 3rd step data is reported exactly as
measured. Although the above measurements were repeatable to the last signi�cant
digit, a systematic error of up to 10 MHz could be present due to such e�ects as stray
electric �elds or interaction with blackbody radiation.
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Method 1 Method 2 Method 3

Ei 1 010 024 692 (7) Ei 1 010 024 692 (7) 1 010 024 700 (7)
δ0 2.641 352 δ0 2.641 49( 1) 2.641 57( 2)
δ1 0.4822 a 0.317 (3) 0.304 (4)
δ2 −2.86 b −7.45( 5) 1.15( 5)
δ3 11.3 c 1.9(2) 1.2(2)

Table 3: Result comparison using three di�erent �tting methods. Ei is quoted in MHz. The
errors stated include systematic uncertianties.

Fitting this data with three di�erent methods yields the results shown in Table 3.

4.5 error analysis and discussion

As with all precision measurements, this experiment is susceptible to systematic
errors, that can be hard to evaluate. Here I will give a brief overview of where these
errors might come from, and what their amplitude might be.

For this experiment we are pushing our wavemeter far beyond its speci�cation of
100 MHz accuracy. We can do this because its Allan deviation over periods of time
shorter than one hour is 100 times better than speci�cation (see Figure 32). We often
re-calibrate the wavemeter against our very stable �rst step laser, as to maintain its
accuracy. The wavemeter is calibrated at 780 nm and the measurement is done at
1260 nm; we veri�ed that this calibration transfers accurately from one frequency to
the other using the frequency comb. This transfer corresponds to the largest systematic
error due to the wavemeter, which could amount to up to 4 MHz.

A possible Doppler shift due to non-perpendicularity of the atomic and laser beams
could result in a systematic error. However, as the �rst and second step lasers are locked
to a Doppler-free spectrum, this misalignment would also be observed as a dramatic
reduction in the countrate (see Figure 12). To prevent this situation, the excitation
region is machined from a monolithic block of Aluminium, integrating collimator holes
and �bre mounts. The atomic source is extended in space (2 cm) and �lls the entire
collimated cone (Figure 36) with Rubidium atoms. This means that any Doppler shift
would be observed as a broadening of the spectrum relative to the 8 MHz linewidth
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of the �rst step transition. We do not observe this broadening, and conclude that any
Doppler shift should then be of less than 4 MHz.

Stark shift due to stray �elds would also be a likely source of systematic error. The
excitation region was designed by Martin Jones, who has studied these e�ects in depth
in his thesis [19]. The excitation region is built from a monolithic block of aluminium,
in contact with some glass surfaces. The design is symmetric, in the hope that any
systematic �eld will be cancelled.

The dynamic shift due to black-body radiation is calculated in [50] as:

∆BBR =
α(kT)2

6  hme c2 (4.9)

where α is the �ne structure constant, k the Boltzmann constant,me is the mass of
the electron and c is the speed of light. At temperature T = 300 K this translates to a
very small shift, of 2.4 kHz. Hollberg and Hall have veri�ed this experimentally [51].

The dark count rate was kept to below 0.3 Hz by carefully adjusting the discrim-
ination on the channeltrons and by not having any electron-emitting equipment in
the vicinity of the detector (eg. vacuum guage, lamp �lament). Other experimental
parameters, such as oven current and laser power were adjusted to obtain a countrate
of 1000 Hz, with a SNR of approximately 26, mainly limited by Poissonian statistics.
This results in a very clean signal, as seen in Figure 38. The number of counts and the
frequency of each data point are measured for one second, the scan rate is of less than
2 MHz/s, and the delay between the two measurements is less than 20 ms, making the
hysteresis less than 40 kHz.

Finally, the �rst step laser frequency was measured with the frequency comb, and
the second step laser frequency was measured with the wavemeter just after calibra-
tion, uncertainties are therefore of 10 kHz and 500 kHz respectively. We compared
our measurements with the literature, and in particular Nez [27] who measured the
5S1/2→5D5/2 transition to be 770 570 284 734 (8) kHz, which compares well with our
measurement of 770 570 285 (1) MHz. A summary of the errors involved is shown in
Table 4. These errors not being correlated, we can estimate the total systematic error
to be of the order of 5.7 MHz.
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Wavemeter 4 MHz

Angle 4 MHz

1st step 10 kHz

2nd step 500 kHz
Table 4: Error estimates
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Figure 38: A typical specral line of a Rydberg state, �tted by a Lorentzian. Error bars represent
uncertainty in the absolute frequency. Having low background counts allows us to
reduce the �t parameters by one.
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C AV I T I E S

The heart of the One Atom Maser is a cylindrical cavity capable of storing quantum
information, in the form of microwave photons, for times up to 0.3 s. Achieving this
regime of minimum losses requires considerable e�ort, especially since it must be taken
into consideration that:

– There must be entrance and exit holes for the atoms to pass through the cavity
– The atoms must couple strongly to the electric component of the �eld
– Stray �elds close to the path of the atom should be avoided, as they can cause

dephasing or even ionisation.

5.1 design

The design and manufacturing techniques of the cavities used in these experiments
is the result of many decades of work by projects that had extremely large budgets,
such as accelerators for nuclear and particle research, the MPQ in Germany and the
ENS in France. Many discoveries that improved the quality and usefulness of these
cavities have now become “rules of thumb”, the underlying physics having been lost.
The literature is vast and interesting, however I have found that a large number of
equations have been mis-reproduced, errors have accumulated in time and the original
referenced papers become less available. I worked through the equations presented
below, and included references to recent works where they are known to be correct. I
also attempt to include the knowledge I have been able to collect on the reasons for
particular design choices, so that future researchers will be able to deviate from them
knowing what the various trade-o�s are.

67
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To achieve “Ultimate” quality factors requires extensive facilities, such as a class-100
clean room1, very high vacuum (and temperature) furnaces, a workshop equipped
with machines that can operate with toxic coolants and “reactor grade”2 niobium [52].
After many discussions with the US authorities, we obtained a large billet of high-grade
niobium consisting of enormous single crystals. A picture of this billet is shown in
Figure 39, the crystal boundaries are clearly visible thanks to illumination with polarised
light and a polarisation �lter in front of the camera.

Figure 39: 50 cm diameter niobium billet containing large single crystals. With the wire erosion
cavity machining technique, the entrance and exit holes of the cavity can be made of
single crystals, minimising decoherence.

1. The class of a clean room is denoted in the average number of particles larger than one micron
per cubic foot.

2. Niobium is used in reactors due to its low neutron capture cross-section and its strength at
temperatures up to 1800 K. This property also allows it to be used in component of the space shuttle e.g.
thrusters. It also not corroded by many chemicals, that’s why the dangerous Hydro�uoric acid (HF)
must be used.
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5.1.1 Open vs. closed cavities

The question of whether open or closed cavities should be used in microwave cavity
QED experiments has been at the forefront of the di�erentiation between the Walther
and Haroche experiments. Each design presents di�erent advantages and drawbacks:
open cavities have the great advantage that, being made of two parts, a voltage can
be applied across them, providing a way of tuning the atomic transition in and out
of resonance. This method is fast, simple, and can be used to set the atom-cavity
interaction time very accurately; indeed this method has been used in a number of
successful experiments. In fact, a �eld is always kept across the cavity to stabilise the
orbit of the circular states3 used in this experiments. Being made of two separate pieces,
these cavities must be mounted extremely carefully: any vibration or misalignment
would destroy the resonance.4. Making sure that the two mirrors are at exactly the right
distance from each other is also challenging.5 The other advantage of open cavities is
that they can be easily coated, so that the body can be made of copper, a material that
can be commercially made into a spherical mirror with extreme accuracy. The fact that
the surface is exposed demands a working environment that is orders of magnitude
cleaner than the one for a closed cavity, as a single, tiny speck of dust can destroy a good
Q factor. Closed cavities, on the other hand, are robust and easy to handle: being made
of a single block of metal, they can be mounted without e�ort, their resonant frequency
is reliable, and microwaves can be coupled in and out of them accurately, o�ering the
possibility for an easy measurement of their resonant frequency, their lifetime, and
for the injection of a speci�c coherent state. At Leeds we have explored both paths, in
Munich a torus cavity was made by Mikhail Klembovsky and di�erent designs, such as
‘reentrant’ cavities will be explored in the future. In the design of these “exotic” cavities,
the FDTD6 methods discussed below will be essential.

3. Circular states are states where the electron has its maximum allowed angular momentum. As
the main quantum number becomes large, this corresponds to the electron performing a ‘classical’ orbit
around the core. Because of this classicality circular states are very unlikely to decay; in fact they have
only one decay path that traverses all states of successively lower energy and angular momentum one by
one. These transitions are extremely unlikely, and circular states can be seen to live for more than 1 ms

4. To obtain a 14 µs lifetime J-M Raimond had to stabilise the cavity length to better than 70 pm,
private conversation, ICOLS 2004

5. Although the Haroche group has a two-cavity experiment, both have not been on resonance
during the same cooldown due to this and other di�culties. (as of 2006)

6. FDTD stands for Finite Di�erence in the Time Domain.



70 cavities

5.1.2 Closed

Our closed cavities consist of a cylindrical hole in a larger superconducting niobium
cylinder, with an entry and exit hole for the atoms to pass through. One of these holes
also doubles as a microwave coupler. Many of the properties of this type of cavity can be
found by exact analytical calculation. This is a great advantage when one is aiming for
high quality factors where approximations and simulations would not provide su�cient
detail. A good description of microwave theory, including waveguides, resonators, and
details of how to formulate and solve the relevant equations can be found in the book
Microwave Electronics: Measurement and Materials Characterization [53], to which I refer
the reader. Here I will not go into details, but rather mention the main results, keeping
the same notation.

The parameters that we are most interested in are the resonant frequency f0, the
quality factorQ and the �eld distribution inside the cavity.7 These properties can be
found by solving Maxwell’s Equations for the appropriate set of boundary conditions.
The Helmholtz equations can be written as:

∇2E+ k2
iE = 0 (5.1)

∇2H+ k2
iH = 0 (5.2)

where ki is an eigenvalue and can directly be related to a frequency fi as follows:

fi =
c

2π
ki (5.3)

7. Under very strong �elds, such as the ones present in accellerators, the superconducting properties
of the material can change, resulting in a decreasedQ; this is why sometimesQ0 is used indicating the
Q factor at zero �eld.
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For an ideal lossless cavity the eigenvalues and frequencies are real numbers. A lossy
cavity can be represented as having complex frequencies (and eigenvalues). It is then
useful to de�ne the ‘Quality Factor’Q:

Qi = −
1
2

Re(ω)

Im(ω)
(5.4)

= 2π
W

PLT0
(5.5)

= ωi
W

PL
(5.6)

=
fi

∆f
(5.7)

whereωi = 2πfi is the angular frequency,W is the energy stored in the cavity, PL is
the power loss within the cavity and T0 is the resonant period. In other words,Q is the
inverse of the proportion of energy lost per cycle, or the number of cycles needed for
the energy to decay by a factor of e−2π ≈ 99.8%. TheQ factor is also the inverse of
the relative frequency spread of the resonator (Equation 5.7).

The total energy in the cavity can be calculated as the maximum electric, or magnetic
energy stored within the volume of the cavity:

W =
ε

2

∫
V

|Emax|
2dV (5.8)

=
µ

2

∫
V

|Hmax|
2dV (5.9)

In our type of resonator all the internal losses can be assumed as arising from the surface
resistance Rs of the cavity wall so that PL can be written as:

PL =
Rs

2

∫
S

|Hi|
2dS (5.10)

The surface resistance for a conductor can be calculated from its permeability µl and
its skin depth δ:

Rs =
ωµlδ

2
(5.11)
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As the material becomes superconducting, the surface resistance does not go down to
zero, but rather it goes down as a function of temperature and surface purity.

Our cylindrical resonators can be thought of as a short section of cylindrical wave-
guide. The resonant modes closely correspond to the propagation modes in a wave-
guide, and include TE (Transverse Electric) and TM (Transverse Magnetic) modes
referring to the angle between the direction of “propagation” and the direction of the
electric or magnetic �eld respectively.

l

a

Figure 40: Dimensions of a cavity.

The length l and radiusa of a cylinder fully determine the set of boundary conditions,
and can therefore be used to fully calculate the �eld modes. The components of the
�elds of a TEnip mode in cylindrical coordinates are [53, 54]:

Hr = −j
2Apπ
kcl

J ′n(kcr) cos(nφ) cos
(pπ
l
z
)

(5.12)

Hφ = j
2Anpπ
k2
crl

Jn(kcr) sin(nφ) cos
(pπ
l
z
)

(5.13)

Hz = −j2AJn(kcr) cos(nφ) sin
(pπ
l
z
)

(5.14)

Er =
2Aωµn
k2
cr

Jn(kcr) sin(nφ) sin
(pπ
l
z
)

(5.15)

Eφ =
2Aωµn
k2
cr

J ′n(kcr) cos(nφ) sin
(pπ
l
z
)

(5.16)

Ez = 0 (5.17)
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where j =
√

−1, A is a constant related to the amount of power in the cavity. kc =

µni/a and Jn is the nth-order Bessel function, J ′n is its derivative and µni is the ith
root of this derivative.8

J ′0 J ′1 J ′2 J ′3 J ′4 J ′5

1 3.8317059702 1.8411837813 3.0542369282 4.2011889412 5.3175531261 6.4156163757
2 7.0155866698 5.3314427735 6.7061331942 8.0152365984 9.2823962852 10.5198608738
3 10.1734681351 8.5363163663 9.9694678231 11.3459243107 12.6819084426 13.9871886301
4 13.3236919363 11.7060049026 13.1703708560 14.5858482862 15.9641070377 17.3128424879
5 16.4706300509 14.8635886339 16.3475223183 17.7887478661 19.1960288000 20.5755145214

Table 5: First �ve roots of the the derivative of the Bessel function of the �rst kind of orders 0
to 5. These can be calculated using the identity: J ′n = (Jn−1 + Jn+1)/2

The resonant wavelength can the be derived as:

λ0 =
1√(µni

2πa
)2

+
( p

2l
)2

(5.18)

Which can be re-arranged to obtain either the length or radius of the cavity (given the
other dimension) as:

l =
λ0apπ√

(2aπ)2 − (λ0µni)2
(5.19)

a =
λ0lµni

π
√

(2l)2 − (λ0p)2
(5.20)

Of particular interest to us is the fact that the electric �eld experienced by an atom
crossing a cavity through its centre (for which r = 0) will be described by Er =

C sin(z× pπ/l). In the case of the TE121 mode (p = 1) that we use it is simply half a
sine wave. The constant C can be calculated using equations 5.15 and 5.8 and from

8. This is a number that can be calculated using the script found at Projects/Cavity/
ModeCalculations/besselFunctions.maxima

Projects/Cavity/ModeCalculations/besselFunctions.maxima
Projects/Cavity/ModeCalculations/besselFunctions.maxima
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there one can �nd out the strength of the coupling between the cavity oscillator and the
atomic dipole. If this coupling is strong enough as to permit a single photon to produce
one or more Rabi oscillation in a cavity decay time, we are in the strong coupling regime.

The cavity decay time is determined by the skin depth of the surface; a ‘waveform
factor’ describes exactly how the skin depth δ a�ects the quality factor of the cavity [54]:

Q0 =

[
1 −
(
n
µni

)2
] [
µ2
ni +

(pπa
l

)2
] 3

2

2π
[
µ2
ni + 2a

l

(pπa
l

)2
+
(
1 − 2a

l

) (npπa
µnil

)2
] × λ0

δ
(5.21)
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Figure 41: Geometrical component of the quality factor. When divided by the e�ective skin
depth δ, this yields the realQ factor. A maximum is often present when the diameter
equals the length (a/l = 0.5).

The skin depth is determined by factors including the quality of the surface, its purity,
temperature and the frequency of the incident microwave beam. For superconductors
in particular temperature can have a huge impact on δ, reducing it by 6 to 8 orders of

magnitude.9 A qualitative view of how the surface resistance Rs ∝ δ is a�ected by these

9. In contrast, the skin depth of copper is reduced only by a factor of 6 between room temperature
and 4K
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Figure 42: Cavity volume vs aspect ratio for a 21.456 GHz cavity. Note that it has a minimum
of V ≈ 8.0 cm3 at exactly a/l = 1.2, but remains more or less constant for sensible
values of the aspect ratio. Ata/l = 0.5 whereQ is optimum the volume is 11.857 cm3.
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Figure 43: Possible cavity length vs cavity radius for a 21.456 GHz cavity. Note that we could
reduce the cavity length by half before signi�cantly having to change the radius.
This would reduce the interaction time but increase the electric �eld. To reduce
the pump parameter one must increase the radius beyond the point of minimum
volume, many interesting experiments can then be performed, such as running the
micromaser in the Maximum Ampli�cation regime (useful for phase di�usion) or
the creation of a “phase state”.
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parameters between the superconducting transition temperature Tc and 0 K is given
by the formula:

Rs ≈ A
ω1.7−2

T
exp

(
−
∆(0)
kT

)
+ R0 (5.22)

and explained in detail by Braginsky [55]. ω is the frequency of the applied wave,
A is a material dependent constant, ∆(0) is the half width of the energy gap of the
microscopic theory and R0 is a residual resistance that accounts for impurities, surface
damage and intrinsic properties of the material. Experimentally R0 is observed as a
hard limit to the linear decrease of surface resistance with temperature [52].

5.1.3 Cavity holes

The size of the cavity holes determines the power �ux across them, and therefore
the Q factor. The holes should be small enough that they do not limit the Q factor of
the cavity, but they should be large enough as to allow for some power transmission so
that the cavity can be probed, or a coherent �eld can be set-up inside.

The holes are very small compared to the wavelength, and losses across them occur
in the “tunneling” regime, i.e. the probability of a photon inside the cavity to be found
outside decreases exponentially with the length and with the diameter of the hole.

The partial Q factor due to a hole depends on the exact geometry of the cavity, and
can be expressed by the formula10:

Qh =
27

256
(
πc2)2

(2πf)−3(dh/2)−6lc d
2
c
µ0

Z0

(
1 +

1
a2

)(
1 −

1
µ2
ni

)
[Jn(µni)]

2 e2αlh

(5.23)

where c is the velocity of light, f is the cavity resonant frequency, dh, lh, dc and
lc are the diameters and radii of the hole and cavity respectively, µ0 and Z0 are the

10. The details of the calculation are presented in /Projects/Cavity/Lid/HoleSize.nb.

/Projects/Cavity/Lid/HoleSize.nb
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permeability and impedance of the material inside the cavity (free space) and α is given
by the equation below:

α =

√(
2µnp
dh

)2
+

(
2πf
c

)2
(5.24)

Substituting the values for our speci�c cavity, the following numerical approximation
is obtained:

Qh ≈
1.4363× 10−11

d6
h

exp

(
2 lh ×

√
203046 +

13.5598
d2
h

)
(5.25)

For a hole 2.88 mm in diameter this would yield aQh of 4× 105 , 6× 106 , 7× 107 , 109 ,
2× 1010 for hole lengths of 1, 2, 3, 4 and 5 mm respectively.

5.2 preparation

Cavity preparation is not a science, and it is not an art. It is both. Producing a cavity
involves a great number of steps, performed by di�erent people. The knowledge has
been perfected over many years, and the original purpose of my visit to the MPQ was
to gather know-how in this �eld, most of this had been lost however, and had to be
re-discovered.11 Making a cavity consists of the following steps, which we will discuss
in this chapter:

1. Design. This requires choosing the required characteristics. From these a �nal

geometry and material can be selected. All the steps of this work�ow then
have to be considered, and adjustments incorporated in a stage one drawings are
produced to be handed to the workshop.

2. Machine. This could be done by turning, milling, wire erosion spark erosion,
grinding or usually a combination of the above.

3. Rough etch. Removes the machine damage layer, and eliminates surface impur-
ities.

11. This was done in successive collaborations with the following people: Alice Myerson (exploration
of Aluminium etching), Jozsef Fulup (MPQ), Hawri Majeed and Nick Lewty.
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4. Electron Beam Welding to connect the various components in a seamless way.

5. Baking. Releases stresses arising from the previous steps.

6. Frequency measurement and Tuning etch. (repeated).

7. Baking and testing. (repeated).

When designing the cavity one must take into consideration the e�ects that the above
listed procedure has on the resonant frequency of the cavity. A list of the most dominant
e�ects is shown in Figure 44.
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Figure 44: E�ects of various processes on the cavity frequency, to scale. The “workshop fre-
quency” is 21.5 GHz, while the resonant frequency is 21.456 GHz. The e�ect of the
holes was obtained by FDTD simulation, the e�ect of cooldown was calculated from
the expansion coe�cients of Niobium (and Aluminium) while the other e�ects were
directly measured.

5.2.1 Machining

Machining High purity materials is di�cult. Niobium in particular has a medium
to low heat conductivity (53.7 W/mK) and is soft. This means that it is di�cult to
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Figure 45: Pro�le of a grain boundary in niobium that has been annealed at 1500 C and then
etched. Note that the x and y scales are very di�erent, the grain boundary seems to
be a wide, relatively shallow dip. [56]

draw the heat generated by the friction of the tool away from the tool-tip. To achieve a
smooth surface where the tool cuts rather than rips the niobium surface, it is best to use
a solvent as coolant, which by its phase change (evaporation) at low temperatures can
absorb a large amount of heat. The MPQ workshop, who has the greatest expertise
in machining niobium, uses a CNC lathe or mill with standard sprayed on coolant to
automatically do the majority of the work; during the �nal cut, solvent is applied with
a paintbrush and the gasses are extracted with an extractor fan. By making the cavity
in 3 parts, it is possible to produce it entirely by wire erosion, which increases precision
and minimized stresses in the material. We noted that the surface quality obtained by
this technique varies dramatically with the crystal structure and orientation. This is
particularly visible on niobium rods that have been “drawn” which present lines in the
direction in which they were drawn and “dots” in the cut perpendicular to the drawing
direction. This e�ect is due to the electrochemical nature of the process which tends to
enhance crystal boundaries. Annealing the sample before wire erosion minimizes the
number of crystal boundaries and by consequence this e�ect.
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(a) (b)
Figure 46: The above pictures (180 µm across) show the di�erence in the surface quality obtained

by using a solvent as coolant (a) and standard coolant (b). The constant linear velocity
guaranteed by a CNC machine also helps in obtaining predictable results across the
entire surface. The niobium used in these samples is 99.9% purity Niobium rod from
Goodfellow.

5.2.2 Etching

Etching is one of the most important parts in determining the quality of the cavity.
First the cavity is thoroughly degreased and rinsed, as any residue will result in imper-
fections. Then it is etched in a solution consisting of: one part of Nitric Acid (HNO3 at
70% conc.), one part Hydro�uoric Acid (HF 48% conc.) and one part of Phosphoric acid
(H3PO4 85% conc.) all reactants must be of high purity (VLSI grade is su�cient).12 The
etching process is made di�cult by the fact that the cavity is closed and that agitation
is an important aspect in obtaining smooth surfaces. Te�on “baskets” were purpose
built so that the cavity can be agitated by repeatedly lifting it out of the solution to
remove the bubbles containing the reaction product. The exothermic reaction between
the solution and the niobium is maintained between 15 C and 20 C by immersing the
beaker in temperature controlled water. The etch rate is of approximately 4.3 µm/min
on each surface. If the quantity of solution is large enough (1 L) then the etch rate stays
constant, as shown in Figure 47.

Pictures of the cavity surface at di�erent stages of etching are shown in Figures 48
and 49 on page 82.

12. This mixture is lethal on skin contact and should only be prepared after appropriate training.
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Figure 47: Etch rate of the diameter of a niobium cavity. This measures the cumulative etch of
two surfaces (one on each side of the cavity).
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Figure 48: Cavity before etching and after 5 min of etching, at various magni�cations. Very
quickly shallow defects disappear, but deeper machining marks stay visible. The
Fourier transform gives an idea of the scale and orientation of the defects, although a
2-D “Allan deviation” would be a useful and interesting measure of surface accuracy!
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Figure 49: After 15 min of etch, only the deeper machining marks are still visible, but impurities
di�used below the material surface continue to generate pitting. After 45 min of
etching (200 µm) all imperfections have vanished, and the only irregularities are due
to crystal boundaries and di�erences in crystal orientation.
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5.2.3 Microscopy

My work required extensive use of microscopy techniques including atomic force,
scanning tunneling, electron, pro�lometers, and optical . Each technique has di�erent
advantages, but for our purposes I have found that optical microscopy o�ers the best
overall usefulness: the resolution is limited by the wavelength of light (we achieved
140 nm resolution using deconvolution) but it is very quick to get a global idea of the
quality of the sample, and to choose a section of signi�cance to acquire. We observed
that large-scale (optically visible) roughness could be correlated to small scale (scanning
tunneling) roughness.13 This e�ect could be attributed to the fact that “large” structures
could “shield” small structuses from the e�ects of chemical etching.

5.2.4 Probing

Finding the resonant frequency of a high-Q cavity is challenging for two reasons.
The �rst is that in order to obtain said high-Q, only small coupling losses must occur,
resulting in an overall small coupling, both in and out of the cavity. If we are aiming
for a cavity with Q = 1011 the losses will be of 110 dB both on the way in and out of
the cavity, resulting in a total worst case scenario 220 dB loss through the cavity, an
irrecoverably small signal. Ideally, however, most of the losses are coupling losses, a
strong resonant �eld can build up inside the cavity, till the output power matches the
input power i.e. “only” 110 dB loss. The second di�culty is that when this high-Q is
achieved, the resonant width is reduced to ∆f = f/Q, a value on the order of a few Hz.
To �nd this thin line in a such a small signal, one needs to scan about 10 MHz with sub-
Hz resolution. For this, considerable e�ort was put into developing a fast, automated
system for scanning the cavity. We combined a Gigatronics 2400B synthesiser with a
fast microwave power-meter to obtain 4000 datapoints per second with a sensitivity
down to −100 dBm. This has been used to measure the resonance of cavities with
coupling losses of down to 80 dB. To measure cavities with even less coupling we use
the fact that in these cavities a strong �eld can persist in the cavity for a considerable
amount of time (up to several hundred milliseconds). First of all, the cavity is “loaded”
by injecting it with a strong microwave pulse of a duration comparable to the expected

13. This is documented in a project report by Alice Myerson.
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(a) (b)
Figure 50: Niobium samples that have been brought to di�erent temperatures for a number of

hours (a) and then etched (b). [56].

cavity lifetime. After this, the return signal is observed: on resonance we expect the
very same frequency we put in to come out, while the cavity decays. To detect the
return signal it is best to mix it with the signal of similar frequency, and to look for
a beat note. For this we use a second phase-locked synthesiser. We can then predict
the frequency of the beat note very accurately, so that lock-in detection is possible,
increasing the signal to noise ratio signi�cantly, and giving a signal that can be detected
by a computer relatively easily. This system has the advantage of requiring only one
microwave connection to the cavity, using a circulator to separate the input and output
signals. Mark Everitt managed to set up a very low loss path (14 db), mostly waveguide
based, between the synthesiser, the cavity in the cryostat and the powermeter.

5.2.5 Baking

Baking at very high temperature (1800 C to 2000 C) for 72 or more hours helps in
purifying and annealing the niobium. Organic impurities are the main cause for residual
resistance in niobium. Also, large electric �elds can be present at crystal boundaries,
reducing the RF superconductivity of the material and a�ecting the etching process,
which is sensitive to electric �elds. Annealing the material and obtaining large crystals
helps both in maximising the low-temperature conductivity and improving the quality
of the etching process. Figure 50 shows the e�ect of baking and then etching Niobium.

The furnace must also allow for very high vacuum, which can be di�cult to achieve
at the �ow-rates required by such high temperatures. Initially I built a “light oven” con-
sisting of a air-cooled high-transparency quartz tube in which a thermally isolated cavity
sat. The tube was evacuated, thermally insulating the cavity from its surroundings.
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Then, 6 KW bulbs illuminated the cavity, the light being further refocused on the cavity
with a closed gold-coated re�ector. This system could in principle reach 1500 C with
the great advantage that the vacuum chamber would stay cold, allowing for impurities
to condense on it. It was however very di�cult to control due to having a low heat
capacity, a slight variation in current would result in a very sharp rise in temperature,
having impurities explode through the surface, rather than slowly di�use through.
After the destruction of a cavity, this system was replaced by a more traditional furnace
that with carefully chosen PID parameters gently follows the prescribed temperature
program.14

14. This furnace was 1000 times more expensive and still required considerable e�ort to assemble and
operate.
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O P T I M A L N E A R - F I E L D FA B R Y- P E R O T R E S O N AT O R

Most of the existing work on Fabry-Perot resonators is concerned with laser reson-
ators, and analytical solutions are only accurate under the assumption that the cavity
mirrors are much larger than both the wavelength and the spot size and under the
further assumption that the distance between the mirrors is large with respect to the
wavelength. In our case, where both the size of the mirrors and their separation is
of the order of the wavelength, these assumptions don’t hold. As the future of many
experiments is miniaturisation, asking what the size limits of a Fabry-Prerot cavity are
is a very relevant question. It is also important to understand what the optimal design
parameters are. This chapter will present general rules for the design of open cavities
together with new work that answer those questions.

6.1 electromagnetic field simulation

For the simple case of a perfectly cylindrical cavity the resonant modes and Q Factor
can be found analytically (see Section 5.1.2); being able to simulate the propagation
of microwaves however allows us to answer many questions of experimental interest:
are our equations correct? How is the resonant frequency a�ected by cavity holes?
How much should the cavity be squeezed by? For the open style of cavity, simulation is
essential as there is no exact analytical solution.

The most common method of simulating the propagation of an electromagnetic
�eld is to to divide space into a set of volume elements with speci�c electromagnetic
properties (εx,y,z and µx,y,z) and then to solve Maxwell’s equations in the time or
frequency domain. Solving in the frequency domain yields the eigenstates (harmonic
modes) of a particular con�guration. This method is appropriate for simulating periodic
structures, such as photonic crystals, semiconductor lasers etc. For our purposes, it is
more interesting to solve Maxwell’s equations in the time domain, as we can extract
such things as leak rates and decay constants.

87
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After the grid is set up, one simulates the sources by selecting regions of space to
which a speci�c electromagnetic �eld is applied as a function of time. One also de�nes
regions where the �eld is measured. In e�ect, these act as “virtual antennas” and
should be placed carefully, as for example no signal will be measured at a node of a
standing wave. Usually we stimulate the �eld using a short pulse (which will contain
many frequencies) and then look at how it propagates it time. At each time-step, the
electric �eld information is transformed, using Maxwell’s equations, in magnetic �eld
information, and back to a electric �eld, in a leap-frog fashion, thus propagating the
wave. This method is called Finite Di�erence in the Time Domain (FDTD) and is
simple and e�ective. If we are interested in the resonant frequencies of the system,
these can be accurately recovered by “harmonic inversion” [57, and references therein].

Naive implementations however su�er from “grid e�ects” meaning that if the grid is
formed by small cubes, a surface that is at an angle to the grid will appear jagged and
act as a grating.

6.2 resolution and limits

The accuracy of a naive implementation increases linearly with resolution. Typically
one chooses a spatial resolution of Rs < a/10 where a is the size of the smallest feature
or wavelength of interest. For numerical stability, time resolution is then chosen by the
Courant-Friedrichs-Lewy criterion: Rt = Rs/(vp

√
3) where vp is the phase velocity.

With these values for spatial and time resolution, we can expect to obtain a frequency
resolution Rf = |f− f0|/f0 ≈ 1/100 and a linear improvement of Rf with Rs. A naive
approach takesO(R

−(D+1)
f ) time and memory to estimate frequencies to resolution

Rf, where D = 2 and D = 3 for a 2D and 3D problem respectively. A discussion of
advanced approaches is presented in [58]. The most e�cient algorithm, particularly
for curved surfaces, uses “subpixel smoothing”, and is implemented in the meep [58]
set of algorithms, which are used in this thesis. These achieveO(R

−(D+1)/2
f ). We set

up a system to run these simulations which has 8 cores and 16 GB RAM, and can, in
principle, simulate cavities with a resolution of up to 2.5 µm for a 2D simulation. I
experimented with using larger systems (UK national grid service) but no signi�cant
improvement in resolution was obtained, due to limits in the processor-hours available.
One possibility would be to manually craft an inhomogeneous grid containing extra
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resolution at boundary points. The results obtained in such a way very much depend
on the exact geometry of the grid, and can therefore be biased.
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Figure 51: Resolution scalability of the meep (2D) FDTD algorithm. As expected, the time
required for a simulation scales with the cube of the spatial resolution. Memory
scales with the square of the spatial resolution.

As Figure 51 shows, as the problem grows, processor power (time) becomes an issue
before memory does. This problem seems ideally suited to be solved on a general
purpose graphics processing unit.1

One might expect that it would be possible to increase the accuracy of the measure-
ment of the quality factor by simply increasing the amount of time that the simulation
runs for. In practice, this is not the case, as the algorithm used to extract the quality
factor of particular modes is extremely e�cient and only needs a few cycles to accurately
establish Q (see Section 6.3).

1. The Nvidia Tesla C1060 computing processor, for example, includes 4GB of RAM and 240 compute
cores.
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6.3 simulation of open cavities

The mode structure for open confocal cavities cannot be solved analytically to high
enough precision, in this case, FDTD techniques are useful, as they provide an accurate
initial guess of the place where we should �nd the resonance. The meep control �le
for this simulation is presented on the CD2, parameters such as mirror curvature,
separation and radius can all be set in this �le. This small program will automatically
set up the geometries, the sources, collect the relevant data and call harminv. Harminv
is a program that performs harmonic inversion [57], a technique borrowed from NMR
spectroscopy’s �lter diagonalization, i.e. �ts a signal with a discrete set of complex
frequencies, de�ned by the parameters f and df. This method is signi�cantly more
accurate than a Fourier transform, and much more stable than least squares �tting of a
discrete set of frequencies. It is particularly useful to us as it can extract the decay rates
accurately even from a short simulation: in a few hundred periods Q factor’s of up to
109 can be extracted.

Note that a complex frequencyω represents a decaying sine wave e−iωt where the
decay constant is given by the quality factorQ = −<(ω)/[2× =(ω)].

A useful application is to estimate the resonant frequency versus the distance of the
mirrors from the centre of symmetry. This allows us to accurately pre-set the exact
mirror distances for which resonance is obtained, for high quality factor cavities, �nding
a narrow resonance can otherwise take a long time. Figure 56 shows the results of
this simulation, from which the mirror separation for a 21.456 GHz resonance can be
estimated to be 11.207 mm.

6.4 stability requirements

The steepness of the curve in Figure 56 is of S = 1.84 GHz·mm−1, which means
that in order to achieve high quality factors, the distance between the two mirrors of
the resonator must be kept stable. For the photon not to escape, the change in cavity
frequency should be small compared to the desired linewidth for times shorter than
the cavity decay time. Using the equations for the quality factor from Appendix A.1,
the maximum displacement allowed is ∆x 6 f/(Q× S). We can obtain a similar

2. Projects/Cavity/FP02/cavity003.ctl

Projects/Cavity/FP02/cavity003.ctl
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Figure 52: Simulated frequency structure of our open cavity for a separation (centre to mirror)
of 11.208 84 mm, a mirror radius of 20 mm and a radius of curvature of 34.59 mm.
The simulation was performed at two di�erent resolutions. To get a qualitative idea
of the mode structure, low resolution simulations are su�cient. The N=2 mode was
missed as it has a node at the point where the �eld is measured.
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relation for the quantum state of the cavity starting from the time-energy Heisenberg
uncertainty relation, arguing that if we are within the natural linewidth of the system,
the process is “adiabatic” [59, p. 740]:

∆t∆E 6
h

4π
(6.1)

but ∆E = hS∆x, and ∆t = Q/f so:

S∆xQ 6
f

4π
(6.2)

∆x 6
f

4πCQ
(6.3)

This stability should be kept during the lifetime of the cavity τ = Q/f so that we
can then talk about a maximum drift rate:

∆x

τ
6

f2

4πQ2S
(6.4)

which is shown in Figure 55. The requirements are clearly high: for quality factors
of 109 the cavity should be stable to the width of an atom! This corresponds to the
experimental observations made by Jean Michel Raimond who with a cavity stability
of 70 pm achieved lifetimes of 14 ms [Private conversation, ICOLS 2004].

6.5 open cavity mount

The high stability required by the open cavity calls for careful design of the cavity
mount: the number of components and of connections should be kept to a minimum.
The structure should not allow for any resonant modes, particularly ones that allow
for movement in the z direction. All �ttings should provide homogenous pressure
across a large area, preferably in two di�erent planes, as to allow no movement. The
same material as the cavity (copper) should be use throughout, to avoid di�erential
contraction when cooling. All components should be prepared with the most accurate
workshop equipment (a lathe in this case). The resultant design is sown in Figure 54,
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which although looks very “70’s” achieves an absolute placement of the cavity mirrors
of better than 20 µm.

To provide a large scanning range with high stability we use a system designed for
scanning probe microscopy: the Attocube. This neat device consists of a translational
stage that is held on top of a beam by friction. This beam can be translated by a piezo
at two speeds, if moved slowly the stage moves with it, while if moved fast the friction
is not su�cient to move the stage. This “tablecloth trick” can be applied repeatedly to
move a great number of times the scan range of the piezo (0.8 µm at 4 K). In slow mode,
the piezo is accurate: it is as stable as the voltage supplied to it, in our case 5 mV over
100 V, corresponding to a stability of 4× 10−11 m. The position of the block is measured
using a resistor. As we are still in the process of designing this kind of open cavity, a
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Figure 53: Working principle of the attocube: when the piezo is moved fast, the block is kept
in place due to inertia, when the piezo moves slowly, the block moves with it. A
series of fast pulses is applied in sequence to move the block by up to 6 mm. Source:
attocube manual.

great amount of movement is necessary for experimenting with di�erent frequencies
and di�erent modes.
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Figure 54: Fabry-Perot cavity in the cryostat mount.
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Figure 55: Stability requirement for our open cavities. The area marked in green falls within
adiabatic movement for the speci�c Q factors. Note that the y axis is inverted.
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Figure 56: Simulated resonant frequency of the third mode for various separations of the mir-
rors.

Figure 57: Simulation of the third mode in our open cavity. The color represents the size of the
electric �eld in the direction perpendicular to the page.



96 optimal near-field fabry-perot resonator

6.6 open cavity design

Recently, the ENS group has demonstrated that open cavities with high quality
factors can be made: they obtained 130 ms lifetime using niobium coated, diamond
machined copper cavities [60]. The paper speci�es many of the details needed for
manufacturing such cavities, which we were able to start following. These are the
result of 30 years of work by one of the top French experimental groups, and we do
not expect to obtain such results quickly. However, during these 30 years the group has
demonstrated that even with signi�cantly lower quality factors interesting experiments
can be done. One of the main directions in which we would like to take our experiment
is the entanglement of two crossed beams via cavity mediated collisions. In this scheme,
the cavity is detuned from the atomic transition in such a way that no photon ever stays
in the cavity. The purpose of the cavity is solely to have two atoms “feel” each-other
while both in the cavity at the same time, for this, extreme quality factors are not
necessary.

Whereas for the closed cavities we could rely on exact expressions for the quality
factor and resonant frequency, for open cavities we must rely on simulation and experi-
ment. The initial design followed closely Kuhr’s design [60]. We initially plan to operate
at lower frequencies, using the q = 2 (TEM002) 21.5 GHz mode instead of the q = 9
mode at 50 GHz, which will have an impact on the geometrical losses. Simulations
indicate that the Quality factor should nevertheless be on the order of 105 .

The main principles governing Fabry-Perot cavity design, are set out by Kogelnik [61],
however, these are related to laser design, where the spot size is much smaller than
the mirror, and modes are of high order. This text will however give us a good idea
of the overall behaviour of the resonator, using the above assumptions the resonant
frequencies of a spherical-mirror Fabry-Perot can be expressed as follows:

fmnq =
c

2d

[
(q+ 1) +

1
π

(m+n+ 1) cos−1
(

1 −
d

r0

)]
(6.5)

wherem,n, q are the number of radial, angular and axial nodes of the mode, respect-
ively; d is the distance between the centres of the mirrors, r0 is the radius of curvature
and c is the speed of light.
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Kogelnik and Li, within their assumptions, predict that losses are minimised for a
cavity that is near confocal3. In our situation, this is not the case, as minimal losses
are reached for mirror separations much shorter than for the confocal con�guration.
Beverini et. al. established experimentally that the highest quality factors could be
achieved with a Fresnel numberN ≈ 1.2, one and a half modes before confocality. [62].
The Fresnel number is de�ned as:

N =
a2

λd
(6.6)

∴ d =
a2

λN
(6.7)

where λ is the resonant wavelength and a is the mirror’s radius.
To design a cavity, we �rst take in consideration the maximum radius of our mirrors,

in our case a = 2 cm, plugging these numbers in Equation 6.7 we get an optimal
separation between the mirror centres of d ≈ 24 mm. As λ/2 ≈ 7 mm, with this
separation we will be operating in the TEM002 mode. Now we just have to decide on
the mirror curvature, which should be approximately one and a half modes longer
than the confocal separation (r0 ≈ d+ 1.5λ/2), in our case this is r0 ≈ 34.34 mm.

6.7 optimum curvature

Numerical simulations for our speci�c mode show that optimum quality factors are
obtained for a mirror curvature that is indeed larger than the mirror separation, as
shown in Figure 58. These simulations seem to indicate an optimal curvature of 48 mm,
which is twice the mirror separation, and would make the con�guration “confocal”,
but this time, in a di�erent sense, in the sense that each mirror focuses on the surface
of the other mirror.4

Numerical simulations con�rm that the TEM002 is the only mode for which a
reasonable Quality factor is obtained for f = 21.456 GHz and 4 cm mirrors. To improve
the systems without using prohibitively large mirrors, the frequency must be increased,

3. i.e. where the mirrors share their foci, and the separation equals their radius of curvature.
Depending on the context confocal also refers to cavities where the radius of curvature of the mirrors is
twice the separation between the mirror centres. Each mirror focuses on the surface of the other mirror.

4. In the literature, r0 = d and r0 = 2d both appear, confusingly.
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Figure 58: Results of a simulation where the curvature of the cavity is varied: the quality factor
is maximized when the radius of curvature is slightly more than twice the separation
between the centre of the mirrors. Simulations at two di�erent resolutions were
performed to ensure convergence of the algorithm.

or to search for a very di�erent kind of cavity design, in which case, numerical simulation
will be again very useful.

Calculations and simulations give us a starting point for the experimental exploration
of these cavities. Once a cavity is made, its properties can be measured experimentally,
and an improved design can be obtained.

Whereas closed cavities lose energy only by surface absorption (re�ection losses),
open cavities loose energy by absorption, by di�raction, and by coupling (an antenna
that couples energy into the cavity, usually has the same coupling out of the cavity).
The Quality factor of a cavity is obtained by adding all these losses, so that:

1
Q

=
λ

2πd
(αd +αa +αc) =

1
Qd

+
1
Qa

+
1
Qc

(6.8)
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Absorption and di�raction losses can be experimentally separated if we use the
following technique: �rst we measure the quality factor of a number of subsequent
axial modes of the same frequency5, then we plot them against mirror distance. At
short distances, re�ection will happen very often, and be the main loss mechanism.
This can be observed as a linear dependence of Q versus d. As we increase mirror
distance, di�raction losses will become prevalent, we will be able to measure this as
the di�erence between the above mentioned linear component and the total measured
Q. Thus, the optimal mirror distance can be found.

6.8 open cavity manufacturing

We manufactured two open cavities: one with a 1 mm hole in its centres so that
microwaves can be used to probe the resonance, and one without any hole, as those
greatly a�ect the quality factor. The cavities are manufactured from copper and then
sputtered with niobium following the recipe described in [60]. A picture of part of this
cavity is show in Figure 59. These cavities are at this time being tested by Mark Everitt,
who will present results in his thesis.

5. This is allowed by the large scanning range of the attocube
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Figure 59: Surface of the open cavity before niobium sputtering, the magni�cation is fairly low
as higher magni�cations look uninteresting, part of the 1 mm hole is visible.

.



7
C R Y O G E N I C S

The experiment needs to run at cryogenic temperatures for two reasons: to obtain
low surface RF resistance (Niobium starts superconducting at 9 K) and in order to avoid
the e�ect of blackbody radiation, which at temperatures above 1 K would result in a
high number of photons populating the cavity.

For the Micromaser to display sharp peaks, it should operate at temperatures on the
order of 100 mK. The complexity of the experiment (see Figure 20) means that the mass
that needs to be cooled as well as the number of connections to the exterior world is
high: we need 100 µW of cooling power. The only technology that currently provides
this kind of temperature and cooling power is dilution refrigeration (see Section 7.1). In
this chapter I will present how the �rst single-chamber cryogen-free dilution refrigerator
was used in this experiment and how the �rst motor able to exert a large force and a
large displacement was operated at cryogenic temperatures for the �rst time. These
two technologies make micromaser experiment possible without having extensive
helium liquefaction facilities, and without the risk of damaging the cavities, something
that used to often happen when tuning it by applying pressure with a screwdriver and a
set of gears!

7.1 dilution refrigeration

As the temperature of a system is lowered, its various degrees of freedom are gradu-
ally “frozen out”. At very low temperatures, such as the ones employed in our ex-
periments, it is hard to �nd degrees of freedom left for pulling out the entropy of the
system. It is possible to create a “dilution” degree of freedom by mixing two di�erent
isotopes of Helium.

At temperatures below 870 mK 3He and 4He naturally start to separate into two
distinct phases: a 3He-rich phase at the top and a 3He-poor phase at the bottom [63].
This phase separation is energetically favourable, so, conversely, pulling a 3He atom

101
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Figure 60: Phase diagram for the 3He and 4He mixture used in dilution refrigeration.

from the 3He phase and swapping it with a 4He atom from the 4He phase takes energy.
In a dilution refrigerator, this is done by exploiting the fact that at equilibrium, even
at 0 K, the 4He phase will contain 6% of 3He: we keep the 3He-rich phase at the
bottom of a “mixing chamber” by constantly injecting 3He at that location. Some of
this 3Hedi�uses upwards into the 4He phase in order to satisfy the 6% concentration
equilibrium condition. In doing so, it absorbs energy from the system, providing cooling
power. This could be seen as the most energetic 3He atoms “evaporating” into the 4He
phase. We keep the 4He phase poor in 3He using a “still” which is thermally isolated
from the mixing chamber, but where the helium can �ow freely. The still is heated so
that the 3He evaporates (while 4He does not) and can can then be re-condensed and
injected into the 3He-rich phase to start the cycle over.

7.1.1 Dilution refrigerator implementation

Dilution refrigerators are notably hard and expensive to operate; this is for two
reasons: the �rst one is that temperatures of approximately 1 K must be reached by
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Figure 61: Schematic of the inner (colder) part of our cryostat. The 4He phase is coloured in
blue, while the 3He-rich phase and 3He gas are coloured in purple. (Adapted from
[64])
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means of liquid 4He which is expensive due to the requirement for condensing facilities.
The second di�culty relates to the fact that as the mixing cycle only provides cooling
on the order of 100 µW, the mixing chamber must be very well thermally isolated
from the rest of the cryostat. Such a good thermal isolation means that the rest of the
cryostat is not able to cool it unless it is equipped with a thermal “switch”. This “switch”
traditionally is provided by a second, vacuum-tight, chamber inside the cryostat. This
internal vacuum chamber can be �lled with 4He gas that has a large heat conductivity,
and will establish a connection between the 1 K pot and the mixing chamber, “pre-
cooling” it. This design is not practical, as an extra set of vacuum feed-throughs that
are able to operate at cold temperatures must be provided, increasing the likelihood
that one of the connections might fail at an inconvenient moment. Evacuating the
chambers in the wrong order, or failure of a vacuum pump, might also result in the
shrivelling up of the internal chamber around our experiment.

We solved these problems in collaboration with an engineering company called
Vericold which was able to swap the liquid cryogen stage with a pulse-tube cooler, as
described by Kurt Uhlig [64], and to replace the internal vacuum chamber with a thin
capillary which can be �lled with high-pressure helium to provide a thermal contact
between the various parts of the cryostat for pre-cooling and can later be evacuated to
provide a high degree of thermal isolation to the mixing chamber. A schematic of the
dilution cycle in our cryostat is displayed in Figure 61.

Liquid nitrogen and helium are replaced by a “pulse tube cooler” [65, p. 131] which
provides a 70 K stage with a 50 W cooling power and a 4 K stage with a 0.5 W cooling
capacity. It also provides low vibration, as it has no internal moving parts and no
bubbling from evaporation.

Cooling to 1 K is achieved using the Joule-Thomson e�ect, which exploits the fact
that below the inversion temperature1 (50 K for helium) a gas gets colder when expand-
ing. This is because as the atoms get further apart, the potential energy due to their
attractive forces increases. Conservation of energy then requires for the kinetic energy
(temperature) to decrease.

We have the gas expand through an “impedance”: a capillary of small internal dia-
meter which is nearly �lled by a wire of slightly smaller outer diameter. The impedance
reduces the pressure of the downstream gas whilst maintaining a steady �ow. The

1. Temperature at which cooling e�ects start to dominate the heating e�ects of the change in energy
arising from the drop in number of collisions
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helium exits the impedance colder, and partially liqui�ed. The liquid helium gets
collected in the mixing chamber, while the low temperature of this outgoing gas is
transferred to the incoming gas through the “Joule-Thomson heat exchanger”. The
design of this counter�ow heat exchanger is critical to the functioning of the system: it
must present a maximum exchange surface area whilst maintaining a very low pressure
on the output path. This can be achieved by wrapping the incoming capillary in a series
of tapered spirals inside of a large diameter (2 cm) tube that can be pumped using a
turbo-molecular pump. This arrangement allows for a positive feedback for the cooling
of the helium gas.

The Joule-Thomson stage is connected to the mixing chamber via a concentric tube
counter�ow heat exchanger so that it can be pre-cooled by the dilution process once it
starts.

Using the Joule-Thomson stage, we slowly condense all of the helium, so that it
�lls the mixing chamber, the concentric tube and part of the still. Once the still has
helium in it, 3He evaporates preferentially leaving behind a 4He phase, poor in 3He
thus starting the dilution process.

3He is evacuated using a turbo-molecular pump, and pressurised for condensation on
the impedance, ready for the next cycle. The cooling power is proportional to the �ow,
so the still can be heated to increase the evaporation of 3He and the cooling power.

7.1.2 Cryostat operation

Details on the operation procedures of our cryostat are given in Appendix B. The
cooldown consists of six main steps, which are very visible in a typical cooldown curve,
as shown in Figure 62.

(1) First of all the pulse tube is started. (2) High pressure Helium is then circulated
in the pre-cooling cycle, to cool down all the elements of the cryostat. (3) Once the
elements have reached a temperature that is low enough to start an e�cient Joule-
Thomson process, but still high enough that helium gas can be e�ciently pumped (a
temperature between 10 K and 20 K) we evacuate the pre-cooling cycle. As the load on
the pulse tube 4 K stage drops, a sharp decrease in its temperature can be observed,
while the other components should become thermally isolated, and their temperature
stay constant. (4) We then start the Joule-Thomson cycle on the dilution circuit. This
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should result in a sharp temperature drop on this cycle and renewed load on the 4 K
stage. (5) Now condensation can begin, and liquid will start to gradually �ll the mixing
chamber, then the concentric tube and �nally the still. As these elements �ll with liquid,
their temperature will drop sharply, one after the other. We have now reached stable
operation of the dilution refrigerator. (6) The cooling power can now be increased by
maximising the �ow: turning the heater and turbo-pump on.

One disadvantage of our cryostat system is that the many small capillaries can
sometimes get “clogged” if the helium contains impurities. For the most part we
believe that these impurities are oil residues left over from the times when we were
experimenting with pumps that although nominally oil-free contained some lubricants.

It is also possible for the cryostat to be contaminated by other gasses. The gas
that leads to blockages can be identi�ed by observing the vapour pressure versus
temperature curves for various gasses (see Figure 63): during warm-up of a clean system
the vacuum level is maintained, whereas unwanted gasses will manifest themselves
by an exponential rise in pressure when the system passes a speci�c temperature
determined by the type of contaminant.

7.2 positioning and tuning

The cavity needs to be “squeezed” when at cold temperatures, so that it can be tuned
into resonance. Piezoelectric transducers (PZT2) do work at 4 K, but the piezoelectric
e�ect is reduced by a factor of approximately 10 with respect to room temperature.
Space constraints in the cryostat allow for a maximum of 10 cm of PZT length to be
used, corresponding to a displacement of 4 µm at 4 K.

To tune the cavity into resonance a displacement of up to 40 µm is needed. After
evaluation of the requirements, a squeezing mechanism was designed and built, based
on the concept of the “squiggle” motor.

2. PZT stands for Piezoelectric Transducer, and also for Lead (Plumbum) Zirconate Titanate, which
is the particular kind of piezoelectric material used in our experiment.
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Figure 63: Vapour pressure of di�erent elements: the coloured curves are experimental data
obtained from [66] while the dotted lines are extrapolations. The x-axis is plotted on
a reciprocal (1/x) scale, while the y-axis is logarithmic.
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Figure 64: The squiggle motor, a strong non-magnetic motor that we co-developed a low
temperature version of.

7.2.1 Tuning requirements

When the cavity is etched, the rate is 8.7 µm/minute but is not constant, due to tur-
bulence within the cavity, solution variation, temperature (the reaction is exothermic)
and other e�ects. We usually achieve a resonance within 10 MHz of the desired fre-
quency. How much force and displacement do we need to achieve this tuning range?
It is useful to know that copper at room temperatures has very similar mechanical
properties as niobium at base temperature. We built a copper model of the cavity
that we used for testing cavity tuning at room temperature. The results are shown in
Figure 65. A linear �t to this curve reveals a detuning of 23.5 kHz/N therefore requiring
a 425 N force to scan the desired range.

How much displacement should this force correspond to? As the distances involved
are small and hard to measure, we produced a �nite element analysis of the cavity.
Results are shown in Figure 66. A “virtual” 500 N force was applied on either side of
the cavity resulting in a displacement of 20 µm on each of the two points of application.
The diameter of the cavity is modi�ed at a rate of 80 pm/N, implying a tuning rate of
290 kHz/µm. This is larger than the 90 kHz/µm that had previously been calculated .
The previous model was based on dimensional analysis and stated a frequency tuning
of −3.53 MHz/mm3, however it did probably not consider that due to the boundary
conditions of the model3 the applied force deforms the cavity into a pincushion cross-
section rather than oval cross-section, i.e. squeezing the vertical diameter results in a
shortening of the horizontal diameter too. In the full 3D simulation (Figure 66 c) the

3. The edges of the cylinder are kept in place by the sides of the cavity.
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Figure 65: Cavity detuning vs applied force.

cavity was squeezed with a 2 mm diameter pin. It is interesting to see how most of the
displacement occurs right below the pin.

The tuning mechanism should also satisfy other requirements: it should be highly
non-magnetic as not to a�ect the Rydberg atoms, and it should operate reliably at low
temperatures, meaning that it should be light and have minimum number of junctions
as not to damage the heat conductivity.

7.2.2 Tuning mechanism

The tuning mechanism must be able to bring the cavity into contact at cold tem-
peratures, and release it at “hot” temperatures where niobium is much less elastic and
any force applied on it will result in permanent deformation. It must also be able to
squeeze the cavity by up to 34 µm using a force of 425 N. The longest piezo that we
could integrate in the design is able to provide 4 µm of movement. The rest of the
movement was traditionally provided by a screwdriver and set of gears. This resulted in



7.2 positioning and tuning 111

x-displacement (µm) y-displacement (µm)

(a) (b)

(c)

0 µm 20 µm

Figure 66: Finite element analysis of pressure applied to the cavity. Figures (a) and (b) are 2-D
meshes simulated with GID, (c) is a full 3-D analysis simulated with Cosmos. The
change is accentuated by 200 times in the geometry.
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an entire drawer of deformed cavities (that look very much like the ones in Figure 66).
Passing a screwdriver through a series of concentric vacuum chambers and heat shields,
and having the screw-driver have a room-temperature to base-temperature gradient
where not a particularly elegant, or practical, design.

Instead of the screw-driver, we decided to adapt the “squiggle” motor which is
described in the section below. This motor is able to wind a long thread providing 10 N
of force. With a 5 cm thread a lever system can be designed to translate this to a 50 µm
displacement with 1000 N force.

Piezo squiggle

profile curve 1

profile curve 2

Figure 67: Cavity squeezing mechanism.

The actual design is shown in Figure 67. All forces are well balanced and symmetric,
the strongest forces (1000 N) are tensile, allowing for a light construction. The two
sliding lever pro�le curves (shown in Figure 67) can be adjusted to provide any desired
force/displacement function. Material deformation under stress was taken into account.
Each lever arm is connected by a single joint to the cold body, favouring e�ective
cooldown.
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We selected a piezoelectric material with negative thermal expansion coe�cients,
i.e. that contract as the temperature rises. By choosing the appropriate length of
piezo and copper, and considering the thermal expansion coe�cient of niobium it was
possible to design a mount that just about releases the cavity when it is warmed to room
temperature. This is important as Niobium becomes less elastic as the temperature
rises, i.e. at cryogenic temperatures it is possible to squeeze the cavity till the frequency
is increased by 10 MHz and when pressure is released the lower frequency will be
restored. On the other hand if pressure is applied at room temperature the cavity will
not spring back into shape once the pressure is released. In such situations a tuning
etch of the cavity in HF is required. This system will passively release the cavity during
warmup, avoiding damage in case of cryostat or motor failure (or human error).

The squeezer was tested and, without the help of the piezo, provided a 3 MHz
detuning. What prevented a full range scan is that the squeezer did not make contact
with the cavity for the �rst 4 cm of travel of the squiggle motor. Since, an adjustment
screw was mounted behind the piezo so that the mount and cavity can be brought into
contact before using the squiggle motor.

7.2.3 Squi�le motor cryogenic operation

In our system the squiggle motor is operated at 4 K, where it provides coarse tuning.
This is because at 4 K the heat produced by the motor’s operation does not signi�cantly
a�ect temperature.4 When the motor is inactive, it’s in its blocking state, it can be
completely disconnected from its power source and a further, �ner, tuning can be
provided by the piezoelectric actuator.

The squiggle motor consists of a metal tube to which four piezos are glued (Figure 68).
The piezos vibrate at a particular frequency that excites a resonant orbital mode of
vibration of the tube. This orbital motion is then translated into linear motion by a
threaded nut. By changing the phase of the electric signals applied to the piezos, one
can change the direction of the vibrational mode, and the direction of motion.

Because the motor’s operation relies on vibration, for reliable operation it must
not be too tight or too loose. It is also essential that the bearing at the tip of the

4. As a rule of thumb, the cooling power provided by the cryostat goes as the square of the temperat-
ure. At 4 K several hundred mW can be sinked, whereas at 100 mK a few hundred µW will start a�ecting
the temperature signi�cantly.
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Figure 68: Squiggle motor operation

motor pushes on a �at surface, perpendicular to the direction of motion. I measured
the force of this motor to be of at least 5 N at 6 K. More details can be found in my
publication [67].

Experimental setup

The Squiggle Motor was mounted on the cold �nger of a pulse tube cryostat using
an adapted optics mount. We held the motor in place using two purpose made washers:
one 5 mm thick copper washer to ensure good thermal conductivity between the
motor and the cold �nger, and one 1 mm thick te�on washer to provide elasticity. The
elasticity is needed to ensure that the motor’s performance is not a�ected by the thermal
contraction of the mount. The te�on washer also allowed us to keep the motor tightly
in place and minimize vibrations, guaranteeing good contact with the cold �nger. A
thin layer of Apiezon N thermal paste wast applied between all contacts. We replaced
the squiggle motor wires with thin ones suitable for cryogenic operation, we thermally
grounded these to the 2 K heat exchanger.

The cryostat used for this experiment is a Cryomech pulse-tube cryostat, which is
able to achieve temperatures below 4 K, however this experiment was carried through
without 77 K shielding to allow easy inspection of the motor. The lowest temperature
achieved with this mode of operation was 6K.
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Results

With no load the motor ran perfectly, without any modi�cation to the factory settings.
We tested the motor’s operation at temperatures ranging from 20°C to 9 K(±3 K), with
positive results. To measure the force provided by the motor we built a set of springs
calibrated to provide 5 N of force at the motor’s maximum extension1. We tested
operation up to 2 N at the following temperatures: 161 K, 154 K, 130 K, 120 K, 110 K,
100 K, 90 K, 80 K, 40 K, 10 K (± 3 K) with positive results. Although the motor worked
smoothly at all these temperatures, we optimised its performance by changing the
frequency to 41.6 kHz at 154 K and to 42 kHz at 10 K. Once the base temperature of 9 K
(±3 K) was reached, we experimented with a push force of 5 N. The motor worked
smoothly in both directions, with no sign of loss of performance. The frequency used
was 42 kHz, and the duty cycle and other parameters had not been changed from the
default factory settings. Finally we tried to push the motor as far as possible, and it got
stuck due to reaching the end of its thread. The force at this point was 5.3 N.

Errors

We were not able to place a thermometer directly on the motor, but care was taken
to guarantee a good thermal contact to the parts on which the thermometers were
mounted. The temperatures quoted include a large error margin. This margin is the
di�erence between the hottest and the coldest thermometer on the cold �nger. The
hottest thermometer might have had direct incident light, or poor heat conductivity to
the cold �nger.





8
AT O M I C B E A M

The characteristics of the atomic beam are very important to the smooth running of
the experiment. Predicting its exact properties from theory is hard, due to the complex
�ow characteristics of gasses. Here I present my experimental �ndings and possible
theoretical explanations.

8.1 oven

The Rubidium dispensers we use contain 1 mg of Rubimium that they deliver over a
period of ten hours, at a rate of 1017 atoms per second [19].1
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Figure 69: At the slow end, velocity selection by the Doppler e�ect is limited by the width of
the transition. This simulation was run for a laser at 45° with respect to the atomic
beam; and shows that velocities down to 10 m/s (≈ 10 MHz) can be achieved (4 ms
interaction time). However, the velocity spread (FWHM) is a constant for velocities
greater than this, meaning that at slow speeds there is a large percentage error in the
interaction time.

1. Work on these dispensers was also published by Roach in 2004.
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Figure 70: Schematic of a rubidium dispenser consisting of a metal container with a mixture
of Rubidium Chromate (Rb2CrO4) and ST101 reducing agent. The container is
sealed via a metal wire, Only Rubidium gas can escape through the narrow openings
between the metal wire and the metal container. Sizes in mm.

8.2 alkali metal dispensers

Rubidium Chromate (Rb2CrO4) is a relatively stable Rubidium compound2 that can
be reduced by a Zr(84% )Al(16% ) alloy (called ST101) at temperatures above 950 K,
freeing the Rubidium. The dispensers were made by SAES [68]. The ST101 alloy present
in a greater quantity than needed for the reaction, has a low vapour pressure, even at
high temperatures, and acts as a getter retaining unwanted reaction products.

A current is passed through the dispenser, heating it to high temperatures (See Figure
71) and initiating the (mildly exothermic) reduction reaction. The rubidium vapour is
then radiated with a hemispherical velocity vector distribution [69].

Very interestingly, the velocity distribution can be described simply by the log-normal
distribution of standard deviation 1.

2. It can be exposed to air for about 30 minutes before contamination degrades it. It should be kept
under dry nitrogen, in a dessicator or under vacuum.
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Figure 72: Setup of the time of �ight experiment, adapted from [19].

8.2.1 Time of �ight experiment

Martin Jones designed and conducted a time-of-�ight experiment to measure how
long atoms take to travel between the excitation region and the detector, and con-
secutively their velocity distribution [19]. In this experiment a τ = 10 µs laser pulse
is generated using a Pockels cell; this pulse excites atoms that are detected after a
distance of L ≈ 7.5 cm using a Channeltron. The time di�erence between the laser and
Channeltron pulses is recorded.3 The Time of Flight distribution is then obtained by

3. Code to analyse this data is given in Projects/Oven/TOF_Analysis/analysis.py.

Projects/Oven/TOF_Analysis/analysis.py
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making a histogram of the data4, as plotted in Figure 73.
We expect to see a Maxwell-Boltzmann distribution, described by the following

probability density of velocities:

Pchamber(v)dv = 4πv2
( m

2πkT

)3/2
e

−mv2
2kT dv (8.1)

In an e�usive oven particles have probability of hitting a wall (or the oven aperture)
which is proportional to their velocities; meaning that Equation 8.1 must be multiplied
by v to obtain the velocity distribution in a beam coming from an oven, yielding:

Pbeam(v)dv = 4πv3
( m

2πkT

)3/2
e

−mv2
2kT dv (8.2)

If a random variable X can be directly mapped to another random variable Y, such
as velocity can be mapped to travel time, then the distribution f(x) of one can be trans-
formed in a distribution g(y) of the other following the equation g(y) = f(x(y))

∣∣∣dxdy ∣∣∣
as described in [71], giving:

v→ L

t
(8.3)

dv

dt
=
d

dt

L

t
⇒ dv→

∣∣∣∣− Lt2

∣∣∣∣dt (8.4)

P(t)dt = 4π
L4

t5

( m

2πkT

)3/2
e

−mL2
2kTt2 dt (8.5)

The Maxwell-Boltzmann velocity distribution, and particularly particularly from
an oven (Equation 8.2), is much narrower than the one we observe. Furthermore, at
950 K it is centered around much faster velocities. Very interestingly, the distribution
we see can be �tted by a log-normal (see Figure 73).

P(v) =
1

vσ
√

2π
exp

[
−

(log(v) − µ)2

2σ2

]
(8.6)

4. The optimal bin width is calculated according to Scott’s formula:W = 3.49σN−1/3 whereW is
the bin width, σ is the standard deviation, andN is the number of samples [70].
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Figure 73: Atomic beam intensity and time-of-�ight distribution for various currents �owing

through the Rubidium dispenser. The distribution grows, but does not shift. The
curves, if normalized are virtually indistinguishable.

The log-normal has many interesting properties, one of which is that if one transforms
the time of �ight distribution into a velocity distribution: the distribution stays a log-
normal!

P(t) =
1

tσ
√

2π
exp

[
−

(− log(t) + log(L) − µ)2

2σ2

]
(8.7)

Re-analyzing the data as a velocity distribution shows that this is indeed a log-normal.
The �t is remarkably good. Interestingly the standard deviation is equal to 1, making
this e�ectively a one parameter �t.

This reinforces the idea that the distribution is a real log-normal, from slow velocities
to high velocities. In a way, this is good news, as this type of distribution is known
for its “long tail”, meaning that even at high and low velocities there is a considerable
probability density. However, the measured atomic velocity is much slower than
expected, as we will discuss later.

A log-normal distribution can arise when many normal distributions are multiplied
together; for example when a set of lengths are normally distributed, then volumes (a
multiplication of three lengths) will approach a log-normal. The dimensions of cracks



122 atomic beam

0 200 400 600 800 1000 1200 1400 1600

0.000

0.002

0.004

0.006

0.008

0.010

0.012

Pr
ob

ab
ili

ty
 d

en
sit

y

Velocity (m/s)

100 1000
1E-5

1E-4

1E-3

0.01

Pr
ob

ab
ili

ty
 d

en
sit

y

Velocity (m/s)
Figure 74: Time of Flight data analyzed as a velocity distribution. Plotted on a linear scale (above)
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and channels in porous media has been observed to be log-normally distributed, This
could result in the �nal atomic velocity being log-normal.

The vapour pressure of Rubidium at 950 K is 1 bar, but this must be signi�cantly
lowered by the presence of the getter material. The getter would also provide a strong
chemical potential that could explain the slow atomic velocities. However, due to the
geometry of the dispensers most atoms would collide (and thermalize) with a metal
surface before being emitted.

Using Equations 8.10 and 8.12 in conjunction with Equation 8.13 the mean free path
in the close vicinity of the dispenser can be evaluated to be in the centimeter range.

The log-normal can arise when we randomly (normally) choose numbers out of a
log distribution, exponential decay of the 63P state (τ ≈ 440 µs) is alone not su�cient
to explain our observations, in fact it should bias the distribution towards fast atoms,
whereas we see a bias towards slow atoms. A possible explanation for this is that an
angled laser which is locked to the transition will select slow atoms (see Figure 12). By
eye it is possible to align the setup to within 1°, with an alignment laser this can be
improved further. If the dispenser is placed parallel to the direction of propagation
of the laser, out of the cone of potentially excited atoms (see Figure 36) the most
perpendicular ones will be preferentially excited due to exactly this e�ect. For small
angles, the shape of the distribution does not change signi�catly (see Figure 12), and
even for larger angles it does not explain a log-normal distribution.

Finally, an explanation for our slow atoms is that the geometry of the “nozzle”, of
the oven could result in a region of ultrasonic expansion and possible cooling of the
gas.

This slow velocity distribution, entails low energies which would be of great interest
in loading a MOT. The observed log-normality still needs to be understood, but this
experiment could give insights in the behaviour of rapidly expanding gasses which
is a subject that receives much interest in the �elds of astronomy and jet propulsion.
Further experimentation and repetition of these results in an independent setting should
however be made prior to making a strong statement. Regarding our experiment, it is
clear that to obtain high velocities the dispenser should be placed in a small, heated
“nozzle” that would then guarantee a de�nite Maxwell-Boltmann distribution of the
desired temperature.
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8.2.2 Beam density and pressure

Experimenting with various oven, nozzle and chamber designs [19] we found out
that the behavior of an atomic beam out of an oven is very hard to predict. Wolfgang
Lange suggested that we can get a rough idea of the shape of the atomic beam by
experimenting with water.

I found that the most predictable beam is obtained from an alkali dispenser when
placed in an open volume (rather than in a small tube). The dispenser has a very small
thickness, is close to one-dimensional and radiates in a near-hemisphere. The rate
R at which it radiates can be estimated by its rubidium contents and lifetime to be
R ≈ 1017 (atoms/s) [19].

To calculate the density of atoms at radius r from the source, one can consider that
atoms of velocity v emitted in the time period [t0, t0 + dt) will always be contained
in a shell of radius r = vt, thickness dr, and volume 4πr2dr. The number of atoms
in this shell will will beN = Rvdt where Rv is the rate of atoms emitted at velocity v
The density will therefore be:

n =
N

V
=

Rvdt

4πr2dr
(8.8)

If we now consider a shell of �xed radius r, atoms of velocity v will spend a time of
dt = dr

v in it, furthermore, the rate of atoms of velocity v is de�ned by a distribution,
for example the Maxwell-Boltzmann distribution MB(v) so that we can write the
number density as follows:

n(r) =

∫∞
0

MB(v)
R

4πr2v
dv (8.9)

=
R

2r2
√

2π3 kT
m

(8.10)

For the Maxwell-Boltzmann of an aperture (v3):

n(r) =
R

4πr2 (8.11)
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Figure 75: Mean free path of Rubidium atoms at room temperature.

and for a log-normal:

n(r) =
e−µ+σ2

2 R

4πr2 (8.12)

where R is the total rate of emitted atoms. Interestingly, the density in Equation 8.11 is
equal to the rate, and is independent of the temperature of the gas. All these numbers
should be multiplied by 2 if we emit in a hemisphere, or by the appropriate amount if
we emit in another pattern.

The mean free path of a particle is give by [75]:

λ =
1√

2πd2n
(8.13)

For a Maxwell-Boltzmann distribution at Temperature T and Pressure P this becomes:

λ =
kT√

2πd2P
(8.14)

Where d is the collisional diameter of the atoms, i.e. the separation at which the
e�ective pair potential is 0. For Rubidium this is 440.5 pm [76]. Molecular �ow should
be achieved below 10−4 mbar, however our experiment only works at pressures below
3× 10−7 mbar implying that the collisional cross-section diameter between a ground
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Figure 76: Vapour pressure of Rubidium at temperatures between 250 K and 900 K. Data
between 250 K and 298 K is from [77], data between 300 K and 550 K is obtained
using the following equations: P = 10A+B/TPa where A = 9.863 and B = −4215
before the boiling point (312 K) andA = 9.318 and B = −4040 after the boiling point
[78] Temperatures above 550 K are from [79]. The scale is log-reciprocal.

state atom and a Rydberg atom is on the order of 20 nm. The rate Rd of atoms reaching
the detector at a distance L is:

Rd = R0 × e−L/λ (8.15)

= R0 × e−
√

2d2PπL
kT (8.16)

= R0 × e−
√

2d2πL
kT ×eC−D/T

(8.17)

where R0 is the rate of atoms reaching the excitation region, andC andD are constants.
Note the double exponential dependence of Rd on the temperature T . In Munich this
caused a strong �uctuation of the countrate (10 times the poissonian standard deviation)
which was resolved by wrapping the “high pressure” part of the experiment in a pipe
where highly accurately temperature controlled water �owed.

The throughput of turbo pumps is insigni�cant compared to the rate of absorption
and evaporation from surfaces, as the cryostat is turned on, cold surfaces will instantly
absorb all Rubidium. The vapour pressure of Rubidium is shown in Figure 76.
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8.3 fizeau wheels

It was noted, by inspecting old lab books, that Gerhard Rempe’s experiments had
some of the best fringe contrast. Contrast degradation seemed to coincide with the
change from Fizeau wheels to angled excitation for velocity selection. This could be due
to the fact that with angled excitation, ground state atoms are not physically removed
from the atomic beam. In fact, our Rydberg atoms having a diameter on the scale of
1 µm, they are traversed by a great number of ground state atoms of di�erent velocities
during the experiment, which will lead to decay of the Rydberg atoms in some cases
(see previous section) or a�ect the Rydberg atoms in more subtle ways.

Fizeau wheels can physically eliminate all the ground state atoms having di�erent
velocities from the beam, ensuring that the rydbergs are not traversed by other atoms
during the experiment.

The original Fizeau wheels where very large and constituted an experiment in their
own right. For the experiment in Munich I designed a new, compact set of wheels that
can be combined with angled excitation to produce very accurate velocity selection
together with �ltering of most of the unwanted velocity classes.

VmaxVminV0 L

dpdb

deff

Vs Va

Figure 77: Diagrammatic representation of a pair of Fizeau wheels. Vs is the linear velocity of
the wheels, V0 is the center atomic velocity, Vmax and Vmin are the minimum and
maximum velocities of transmitted atoms, respectively. Va is a particular atomic
velocity, and de� is the e�ective slit width for atoms of that particular velocity. dp
is the distance where atoms are transmitted, db is the distance where atoms are
blocked, L is the distance between the wheels. All these numbers are here shown for
the 1st order of transmission, where atoms going through one slit on the �rst wheel,
pass through the next slit in the second wheel.
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Figure 77 is a diagram of a set of two Fizeau wheels moving with linear velocity
Vs = R× f× 2πwhere R is the wheel radius and f is the frequency of rotation. We then
de�ne dp to be the length of the slit, where atoms are allowed to pass. db is the length
between slits, where atoms are blocked. When the wheels rotate, di�erent atomic
velocity classes are allowed to pass, i.e. any class of atoms that travels the distance L
between the slits in the time that it takes the wheels to move by an integer number
of slits n. For each order n there will be a narrow velocity class that passes around
a centre velocity V0(n) and containing all velocities between Vmin(n) and Vmax(n).
Atoms of a speci�c velocity Va will be partially blocked, and partially transmitted. This
e�ect can be expressed as the atoms seeing an “e�ective slit width” de�(Va)

de�(Va) =


−Vs × L/Va +φ(n) + dp if Vmin < Va < V0

Vs × L/Va −φ(n) + dp if V0 < Va < Vmax

0 otherwise

(8.18)

where we de�ne φ(n) = n(dp + db). From geometry (see Figure:77) we can also
deduce that:

Vmin(n) =
VsL

φ(n) + dp
(8.19)

V0(n) =
VsL

φ
(n) (8.20)

Vmax(n) =
VsL

φ(n) − dp
(8.21)

We can then de�ne a “transmission function” T(Va) that describes the proportion of
atoms of velocity Va that are transmitted by the setup as a probability density:

T(Va) =
∑
n


(−Vs × L/Va +φ(n) + dp)/(dp + db) if Vmin < Va < V0

(Vs × L/Va −φ(n) + dp)/(dp + db) if V0 < Va < Vmax

0 otherwise
(8.22)
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This function5, multiplied by a Maxwell-Boltzmann distribution, is plotted in Figure 78.
A single velocity class emerging from the Fizeau wheels can then be selected using
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Figure 78: Fizeau wheels transmission function, multiplied by a Maxwell-Boltzmann distribu-
tion for atoms coming out of an oven at 500 K. The values for the Fizeau wheel design
are as follows: dp = 100 µm, db = 2 mm, R = 35 mm, L = 50 mm, f = 300 Hz. T
is the probability density over all the atoms emitted by the oven.

angled excitation. An LED and photodiode are mounted close to one of the wheels to
measure rotation velocity and feed-back to the motor for an accurate lock (without
this, the rotational speed of the motor can vary up to 5%).

The signal from this photodiode can be used for very accurate velocity selection if
we use a time-of-�ight scheme: turning the excitation laser on for a brief amount of
time after a speci�c time delay, a narrow velocity class can be selected.

The ratio between atoms in one peak and all other transmitted atoms can be reduced
if we increase db with respect to dp. The total amount of atoms in the peak that is
used is however reduced by the same amount.

5. A Mathematica version of this function is on the CD, under the name �zeau-calculations.nb
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The wheels were manufactured by chemical etching of a thin (200 µm) metal sheet.
Laser cutting is not possible as the short focal lengths used in such systems are not able
to produce cutting angles of su�cient perpendicularity for our Fizeau wheels. The
wheels are 74 mm in diameter and have 100 µm wide slits. Three sets of two wheels
were made having 105, 419 and 733 slits. Each di�erent set can be used to select a
particular trade-o� between transparency to the atomic beam at the desired velocity
(dp/db) and opacity to velocities we wish to reject (d2

b/d
2
p). Figure 79 shows the exact

design a wheel. The four slits towards the centre can be used in the locking of the
wheel velocity by having a LED and photodiode mounted on each side of the wheel.
Note that the inner and outer slits are only aligned at one point of the wheel, allowing
us to recover its absolute angle if needed.

Figure 79: Fizeau wheel schematic
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C O N C LU S I O N A N D O U T L O O K

This thesis demonstrates how new methods in optics, cryogenics and atomic beams
can be used to make microwave cavity QED experiments more accurate1, accessible
and scalable. Some of these techniques are already starting to be used by other groups.

In particular I showed how a three step diode laser excitation system can be used to
produce Rydberg atoms. I also applied this systems to perform precision spectroscopy
on Rydberg atoms, with one order of magnitude more accuracy with respect to previous
measurements. This is an important result as it allows to systematically �nd Rydberg
states.

The Squiggle motor was demonstrated to provide up to 10 N force at cryogenic
temperatures with 5 cm of travel. A lever system was built that multiplies this force up
to 1000 N, with 50 µm travel. This is the �rst cryogenic system to be able to provide this
kind of force and displacement, enabling a variety of experiments that could not have
been done previously. We also tested the �rst cryogen-free, single chamber dilution
cryostat and demonstrated its use in an experiment. This design has now become the
standard for commercial dilution cryostats.

I presented theoretical and experimental work on both open and closed cavities. In
particular, optimum geometry parameters for cavities of size close to the wavelength
were found. This information is essential to the next stage of the experiments which
will involve miniaturisation.

In these next stages, quantum information processing with crossed atomic beams will
be attempted as described in [80]. The concept for these experiments are based on the
ability to produce a c-phase gate, as demonstrated by the ENS group [8]. We worked on
building components that will make this concept more scalable: very compact atomic
sources, excitation regions and a broadly tuneable open cavity which accepts crossed
atomic beams. Although it would be hard to argue that a quantum computer could be

1. The laser system that I set up at the MPQ was an essential component in improving the resolution
of vacuum Rabi oscillations by a one order of magnitude with respect to previous results. It also allowed
the magnetic �eld to be compensated to 10 µGauss, an improvement of three orders of magnitude. These
results will be presented by Linas Urbanas in his Ph.D. thesis.
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132 conclusion and outlook

built with these techniques, performing research in this direction explores a plausible
path, only trodden by a single other group.

In the near future we expect the results of this thesis to be applied to producing
an accurate temperature standard for the new de�nition of the Kelvin (based on the
Boltzmann constant). This standard would be based on measuring the refractive index
of Helium which can be related to temperature by an ab initio calculation.



A
U S E F U L E Q UAT I O N S A N D M E A S U R E S

a.1 q factor

It is often convenient to talk of cavity lifetimes in terms of the Q Factor, which is the
ratio between the energy dissipated per cycle1 and the energy stored in the cavity.

Q =
2πfE
P

where P = −dEdt and E is the energy stored in the cavity and f is the resonant frequency.
The energy stored in the cavity decreases to 1/e2π in a timeQ/f and the width of

the resonance is ∆f = f/Q.

a.2 allan variance

We often need to talk about the stability of a system i.e. how much a particular
property (that we would like to keep constant) varies over time. For example, we might
like to know the frequency stability of an atomic clock, so that we can estimate the
error of a time or frequency measurement. If the clock does not drift, we could in
principle make an in�nite amount of measurements (say an atomic resonance) and
by averaging, achieve in�nite precision. What happens however is that over time the
clock tends to drift further and further away from its calibration point, and after a
certain time it will have drifted so far that adding more measurements to the average
would actually produce a less accurate result. A legitimate question is then: what is the
optimum amount of time to average our measurement over? Or more generally: what
uncertainty will my measurement have if I average for time τ, taking into considerations
the drifts of my reference (the atomic clock)?

1. For a cavity where the size is of the order of the wavelength, as we have, Q can be seen as
approximately the number of times a photon bounces o� the mirror surfaces of the cavity before it is
absorbed. Essentially, no information about the photon can leave the cavity.
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134 useful equations and measures

A good measure of this property is the “root Allan variance” or Allan deviation.
To measure the Allan deviation we need a frequency reference ν0 which is nominally

the same as the frequency we are measuring ν, but much more stable. We tend to use
a line from the frequency comb, which has an Allan deviation of the order of 10−13 over
one second and 10−16 in the long time limit (>1000 s) [81]. The di�erence between these
two frequencies is then measured at many di�erent times t. We normalise this with
respect to the nominal frequency ν0 giving the normalized frequency deviation y(t).

y(t) =
ν(t) − ν0

ν0

We are then interested in knowing how far ν is likely to drift after a time period
τ. This is done by dividing our data set into n time intervals of length τ, taking the
average of y(t) during each time interval i and calling it yi. The Allan variance is then
de�ned as:

σ2
y(τ) =

1
2
〈(yi+1 − yi)

2〉

Due to the normalisation, y(t) is unitless, and so is σ2
y(τ). It is often more intuitive

to talk of stability in terms of the unit in question: for a laser we are interested by
how many kHz it might have drifted in time τ. We can then simply multiply σ by our
reference frequency ν0. This value is often referred to as the Allan deviation or root
Allan variance.

It is most useful to display the Allan variance and Allan deviations in a log-log plot,
where the kind of noise source acting at di�erent timescales can be identi�ed by the
slope of the curve. Figure 80 shows the Allan deviation behaviour of four di�erent
kinds of uncertainty: a linear drift entails a linear increase in the Allan deviation, as
could be expected! A random walk manifests itself by the typical square-root increase in
deviation, which appears as a line of gradient 1/2 in a log-log plot. When these e�ects
dominate, averaging for longer times reduces the precision. On the other hand, white
noise (noise that is not time-correlated) exhibits a square-root increase in accuracy
with time, as can be expected from adding multiple non-correlated uncertainties in
quadrature (1/

√
n rule). Even better is a cyclical deviation from the correct value, with

a single frequency, as for one exact cycle the errors add up to zero.
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Figure 80: Simulation of the Allan deviation due to various types of noise.

Typically, the Allan deviation of a real system consists of the combined e�ects of
di�erent kinds of noise, each dominating at a particular time-scale: the ones with neg-
ative gradient dominate on the short time scales, while the ones with positive gradients
dominate on the longer time scales. A good example of this is the Allan deviation of
the HighFinesse WS7 wavemeter, shown in Figure 32 on page 52. Sometimes we are
not able to observe on the very short time scale, e.g. the iScan Allan deviation shown
on page 47. On the very long time scale we also expect a stable physical system to have
a decreasing Allan deviation, as can be observed for example with a lock to an atomic
transition on page 41.

When locking a laser to an atomic transition, we expect the Allan deviation of the
system to increase for times below the feedback delay and to decrease for times greater
than that, till the Allan deviation of the reference is followed.





B
P R O C E D U R E S

b.1 cryostat initialization

1. Close all the valves on the panel apart from V20 and V22 (pre-cooling circuit)
(V1 and V2 open)

2. Open V11, should see mixture on M4

3. Normally V31 is closed to stop back �ow when not in operation.

4. Open V29, M3 should go to 0.8 bar

5. Open V10 to equilibrate M3 and M4

6. Close V10

7. Open V28 Very important!

8. V32 is always open

9. Check that the helium backing pump works by using “fore-pump”

10. Start the pulse-tube cooler by pressing “cool down” on the computer, making
sure that:
– Vacuum < 10−3 mbar
– lines are connected
– the water to the compressor is �owing
– automatically the rotary valve should be switched on
– automatically the compressor should turn on
– the pressure on the compressor should �icker around the red bar

11. Leak test

12. Sni�er test

b.2 pre-cooling

1. Make sure that V3 and V4 are closed
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2. Make sure that V20 and V22 are open

3. Open V1 and V2

4. Open V7 so that the pre-cooling cycle is now open

5. Start the compressor

6. Open V10

7. Open v12 slowly so that the pressures at M1 and M2 rise slightly

8. M1 should rise to pressures up to 6 bar, depending on the compressor type this
might be kept to say, 3 bar

9. Pressurise the compressor using FP

10. Close V10

11. Check that V24 is closed

12. Check that V31 and V32 are open

13. Start FP, keeping M22 to not more than a few mbar, by opening V9 slowly.

14. M2 should rise by a small amount.

15. M2 should go to about 1 bar

16. M1 should go to a higher pressure, (max 6 bar)

17. Close V9

18. Stop FP

19. Wait till M2 goes to 0

b.3 mixing cycle

1. Check that all thermometers indicate T < 20 K

2. Check that all T > 10 K so that the helium vapour pressure is high. If this is not
the case, use the heater to increase the pressure and consecutively the �ow and
cooling power.

3. The dewar pressures should be ≈ 3× 10−7 mbar. Note that at these cold tem-
peratures we expect the pressure at the cold�nger to be 10−10 mbar

4. Evacuate the pre-cooling cycle
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– First use FP to evacuate the pre-cooling and mixing cycles
– Make sure to evacuate from both sides of the impedance: V21 must be open
– Close V20 and V22
– Check that pressures reach the FPs base pressure (≈ 1× 10−2 mbar)

5. Open V35. Note that the impedance blocks pressure by 3 orders of magnitude,
so that it is possible to pump on one side with FP and on the other side with the
turbo. The compressor should be left on, as it is more conductive in that state.

6. Pump using the turbo for 1 to 4 hours.

7. Fill up the mixing cycle opening V9 slowly (3 mbar on M22). Fill up to 6-7 bar.
(The over-pressure valve will activate at 8 bar). The temperature of pre-cooling
should be below 6 K.

8. Once we reach 6 K close V9 and wait till the helium start to condense.

9. Keep the pressure between 6 and 7 bar by opening V9 when it falls too low. In
doing this, make sure that the still temperature does not go above 6 K.

10. If the pre-cooling is colder than the mixing chamber, it means that the phase
boundary happens too early, rather than happening in the mixing chamber.

11. Without turning on the turbo pump, 50 mK should be achieved.

12. Still temperature without heating should be around 0.5 K with the turbo pump
activated. Activate the heater till a temperature of 750 mK is reached on the still,
to maximise �ow. This is usually for 35% heating.

b.4 stopping the cryostat

1. Click “warm up” on control software.

2. Helium should go back into the tank via V29 V11 and V10.

3. Release high pressure to tank through V28

4. Close V6

5. Open V5 slowly to avoid putting dirt from FP in the system. Wait till M21 shows
a few mbar

6. Start turbo (close V23)

7. Close V22 and V20 to evacuate the pre-cooling circuit with the turbo via V35
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8. Close V22 V20 V1 V2 V10 V11 V31

b.5 cleaning filter f1

Heat with a current of 8 A and 5 V which should reach a current of 50°C and never
above 100 ℃ evacuating with a turbo pump through O3.

b.6 wiring

Use manganese wire of a maximum 0.1 mm diameter. Note that this wire has
resistance. Use superconducting NbCuNi wire at temperatures below 4 K. But make
sure that the connections are at 4 K. For connections use double-sided copper proto-
board and sink both sides to a cold surface.

Wires should be wound down the pulse tube cooler, and be always connected to
increasingly cold temperatures. They should be �xed with tape in many points.

Wires should run tightly along surfaces, otherwise vibrations will arise.

b.7 soldering capillaries

Two small capillaries can be joined by putting the ends to be joined inside a larger
capillary and soldering. When soldering care must be taken to prevent solder from
clogging the capillary. This can be done by holding the part where we want no solder
to enter with pliers, as shown in Figure 81 We heat the inner capillary, the heat will
suck the solder in the gap between the inner and outer capillaries. The solder will stop
�owing as soon as it encounters a cold surface, which we achieve by holding with pliers,
providing a heat-sink.

The temperature of the iron must be just above the melting temperature of the
solder. Although lead-poor solder becomes much weaker at low temperatures and a
special cryogenic solder should be used, in practice normal solder appears to work well.



B.8 optimum cryostat running parameters 141

Hold with  pliers here

Inner capillaries

Heat here

Apply solder here

Outer capillary

Figure 81: Joining two capillaries

b.8 optimum cryostat running parameters

I include the optimum parameters for the cryostat at the end of setting up (25 April
2005). Since, Mark Everitt has been responsible for the running of the cryostat and
the reader should refer to his thesis for any changes. We went through at least �ve
new implementations of rotary valve and have changed the FP and compressor to
non-lubricated models. These are not able to produce the high vacuum and pressure
di�erences as the previous models, but keep the system clear of the all-too-common
oil blockages.

b.9 obtaining random numbers from a webcam

Any cheap, noisy webcam is good for the job. It is however important that the raw,
Bayer encoded information is made available by the driver, and that onboard processing
can be disabled.

The camera is kept in a dark box which reduces the amount of noise but makes for a
more constant and reliable source.

The raw stream captured from the camera is not completely random, as the pixel
values are statistically distributed around a particular value.
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Table 6: Cryostat parameters

Optimum rotary valve frequnecy: 0.56 Hz
Pre-cooling pressure: 2-3 bar (abs.)

Pre-cooling evacuation time: 4 hours
Stop Pre-cooling when all temperatures: < 20 K

Critical pressure of cooling cycle: 1.4-1.6 bar (abs.)
Condensing pressure: 6 bar (5-7 bar)

Optimum still temperature: 0.75 K
Optimum still heating: 35%

High pressure in Compressor: 16 bar

Figure 82: Some pixels are slightly more noisy than others



B.9 obtaining random numbers from a webcam 143

0 2 4 6 8 10 12
Average luminance change per pixel

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

co
un

t

Figure 83: Noise distribution on Philips SPC520

on a Philips SPC520NC the noise is about 2.5 bits/byte, however, the datastream can
reach values of 300 Mbit/s.

A logitech Quick Cam has about 10 Mbit/s, but is much more noisy, and GBRG data
can be streamed conveniently from /dev/video1. I wrote a program that distills the
randomness stream in the following way:

1. Initialize the RNG by acquiring dark frames and building up statistics on the
noise of each (sub)pixel. These statistics are then used to pre-condition the data
so that it is more easily compressible by the second stage.

2. The data is then compressed with an algorithm similar to Hu�man coding
but that sacri�ces reversibility to improve performance. A Burrows-Wheeler
transform followed by a Move-to-front transform can also sometimes help in
the compression. By this time, the data passess all the nist statistical tests for
randomness. Although the data could be MD5’d straight away, this step gives
a chance of evaluating the “physical” randomness of the system, and warn if
something went wrong.

3. The stream is then split into 160 byte chunks which are then digested down to 16
bytes with MD5 and saved to disk.

The speed of resulting stream is ≈ 1Mbit/s of very high quality random numbers.
The process is I/O bound and does not a noticeable load on even an old machine.
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