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ABSTRACT

The frequency stability of current state-of-the-art atomic clock lasers
[3] are limited by thermal fluctuations in the mirrors of the passive
reference cavities used for frequency stabilization [4]. This work de-
scribes the possibility of reaching stability levels below the limits set
by the thermal fluctuations, by exploiting collective emission of a cold
ensemble of Strontium atoms coupled to a cavity. Thermal fluctua-
tions in the passive reference cavity mirrors can in principle be ig-
nored when utilizing collective emission as an alternative method to
achieve laser stabilization.

This work reports an observation of collective emission in a proof-
of-principle atom-cavity system. By initially phase locking the dipoles
of the cooled atomic ensemble, cavity enhanced collective emission is
achieved in a linewidth regime where thermal fluctuations of the cav-
ity mirrors do not dominate the combined atom-cavity linewidth. The
achieved atom-cavity linewidth is instead dominated by the linewidth
of the collective emission. By utilizing the 'Sy <+ 3Py transition of
885y with a linewidth of 7.5 kHz, a theoretical lower limit of an achiev-
able collective emission linewidth is ~ mHz.

This work describes the cooling of the atoms into the mK range,
where velocity induced decoherence is diminished. Decoherence was
furthermore diminished by implementing a mechanical light shutter,
cancelling remnant cooling light which caused decoherence by inter-
acting with the atomic ensemble. An optical cavity placed around the
atoms, was implemented to increase the effective length of the atom-
light interaction. An injection-locked pulse-laser initially inverted the
population of the atomic ensemble and collective emission is reported
in the strongly coupled atom-cavity mode. By comparing our experi-
mental observations to theoretical descriptions of collective emission
and a numerical simulation, a discussion of the observed spontaneous
emission is given. Continuous collective emission is required in order
to surpass current state-of-the-art passive reference cavities stabiliza-
tion techniques. However our set-up operates in a in a cyclic manner.
Preliminary studies of quasi-continuous emission were carried out
and consideration of future work necessary for achieving continuous
collective emission is described.
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INTRODUCTION AND MOTIVATION

Frequency is the quantity that is measurable to the highest level of
precision and accuracy. Because of this, a precise and accurate fre-
quency is utilized in a great number of technological applications,
as well as references for studies of fundamental physics. By utiliz-
ing a precise and accurate frequency, a timekeeping device known as
an atomic clock can be constructed. The atomic clocks precision de-
pends on its ability to repeat the exact same oscillation in an internal
pendulum, and uses its accuracy to make sure the these repeated os-
cillations do not drift in time, compared to some true reference value.

The success of precision timekeeping with atomic clocks has led to
the redefinition of quantities as the meter, which is no longer defined
by a macroscopic stick but, but as the length of the path travelled by
light in vacuum during a time interval of 1/299 792 458 of a second.
This time-to-length translation is also utilized for a wide range of
technological purposes. When measuring the relative time delay be-
tween four (or more) satellites, the Global Positioning System (GPS)
can translate the time delay into a measurement of distance and thus
pin-point a specific location on earth. The atomic clock ensures the
precision and accuracy needed for a reliable GPS signal. Further use
of the atomic clocks time resolution is found when detecting minute
variations in earth’s gravitational field, which can provide a real-time
detection of tectonic shifts causing earthquakes. Atomic clocks are
also utilized for their ability to provide precise and accurate measure-
ment, when searching for drift of fundamental constants. The techno-
logical advantages made possible by utilizing atomic clocks, serves
as a motivation for me to help the development of a compact sys-
tem that bring the features of the atomic clock outside the laboratory
and into the modern world. In order to realize such a compact sys-
tem and improve the current state-of-the-art atomic clocks, a greater
understanding of the inner components of an atomic clock is pur-
sued. I wish to improve upon the method of precision measurement
used in atomic clocks. To understand how improvements on precision
measurement in atomic clocks are made, current limitations using a
passive reference cavity to stabilizing state-of-the-art clocks, as seen
in figure 1, must first be understood. Figure 1 shows a laser, which
is stabilized to a passive reference cavity and achieves an absolute
accuracy via an atomic reference. Similar for both the prestabilization
and the absolute accuracy seen in figure 1 is the need for a reference.
However, instead of a passive reference cavity, this dissertation seeks
to utilize the atoms as a reference. Therefore the concept of a refer-
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ence is treated.

Determining the level of precision and accuracy of atomic clocks is
done by comparisons to a reference. When measuring the length of
one’s index finger, a comparison to another reference finger is needed.
Only then can one determine if one’s index finger is shorter or longer
than the reference finger. The measurement of frequencies is done
in a similar manner. Frequency precision can thus only be measured
by comparing to another local oscillator with a precise reference fre-
quency. The task is then to find a suitable reference frequency. Using
non-quantum objects to define a quantity as the meter becomes a
problem when duplication is attempted. A copy of a meter-stick will
never be exact, as the number of atoms in the original meter-stick is
near impossible to replicate. Thus some deviation in length between
the original and duplicated meter-stick is inevitable. This becomes a
problem when measurements at the nano-meter scale and below are
required. Here problems arise as atoms may be added or subtracted
from the meter-stick due to the surrounding environment. While the
addition of a few atoms to a given reference may not be of much im-
portance when measuring large objects such as the Eiffel tower within
a precision of a meter or so, the addition of a few atoms to a refer-
ence is of importance when measuring the Eiffel tower to a precision
of the atomic scale. Microscopic atoms thus provide a good alterna-
tive as a reference, as quantum mechanics states that two '33Cs atoms
are not just similar but identical, if kept under similar controlled envi-
ronmental perturbations. These quantum references can thus be used
anywhere in the universe, providing universally identical references.
Using identical universal frequency references such as atoms thus
serve as a great tool for a reference. This dissertation thus takes ad-
vantages of the quantum nature of atoms for an alternative of the
passive reference cavity used for prestabilization as seen in figure 1.
In order to explain why an alternative is needed, the current passive
reference cavity of an atomic clock is investigated further.

1.1 PASSIVE STABILIZATION OF ATOMIC CLOCKS

Ideally, an atomic clock can produce a measurement that is fully re-
producible and represent an exact time value. In other words the ideal
atomic clock has no instability and has no inaccuracy. An atomic clock
has an internal oscillator which is given in terms of a radiation field,
typically originating from a laser. The laser field is stabilized to a well-
defined frequency such as an empty reference cavity, thus reducing
the frequency linewidth &f. To ensure accuracy, the laser field probes
a narrow line atomic transition as reference. An illustration can be
seen in figure 1, depicting the two central features of an atomic clock.

In general, atomic clocks can thus be split into two sections: accu-
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Figure 1: Schematics of the two reference parts used for a typical atomic
clock. A laser is prestabilized to a ultra stable reference cavity us-
ing a feedback system, thus reducing the frequency noise 5f. The
laser is then sent to an ensemble of atoms and via another feed-
back system the laser frequency f is made to mimic the that of the
atoms . This provides an absolute accuracy.

a) b)

©

(@)

Figure 2: Frequency accuracy and precision illustrated by red dots on a dart-
board. a) Accurate and precise. b) Inaccurate and precise. ¢) Accu-
rate but not precise. d) Inaccurate and not precise

racy and stability /precision. In obtaining the accuracy of an atomic
clock, a measurement of the deviation of the laser frequency from a
reference frequency is performed. The reference frequency is then the
atomic transition frequency vo. To obtain an accurate atomic clock,
the oscillation frequency must be adjusted to match v¢. The differ-
ence between accuracy and precision is not always clear, therefore
figure 2 shows a graphical representation of accuracy and precision
on a dart-board. Here subfigures a and c both show multiple accurate
hits (red dots) on the dart board compared to the center. In terms of
atomic clocks, this can be interpreted as an accurate and reproducible
frequency compared to a reference frequency. Subfigures b and d on
the other hand represent a frequency which reproducibility is inaccu-
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rate compare to a reference frequency.

In evaluating the stability of an atomic clock, a measurement of the
frequency variation in time is performed. In accounting for the funda-
mental uncertainties of the non-zero transition linewidth due to the
uncertainty principal of quantum mechanics, multiple measurements
of the transition frequency are needed. Sub-figure a and b both repre-
sent multiple reproducible precise measurements. This is in contrast
to subfigures c and d which both represent imprecise measurement,
where the frequency in not reproducible. In achieving stability, an
empty cavity is often used as a frequency discriminator on its own.
Here the fractional frequency 1nstab111ty can be described in rela-
tion to the fractional length instability 3& of the cavity [1]:

o 8

Vo L

This relation applies to a passive reference cavity. Thus the fractional
frequency stability changes as the fractional length stability changes.

If an oscillator is stabilized to an atomic transition, the so-called
Allan deviation is often used to describe the fractional frequency in-
stability. The Allan deviation not only incorporates the relationship
between the oscillator frequency and transition frequency (Q-factor
or Quality factor), it also considers the Signal-to-Noise-Ratio (SNR)
during the frequency measurement and the fraction of the total cycle
time in which the average time the atoms are interrogated t/T.. The
Allan deviation can thus be described by [1]:

1
o(t) o QSNR\/7 Qf\/7 @)

where Q = vo/Av and SNR is proportional to the square root of the
number of atoms /N, for a system ultimately limited by the funda-
mental quantum projection noise. In order to reduce the fractional
frequency instability of equation (2), longer average time T can be
implemented, a higher Q-factor can be implemented by choosing a
narrow atomic transition and an increase in the sample size (N) can
be implemented. A plot of an experimentally obtained Allan devia-
tion from a laser stabilized to a reference cavity, is shown in figure
3. The relation between fractional frequency instability given by the
Allan deviation in equation (2) can be seen in this plot. Here, the av-
eraging time is shown to have a clear inverse relation to the fractional
frequency instability. Raising the Q-factor is another parameter for
lowering the Allan deviation. The microwave radiation used to probe
the hyperfine ground state transition of the '33Cs atom , yields a Q-
factor of ~ 2 x 10'°. However, using an optical radiation with frequen-
cies of ~ 100 x 102 Hz to probe a narrow transition linewidth < Hz of
an optical clock yields a Q-factor of 10'6-10'8. Thus the '33Cs-clock
has a fractional precision level of 10712 [2]. However, state-of-the-art
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Figure 3: Plots of three Allan deviations. The data show the average instabil-
ity of 130 data sets with a duration of 10 min each. Error bars rep-
resent the standard deviation of the data averaged for each point.
Ref.1 and Ref.2 are conventional cavities, while the third cavity is
made of mono-crystalic silicon. The predicted thermal noise floor
of modified oy =~ 5 x 10717 for the silicon cavity system is indi-
cated by the shaded area. A inverse relation is seen between the
averaging time an the fractional frequency instability. A noise floor
from the cavity mirrors is expected to set a lower limit for the frac-
tional frequency instability. Taken from [5].

atomic clocks using optical radiation continue to improve the preci-
sion beyond that of the '33Cs-clock and fractional precision levels
have reached 10718 within a few hours of averaging time [3]. Thus
the motivation to proceed with optical atomic clocks, is achieving a
greater stability by gaining a higher Q-factor. The last parameter is
the sample size N. The number of atoms does not changes or depend
on weather a microwave clock or an optical clock is pursued. Thus
the number of atoms can be optimized independently of the chosen
type of atomic clock.

Different limitation are present in stability of passive reference cav-
ities. In current state-of-the-art atomic clocks, the limitation for lower-
ing the fractional frequency instability to below 1073 is set by Brow-
nian motion in the cavity martial and in the cavity mirrors [4]. These
thermal fluctuations change the fractional length stability as seen in
equation (1), thus resulting in a increased fractional frequency insta-
bility. For an empty cavity consisting of a spacer and mirrors, the
thermal fluctuation spectrum can be described by the thermal dissi-
pation theorem. Mirror fluctuations power spectrum Gunirror shows
a signal power intensity in the frequency domain. The main contrib-

5
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utor of thermal fluctuations can be attributed the cavity mirrors, due
to thermal fluctuations and can be describe by [4]:

4kgT
Gmirror X (E ’ (3)

where kg is the Maxwell-Boltzmann constant, T is the cavity mir-
ror temperature and w is the angular frequency. Using the relation
Gmirror ~ 0,2(, where Gi is the square of the fluctuations of cavity
mirror position, the cavity mirror fluctuation can be described by its
dependence of its temperature:

Oy X VT. (4)

Thus in order to obtain higher fractional frequency stabilities using
passive reference cavities limited by the thermal noise floor as seen in
figure 3, the temperature must be lowered further.

This dissertation will seek a method to suppress the thermal noise
on passive reference cavity mirrors, by reducing the importance of
the passive reference cavity, thus leading the way to an ultra-stable
laser.

1.2 OUTLINE OF THE THESIS

By utilizing an atom-cavity system in a regime where the linewidth
of the collective emission of an atomic ensemble dominates the com-
bined atom-cavity linewidth, an alternative approach that suppresses
the thermal noise limit of passive reference cavities is given. The rela-
tionship between the cavity linewidth and the atomic linewidth is dis-
cussed and the interplay between the atomic ensemble and the cavity
is given in chapter 2. A description of the laser systems used to cool
and probe the atoms is given in chapter 3, with a focus on the set-up
used for frequency control and the injection-locked pulsed-laser that
I build. Chapter 4 describes the cooling of the atoms to the range of
millikelvin and a mechanical light shutter that helps to further dimin-
ish any decoherence. Also a description of an optical cavity placed
around the atoms is given in order to investigate the atom-cavity in-
teraction. Chapter 5 reports a numerical -and experimental approach
in achieving collective emission. Finally, chapter 6 motivates future
work.
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Pursuing a method in which to reduce the Brownian motion limita-
tions on the stabilities of current state-of-the-art atomic clocks refer-
ence cavities, this section describes the exploitation of a ultra-narrow
atomic transition inside a cavity. It is here suggested that utilizing a
system in which ultra-narrow transition of the ensemble of atoms
determine the stability instead of the passive reference cavity, the
thermal noise limitations on the reference cavity mirrors can be sup-
pressed.

Several ideas to suppress the current thermal noise floor have been
put forth. One idea is to cool down the optical cavity to cryogenic
temperatures (< 130K°). Cooling down the cavity spacer and mir-
rors to cryogenic temperatures will ensure that temperature induced
position fluctuations will be minimized. The position fluctuations of
the cavity mirrors can be seen in equation 4 to be dependent of the
square root of the temperature. Reports of cryogenic cooling of a cav-
ity to 124 K° has been realized by [5]. Here a linewidth of 40 mHz was
achieved. However, as mentioned earlier, the motivation in the disser-
tation is to realize a compact system. By using cryogenic cooling to
lower the fractional frequency instability, adds to the complexity of
the system. Therefore this idea is not utilized in this dissertation.

The idea pursued in this dissertation is to utilized the radiation
emitted from a large ensemble of narrow transition linewidth atoms
placed inside a cavity. The classical technique of using a empty optical
cavity is combined with the quantum nature of the atoms. In contrast
to the passive reference cavity approach, the cavity is not a frequency
discriminator in our set-up. Instead the optical cavity is constructed
such that its linewidth «k is much larger than the narrow transition
probing linewidth T of the quantum emitters, thus entering the so-
called bad cavity regime. In this regime the cavity does not serve
as a frequency discriminator, but is primarily exploited for enhanc-
ing the atom-light interaction by increasing the effective length were
atom-light interaction may take place. The atoms are then utilized
for their emission with a natural ultra-narrow linewidth. The narrow
transition linewidth of the atoms will then dominate linewidth of
the combined emitted atom-cavity system, thereby reducing the im-
portance of the cavity linewidth. This dissertation will thus seek to
utilize so-called active frequency standards were radiation is emitted
directly from the ensemble of atoms with a given collective linewidth.
Reports of obtaining linewidths in the mHz range using active fre-
quency standards in the bad cavity regime have been reported by
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[6]. This dissertation thus strives to investigate the possibility of us-
ing an active frequency standard in order to experimentally realize
an atom-cavity system that can suppress the importance of the tradi-
tional passive reference cavity system as a means of stabilization and
thereby reducing the effects of the noise limit set by the Brownian
motion i cavity mirrors.

2.1 ACTIVE FREQUENCY STANDARDS

At least two different types of techniques can be used towards stabi-
lization, when using an active light source in the bad cavity regime.
The first type is a feedback system were the laser is stabilized using
the atomic phase induced dispersion signal. Recent reports [7], [8]
at the Coldatoms group at Nils Bohr Institute have shown a proof-
of-principle method for laser stabilization, using cooled atoms with
a ultra narrow transition linewidth inside an vacuum sealed optical
cavity. The atom induced phase dispersion signal is used as an error
feedback signal, insuring a frequency stable output signal. The sec-
ond type is a system using an active light source where the ensemble
of atoms collectively emit coherent radiation of spectrally purity into
the cavity. The first method is not pursued further in this disserta-
tion as this work had already been realized by the time I entered the
Coldatoms group at Nils Bohr Institute. Instead the second approach,
which was in progress when I started my project, was pursued and
is described in section 2.4. However, first an understanding of how to
reduce the effects of Brownian motion in the cavity mirror by letting
the atomic linewidth dominate is given in section 2.2. Afterwards an
investigation of the regime in which collective emission is realized
and how it is utilized, is given in section 2.3.

2.2 GOOD -AND BAD CAVITY REGIMES

Distinguishing between so-called good -and bad cavity regimes is
crucial to the work done here. As mentioned before, distinguishing
between the two different regimes is done by considering the rela-
tionship between the atomic linewidth profile I' and an optical cavity
linewidth k. These two linewidth may be related to each other in two
different ways as seen in figure 4.

The first way, k < T, is the so-called good cavity regime where the
cavity linewidth is much smaller that the atomic linewidth. Using [9],
an expression for the general expected linewidth is given by:

hv k2 I 2
A T = — —_— ’
Vgeneral 47 Pyt <K—|— r> (5)
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Figure 4: Illustrations of the two cavity regimes. The comparisons of the
cavity linewidth k and the atomic linewidth I". a) depicts the good
cavity regime in which k < I" and b) depicts the bad cavity regime
in which I' < k.

where Pyt is the output power. In the good cavity regime (k < T),
equation (5) reduces to the Schawlow-townes limit linewidth:

hv K2
47'[ Pout !

Avgood = (6)
where only phase noise of spontaneous emission limits the lower
bound of the achievable linewidth. Thus by building a cavity with a
narrow linewidth and simultaneously operating at high output pow-
ers, a narrow linewidth in the good cavity regime is possible, accord-
ing to equation (6). However, equation (5) does not take into account
the fluctuations in the cavity length, often due to thermal perturba-
tions. These changes in the cavity length lead to different resonance
conditions and thus alters the cavity resonance frequency. Thus ther-
mal noise in the cavity mirrors sets the limit for frequency stabiliza-
tion.

In an attempt to suppress this problem the bad cavity regime (k >>
I') is employed instead. In this regime, equation (5) reduces to:

hv T2
47t Pout !

Avpaa = 7)
where the linewidth limit is dominated by the width of the atomic
linewidth profile. The independence of k makes the bad cavity regime
much less sensitive the changes in the cavity length an thus much less
sensitive to fluctuations in the position of the cavity mirrors. However,
the combined atom-cavity linewidth is not considered independent of
the cavity linewidth. The atom-cavity systems combined average las-
ing frequency is given by [8] Vavg = (I've + kva)/(TI" + k), where the
linewidths for our system are v, ~ kHz and v ~ MHz. This descrip-
tion is used when the atomic resonant frequency v, is not identical
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to the cavity resonant frequency v.. Thus if the good cavity regime
is employed, fluctuations in the cavity length will lead to changes in
the cavity resonance frequency v, resulting in fluctuations in vq.g.
This effect is known as cavity pulling and a parameter (P) describing
the system’s sensitivity to cavity pulling is given by [8]:

P_dva\,g_ I
 dve TH«

(8)

For the good cavity regime, equation (8) reveals that P ~ 1, result-
ing in a system very sensitive to cavity pulling. For the bad cavity
regime, equation (8) reveals that P < 1, resulting in a system that is
insensitive to cavity pulling. By using the bad cavity regime, the ob-
tained linewidth is thus primarily sensitive to the atomic transition
linewidth and not the cavity resonant linewidth. This dissertation
therefore utilizes the bad-cavity regime where an active light source
with spectrally pure radiation dominates the combined linewidth.
The ensemble of atoms must however emit light as a collective, if
the narrow linewidth of a single atom is to be replicated by the en-
semble. In order for the ensemble to emit collectively, the coupling
between the atoms and cavity must be greater than any dissipation
terms from both the atoms and cavity. The parameter relating atom-
cavity coupling and dissipation terms is the so-called cooperativity.

2.3 COOPERATIVITY

Essential to obtaining the desired collective emission, is the parameter
called cooperativity. The single atom cooperativity Cy is defined as
Co = 4g?%/T'k, where g is the coupling constant between the atom and
the cavity, and T, k are the dissipation terms for a single atom and
the cavity, respectively. Cy can be interpreted as a measure of how
strong the coherent atom-cavity coupling is for a single atom inside
the cavity mode. However, in the case of an ensemble of atoms, it is
often convenient to define the collective cooperativity: Cny = CoNc¢ay.
Here Ncqy is the total number of atoms within the cavity mode. The
appropriate interpretation of C is a measure of how strongly all the
intra-cavity atoms are coupled to the cavity mode. Another way of
interpreting the collective cooperativity is a ratio between the rate of
coherent scattering into the cavity mode and the rate of dissipation
processes out of the cavity mode:

49

2
N -
re < dissipation

Coherent couplin
CN = CONcav = P 9 .

(9)
Thus the process of coherent coupling is given by the coupling con-
stant squared g2 and the two dissipation processes are described by
the atomic spontaneous decay I" rate and the cavity decay rate k, as
seen in figure 5.
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Figure 5: lllustration of coherent coupling of the atom-cavity system g and the two
decay rates (T, k) for the atom and the cavity, respectively.

Coherent collective emission will then build up inside the cavity
if coherent scattering is larger than any dissipation effects (Cn > 1).
The upper bounds on Cy is set by the number of atoms in the cavity
mode and Cy inverse dependency of the cavity linewidth. The cav-
ity linewidth must not be too small nor too large, as a large cavity
linewidth would give rise to an undesired low value of Cyn whiles a
small cavity linewidth would violate the bad cavity regime. Further-
more, the linewidth of the coherent light is not expected to inherit
the natural linewidth I" of the atomic transition. Instead in the limit
of Cn > 1, the single atom cooperativity will be dominant and a the-
oretical minimum value for the transition linewidth will be given as
I'min = Col [6]. Exploiting a narrow transition linewidth of kHz and
a low single atom cooperativity Co ~ 10~% in the limit of Cyy > 1, T
is expected to be reduced from kHz to mHz. This prediction is tested
in section 5.

By utilizing the bad cavity regime and the collective cooperativity
in the limit of Cry > 1, a description of an active light source approach
to achieve laser stabilization is now given.

2.4 ACTIVE LIGHT SOURCE

Entering the regime of Cry > 1, the ensemble of atoms are expected
to act collectively and emit coherent radiation. The atoms in the bad
cavity regime will act as a frequency discriminator compared to the
pre-stabilized light and the atoms will in principle determine both
precision and accuracy of the outgoing field. The combined atom-
cavity system in the bad cavity regime, will emit outgoing radiation
with a linewidth dominated by the atomic transition, according to
equation (7). As described in section 2.2, the effective linewidth could
potentially be much smaller than the atomic probing transition. This

11
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would result in spectrally pure radiation. As the active light approach
demands the bad cavity regime, the cavity puling effect describe in
section 2.2 can be seen to be of little importance, as P < 1. Thus an ac-
tive light source may suppress the noise limit seen in state-of-the-art
passive reference cavity approaches and provide a ultra-stable laser.

The experimental set-up used in this work is of a cyclic nature.
Thus collective emission of spectral purity is expected to manifest it-
self in short, coherent flashes. In order to measure the spectral purity
of the emission radiation a continuous level of collective emission is
desired. This is not possible within the experimental set-up used for
this dissertation. Firstly an incoherent pumping of the excited radi-
ation level is required using a 3 (or more)-level atomic scheme. If
using a 2-level atomic scheme a steady state flow of new atoms is
required to make sure the outgoing linewidth does not inherit any
characteristics of the excitation laser. This dissertation will show a
proof-of-concept, using a cyclic experimental measurement scheme
and 2-level coherent excitation laser. However, future experimental
set-up’s that will realize continuous measurements are already under
construction and its prospects will be described further in section 6.

In order to perform a cyclic measurement of the coherent emis-
sion from an ensemble of atoms, different atom-light interactions are
needed. The following section will thus describe the atom used in
the atomic ensemble and the laser systems used to interact with the
different transitions in the atom.



ATOM-LIGHT INTERACTIONS

In the previous section, a motivation for using optical frequencies was
given in order to achieve a large so-called Q-factor and thus lowering
the fractional frequency instability. In this section, the choice of 88-
Strontium (38Sr) as the atom used in our system, is motivated by its
electronic level schematics. In addition to having an optical probing
transition with a narrow linewidth, the 38Sr atom is also susceptible
to manipulation in velocity-space and in position-space using a so-
called cooling-transition. This section thus investigates the relevant
88Sr transitions by considering the electronic level schematics. Fur-
thermore, an explanation of the lasers used for interacting with the
relevant 88Sr transitions are given by explaining the stability manip-
ulation and frequency control of the lasers.

3.1 8851‘ AND THE ELECTRONIC LEVEL SCHEMATICS

Strontium is an alkaline earth metal, placed in the second main group
in the periodic table. Natural strontium consist of different isotopes,
but the most common isotope is the bosonic 8851 which is used in
this work.

Investigating 8839y the electron configuration is given by:
(15)%(25)?(2p)®(3s)%(3p)®(3d) "0 (4s)%(4p)®(5s)? revealing two valence
electrons in the 5s-shell. The two valence electrons both have a spin
component(s, sz) and both are equal to 1/2. In the ground state of
8851 the total spin (S = s1 + s2) is zero, as s7 and s, are aligned
in an anti-parallel configuration. However, in the excited state the
two spin components can choose to align parallel or anti-parallel
in respect to each other, resulting in a total spin of either S = 1 or
S = 0, respectively. Another relevant atomic quantization is the to-
tal orbital angular momentum (L = /1(1+ 1)h), where | is the az-
imuthal quantum number for an atomic orbital. The relevant orbital
angular momentums for 88Sr are L = 0, 1,2 which can be rewritten as
S,P and D, respectively. Knowing that the total angular momentum
J can be written by the sum of the total spin and the total orbital
angular momentum (] = S+ ), the quantized values can all be gath-
ered in the Russell-Saunders notation: 25 1L;. This Russell-Saunders
notation can be used in the so-called LS-coupling regime of weak
spin-orbit coupling where the energy of the residual electrostatic in-
teraction between the electrons is much bigger than the energy of the
spin-orbit interaction. The Russell-Saunders notation will be used to
describe the electronic level scheme.

13
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Figure 6: Illustration of the electronic energy level scheme of 88Sr. Arrows indicate
allowed transitions. Full lines indicate transitions driven by lasers and
dotted lines indicate decay channels. The cooling transition is used to cool
and trap the atoms and is shown in blue, whiles the red line is used for
probing the atoms. Furthermore the atom emission is expected to appear
at this transition. Relevant linewidth for all laser transitions (a,b,c and
d) are given in table 2 .

When considering the LS-coupling scheme, the electric dipole selec-
tion rules must also be included. The electric dipole selection rules de-
termine which transition are allowed, by invoking general rules that
electric dipoles transitions must obey. Using [10], different electric
dipole selection rules dictate which electronic transitions are allowed
and are presented in table 1.

Table 1: Electric dipole selection rules for the LS coupling scheme [10]. Transition
rules for relevant quantum numbers are given. Rule 3 essentially puts
a restriction on the parity of absorbed and emitted photons, between an
excited state (e) and the ground state (g).

1) A = 0, +1 J=0] =0)

2) AMj = 0, +1 (M =0 ¢ My =0 if A] =0)
3) (—1)' =7p(—1)ls  No parity changes

4) AL=0,+1

5) AL = 0, +1 (L=041/=0)

6) AS = 0

Now the electric dipole selection rules of table 1, can be applied to
the transitions of the 88Sr atom. Thus the electronic level scheme for
88Sr is shown in figure 6.

Using table 1, the 'Sy <+ ' Py transition can be seen to be a strongly
dipole-allowed transition. The 1Sy + Py transition can be accessed
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by using light with wavelength A = 461nm and has a transition
linewidth of I'/27t = 32 MHz. This transition is a rather broad transi-
tion, meaning that the decay time of the excited stay is relatively short
(Tt = 5.22ns). As the 'Sy <+ Py transition has a short decay time it
is ideal for cooling as the transition can be driven at a very high rate.
A high excitation rate is useful if many photon-atom interactions are
desired over a short span of time. Thus the atoms can absorb the mo-
mentum of photons at a high rate, changing the atomic momentum
in the progress. If the photon momentum is absorbed from the right
direction, the atom will loss velocity and is thus ‘cooled’. Thus the
high probing rate of the 'Sy «+! Py transition is ideal for for cooling
the 88Sr atoms and later confining and trapping them.

Another central transition line is the dipole-forbidden 1Sy < 3Py
probing transition. Using table 1, this transition is seen to be dipole
forbidden due to the spin-flip involved and thus has a relatively long
decay time T = 22us, compared to the 1Sy «» 'P; transition. The
linewidth is I'/2t = 7.5kHz and is considered narrow compared to
the broad 'Sy +» 'P; linewidth. The other levels in the triplet P-state
are furthermore spin-forbidden, when decaying to the 'Sy ground
state. The 'Sy <> 3P, and 'Sy + 3P, therefore both have a linewidth
of sub hertz. Whiles a sub hertz linewidth is desirable in our system,
to drive the 'Sy <+ 3P, and the 'Sy « 3P, transitions would put
large requirements on a probing lasers. These large requirements on
a probing lasers is not desirable for the work done in this dissertation,
as a proof-of-concept is sufficient here.

In principle describing these three levels ('So,' Py and 3P;) and
their transitions are sufficient to understand how the cooling and
probing of the 33Sr is executed for our system. However, these lev-
els are not entirely decoupled, as can be seen in figure 6. The 'P;
state can also decay to the 3P; and 3P, via the 'D, state. The atoms
in the 3P; and 3P, state are long lived as their decay to the 1S, state is
both dipole-forbidden and spin-forbidden. Here "long lived” refers to
a time scale that is larger than the relevant time scale of for this exper-
iment. The atoms in the long lived state are thus considered ‘dark” as
they do not participated with any dynamics within our systems, for
all relevant time scales. However, in order to maximize the number
of available atoms for the probing transition, these dark atoms must
decay to the ground state on a time scale smaller than that their nat-
ural decay time. In order to reach reduce the number of dark atoms,
the electron must get to the 3P, state with faster decay time T = 22 ps.
If the 'D> level decays to the 3P, state, a resonant laser will re-excite
it to the 3S7 level with a fast decay rate. From here the atom may
decay to either one of the triplet P-states. However a similar laser en-
sures that a decay to the 3Py level will re-excite the atom back to the
38, level. Thus eventually the 35 level will decay to the 3P, level and
back down to the ground state. The two different resonant lasers driv-
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ing the 38 3P, transition and 3Sg < 3P, transitions are known as
repumping lasers and ensure that no atoms are left dark to the probe
laser or to the cooling laser. The relevant transitions probed by above
mentioned lasers are shown in table 2.

Table 2: Relevant linewidths and wavelengths for the atomic transitions of 88Sr,
indicated by a,b,c and d in figure 6.

Relevant transitions Wavelength (A) Linewidth (y/27t) Decay time (7)

a)'Sy < 'Py 461 nm 32MHz 5ns
b)'Sy < 3Py 689 nm 7.5kHz 22 us
3Py « 3S; 679 nm 1.4 MHz 112ns
d)3P, + 35, 707 nm 6.4 MHz 24ns

In conclusion, four laser systems are used, corresponding to the
relevant transition in table 2: A cooling laser with A =461 nm, a prob-
ing laser system at A = 689 nm for interrogation of the atoms and
two repumping laser with A = 679 nm and A = 707 nm, minimizing
the number of dark atoms. These four lasers are central to the work
perform in this dissertation. Therefore a detailed examination of the
construction of the different laser system is given.

3.2 RELEVANT LASER SYSTEMS

Different lasers are used to interact with the mentioned relevant atomic
transitions, as seen in table 2. Here a description of the four relevant
semiconductor lasers, all based on laser diodes are given. In order to
manipulate the linewidth and frequency of the laser diodes to meet
the wanted requirements of interacting with a relevant atomic tran-
sition, the laser diodes are incorporated into a set-up called a "Ex-
tended Cavity Diode Lasers” (ECDL). First, the ECDL scheme will be
explained, as it is central to all the lasers used in this work. After-
wards focus will swift to the A = 689 nm laser. Here, an explanation
of the set-up used for frequency control is given and an explanation
of an injection-locked laser scheme is given. Then a brief explanation
of the A = 461 nm frequency doubled cooling laser set-up is given.
Finally, a breif explanation of the two A = 679nm -and A = 707 nm
repumping lasers is given.

3.2.0.1 External Cavity Diode Laser

Central to all laser systems used in this work, is the semi-conducting
diode laser with an external cavity surrounding it. This set-up is
know as a External Cavity Diode Laser (ECDL). The diode laser con-
sists of a spectrally broad gain-medium which is contained by two
reflecting surfaces acting as an internal cavity. The internal cavity acts
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to some extend as a frequency discrimina