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A B S T R A C T

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 1S0 ↔ 3P1 transition of
88Srwith 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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1
I N T R O D U C T I O N A N D M O T I VAT I O N

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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2 introduction and motivation

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 133Cs 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 δf. 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-



1.1 passive stabilization of atomic clocks 3

Laser

Output:
  f+δf

 Stability:
reduces δf

Accuracy:
   f → f0

Reference
   cavity

  Atomic
reference

Absolute accuracy Prestabilization

(a)

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 δf. 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)

d)c)

(a)

Figure 2: Frequency accuracy and precision illustrated by red dots on a dart-
board. a) Accurate and precise. b) Inaccurate and precise. c) 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 ν0. To obtain an accurate atomic clock,
the oscillation frequency must be adjusted to match ν0. 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 instability δν

ν can be described in rela-
tion to the fractional length instability δL

L of the cavity [1]:

δν

ν0
= −

δL

L
. (1)

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 τ/Tc. The
Allan deviation can thus be described by [1]:

σ(τ) ∝ 1

Q

1

SNR

√
Tc

τ
∝ 1

Q

1√
N

√
Tc

τ
, (2)

where Q = ν0/∆ν 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 τ 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 133Cs atom , yields a Q-
factor of ∼ 2× 1010. However, using an optical radiation with frequen-
cies of ∼ 100× 1012Hz to probe a narrow transition linewidth < Hz of
an optical clock yields a Q-factor of 1016-1018. Thus the 133Cs-clock
has a fractional precision level of 10−15 [2]. However, state-of-the-art
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(a)

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 σy ≈ 5× 10−17 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 133Cs-clock and fractional precision levels
have reached 10−18 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 10−18 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 Gmirror shows
a signal power intensity in the frequency domain. The main contrib-



6 introduction and motivation

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

Gmirror ∝
4kBT

ω
, (3)

where kB is the Maxwell-Boltzmann constant, T is the cavity mir-
ror temperature and ω is the angular frequency. Using the relation
Gmirror ∼ σ2x, where σ2x is the square of the fluctuations of cavity
mirror position, the cavity mirror fluctuation can be described by its
dependence of its temperature:

σx ∝
√
T . (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.



2
U LT R A - S TA B L E L A S E R S

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 (6 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 124K° has been realized by [5]. Here a linewidth of 40mHz 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 κ is much larger than the narrow transition
probing linewidth Γ 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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8 ultra-stable lasers

[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 Γ and an optical cavity
linewidth κ. These two linewidth may be related to each other in two
different ways as seen in figure 4.

The first way, κ� Γ , 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:

∆νgeneral =
hν

4π

κ2

Pout

(
Γ

κ+ Γ

)2
, (5)
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Γ

Κ
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Frequency

Response

(a)
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Response
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Γ

(b)

Figure 4: Illustrations of the two cavity regimes. The comparisons of the
cavity linewidth κ and the atomic linewidth Γ . a) depicts the good
cavity regime in which κ� Γ and b) depicts the bad cavity regime
in which Γ � κ.

where Pout is the output power. In the good cavity regime (κ � Γ ),
equation (5) reduces to the Schawlow-townes limit linewidth:

∆νgood =
hν

4π

κ2

Pout
, (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 (κ�
Γ ) is employed instead. In this regime, equation (5) reduces to:

∆νbad =
hν

4π

Γ2

Pout
, (7)

where the linewidth limit is dominated by the width of the atomic
linewidth profile. The independence of κmakes 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] νavg = (Γνc + κνa)/(Γ + κ), where the
linewidths for our system are νa ∼ kHz and νc ∼MHz. This descrip-
tion is used when the atomic resonant frequency νa is not identical
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to the cavity resonant frequency νc. Thus if the good cavity regime
is employed, fluctuations in the cavity length will lead to changes in
the cavity resonance frequency νc, resulting in fluctuations in νavg.
This effect is known as cavity pulling and a parameter (P) describing
the system’s sensitivity to cavity pulling is given by [8]:

P =
dνavg

dνc
=

Γ

Γ + κ
. (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 C0 is defined as
C0 = 4g

2/Γκ, where g is the coupling constant between the atom and
the cavity, and Γ , κ are the dissipation terms for a single atom and
the cavity, respectively. C0 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: CN = C0Ncav.
Here Ncav is the total number of atoms within the cavity mode. The
appropriate interpretation of CN 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:

CN = C0Ncav =
4g2

Γκ
Ncav =

Coherent coupling

dissipation
. (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 Γ rate and the cavity decay rate κ, as
seen in figure 5.
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Figure 5: Illustration of coherent coupling of the atom-cavity system g and the two
decay rates (Γ , κ) 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 CN is set by the number of atoms in the cavity
mode and C0 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 CN 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 Γ 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
Γmin = C0Γ [6]. Exploiting a narrow transition linewidth of kHz and
a low single atom cooperativity C0 ≈ 10−4 in the limit of CN > 1, Γ
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 CN > 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 CN > 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
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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.



3
AT O M - L I G H T I N T E R A C T I O N S

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 (88Sr) 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 88Sr 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 88Sr 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 88Sr, which is used in
this work.

Investigating 88Sr, the electron configuration is given by:
(1s)2(2s)2(2p)6(3s)2(3p)6(3d)10(4s)2(4p)6(5s)2 revealing two valence
electrons in the 5s-shell. The two valence electrons both have a spin
component(s1, s2) and both are equal to 1/2. In the ground state of
88Sr, the total spin (S = s1 + s2) is zero, as s1 and s2 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 =

√
l(l+ 1) h), where l 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 (~J = ~S+~L), the quantized values can all be gath-
ered in the Russell-Saunders notation: 2S+1LJ. 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) ∆J = 0,±1 (J = 0↔ J ′ = 0)

2) ∆MJ = 0,±1 (MJ = 0↔MJ ′ = 0 if ∆J = 0)

3) (−1)le = πP(−1)lg No parity changes

4) ∆l = 0,±1
5) ∆L = 0,±1 (L = 0↔ L ′ = 0)

6) ∆S = 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 1S0 ↔ 1P1 transition can be seen to be a strongly
dipole-allowed transition. The 1S0 ↔ 1P1 transition can be accessed
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by using light with wavelength λ = 461nm and has a transition
linewidth of Γ/2π = 32MHz. This transition is a rather broad transi-
tion, meaning that the decay time of the excited stay is relatively short
(τ = 5.22ns). As the 1S0 ↔ 1P1 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 1S0 ↔1 P1 transition is ideal for for cooling
the 88Sr atoms and later confining and trapping them.

Another central transition line is the dipole-forbidden 1S0 ↔ 3P1
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 τ = 22µs, compared to the 1S0 ↔ 1P1 transition. The
linewidth is Γ/2π = 7.5 kHz and is considered narrow compared to
the broad 1S0 ↔ 1P1 linewidth. The other levels in the triplet P-state
are furthermore spin-forbidden, when decaying to the 1S0 ground
state. The 1S0 ↔ 3P2 and 1S0 ↔ 3P0 therefore both have a linewidth
of sub hertz. Whiles a sub hertz linewidth is desirable in our system,
to drive the 1S0 ↔ 3P2 and the 1S0 ↔ 3P0 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 (1S0,1 P1 and 3P1) and
their transitions are sufficient to understand how the cooling and
probing of the 88Sr is executed for our system. However, these lev-
els are not entirely decoupled, as can be seen in figure 6. The 1P1
state can also decay to the 3P1 and 3P2 via the 1D2 state. The atoms
in the 3P1 and 3P2 state are long lived as their decay to the 1S0 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 3P1 state with faster decay time τ = 22µs.
If the 1D2 level decays to the 3P2 state, a resonant laser will re-excite
it to the 3S1 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 3P0 level will re-excite the atom back to the
3S1 level. Thus eventually the 3S1 level will decay to the 3P1 level and
back down to the ground state. The two different resonant lasers driv-



16 atom-light interactions

ing the 3S1 ↔ 3P2 transition and 3S0 ↔ 3P0 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 (λ) Linewidth (γ/2π) Decay time (τ)

a)1S0 ↔ 1P1 461nm 32MHz 5ns

b)1S0 ↔ 3P1 689nm 7.5 kHz 22µs

c)3P0 ↔ 3S1 679nm 1.4MHz 112ns

d)3P2 ↔ 3S1 707nm 6.4MHz 24ns

In conclusion, four laser systems are used, corresponding to the
relevant transition in table 2: A cooling laser with λ = 461nm, a prob-
ing laser system at λ = 689nm for interrogation of the atoms and
two repumping laser with λ = 679nm and λ = 707nm, 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 λ = 689nm 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 λ = 461nm frequency doubled cooling laser set-up is given.
Finally, a breif explanation of the two λ = 679nm -and λ = 707nm

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 discriminator, as it only allows wave-
lengths that fulfil the resonant condition for standing wavelengths:

λm =
2nL

m
, (10)

where n is the refractive index of the cavity material, L is the internal
cavity length and m is the mode number of the internal cavity. The
spectral linewidth of the allowed modes of the internal cavity that
fulfil equation (10), can be described by δν ∝ 1−R√

R
, which is valid for

R > 0.5 where R is the light intensity reflectivity from a single inter-
nal cavity surface. However, the diode lasers do not meet the require-
ments of emission with a spectrally narrow linewidth. Therefore an
external cavity is implemented, by extending the internal cavity with
a mirror. By implementing an external cavity, further restrictions of
allowed modes are set. The result is a emission linewidth which is
more narrow than without an external cavity. In this way, a desired
spectral linewidth of the emission can be obtained. An illustration of
the different linewidths present in an ECDL are shown in figure 7.
The figure shows how the external cavity restricts the modes allowed,
resulting in a further narrowing of the linewidth, compared to the
internal cavity.

The ECDL will typically lase at a frequency ν0 and mode corre-
sponding to the overlap of the three gain spectra, as illustrated in
figure 7. By adjusting the diode temperature and current the inter-
nal cavity length can be changed, granting some degree of control
of the allowed internal cavity modes. The external cavity can also
be controlled to favour certain cavity modes by adjusting the an-
gle of a inserted diffractive grating and or by adjusting the cavity
length. Adjusting these parameters allows for a certain frequency to
be favourable. The end result is a desired frequency ν0 with a spec-
tral linewidth of a few MHz.

Two types of ECDL configurations are used in this work, the Littman-
Metcalf configuration which is used for the λ = 679nm and the
λ = 707nm laser, and the Littrow configuration which is used for
the λ = 689nm and the λ = 461nm laser. The two types of ECDL
configurations are thus described in the following.

The Littman-Metcalf configuration can be seen in figure 8. The
Littman-Metcalf configuration takes advantages of a diffractive grat-
ing which scatters the 0th order light and the −1st order light at dif-
ferent angles. The 0th order light is used as the laser output, whiles
the −1st order light is retroreflected off a mirror and back into the
cavity via the diffractive grating. In the Littman-Metcalf configura-
tion the grating is fixated while the mirror angle is adjustable. The
advantage of the Littman-Metcalf configuration is that the output
beam direction is not affected by changes in the mirror angle. Us-
ing the internal cavity surface as a second mirror, creates an external
cavity with a large length, thus resulting in a set of spectrally narrow
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Figure 7: Illustration of the three different lineshapes relevant for an ECDL (Not to
scale). The diode gain lineshape can be move around the center frequency
µ0 by tuning the temperature of the diode Tdiode. The internal diode
cavity lineshape can be moved around the center frequency µ0 by tuning
the current given to the diode Idiode as well as the temperature of the
diode Tdiode. Lastly, the external cavity lineshape can be moved around
the center frequency µ0 by tuning the length of the cavity LCav and by
adjusting the angle of the grating θgrating with respect to the diode
field. All lineshapes must overlap in order to achieve the wanted laser
emission linewidth.
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Figure 8: Illustration of the Littman-Metcalf schematics used for an External Cav-
ity Diode Laser (ECDL). The light exiting the diode is collimated and
then split on a grating. The −1st order mode is reflected off a adjustable
mirror and sent back into the diode, The 0th order mode is coupled out
of the ECDL and used for a specific purpose. By adjusting the mirror of
the external cavity, the total cavity length can be adjusted independently
of the grating position. Figure adapted from [7].

linewidth. The spacing between allowed modes can be describe by
the Free Spectral Range (FSR) of the external cavity and is given by:

FSR =
c

2nL
, (11)
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Figure 9: Illustration of the Littrow schematics used for an External Cavity Diode
Laser (ECDL). The light exiting the diode is collimated and then split on
a grating. The −1st order mode is reflected off the grating and sent back
into the diode, The 0th order mode is coupled out of the ECDL and used
for a specific purpose. By adjusting the grating position, the total cavity
length can be adjusted. Figure adapted from [7].

where c is the speed of light in vacuum. Using the FSR that incor-
porates the diffractive grating, an expression for the external cavity
linewidth is then given by:

δν =
FSR

F
, (12)

where F is the cavity finesse and is interpreted as the average number
of retro-reflections of a photon in a cavity times π. Equation (11) and
(12) thus state that a linewidth narrowing using an external cavity is
possible by increasing the length (L).

In order to further stabilize the cavity length, temperature stabiliza-
tion of the laser diode is also employed, but will not be mentioned in
details in this dissertation.

The Littrow configuration can be seen in figure 9. The Littrow
configuration also uses a diffractive grating but unlike the Littman-
Metcalf configuration, has no external mirror. The diffractive grating
again splits the collimated light into a 0th order light and the −1st

order light, at different angles. The −1st order light is then directed
back into the diode and forms an external cavity, using the rear end
surface of the diode as a second mirror. In the Littrow configuration
the diffractive grating is adjustable and can be fine tuned using fine-
pitch screw. This ensures the wanted wavelength can be selected.

3.2.1 The 689nm laser

Based on a ECDL configuration, a laser system was set up to probe
the 1S0 ↔ 3P1 transition. As this transition can be used for stabiliza-
tion of an atomic clock, this laser will here forth be referred to as
the ’clock laser’. The clock laser is based on an Littrow-ECDL con-
figuration producing optical radiation with a frequency linewidth
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in the order of a few MHz. The Littrow-ECDL configuration fre-
quency linewidth is therefore further reduced, by an external cavity,
to 6 Γ/2π = 7.5 kHz to match the atomic linewidth of the 1S0 ↔ 3P1
transition. In order to so, an external cavity was build. Exposing the
cavity to radiation with a linewidth ofMHz and exploiting a so-called
Pound-Drever-Hall feedback loop, the laser diode current could be
controlled in order to mode match the high finesse cavity (F ≈ 8000).
A high finesse correlates to a very narrow resonance condition trans-
lating into the emission of radiation with a kHz linewidth, as can be
seen in equation (12). This dissertation does not seek to further ex-
plain the set-up and techniques used to achieve a spectral linewidth
narrower than the natural linewidth of 1S0 ↔ 3P1 transition for the
689nm laser, as my work was limited to frequency control rather than
the frequency stabilization of the clock laser. For a more detailed ex-
planation of the clock laser stabilization, the reader is referred to [8].
However, a detailed explanation of the frequency control of the clock
laser is given in this dissertation.

Due to the inadequate accuracy of a man-made cavity, the central
frequency may lie far from the 1S0 ↔ 3P1 transition frequency of the
atoms. In our set-up the laser frequency ωl was detuned 37.00MHz
from the resonant 1S0 ↔ 3P1 transition with a resonant frequencyω0.
Thus before the radiation with frequency ωl could be used to probe
the 1S0 ↔ 3P1 transition of the 88Sr atoms, it was sent through sev-
eral Acoustic Optical Modulators (AOM), enabling frequency control.
Two different frequencies manipulations were desired in our systems,
both can be seen in figure 10 and both will now be described and
motivated.
The first set-up for frequency manipulation, already in place as I
joined the Cold atoms group at the Nils Bohr Institute, consists of
two double pass AOM’s. The initial frequency of the clock laser (ωl)
propagates through the first AOM (AOM1) with a modulation fre-
quency of ω1 = 345.56MHz. Selecting the light −1st order to prop-
agate back through the same AOM results in a total change in fre-
quency corresponding to twice that of ω1. Afterwards, the light prop-
agates through a second AOM (AOM2) with a modulation frequency
of ω2 = 327.06MHz. However, this time selecting the +1st order to
propagate back through the same second AOM, resulsts in a further
frequency change corresponding to twice that of ω2. Thus the total
frequency change of the clock laser can be described by:

ωl ⇒ ω0 + 2π · (37.00MHz− 2 · 345.56MHz+ 2 · 327.06MHz)
(13)

= ω0.

Thus the clock laser frequency (ωl) is on resonance with the
1S0 ↔3 P1 transition frequency (ω0). The second set-up for frequency
manipulation, which I set up, also consists of two AOM’s. In this
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Figure 10: Illustration of the two different schematics used for frequency control
in our experiment. When manipulating the initial frequency ωl, the
initial light was sent into one of two paths. Following the path into one
of two Acoustic optical modulator (AOM) configurations, the light sent
into the optical cavity is either on resonance with the atomic transition
ω0 or moved one Free spectral Range (FSR) away from resonance to
ω0 + FSR. The 0th order mode from AOM1 is frequency modulated by
AOMπ and the resonant light then enters the experiment at an angle
compared to the light entering the optical cavity. The power level of the
light reaching the cavity is P = 3.8mW

set-up, the goal is to manipulate ωl in such a way, that the laser
frequency can be shifted exactly one FSR away from the resonance
frequency (ω0). In order to do so, the light is again first led through
AOM1, with a modulation frequency of ω1 = 345.6MHz. Again, se-
lection the light −1st order to propagate back through the same AOM,
resulting in a frequency change of the light corresponding to twice
that of ω1. However, a new AOM (AOM3) is inserted and used and
the light then makes a single pass through AOM3 with a modula-
tion frequency of ω3 = 127.02MHz. The light from the −1st order
is then selected, corresponding to a frequency of ω3. Thus the total
frequency change of the clock laser is be described by:

ωl ⇒ ω0 + 2π · (37.00MHz− 2 · 345.56MHz− 127.02MHz)
(14)

= ω0 + FSR.

Here the Free Spectral Range of the cavity is 781.14MHz.
Although the modulation frequency and amplitude of AOM3 are

kept constant, AOM2’s modulation frequency and AOM1’s ampli-
tude are controlled by a computer. By modulating the frequency of
AOM2 in small discrete steps the atomic response is monitored to
find the exact resonance between the light and the atoms. The ampli-
tude modulation of AOM1 is also controlled by a computer, in order
to maintain a constant output power. The amplitude modulation is
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done to counteract thermal perturbations of the optical fiber (as seen
in figure 10), that otherwise will result in intensity fluctuations of the
frequency manipulated light. As the laser beam travels through the
two set-ups, it loses power at every surface it meets. To achieve suffi-
ciently high power at the experiment stage, the initial power output
of the λ = 689nm ECDL is not sufficient. Higher power levels can be
achieved by injection-looking a slave-diode laser to the λ = 689nm

ECDL laser, making the λ = 689nm ECDL laser a so-called master
laser. The method of injection locking will be treated in section 3.2.2.

The original λ = 689nm ECDL linewidth has thus been manipu-
lated in order to achieve a linewidth similar to that of the 1S0 ↔ 3P1
transition linewidth (7.5 kHz) and by frequency control, the frequency
in the first set-up, is shifted to match that of the resonant transition
1S0 ↔ 3P1 transition or in the second set-up, is shifted by one FSR
with respect to the cavity. After the frequency control, the light is
coupled into the cavity by an optical fiber. However, a fraction of the
cavity coupled light leaks out of the cavity mirror and is recorded. Us-
ing a feedback system controlling a piezo-element, the cavity length
can be stabilized to match the resonance condition of the manipu-
lated light of both ω0 and ω0 + FSR. If the light entering the cavity
has a frequency of ωl = ω0, the atoms can be expected to inter-
act with the cavity coupled light. However if the light entering the
cavity has a frequency of ωl = ω0 + FSR, an Electrical Optical Mod-
ulator (EOM) is applied to the light field, before coupling with the
cavity. The EOM is modulated with a frequency of exactly one FSR
of the cavity, thereby creating two frequency components (sidebands)
around the initial frequency component (carrier), with an equal but
opposite amplitude proportional to the modulation amplitude. Thus
applying an EOM to the light entering the cavity, results in one of the
sidebands being resonant with the 1S0 ↔ 3P1 transition. The power
level of the sidebands can then be altered by tuning the modulation
amplitude of the EOM. This method is later referred to as sideband
probing. When using the second set-up, allowing for sideband prob-
ing, the cavity is kept stabilized to the resonant carrier with a large
amplitude, located one FSR away from the 1S0 ↔ 3P1 transition. Thus
the sideband, resonant with the 1S0 ↔ 3P1 transition, can then poten-
tially be removed without disturbing the cavity stabilization scheme.
Keeping the cavity length stabilized, ensured that radiation from the
1S0 ↔ 3P1 will still be resonant with the cavity. This will be crucial,
when detecting collective emission without a continuous intra-cavity
field resonant with the 1S0 ↔ 3P1 transition.

The λ = 689nm ECDL light with the kHz linewidth with frequency
ωl, is further more used for a pulse-laser set-up. In our experiment,
the purpose of a pulse-laser set-up, is to deliver a coherent radiation
pulse, resonant to the 1S0 ↔ 3P1 transition, resulting in a coherent
excitation to from the ground state to the 3P1 state. If the atom coop-
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Figure 11: Illustration of the spatial overlap of the pulse-laser mode entering at
an angle compared to the intra-cavity field mode and the MOT volume
(Not to scale).

erativity is larger then the atom-cavity dissipation processes, a collec-
tive emission of the atom ensemble may be detected, as described in
section 2.3. Therefore, the set-up of such a pulse laser is treated.

3.2.2 Pulse-laser set-up

The pulse-laser is central to achieving collective emission. The pulse-
laser emits so-called π-pulse of radiation that excites the atoms coher-
ently from the ground state to the excited 3P1 state. The construction
of the pulse laser and the considerations in doing so, are now treated.

As seen in figure 10, the 0th order light exiting AOM1 was sent
through AOMπ with an applied modulation frequency of 37.00MHz.
The resonant −1st order light was then led into the cavity x-y-plane
at an 45◦ angle with respect to the cavity axis as seen in figure 11.
Furthermore a pulse-generator is connected the AOMπ. Thus only
a pulse of the −1st order resonant light with a set duration tπ, will
be led into the cavity x-y-plane at an angle, instead of a continuous
beam. The polarization of the pulse-laser light is also investigated
and is treated in section 5.1.3. As the light passes through AOMπ, the
pulsed laser light achieves a maximum power of P = 3.8mW. Other
set parameters of the pulsed laser light is the area (A) of the applied
pulse. The area of the applied pulse is measured using a CCD-camera.
Taking beam divergence of the pulsed laser leaving AOMπ into ac-
count, the FWHM of the intensity profile is then measured, which
results in A = 1.19mm2. Given a saturation intensity I0 = 3µW/cm2,
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a theoretical optimal pulse duration can be found when fulfilling the
relation between the π-pulse power and pulse duration:

P =
2I0π

2A

Γ2t2π
. (15)

The pulse duration tπ is thus calculated and set to 1.8µs. However,
equation 15 does not take atomic decoherence into account. An ex-
perimentally obtained optimum is thus found to be 2µs. These pa-
rameters are used to obtain the experimental results presented in
section 5.1.3. However, higher power levels were later wanted. In or-
der to achieve greater power levels, I build an injection-locked laser
which would mimic characteristics of a already existing laser beam
but would provide greater power levels.

Exploiting a well known phenomena of oscillating systems, two os-
cillators can come to oscillate with identical frequency, by coupling
via a mediating light field. In this case the relatively weak laser with
a insufficient power level (master laser) is sent into a already lasing
slave laser. In this system the master laser is shone into the slave laser
diode with a bandwidth including which includes the wanted lasing
frequency. The incoming master laser is furthermore beam shaped
to match to spatial dimension of the slave lasers beam. It is now
expected that the master lasers frequency will be amplified by the
gain medium of the slave laser. If the amplified master intensity is
larger than the natural modes of the slave laser intensity, the mas-
ter laser will dominate the slave lasers emission. This emission will
then inherit the master lasers frequency. The difference between the
linewidth and maximum gain lasing wavelength, of the slave-diode
which is not injection-locked and the slave-diode which is injection-
locked, can be seen in figure 12. Here the dominating wavelength can
be seen to move several nanometers. The dominant wavelength will
lase with a given power level, determined by the slave diode. The
slave-diode laser will only lase at a threshold current, which shown
in figure 13. The achievable power level is limited by the maximum
output power of the slave laser diode (∼ 30mW).

Thus the injection-locking scheme is inserted into the existing scheme
and can be visualized in figure 14. In figure 14 the master laser light
with P = 2.7mW is injected into the slave laser diode through a se-
ries of wave-plates and lenses. In order to couple correctly the op-
tical isolator (or Faraday isolator), the master laser beam must be
sent through a λ/2-plate to match the polarization axis of the po-
larization beam splitters inside the optical isolator. Furthermore the
spatial dimensions of the beam must not exceed the in-coupling hole
of the isolator. The master light leaving the isolator is sent through
a λ/2-plate and then again spatially manipulated in order to match
the preferred intrinsic elliptical mode of the slave laser diode. The
output elliptical light from the slave laser diode now passes through
the same lenses, creating a circular Gaussian beam. Passing through
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Figure 12: a) Plot of the linewidth from the injection-locked laser diode. The first-
axis shows the given wavelength and the second-axis shows the photon
number count. The diode is injection locked by a laser with a desir-
able linewidth and central frequency. Thus an optimal injected slave
laser inherent these properties. The linewidth is thus smaller compared
to the non injection-locked diode and the center frequency is moved to
the desired wavelength λ = 689nm. b) Plot of the linewidth from the
non-injection-locked laser diode. The first-axis shows the given wave-
length and the second-axis shows the photon number count. The non-
injection-locked diode is left to laser and is dominated by the internal
gain medium with a broad linewidth. The dominate gain mode radiates
at a wavelength λ = 686nm.
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Figure 13: Plot of the laser diodes output power as the diode current is varied.
The diode laser is not injection-locked and will at threshold current of
Idiode = 54mA start to lase. The injection-locked laser is expected
to have a lower lasing threshold current as extra energy is provided
through the master-lasers injection field.

the λ/2-plate once more insures that output light from the slave laser
matches the conditions that allows the light to pass through optical
isolator, thus deviating from the incoming light of the master laser.
This light is now sent through AOMπ in the same manner as previ-
ously described, but now with a power level of P = 19.7mW.

In order to ensure the optimal conditions of inheriting the master
laser frequency, the internal cavity length of the slave laser diode can
be manipulated to optimize conditions for the wanted frequency and
suppress the natural frequencies of the slave laser diode. The internal
cavity length is manipulated by controlling the temperature of the
slave laser diode. Thus the amplification of the injected master laser
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Figure 14: Illustration similar to figure 10, but with an injection locked slave laser
using the the 0th order mode of AOM1. To obtain high transmission effi-
ciency through the optical isolator (OI), the beam is collimated and given
the correct polarization. Before reaching the slave laser diode the light is
again shaped of rotated to meet the diodes internal cavity conditions. As
the light leaves the diode, it is once more sent through collimation lenses
and further rotated to fulfil the conditions of direct transmission through
the OI. The light is frequency manipulated through AOMπ to match
the atoms resonance condition, however with a power of P = 19.7mW
compared to figure 10.
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Figure 15: Plots of output power of the slave diode when injected (a)) and not in-
jected (b)) by the frequency stabilized master laser. The first-axis show
the output power and the second-axis axis show this modulation sig-
nal. The slave diode current was periodically modulated by an external
modulation signal in order to detect output power stability levels. Hys-
teresis is observed during modulation of the injected laser, however the
slave laser output was stable roughly over the entire flat plateau, when
the laser current was kept constant. The slave laser was optimized with
the parameters: I = 86.67mA and T = 25C°.

dominates the slave laser emission for a span of the slave diode cur-
rent. Figure 15 shows transmitted slave laser output power when the
slave laser current is modulated. A difference in the modulated power
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level is observed between the injection-locked slave laser and the non-
injection-locked slave laser. For the injection-locked power output, a
flat plateau is observed which indicates that the gain medium of the
slave laser is dominated by the master laser for the current span ap-
plied to the slave diode. A wide plateau is here desired which results
in a stable lasing mode. In order to optimized the plateau a good
overlap between the modes of the master -and slave laser is desired
and optimal values for the current and temperature is needed. For an
output power of P = 19.7mW the optimal current and temperature
are I = 86.67mA and T = 25 ◦C.

In order to ensure an optimal overlap between the intra-cavity
field, pulse-laser and the atoms, the atoms most be fixated to a op-
timal desired position. To understand how the atoms position are
manipulated, an understanding of the 461nm laser used to access
the 1S0 ↔ 1P1 cooling transition is given.

3.2.3 The 461nm laser

In order to probe the atoms as described above, the atoms must first
be cooled and trapped. Whiles the techniques used for cooling and
trapping is described later in section 4, the 461nm laser used in this
technique is described now.

When cooling and trapping the atoms is desired, the 1S0 ↔ 1P1
transition can be used, as seen in figure 6. Therefore, a laser emit-
ting the resonant radiation of λ = 461nm must be produced. In
contrast to the other lasers mentioned in this work, the λ = 461nm

laser diode does not contain the desired frequency in the linewidth
of the laser-diode of the ECDL, as lasing diodes with this frequency
have only just become commercially available. In the light of this, this
Master student was granted 30.000DKK, as seen in appendix A, by
the Siemens foundation in order to buy a blue diode, containing the
λ = 461nm in it’s linewidth, with associated current -and tempera-
ture controls. However, the granted blue diode was is not was not
implemented in any work associated with this dissertation. Instead
the granted blue diode was injection-locked and used for power am-
plification in a second Strontium experiment at the Cold atoms group
at the Nils Bohr Institute. The second experiment will be mentioned
in section 6. However, in this work the desired frequency is obtain
by frequency doubling of near infrared laser-diode with a center fre-
quency of λ = 922nm. Only a brief mentioning of the frequency
doubling technique will be given, as my work did not include the
inner workings of the λ = 461nm laser. For a thorough description
of inner works of the λ = 461nm laser used in this work, the reader
is referred to [8].

Following [7], the general set-up consists of the λ = 922nm diode
in the Littrow ECDL configuration. The generated light is sent through
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a Master Oscillator Power Amplifier (MOPA) which increases the
power from P = 17mW to P = 800mW. The power amplified light
then enters a bow-tie cavity with a LINiO3 crystal inside, producing
the desired frequency doubled light of λ = 461nm.

The frequency doubling occurs as result of the light interacting
with a material in a non-linear manner, taking advantages of the ma-
terial’s finite second-order non-linear susceptibility χ2. The polariza-
tion (P(t)) of a material is given by the dipole moment per unit vol-
ume. Thus the motivation for using a MOPA, increasing the applied
E-field (E(t)), is given. Also the bow-tie cavity will decrease the waist
size of the light thus focusing the applied E-field into an even smaller
volume of the LINiO3 crystal. The polarization can be described by:

P(t) = ε0[χ
(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + ..], (16)

where ε0 is free space permittivity. In equation (16) the polarization
is seen to scale as the nth order power of the E-field.

Describing the inner dynamics of the crystals χ(2), which lead to
frequency doubling via three-wave mixing is required. Here two de-
generated incident fields add up and excite the atoms in the crystal
lattice, which then decays to a single output field with double fre-
quency. Given a monochromatic incident field E(t) = Ae−iωt + c.c
interacting with χ(2) in the crystal, leads to a second-order polariza-
tion:

P(2) = ε0χ
(2)E2(t) = 2ε0χ

(2)AA∗ + (ε0χ
(2)A2e−i2ωt + c.c).

(17)

As there is no time-dependent parameter in the first term in equation
(17), it can simply be interpreted as a static field in the crystal. How-
ever the second term in equation (17) does have a time dependency.
This term oscillates at 2ω and can be interpreted as a coherent light
at twice the frequency of the incident field.

This process of frequency doubling however has a rather low ef-
ficiency. The external bow-tie cavity thus increase the efficiency of
the conversion process by reflecting and keeping the infrared radia-
tion inside the cavity, thus amplifying the infrared intra-cavity field
by increasing the number of infrared photon interactions with the
crystal. The cavity results in an intra-cavity power amplification of
Pcavity ∝ FPin, where F is the finesse and can be interpreted as
the number of round trips the photon takes before leaving the cavity.
The cavity mirrors are coated in such a manner, that whiles most of
the infrared light is reflected and thereby staying inside the cavity,
the majority of the frequency doubled blue light will be transmitted.
The frequency doubling using a bow-tie cavity set-up has an output
power of ∼ Pout = 70mW, resulting in an efficiency of η = 10%.
As the frequency is doubled, so is the linewidth of the incident field.
However the cooling transition is rather broad an thus the linewidth
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doubling is not a problem.
As the 1S0 state is not entirely decoupled from the triplet P-state,

a scheme must be implemented to ensure the further decay to the
ground state. This scheme is now treated.

3.2.4 The 679nm and 707nm repumping lasers

During the cooling process, the 1S0 ↔ 1P1 transition is exploited. De-
cay from the 1P1 level to the long lived 3P2 state can cause a decrease
in the available number of atoms in the ground state. Therefore two
so-called repumping lasers are implemented to ensure that the 3P2
and 3P0 states, can decay to the ground state via the 3P1 level.

The two repumping laser are constructed using the Littman-Metcalf
configuration, which are mounted on a monolitic mount. The mono-
litic mount is then temperature stabilized and the whole construction
is then place in a metal box, to insure as little disturbance to the sys-
tem as possible. Thus it was possible to adjust the lasing frequency
to match the transition of the 3S1 ↔ 3P2 and 3S1 ↔ 3P0 repumping
transitions. Implementing these two laser resulted in an 10 times in-
crease of atoms in the ground state.

Focus will now be shifted towards utilizing the 461nm laser. Here
the experimental set-up and techniques used for cooling and trapping
the atoms will be discussed.
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E X P E R I M E N TA L S E T- U P A N D T E C H N I Q U E S

A detailed explanation of the different stages of cooling and fixat-
ing the atoms is given. As the atoms are fixated, their temperature
is determined and is related to atomic decoherence. Other sources
of atomic decoherence is then treated. Here, a mechanical light shut-
ter is implemented to reduce decoherence originating from remnant
cooling light and the results are reported. Then the atom-cavity emis-
sion, hinted in section 3.2.1, is described and the relationship between
the emission and the induced atomic phase is given. Having shown
the how the atomic phase is related to the atom-cavity emission, a
technique for signs of coherent emission is then implemented and in-
vestigated. Lastly, an experimental overview of the atom-cavity-laser
set-up is given.

4.1 cooling and fixating the
88Sr atoms

An overview of the different stages that the 88Sr atoms go through
in our experiment, is now given. At first the 88Sr atoms, being in
a solid sate, are warmed up in an oven creating a gas state. The
atoms then diffuse through a hole in the oven, creating a thermal
beam with an initial velocity of 515m/s. However, in order to take
advantages of the narrow transitions of the 1S0 ↔ 3P1 transition, the
atoms must be cooled down to a few millikelvin, thereby reducing the
Doppler broadening of the transition which otherwise would result
in a large decoherence. The cooling of the atoms can be achieved by
exposing them to the two dimensional optical molasses lasers, insur-
ing a velocity-compressed beam with only one dominating velocity
component, thus primarily propagating in a desired direction. The
radiation form the 461nm laser is shone in the opposite direction
of the atoms propagation direction resulting, thus exploiting the mo-
mentum that the photons carry. In order to make the thermal atomic
beam resonant with the 461nm laser light, a so-called Zeeman slower
perturbs the atoms with a position dependent magnetic field, bring-
ing the atoms into resonance. The atomic beam leaving the Zeeman
slower now travels at an average speed of ∼ 30m/s in the desired
direction. Lastly, the atoms are caught in a so-called Magneto-Optical
Trap (MOT). The MOT reduces the atoms velocity to an average of
∼ 1m/s, corresponding to a temperature of only a few millikelvin.
By using this cooling and fixating set-up the Doppler broadening is
reduced and thus the decoherence is diminished.

31
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Central to our cooling and fixating of the 88Sr atoms, is the 461nm
laser beam (or cooling light). This is therefore described further

4.1.1 Cooling light

At first, natural Strontium is inserted into the oven, in its initial solid
state form. After a vacuum has been created inside the oven, it is
then heated from room temperature to a temperature of T = 520C°.
The increase in temperature, results in an evaporation of the 88Sr and
thus a thermal cloud of 88Sr is created. A beam of thermal atoms now
diffuse from a 1.2mm hole embedded into the oven. Due to the finite
temperature of the thermal atomic cloud, the atoms diffusing from
the oven hole have an average initial velocity, in the direction of the
propagation axis (x’-axis). Here x’ indicates an axis which lies at an
45° angel between the x-axis and y-axis, as shown in figure 19. The
initial average velocity can be calculated using the kinetic theory of
gasses:

〈vx ′〉 =
√
9π

8

√
kBT

M
. (18)

When Boltzmann’s constant (kB), the atomic weight (M = 88u) of
88Sr and the temperature (T ) are inserted into equation (18), it re-
veals that 〈vx ′〉 = 515m/s. In order to avoid Doppler broadening of
the 1S0 ↔ 3P1 transition linewidth, the atomic beam must be slowed.
To do so, a 461nm laser beam of photons propagates in the opposite
direction of that of the atoms (negative x’-direction), exploiting that
the a single photon in the beam carries momentum p =  hk, where
the wavenumber (k) is given by k = 2π

λ . Thus the atoms absorb the
photons’ momentum, and by conservation of momentum, loss mo-
mentum in their direction of propagation. Following [7], the length
required to bring the atoms to a full stop using the momentum of the
cooling light is pursued.

A two-level atom, with a ground state |g〉 and an excited state |e〉
is considered. An atom carrying momentum (patom = M〈vx ′〉) is
initially in a ground state. The atom then absorbs a photon with mo-
mentum (p =  hk). According to conservation of momentum, the atom
then has p = patom − pphoton. However, as pphoton � patom, a
large number (∼ 5000) of photons are needed in order to cancel out
the initial momentum of the atom. To utilize the absorption of a large
number of photons, a broad atomic transition with a fast decay rate
is ideal. Using a broad transition line with a fast decay rate, will opti-
mize the number of absorbed photons per second.
After absorbing a photon the atom, now in an excited state, sponta-
neously emits a photon. The spontaneously emitted photon is emitted
in an arbitrary direction in the the 3-dimensional space, resulting in a
change of the atoms momentum in an undesired direction. However,
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the direction change arising from the spontaneously emitted photons,
average to zero. Thus, only the momentum of the absorbed photons
originating from the cooling light contribute, when averaging over
the relevant time-of-flight time-scale. The result is a net scattering
force acting on the atoms in the negative x’-direction [10]:

F0 =  hkγρee =
1
2
 hk I
Isat

Γ

1+ I
Isat

+ (2δγ )2
, (19)

where ρee is the so-called probability density matrix element, the sat-
urated intensity is Isat = πhc

3
γ
λ3

and δ = ωl −ωa is the detuning of
the laser with respect to the atomic transition. The 1S0 →1 P1 transi-
tion used to slow the atoms can be seen in figure 6 and has the decay
rate Γ/2π = 32MHz.

In order to translate the force from equation (19) into a stopping
length, the case of zero detuning and high intensity (I > Isat) is con-
sidered. The maximal force that can be obtained is thus Fmax0 = 1

2
 hkΓ ,

leading to a maximal acceleration [10]:

amax =
Fmax0

M
=

 hk

M

γ

2
. (20)

Here the recoil velocity can be identified as vr =
 hk

M
= 9.8× 10−3m/s,

and can be thought of as the atom at zero velocity absorbing a single
photon. This translates into a minimum stopping length of [10]:

Lmin =
〈vx ′〉2

2amax
. (21)

Inserting the relevant values into equation (21) reveals a minimum
stopping length Lmin = 0.13m. However, stopping the atoms with
the maximum force results in an unstable slowing process. Therefore
a rule of thumb is exert only half the maximum scattering force on
the atoms 12F

max
0 , resulting in a stopping length twice as large.

The premise for stopping a maximal number of atoms, is requiring
the atoms to move in a one dimensional beam with a velocity compo-
nent primarily in the x’-direction and a minimal velocity component
in the two transverse directions. However, large transverse velocity
components may be present, resulting in a reduced number of atoms.
Therefore a so-called optical molasses technique is used to diminish
transverse velocity components is provided in the following section
4.1.2. As the atoms in this experiments already have a sufficiently low
transverse velocity components, this technique is not implemented at
the oven hole. A brief description of this technique is however pre-
sented now as the technique provides inside into the wanted atomic
compression in velocity space and is used for implementing the MOT.
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4.1.2 2-dimensional optical molasses technique

As the atoms diffuse from the oven hole as mentioned above, the
atoms will have a primary velocity component vx ′ , but may also have
significant transverse Maxwell-Boltzmann distributed velocity com-
ponent (vz ′ ,vy ′). The result of this is an undesirable deviation from
the x’-axis, creating a cone-like shape of atoms diffusing from the
oven hole as a function of the travelling time. As the atoms velocity
components are diminished in the x’-axis the transverse velocity com-
ponents become very significant for a later position dependent fixa-
tion. To reduce the transverse velocity components, the atoms can be
met by two counter-propagating beams in each transverse direction,
just as the atoms have diffused from the oven hole. In each trans-
verse dimension, the counter-propagating beams will exert a total
force FOM on the atoms, given by [11]:

FOM = −αv =  hk
Γ

2

I

I0

 1

1+

(
2(δ− kv)

Γ

)2 −
1

1+

(
2(δ+ kv)

Γ

)2
 .

(22)

Here α is the damping coefficient of the velocity (v), Γ is the resonance
probing transition and δ is the detuning compared to the resonance
probing transition. This equation holds true when the intensity is
much smaller than the saturation intensity (I� I0), thus avoiding sat-
uration broadening from the counter-propagating beam. In the case
where the atom has no transverse velocity component (and therefore
no additional frequency component), the two terms in the parenthe-
ses in equation (22) exactly cancel each other. The result is a net force
equal to zero, as can be seen in figure 16. However, if an atom does
have a transverse velocity component, it will interact and be slowed
by the laser beam radiating in the opposite propagation direction,
compared the atoms transverse velocity component. The damping is
proportional to the slope of the force curve at zero velocity.
Thus, optical molasses technique may reduces unwanted velocity com-
ponents of the atoms and thus maximizes the atom density in the
wanted velocity-space. However, to maximize the atom density in
position-space, other techniques must be implemented as well.

4.1.3 Zeeman slower

Having maximized the atomic density into a 1-dimensional beam in
velocity-space, the atoms are ready for cooling in the x’-direction be-
fore reaching the MOT. This is done with a so-called Zeeman slower
which is depicted in figure 17. Due to the finite velocity (vx ′) of
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Figure 16: Illustration of the force of the two counter-propagating lasers as a func-
tion of the velocity. The dotted blue lines represent the force of each laser
in 1 dimension. The full black line is the force sum of both lasers in one
dimension. The force-damping term α in equation 22 is proportional to
the slope at v = 0.
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Figure 17: Illustration of the schematics of a Zeeman slower. As atoms effuse from
the oven hole, a beam of thermal hot atoms move with a large velocity
vthermal propagating down through the Zeeman slower coils. The two
halves of the coils have current running through them in opposite di-
rections, which results in a field change from negative to positive. By
implementing such a magnetic field configuration, all the atoms in a ini-
tial velocity distribution are brought into resonance at some point along
the Zeeman slower axis. Atoms with an initial high velocity are brought
into resonance early whereas atoms with initial low velocity are brought
into resonance later, due to the gradually decline magnetic field strength.
The Zeeman slower is constructed in such away that the atoms will have
a non-zero velocity vslow when exiting. The cooling light is tuned to be
in resonance with the atoms at the halfway point where the current is
reversed. Due to the same halfway reversal the magnetic field perturba-
tion dictates that resonance with the atoms only be possible when using
positive circular polarized light  h. Figure is adapted from [20].

the atoms, the laboratory frame of reference resonant transition fre-
quency (ω0) is Doppler shifted by [10]:

ωD = ω0 − kv = ω0

(
1−

v

c

)
. (23)

It is seen by examining equation (23), that the Doppler shift depen-
dent on the atom velocity. The velocity of an ensemble of atoms
in a single dimension, is described by the 1-dimensional Maxwell-
Boltzmann distribution. However, a thermal beam diffused from an
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oven hole will in general have a higher flux of atoms with a large ve-
locity component in the propagation direction (x’-direction). A good
description of the 1-dimensional velocity distribution is given by [10]:

fthermal(vx ′) =
v3x ′

2ṽ4
exp

(
−
v2x ′

2ṽ2

)
, (24)

where ṽ =
√
3kBT
M is the most probable velocity, and vx ′ is the veloc-

ity of an atom moving in the x’-direction. However, the velocity of a
atom changes as the atom interacts with the cooling light and thus so
does the Doppler frequency shift.

In the case where no magnetic field perturbs the atoms (B = 0),
the slowing of the atoms will be left to the force of the counter-
propagating cooling beam. The velocity dependent force is given by
[12]:

F = F0 −βvx ′ , (25)

where β is the damping-coefficient of the velocity dependent term.
The force is linearly proportional to the velocity and if the velocity-
independent term (F0 = 0) is neglected, the atoms would come to a
full stop. However, if the velocity-independent term is not neglected
(F0 6= 0) the atoms would still experience a force acting on them as
they have come to a full stop and thus would begin to move in the
negative x’-direction. This is undesirable.

As a position sensitive magnetic field (B(x ′)) perturbs the atoms,
the result is a position dependent Zeeman shift of the atomic cooling
transition, that cancels the atoms’ Doppler shift, thus bringing the
atoms into resonance with the cooling laser. In order for the cooling
laser frequency (ωl) to stay in resonance with the moving atoms with
velocity v ′x, the atomic resonance in the laboratory frame (ω0) should
be perturb by the position dependent magnetic field and follow the
relation [10]:

ω0 +
µBB(x

′)
 h

= ωl + kv, (26)

where µB is the atomic magnetic moment. A desirable magnetic field
profile can be obtained by applying a uniform magnetic field gradient
along the x’-axis [10]:

B(x ′) = B0

(
1−

x ′

x ′0

)1/2
+Bbias, (27)

for 0 6 x ′ 6 x ′0. Here x ′0 is the length of the coil and B0 = hv0
λµB

. If
µBBbias '  hω−  hω0 and ω = ω0 the atoms will come to a full stop
at the end of the coils. It is instead beneficial to leave the atoms with
a small velocity so that they can moved into the region of the MOT
where the measurements of the atoms are performed. A configura-
tion where the magnetic field drops to zero and is then reversed is



4.1 cooling and fixating the
88Sr atoms 37

favourable as it gives the same decrease in velocity for a given change
in B0. Furthermore as this magnetic field configuration requires a
smaller field magnitude, less current turns are needed and as the
coils have current running in opposite directions compared to one
another, the two fields tend produces less field at x ′ > x ′0. Also, this
configuration creates a sharp cut-off in field magnitude. This sharp
cut-off help the atoms leave the Zeeman slower cleanly, as the atoms
see a sudden increase in detuning of the cooling light, which cuts the
radiation force applied to them. Thus the atoms leave the Zeeman
slower with a final velocity vf ≈ 30m/s. This technique insures that
any atom with a velocity in between the initial -and final velocity will
interact with the cooling laser at some position along the Zeeman
slower and will thus be slowed.

The Zeeman effect caused by the applied magnetic field to the
atoms, perturb them and results in Zeeman shift in energy [10]:

∆EZE =MJgJµBB(x
′). (28)

Here the g-factor of the total angular momentum is
gJ =

3
2 +

S(S+1)−L(L+1)
2J(J+1) . For the 1S0 → 1P1 transition in the 2S+1LS+J

notation, it can be seen that as ~S = 0 and ~L = ~J revealing gJ = 1. For
the ground state 1S0, the projection of the total angular momentum
~J, is seen to be MJ = 0. Inserting MJ = 0 into equation (28), shows
no Zeeman energy shift. However, when considering the excited state
1P1, MJ = 0,±1. For MJ = 0, equation (28) again shows an unshifted
level. For MJ = ±1, equation (28) shows a energy splitting, shifted
by ±EZE compared to MJ = 0 of the excited state. The three levels
of MJ correspond to different spin-orientations with respect to the
quantization-axis (z-direction) given by the applied magnetic field.
These levels can be talked to with different polarisations of the light.
However, as the magnetic field is switch halfway through the Zeeman
slower, resonance is only possible for positive circular polarized light,
(+ h), interacting with excited state. Thus by looking at figure 17, the
cooling light will have a circular polarization corresponding to +σ for
the left-most half of the Zeeman-slower, and −σ for the right-most
half of the Zeeman slower.

The atoms are thus cooled enough to be compressed and fixated in
at specific and desired position. This is done by applying a MOT.

4.1.4 Magneto-Optical trap and temperature of atoms

The MOT is created by combining the 3-dimensional optical molasses
technique with a specific magnetic field configuration. Using the op-
tical molasses technique ensures a velocity dependent restoring force,
whiles combining it with a magnetic field ensures that the restoring
force becomes position dependent as well. This method is used to
cool the atoms into the milliekelvin regime and thereby minimizing
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Figure 18: Schematics of a 1-dimensional MOT which show an illustration of the
energy level splitting for an atom with a J = 1 and J = 0 transition, as
the magnetic field strength increases. As the atoms move away from z =

0 the magnetic field increases the Zeeman energy splitting, making the
atoms resonant with the detuned cooling light. Electronic spin pointing
in the same direction as the magnetic field will have a larger energy
than opposite spin. Two counter-propagating cooling beams irradiate
the atoms, with a negative circular polarization − h in order to access
the MJ = −1 level.

the effects of Doppler broadening on 1S0 ↔ 3P1 transition linewidth.
The magnetic field is produced by two coaxial coils in a anti-Helmholtz

configuration, above one another in respect to the z-axis. By running
current through the coils in counter-propagating directions, a field is
creates which points out of the center of the coils in the z-direction,
whiles simultaneously creating a uniform inward pointing field in the
x-y-plane. As the field strength increases, so does the energy splitting
of the 1P1 state as was described in equation (28). This is easily visu-
alized for the 1-dimensional case, as seen in figure 18. The atoms
are furthermore exposed to radiation, using a 3-dimensional opti-
cal molasses technique. The radiation from the 3-dimensional optical
molasses lasers are slightly detuned, resulting in a laser frequency
slightly below the resonance of the MJ = 0 sub-level for the 1P1 state.
As the atoms move away from the center, the Zeeman effect splits
the MJ = 0 sub-level, and the MJ = −1 sub-level becomes resonance
with the slightly detuned cooling light. Thus, even if the atoms are
stationary in a region of non-zero B-field, the magnetically induced
energy shift results in a non-zero force, forcing the atoms back into
the desired position at the MOT center. If the atoms has some finite
velocity, they will experience a damping force, described in equation
(22) via the lasers of the optical molasses technique. Keeping with the
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1-dimensional picture in figure 18, the frequency shift can be incorpo-
rated into the description of the scattering force in equation (19) from
[10]:

FMOT = −αv−
αβ

k
z. (29)

This leads to a restoring force with an additional term
αβ

k
z acting as

a spring constant, with β =
gJµB

 h
dB
dz . As the atomic 1P1 energy level is

split, the cooling light must also have a specific polarisation in order
to access the different sub-energy levels of J. In the case of z > 0, the
lowest laying energy level is MJ = −1. As the cooling light frequency
is slightly detuned, this is the desired level to access. This transition
requires a light with σ−, achieved with handedness − h, to be excited.
In the case of x,y > 0, the lowest laying energy level is MJ = −1. This
transition requires a light with σ−, achieved with handedness + h,
to be excited. In this manner, an atomic cloud can be form, as both
the atomic density in position -and velocity space can be controlled.
Combing all the above features, result in figure 19.

After the atoms have been confined, their temperature is measured.
Atoms with high temperature have a larger Doppler broadening which
translate in to atomic decoherence. The lower limit temperature of
Doppler cooled atoms (TD) follows [10]:

TD =
 hΓ

2kB
. (30)

Here the cooling transition linewidth (Γ ) dictates the lower limit of the
temperature. In principle, by implementing a MOT using laser prob-
ing a narrow linewidth, compared to the broad cooling linewidth
32MHz, a further cooling of the atoms could be achieved. This is
however not implemented in the work of this dissertation. TD merely
gives a lower limit of the atoms temperature using optical molasses.
To find the true temperature of the atoms would reveal the level of
decoherence originating from the Doppler broadening. As I was co-
supervisor on a project group in the Cold-atoms group at the Nils
Bohr Institute, a numerical simulation predicting the atom tempera-
ture was developed in cooperation with the authors of paper [13]. The
simulation is based on measuring the fluorescence emitted by irradi-
ated atoms. It is thought that by turning off the MOT the atoms will
diffuse away from the center of the trap, escaping at a rate dependent
on the atoms temperature. As the atoms’ propagate away from the
center of the trap, the fluorescence levels are expected to be reduced
just as the MOT is switched on again. Thus by comparing the numer-
ical simulation to actual measurements of reduced fluorescence, an
average temperature of the atoms can be given.

The simulation initially considers at a group of atoms caught in a
MOT. The density of atoms are normally distributed in the 3-dimensional
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Figure 19: Illustration of a 3-dimensional MOT. The 3-dimensional MOT is a com-
bination of a 3-dimensional optical molasses technique with a specific
magnetic field configuration. 3 pairs of counter-propagating beam irra-
diate and cool the atoms in each of the three directions (x,y,z). The two
coils with current running through them in opposite directions, creates
a magnetic field in opposite direction. The constructed magnetic field has
field lines exiting at the center of each coil in the z-axis , whiles simulta-
neously creating a uniform inwards pointing field in the x-y-plane. At
the center of between the coils, the magnetic field is zero. A the atoms
move away from the center, the magnetic field configuration shifts the
MJ = −1 to lower energies in all directions, thus bringing the atoms
into resonance with the cooling lasers. The handedness of the relevant
cooling beams are depicted in the figure and all are chosen so that all the
beams have σ− polarization. Figure is adapted from [20].

space, with a common standard deviation, σx. The atoms also have
an initial velocity distribution in each direction in the 3-dimensional
space, obeying a Maxwell-Boltzmann distribution with standard de-

viation σv =
√
kBT
M . Furthermore, the cooling lasers in all three di-

mensions are said to have an intensity which is also Gaussian dis-
tributed with a standard deviation σI. For a rigorous explanation of
these parameters, the reader is referred Appendix B. Now the correct
question to ask is how much the intensity level is reduced compared
to the normalized initial intensity level, as a function of duration of
cooling light switch-off time. This is a good question to ask, as the
intensity of the fluorescent light is proportional to the intensity of the
cooling lights. Thus the following relation was developed:〈

I(t)

I(0)

〉
=

1

1+ (bt)2
, (31)
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Figure 20: a) An experimental cycle showing the various steps in obtaining inten-
sity data via fluorescent atoms. The figure shows 4 steps. At (a), the
lasers are turned off, stopping the fluorescence during the off-time inter-
val (b), shown here for τoff = 1.5ms. At (c) the lasers are turned back
on, causing the atoms to emit light again. (d) is the start of the recharg-
ing period of the atom cloud, which was about 800 ms long in total. b)
Plot of the relative intensity, as a function of the off-time. The red curve
is a fit the model of equation (31) , with b as a fitting parameter. The fit
has a reduced χ2 = 4.2.

where b = σv√
σ2I+σ

2
x

. Thus if σv, σx and σI are found, one can isolated

the temperature, revealing:

T =
M

kB
b2(σ2I + σ

2
x). (32)

In order to determine the standard deviation of the light intensity
of the 3 dimensional optical molasses lasers, one of the lasers were
aimed at a CCD-camera which was linked to a computer, revealing
σI = 1.83mm± 0.03mm. The accuracy of this parameter is very im-
portant (as will be see later on), as it enter in equation (32) quadrati-
cally.
To obtain measurements, the following experimental procedure was
done. First a pulse-generator was initially set to provide an overall
sequence time duration of 800ms, followed by a varying pulse dura-
tion (0.1ms to 4ms) in which the cooling lasers were switch off. The
pulse-generator was then coupled to an AOM, allowing cooling light
to reach the experiment as seen in figure 19. The overall sequence of
800ms was initially chosen so that a steady state in the MOT fluores-
cence level could be reached. The discrete durations of the switch-off
times were varied and as the cooling lights were switched on again,
the immediate intensity level was recorded. The sequence was re-
peated obtaining data point representing 8 averages, to collect better
statistics.

In figure 20 a, the fluorescence response of a typical cycle is shown.
Step (a) shows the initial fluorescence level and (b) indicates the off-
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time of the cooling lasers. (c) is the measurement of MOT fluorescence
level just as the lights are turned back on. The following dip seen at
a time-scale of sub-microseconds after (c), indicates that a fraction of
the atoms escape the MOT as the restoring force is inadequate to push
atoms with a large velocity, back. However, shortly after the MOT flu-
orescence level rises again due to the arrival of new atoms and the
old ones being forced back into the center of the MOT. (d) indicates
the start of this process, proceeding until a steady fluorescence level
state is obtain once more. Recording (c) for various durations of (b),
reveals a correlation between the relative intensity and off-time for
the cooling lasers. In figure 20 b, this correlation is seen. Here the
blue points indicate reduced normalized intensity data as a function
of time and the red line is the fit with fitting parameter b, from equa-
tion (31). The fit has a χ2 = 4.2 which indicates acceptable overlap
between data and fit. The temperature (T ) from this fit is found to
be T = 16.7mK± 0.6mK. A temperature that high would result in
a very large Doppler broadening, creating a large decoherence con-
tribution. A temperature this high would mean that Γdecoh would
dominate and would most likely extinguish any collective coherent
coupling in the atom-cavity system, as described in section 2.3. Re-
sults from section 5 would thus not be possible. Therefore an error is
thus most likely suspected as the cause of the high temperature. The
temperature dependency of σI is, as mentioned previously, quadratic.
I suspect a missing factor of 2, here. If true, this would decrease the
temperature with a factor of 4, moving the temperature to much more
acceptable level which also are consistent with previous estimations
of the average temperature of the atoms, in [8].

As the atoms have been cooled and trapped to a specific location
with an optimal overlap with the intra-cavity field, the atom-cavity
system is now treated.

4.1.5 Optical cavity

The atoms trapped by the MOT are fixated to a position in space, that
ensures an optimal overlap between the number of atoms that couple
to the continuous intra-cavity field. In this work, the optical cavity
placed around the atoms, serves not as a frequency discriminator, but
as a method to increase the effective light-atom interaction length.

An optical cavity is consists of a spacer and two mirrors. At the
end of the spacer, two mirrors at a specific distance opposite to each
other are glued on. Cavity resonant radiation is then shone through
the cavity mirror, creating a continuous standing field inside the cav-
ity (intra-cavity field). In optical resonators the wavelength is of the
order ∼ µm, which is small compared to the resonators length and
thus any diffraction effects are negligible. This is an advantage since
the cavity need not be confined in all three dimensions, but rather
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Figure 21: Schematics of an empty Fabry-Perot interferometer/cavity. A given ini-
tial field (Ein) enters perpendicular to the cavity mirror. As Ein meets
the mirror surface, the field will be partly reflected and partly transmit-
ted, the fraction is dependent on the values of r and t. Once inside the
cavity, an infinite number of reflective and transmitted terms give rise
to a converging power of both intra-cavity field and the outgoing field
leaking through the cavity mirror. Due to energy conservation, the out-
put power must be equal to the input power, whereas the intra-cavity
field power is significantly increased. The intra-cavity field power level
is determined by the reflectivity of the cavity mirror.

by two reflecting mirrors. Due to the mirrors low transmission and
high reflectivity, a photon within the intra-cavity field will take many
found trips, before being transmitted. As a small fraction of the cavity
field leaks from the mirrors it is collected and used for signal detec-
tion. A variety of cavity configurations exist, however the Fabry-pérot
interferometer (FPI) is the cavity configuration used for probing the
atoms in this experiment and is therefore explained further. This is
best done by visualizing the transmitted field, which can be seen in
figure 21 and is described by following [1] and [7]. The initial E-field
(Ein) travels in a parallel direction to the surface of the mirror. The E-
field meets the mirror, resulting in a reflected and transmitted E-field,
given by Einr and Eint, respectively. Here t is the mirrors transmis-
sion amplitude coefficient and r is the reflective amplitude coefficient.
The transmitted part of the initial wave enters the cavity and meets
the atomic ensemble (not illustrated in figure 21) and obtain a phase
shift (θa) before reaching the second mirror. At the second mirror the
field is again partly transmitted and partly reflected. As this process
repeats itself, an infinite number of transmitted terms constitute the
total transmitted E-field from the second mirror:

Eout = (33)

EinTe
i(θc+θa)(1+ Rei2(θr+θc+θa) + R2ei4(θr+θc+θa) + ...),

where T = t2 and R = r2 are the intensity transmission and reflection
coefficients, respectively. θr is phase shift obtained by the reflection



44 experimental set-up and techniques

off the mirror surface, θa is the complex phase obtained from the
atomic interaction and θc is the phase obtained from the cavity length
and materials. Exploiting that the infinite sum of terms in equation
(33) converges and can then be rewritten to:

Eout = Ein
Tei(θc+θa)

1− Rei2(θr+θc+θa)
. (34)

In order to reduce the expression of Eout further, a consideration to-
ward the values of differently obtained phases is given. A condition
for an intra-cavity field is a standing wave, that undergoes a round
trip phase shift corresponding to an integer number of 2π. This condi-
tion will only be fulfilled for certain resonance frequencies and certain
spatial mode dimensions of the radiation. An optical cavity with fixed
dimensions can thus be used as a frequency discriminator. Given a
phase shift of θr = π from each reflection of a mirror and inserting
this θr = π into ei2θr , equals 1 and can thus be ignored for all fur-
ther purposes. The phase shift introduced by the cavity length can be
described as θc(ω) = ω

c L, where L is the cavity vacuum length. Com-
bining the phase shifts θc(ω) and θa(ω) into β = θc(ω) + θa(ω), the
reduced form of the transmitted field can be written as:

Eout = Ein
Teiβ

1− Re2iβ
. (35)

As only a certain number of resonant frequencies create standing
waves in the FPI, the so-called Free Spectral Range (FSR) is discussed.
The FSR describes the frequency spacing between two resonance fre-
quencies of the same transverse mode of an optical cavity and is given
by [1]:

FSR =
c

2nL
, (36)

where c is the speed of light in vacuum, n is refractive index inside
the cavity and L is the length of the cavity. Our experimental set-
up has FSR = 781.14MHz, [8]. Another parameter often associated
with a cavity is the so-called Finesse. The Finesse is measure of how
many round trips a photon in the cavity field makes before leaving
the cavity, and is given by [1]:

F =
FSR

δνc
, (37)

where δνc is the resonance cavity linewidth. Our experimental set-up
achieves F = 1500± 50, where δνc = 520MHz [8]. Equation (37) thus
infers that a high finesse will come at the cost of a narrow resonant
cavity linewidth. For a bad-cavity regime (Γ � δνc) a narrow reso-
nant cavity linewidth is not desirable. However, if a large light-atom
interaction length is wanted, the cavity finesse must not be too small.
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Thus a trade-off is often required in order to obtain a sufficient value
of both the large cavity linewidth and a large finesse.

As seen in equation (34), the ensemble of atoms induce a phase on
the emitted light. Searching for coherence in the emission field, trans-
lates into a search of a collective atom induced phase shift. Therefore,
a technique for detection of coherent light was implemented in our
system.

4.2 detection of coherent light

Determining the level of coherence in the observed collective flash
emission, reported in section 5, is an important feature in distinguish-
ing between different collective emission types. If the atoms’ dipole
are coupled in the atomic ensemble the atoms may decay as a collec-
tive and emit coherent light. To determine if coherent light from the
collective atomic ensemble emission is present, a demodulation signal
is needed. As previously described in section 4.1.5, it is expected that
the cavity field interacting with the atomic ensemble will result in a
phase shift in the measured output emission fro the atom-cavity field.
Here, an explanation of the method used to obtain the demodulated
signal is given following [8]. For a rigorous mathematical explanation,
the reader is referred to [7].

To measure the phase shift induced by atomic ensemble, the het-
erodyne detection technique can be exploited [1]. This technique can
be used to measure the relative phase difference between the cavity
field interacting with the atomic ensemble and the cavity field not
interacting with the atomic ensemble. However, this technique is as-
sociated with a large noise in the spectral area. Therefore in an at-
tempt to reduce the noise, frequency modulation is used in the form
of the so-called Noise Immune Cavity Enhanced Optical Heterodyne
Molecular Spectroscopy (NICE-OHMS) technique. This dissertation
will however limit itself to a description of optical heterodyne detec-
tion, as this technique is sufficient in describing the obtained coherent
light results in section 5.

The initial field entering the cavity is phase modulated with a Elec-
tro Optical Modulator with frequency Ω, in order to create sidebands
in respect to the initial carrier with frequency ω, amplitude A and
initial phase φ. This results in a input cavity field with a carrier on
resonance with the atomic transition and two sidebands frequency
shifted one FSR (ω± 2πΩ) away from the carrier, thus still being reso-
nant with the cavity but no longer resonant with the atomic transition.
The relation of the different involved spectra are illustrated in figure
22. Thus the noise introduced to both the carrier and the sidebands
and can be cancelled out upon detection of a so-called beat-signal,
leaving only the atomic induced noise. The output atom-cavity field
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Figure 22: Illustration of the spectral overview of the NICE-OHMS technique (Not
to scale). Three relevant linewidths are mentioned here. The cavity trans-
mission is shown to have a broad linewidth thus making it insensitive to
small variations of the probing laser. The probing laser it passed through
an Electrical Optical Modulator (EOM) in order to create small side-
bands located one FSR away from the carrier, which is resonant with
the atomic transition. The sidebands are resonance with the cavity, but
not in resonance with the atomic transition. Thus the sidebands experi-
ence all the same noise as the carrier, except the noise originating from
the atoms. The noise from the sidebands can then be deducted from the
noise on carrier upon detection of the beat-signal.

is then ready to be demodulated to a DC level. The output atom-
cavity field can thus be described by [1]:

Eout = E0(j(x)e
−αei(ωt+φa+φc) (38)

+ J1(x)e
(ω+Ω)t+iφc − J1(x)e

(ω−Ω)t+iφc).

Here Ji(x) refers to the i’th order regular Bessel function. The Bessel
function describe the amount of power originally located in the car-
rier, transferred to the i’th order sideband when modulated by an
EOM with modulation index x. Here only the first two sidebands are
included. The first term in equation (39) corresponds to the probe car-
rier. This term includes the atomic absorption e−α and a phase shift
φa induced by the atomic ensemble. All terms experience a common
phase shift of the cavity φc originating from propagation in an empty
optical cavity. After the cavity field has interacted with the atoms, the
field leaks out through the cavity mirror and the signal is measured
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on a photo-diode. Cancelling the common cavity phase φc, the mea-
sured signal-current of the photo-detector will be proportional to:

SPD ∝ E20(e−2αJ0(x)2 + 2J1(x)2) (39)

+ J0(x)J1(x)e
−α(eiφa − e−iφa)(eiΩt − e−iΩt)

− J1(x)
2(e2iΩt − e−2iΩt).

The first line in equation (40) is a just a static component, the sec-
ond line has a component oscillating with Ω, whiles the third line
has a component oscillating with 2Ω. Using a appropriate bandpass
filter in the detection set-up, will eliminate the first and third line
in equation (40), thus leaving the second line with the Ω oscillating
component. The remaining component is now mixed with a local os-
cillator with a sinusoidal signal sin(Ωt) = 1

2(e
iΩt − e−iΩt) and is

thus demodulated to a DC-signal:

SΩ ∝ 4J0(x)J1(x)e−α sin(φa). (40)

For very small collective atomic induced phase shift (1 � φa), the
demodulated signal can be approximated to SΩ ∝ φa. The demodu-
lation technique will provide a DC signal proportional to the phase
induced shift of the atoms, thus providing a clear indication of coher-
ent light emission.

Coherent light emission can be only be obtained if all processes
contributing to atomic decoherence are diminished. In locating pos-
sible sources of atomic decoherence, the cooling laser used for the
Zeeman-slower and the cooling lasers used for the MOT, were inves-
tigated.

4.2.1 Mechanical shutter

An effort to diminish any remnant cooling light contributing to atomic
decoherence, was made. Having a finite amount of cooling light reach-
ing the atoms at a post-cooling stage can result in additional atomic
decoherence (Γfurhter), adding to the already exciting decoherence
(Γdoppler) given by the atoms finite velocity. This results in a com-
bined decoherence expression Γ2decoh = Γ2doppler + Γ

2
furhter of the

atoms [12]. The decoherence Γfurhter arises due to the cooling light
driving the 1S0 ↔ 1P1 transition whiles simultaneously trying to
probe the atoms with the 1S0 ↔ 3P1 transition. These two transitions
have different decay times and are completely out of phase with one
another. Thus every time the atoms reaches the ground state via the
cooling transition, they must become in phase with rest of the atoms
being probed by the 1S0 ↔ 3P1 transition, in order to emit light co-
herently. These out of phase atoms will thus add decoherently whiles
trying to become in-phase with the atoms already being probed via
the 1S0 ↔ 3P1 transition.
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Figure 23: a) Plot show the light intensity decay time of a MOT-arm in the x-axis,
as the Acoustic Optical Modulator (AOM) controlling the passage of
light, is turn off using a TTL-signal. The first-axis shows time after the
TTL-signal has reached the AOM. The second-axis show the power level,
normalized to the initial power level. After 20µs a remnant power of
5% is still present, corresponding to an remnant intensity of 0.19µW.
b) Plot show the light intensity decay time of the Zeeman-arm in the
x’-axis, as the Acoustic Optical Modulator (AOM) controlling the pas-
sage of light, is turn off using a TTL-signal. The first-axis shows time
after the TTL-signal has reached the AOM. The second-axis show the
power level, normalized to the initial power level. After 20µs a remnant
power of 4% is still present, corresponding to an remnant intensity of
0.64µW.

In order to determine the amount of cooling light power reaching
the atoms as the probing transition begins (20µs after), a photo diode
was place in the Zeeman-arm and in a single MOT-arm in the x-axis.
A normalized measurement of the remnant power as a function of
off-time was then measured and its results are shown in figure 23.
The two plots of 23 show the remnant afterglow of the cooling light
travelling through an AOM. After 20µs cooling light can still be de-
tected at atomic ensembles position. The two plots show cooling light
of ∼ 5% of the initial level for the MOT arm in figure 23 a and ∼ 4%
of the initial level for the Zeeman arm in figure 23 b, still reaches the
atomic ensemble. The initial power-level is given by the amount of
power used to cool the atoms and is 3.8mW for the measured MOT
arm in the x-axis and 16.1mW for the Zeeman arm. Thus after 20µs,
0.19mW still reaches the atoms via the MOT arm and 0.64mW still
reaches the atoms via the Zeeman arm. The contribution to the to-
tal decoherence is not estimated in this dissertation, instead non-zero
power level serves as motivation for implementing a remnant cooling
light elimination scheme.

To counteract the non-zero power of the cooling lasers reaching
the atomic ensemble, a mechanical light shutter was proposed and
inserted directly in front off the AOM controlling the shut-time of
the cooling lights. The mechanical light shutter would thus stop all
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Figure 24: a) Plot shows the effects of a mechanical shutter place in front of a
continuous beam. From t = 0 to t = 55µs the shutter arm partly
blocks the continuous laser field. At t = 55µs the continuous beam is
completely covered by the shutter arm and the intensity falls to zero.
Due to vibrations, a optimal positioning between the beam area and
shutter arm could not be maintained. b) Plot shows the cooling field
mediated from the bow-tie cavity (red) and the shutter arm sequence
as a function of time. Due to mechanical vibrations, the bow-tie cavity
experienced noise resulting in a periodic intensity dip of 4% compared
to the initial intensity level, over a period of 70ms.

remnant light, by inserting a mechanical arm in front of the beam. A
already build mechanical light shutter was inserted, consisting of a
electromagnetic coil exerting a force on an piece of metal with a piece
of paper glue to it, acting as the arm. The paper arm was initially
chosen due to the relative light weight. Initial measurements on the
mechanical shutter were performed in order to determine the shut-
time stability. Several measurements where performed and jitter was
observed whiles operating the shutter at two different time scales. At
t < 10 s the shutter arm was observed to deviate less than 40µs from
the set shut time. At t > 10 s the shutter am was observed to deviate
up to 160µs from the set shut time.

Further measurements on the shutter arm were performed in or-
der to determine the amount of time needed to completely cut off
the light. However, due to the lack of stiffness in the paper arm the
shut times varied and were very sensitive to vibrations exerted by the
movement of the arm cause by the electromagnetic coil. Furthermore,
these shutter arm induced vibrations spread via the optical table and
into the sensitive bow-tie cavity systems. Whiles shut times on aver-
age were ∼ 10µs, movement caused by vibrations could result in shut
times of ∼ 300µs. The bow-tie cavity locked cooling laser mentioned
in section 3.2.3, was however disturbed to a point that the cavity sta-
bilizing feedback system keeping that cavity on resonance with the
cooling light, could not function.

By implementing a vibrational absorbing mount and reducing noise
originating from the shutter, attempts to optimized the shutter arm
was made. However, this attempt to optimize was not successful. As
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seen in figure 24 a, the result was that the shutter arm blocked part
of the light at t = 0µs to t = 55µs and then at t = 55µs finally
succeeding in blocking all the light. This can be explained if the laser
beam hits the very edge of the paper arm, causing only some partial
blocking of the light until t = 55µs. The shut time at t = 55µs is at
< 1µs. If the paper arm was placed in such a manner, that the cool-
ing light hit the paper arm further in, the cut-off time was prolonged
to unacceptable time scales. Figure 24 b, shows the reduced noise on
the doubling cavity of the cooling laser. Even with the optimized arm,
fluctuations in the cavity mirrors can be indirectly observed through
the output power fluctuations. The cavity mirror vibrations thus re-
sult in a power dip of 4% over a time period of 70ms.

Due to the nature of the shutter arms material, further usages of
the optimized mechanical shutter still meant a realignment was nec-
essary several times a day. Combined with induced vibrations at the
cavity mirrors meant that the shutter arm was deemed unreliable and
to unstable. Therefore the shutter arm set-up was not implemented
for further use. A simple replacement of the paper arm was not done,
as the light weight arm was crucial for the fast low inertia of this
mechanical shutter arm. Building a new shutter was thus the only
solution. However due to the time consumption of building a new
shutter arm, this project was left for future students.

After an attempt to diminish atom decoherence further, measure-
ments of the collective emission was pursued. A brief description of
the combined atom-cavity-pulse-laser system is her given in order to
visualize the core of the experiment used to obtain collective emission
measurement.

4.3 combining the atom-cavity-pulse system

After the atoms have been cooled using the Zeeman slower, they are
trapped in a MOT. The atoms are trapped in a specific region so
that they lie within the optical cavity, with an optimal coupling to
the intra-cavity field. A standing field in the optical cavity is then
turned on, continuously probing the atoms at the 1S0 ↔ 1P1 transi-
tion, thereby acting as a mediating field between the atoms and the
cavity mode. Further more the pulse-laser probes the atoms at an 45°
angle in the x-y-plane, compared to the standing cavity field. This
results in a combined atom-cavity-pulse system which is illustated in
figure 25. Thus an investigation of collective spontaneous emissions
are presented, that may occur within the boundaries of our system.
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Figure 25: Experimental set-up for active lasing. 88Sr atoms are trapped in a mag-
neto optical trap (MOT) and cooled to T = 5mK. Atoms may couple
via the resonant cavity field enhancing collective effects. An intra-cavity
field laser tuned to the 1S0 ↔ 1P1 transition is constantly present and
a second laser provides a pulse from the side. Modified from Appendix
C.





5
C O L L E C T I V E S P O N TA N E O U S E M I S S I O N

In this section an investigation of collective spontaneous emission in
our system is reported. Firstly, theoretical outlinings of Super radi-
ance (SR), Super florescence (SF) and Amplified Spontaneous Emis-
sion (ASE) are presented, by defining different time regimes and dif-
ferent characteristics associated with collective emission. Secondly, a
report of a numerical approach is given. Here, a simulation describing
the time evolution of a system nearly identical to ours is given. Differ-
ent parameters related to the three collective emission types are con-
sidered, indicating which of the three collective emission types that
may be detected in our experimental set-up. Lastly, an experimen-
tal report is given. Here, the characteristic parameters’ experimental
dependencies are investigated, thereby distinguishing the three dif-
ferent types of collective emission from one another. Finally, a discus-
sion and a conclusion is given. By comparing the experimentally ob-
tained collective emission signal to the theoretical outlinings and the
numerical simulation, a classification of the experimentally obtained
collective emission is given.

5.1 theoretical outline of super radiance , super fluo-
rescence and amplified spontaneous emission

A theoretical outlining of Super radiance (SR), Super florescence (SF)
and Amplified Spontaneous Emission (ASE) is now given.

In 1954, Dicke [14] first purposed that a sample of two-level atoms
prepared in a collective coherent state via an external source, may
give cause to an enhanced radiative decay for a microscopic sample
of dipoles locked in phase to each other. This process is known as SR.
The linewidth of the emitted SR radiation is dominated by the atomic
linewidth, in this case the ultra-narrow linewidth 1S0 → 3P1 of 88Sr.

Another similar type of collective coherent emission is called SF.
Here an external source initially inverts the atomic population which
initially consists of uncorrelated dipoles. The dipole phases may syn-
chronize via a mediating field arising from spontaneous emission,
resulting in a correlated coherent state. Thus after a characteristic de-
lay time τD [15], the system builds up coherence [16]. After τD, the
system is similar to SR, as coherent light is collectively emitted. A
common feature for SR and SF is the coherent damped oscillation
the dipoles experience, after the initial burst of coherent light is emit-
ted. This can be understood by considering an initially inverted pop-
ulation on a Bloch sphere. After a initial burst of coherent light is

53
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Figure 26: Illustration of super radiance (SR), super fluorescence (SF) and ampli-
fied spontaneous emission (ASE) in a two-level system. At the top of
this figure, a depiction of the relative dipole alignment is shown. In the
middle, atomic density requirements are shown. At the bottom, the ex-
pected transmission signal is shown and relevant characteristic for the
different collective emissions are given.

emitted, the Bloch vector seeks towards and preforms a damp oscilla-
tion around the south pole of the Bloch sphere. This is realized as a
ringing-effect after the initial collective coherent light has been emit-
ted.

Lastly, amplified incoherent spontaneous radiation can be emitted
from the dipoles of the inverted population. Here the amplification
of the spontaneous radiation is causes by stimulated emission. Con-
sidering the incoherence of the emitted radiation, no ringing effect
are expected to follow the initial emitted radiation. Furthermore, as
the dipoles do not align, no delay time is expected either. However,
some coherence may occur if the maximum gain mode outmatches
the decoherent modes arising from spontaneous emission.

The three different regimes are depicted in figure 26. At the top of
this figure, the coupling between the dipoles in the excited state are
depicted for the three different phenomena. In order to distinguish
the three types of collective emission from one another, relevant time
scales and light characteristics of each collective emission type must
be examined. Here, the relevant characteristics are: the expected flash
intensity scaling as a function of the atom number, the presents of
coherent oscillations, characteristic times for the system and lower a
bound on number of atoms required to participate for collective emis-
sion for occur.
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5.1.1 Relevant characteristics

To distinguish between the different types of collective emission, the
flash intensity is investigated. The flash intensity for SR scales as N2,
where N is the number of excited atoms. SF initially, begins as spon-
taneous emission with intensity proportional N, but as the dipoles
phase lock to one another, the intensity rapidly scales as N2 and be-
comes analogous to that of the predicted SR intensity. However, it is
possible for SF to exist in rather unfavourable conditions where deco-
herence is larger. In this case, flash intensities have been reported to
scale as N [17]. If ASE is the cause of the flash, the intensity scales as
N.

Whiles SR can be distinguishes from SF and ASE, by the necessity
of an external source mediating a field to ensure coherence, the differ-
ence between SF and ASE can not solely be determined by the flash
intensity. For this an examination of a coherent light ringing after the
initial flash is needed. However as characteristics such as the flash
intensity and coherence may be similar in SF and ASE, a further in-
vestigation of the characteristic time scales is necessary.

Different time scales are use to characterize the emitted radiation
[17]. The radiative coupling time, τR, describes the characteristic time
scale in which spontaneously emitted photons are coupled into the
cavity mode.

τR =
1

C0NCavΓ
, (41)

here C0 is the single atom cooperativity mentioned in section 2.3,
NCav is the number of atoms emitting into the cavity mode and Γ

is the spontaneous decay rate of the probing transition. The radia-
tive coupling time describes the time over which coherence builds
up among the emitters. However decoherence may occur in the form
of Doppler broadening or from the presence of an external radiation
fields driving a different transition in the atom, as described in sec-
tion 4.2.1. If decoherence is described by a characteristic time scale T2,
then SF can only exist in the limit where τR 6 T2. Inserting this limit
into (41), yields a threshold number of atoms necessary, all of which
must emit into the cavity mode:

Nthreshold =
1

C0T2Γ
. (42)

Thus the lower limit is proportional to 1
T2

= Γdecoh. When calculating
Nthreshold, the value of C0 must first be calculated. From section 2.3
equation (9), a calculation of C0 = 6.4× 10−4 can be obtained for
our system, where the natural line width is Γ/2π = 7.5 kHz for the
probing transition and the cavity linewidth is κ/2π = 520MHz. The
main contribution to Γdecoh is given by the temperature of the atoms.
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In order to calculate the Γdecoh the Doppler width must be found.
The Doppler width (FWHM) can be described by [10]:

δνD = 2
ν0
c

√
2kBT

m
ln2. (43)

An average temperature between 5mK and 16mK of the atoms re-
veals a Doppler broadening of the atoms of Γdecoh/2π = 1.1× 106Hz
and Γdecoh/2π = 3.8× 106Hz, for 5mK and 16.7mK, respectively. Us-
ing the experimentally obtained temperatures 5mK and 16mK, the
calculated threshold number of atoms required to participate with a
photon into the cavity field, areNthreshold = 2.3× 105 andNthreshold =

7.9× 105, respectively.
Another system characteristic time, is the light propagation time:

τE =
l

c
, (44)

where l is the length of the medium of emitters and c is the speed of
light. It should here be noted that the system that I have work with,
has an optical cavity inserted around the emitters, thereby changing
the effective light-atom interaction length. To achieve a modified ex-
pression of τE, the cavity must be taken into account. This modifica-
tion is however not included in this dissertation.
Relating the propagation time to the radiative coupling time, all emit-
ted photons can stimulated all atoms if τE < τR. This pure SF regime
manifests itself by showing a flash intensity proportional to N2. How-
ever if τE > τR, the emitted photons only stimulate some fraction of
the atoms and a pure SF regime is no longer the case. In this case the
flash intensity is proportional to N [17].

The time delay (τD), which is the time in which the dipoles lock
in phase to each other and align, is another feature expected only for
SF. Theoretical predictions for the time delay have been shown to be
proportional to 1/N [17], where N is number of emitters. However it
should again be noted that this prediction is for a non-cavity case and
therefore corrections to this proportionality are most likely needed.

Lastly, initially uncorrelated incoherent emitters may emit a flash
with a primarily coherent part [18] if the decoherence time is larger
than the square root of the product of the radiative time and the de-
lay time T2 >

√
τRτD. However if the inequality if reversed (T2 <√

τRτD), incoherent radiation will dominate. This inequality can be
used to distinguish between SF, which is expected to emit a coherent
radiative flash, and ASE which is expected to emit a incoherent radia-
tive flash.

Using the characteristic time scales for our experimental set-up re-
veals τR ≈ 3.3ns and τD ≈ 500ns [8], reveals

√
τRτD ≈ 40ns and

T2 = 1/Γdoppler ≈ 260ns, for 5mK. This is within the regime of SF,
but only just as a factor of 7 separates from the transition regime
(T2 ≈

√
τRτD).
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The experimental parameters reveal that collective emission in the
form of SF, can occur in our system. However, as parts of the theoret-
ical outlining lack the inclusion of an optical cavity in their calcula-
tions, a numerical approach is furthermore taken.

In achieving a deeper understanding of collective emission that
may appear in our system, a numerical approach is taken. The nu-
merical approach is based on the Jaynes-Cummings model of a atom-
cavity interaction, but also includes our systems pulsed laser and a
continuous intra-cavity field. A closer theoretical investigation of the
equation of motion for the number of photons and the cavity field are
found and simulated. This is done to a much greater extend in [19],
which this dissertation does not aim to fulfil as I primarily dealt with
the experimental work reported in chapter 5. Instead, a overview of
the theoretical considerations is given in an effort to reach the equa-
tions of motion describing the system evolution, thus being able to
simulate the equations of motion. The equations of motion are de-
rived from a master equation and a Hamiltonian characterising our
system. Using these equations of motion, a numerical simulation pre-
dicting collective coherent emission in our system is performed and
reported.

5.1.2 Theoretical considerations and the simulation process

This section seeks to derive equations of motion for the atoms and the
cavity field for our system described in section 4.3. The approach is
based on deriving a master equation, containing all system dynamics
is given by the time evolution of the density-matrix elements:

ˆ̇ρ =
i
 h
[Ĥ, ρ̂] +LΓ [ρ̂] +Lκ[ρ̂]. (45)

Here the system dynamics of the atom-cavity interaction, seed laser
and the pulsed-laser originate from the system Hamiltonian (Ĥ).The
spontaneous atomic decay and the cavity field decay dynamics orig-
inate from the Liouvilian terms LΓ [ρ̂] and Lκ[ρ̂], respectively. The
task is now to find relevant expectation values of our system given
by using Ȯ = Tr{O ˙̂ρ}. In simulating our system, the expectation
values of interest are the cavity field annihilator operator a = 〈â〉,
the atomic population σz = 〈σ̂z〉 and atomic coherence σ− = 〈σ̂−〉.
Since our experimental system only measures the intensity of cavity
transmitted light, the expectation value of the cavity photon number
n = 〈â〉 = 〈â†â〉 is also investigated.

The system Hamiltonian is given by:

Ĥ = ĤCavity + ĤAtom + ĤInteraction + ĤSeed + Ĥπ. (46)

Here, the three first terms constitute the traditional Jaynes-Cummings
Hamiltonian. The Jaynes-Cummings model is a theoretical descrip-
tion of a two-level atom interacting with a intra-cavity field mode,
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and is ideal for describing the dynamics of our systems atom-cavity
interaction. Inserting the full Hamiltonian into equation (45), calcu-
lations of the commutator relation between creation operators (â†),
annihilation operators (â) and the system Hamiltonian (Ĥ), the time
evolution for the slowly varying field operator (A = eiωcta) and the
number of photons (n) are found, where ωc is the cavity mode fre-
quency. Likewise, calculating commutator relation between creation
operators, annihilation operators, atomic population inversion opera-
tor (σ±) and atomic transition operators (σz), the time evolution of the
slowly varying atomic population inversion operators (S(i)z = σ

(i)
z )

and the slowly varying atomic transition operator (S(i)− = eiωctσ
(i)
− )

are found. The thorough reader wanting a rigorous examination of
the commutation relations, is referred to [19]. By including the dissi-
pation terms found by calculating the Liouvilian terms equation (45),
the equation of motion for the system are found to be:

Ȧ = −i

Na∑
i=1

g(i)S
(i)
− −

i

2
η−

κ

2
A, (47)

ṅ = −i

Na∑
i=1

g(i)(AS
(i)
+ −A†S

(i)
− ) +

iη

2
(A−A†) − κn, (48)

Ṡ
(i)
− = ig(i)AS

(i)
z + i∆S

(i)
− +

i

2
ΩS

(i)
z e

ik·r(i) −
Γ

2
S
(i)
− , (49)

Ṡ
(i)
z = 2ig(A†S

(i)
− −AS

(i)
+ ) + iΩ(e−ik·r

(i)
S
(i)
− − eik·r

(i)
S
(i)
+ ) (50)

− Γ(S
(i)
z + 1).

Here, Na is the number of atoms, κ is the cavity decay rate, Γ is
the natural decay rate of the atomic transition, ∆ is the detuning be-
tween the pulse-laser angular frequency (ωπ) and the atom angular
frequency (ωa), Ω is the Rabi frequency, k is the pulsed-lasers wave

vector, r(i) is the position of the ith atom and η =
√

Pinκ
Ephoton

is the clas-
sical driving amplitude, with Pin being the input power of the cavity
and Ephoton the energy of a photon. gi = g0 · cos(kcz)exp

(
−r2

ω0

)
denotes the dipole interaction describing the coupling between the
atoms and cavity mode, where the wave number of the cavity mode
is kc = 2π

cωc
, z and r are the longitudinal and radial positions of

the atom and ω0 is the waist radius of the Gaussian cavity mode.

g0 = d
 h

√
 hω0
2εV

is the vacuum Rabi frequency, where d is the dipole

moment and

√
 hω0
2εV

is the field strength per atoms.

In calculating equations (47) to (50), an 0th order approximation
was done by factorizing the expectation values involving two opera-
tors 〈âσ̂(i)− 〉 ' a ·σ

(i)
− . A consequence of this is that a perfectly excited

atom in a cavity void of photons cannot decay spontaneously into the
intra-cavity field mode.
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Equation (47) to (50) can be integrated numerically. For a system
of Na atoms the system can be described by using 2Na + 2 coupled
equations. As the atoms time evolution only couple via the cavity
field, the time required to simulate a single time step scales as Na.
However, in our experimental system Na = 2× 107 atoms, thus a
rescaling is required to avoid prolonged simulation time. Therefore
the atoms are split into Ng = 104 velocity groups, where atoms may
share the same initial position and velocity coordinates. The initial
positions of the atoms are spread out over a much wider area than a
wavelength, which as seen in figure 26 is a condition for SF. In order
to create conditions that are similar to those of the actual experiment,
the simulation is allowed to evolve for 100µs before the pulse-laser
is initiated. The pulse-laser delay is inserted in the simulation in or-
der to create a new steady state of the transmission intensity, arising
from the AC-Stark shift created in our experiment by the simultane-
ous presence of the cooling light and the intra-cavity field. The AC-
stark shift is implemented by initially detuning the intra-cavity field
so that it is off-resonance with the atoms in the steady state solution.

Simulating equations (47) to (50), will thus give an indication of
how our system will evolve. The results of the numerical approach is
now reported.

5.1.3 Simulation results

The purpose of the simulation results is to substantiate the likelihood
of the collective coherent emission being super fluorescence, as indi-
cated in section 5.1.1. Therefore the flash intensity and the threshold
number of atoms are not investigated in this simulation. Instead the
flash delay time and the presence of atomic coherence are investi-
gated in this simulation. A given flash delay time, would further sup-
port the suspicion of an SF-like emission in our system. Indications of
a coherent light build up would likewise support this suspicion. For
further analysis of simulation results, the reader is referred to [19].

A single realization of the evolution of the cavity photon number
and the atomic coherence build up of the atom-cavity system is simu-
lated and the results are shown in figure 27. Here the expected evolu-
tion of the emission power and atomic coherence is presented. The
emission power is calculated from the cavity photon number and
the atomic coherence is the magnitude of S− projected onto the sign
of g, resulting in coherence =| ΣiS

(i)
z · sign(g(i)) |. The parameters

used to achieve the numerical simulation results were equal to the
experimental parameters in our system. The pulse duration applied
to the atoms was set to τpulse = 284ns. The pulse duration time was
first calculated to be optimal at τpulse = 280ns and later optimized
to τpulse = 284ns by an experimental procedure. The pulse dura-
tion was calculated by using (15), for the power optimized injection-
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Figure 27: a) Simulated transmission power (number of cavity photons) (red) after
a pulse-laser (blue) of duration τpulse = 284ns was applied to the
atoms. The system was allowed to evolve for 100µs before reaching a
steady state at t = 0µs. The figure was obtained using experimentally
found values: T = 5mK, Na = 2× 107 atoms, Ng = 104, dt = 1ns,
Pin = 100nW and Ω = 33.2MHz. b) Simulated atomic coherence
(red) after a pulse-laser (blue) of duration τpulse = 284ns was applied
to the atoms. Here coherence is defined as | ΣiS

(i)
z · sign(g(i)) |. The

system was allowed to evolve for 100µs before reaching a steady state
at t = 0µs. The figure was obtained using experimentally found values:
T = 5mK, Na = 2× 107 atoms, Ng = 104, dt = 1ns, Pin =

100nW and Ω = 33.2MHz.

locked laser of section 3.2.2. Other experimentally found values are
the temperature T = 5mK, the number of intra-cavity field atoms
Na = 2× 107 atoms, the simulation time-steps dt = 1ns, the intra-
cavity field power Pin = 100nW and the initially detune cavity field
Ω = 33.2MHz.

Figure 27 a, shows a flash occurring 1µs after the pulse-laser was
applied to the atoms. In order to find the decay time of the flash, a
Lorentzian distribution is fitted (not shown here) onto the flash. The
fit shows a characteristic decay time of ∼ 3µs. The flash decay time
is thus much smaller than the natural decay time Γ = 22µs for the
1S0 → 3P1 transition, indicating a different cause. The power level of
the flash peak reached 140nW and is a factor of 4-5 larger than what
will be presented in the experimental investigation in section 5.1.3.
2µs after the applied pulsed-laser, the power level drops to the initial
level of the intra-cavity field, as seen before the pulse-laser is applied.
Dampened oscillation around the initial intra-cavity field power level
can be seen, hinting some coherence after the initial flash. To verify
if the dampened oscillations indeed contain coherent light, a plot of
atomic coherence build up is shown in figure 27 b, at the same time
as the flash occurs. Here, coherence can clearly been seen building up
during the build-up of intra-cavity photons. Even though some level
of coherence does seem to coincide with the damped oscillations, the
clarity of this is not as convincing.

Thus the numerical approach indicates a SF-like flash occurring
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∼ 1µs after the pulsed-laser is applied. Further more a coherent light
build up is indicated as the pulsed-laser is applied to the atoms. Ex-
perimental considerations are now given and results of an experimen-
tal investigation are reported.

Common for all the collective emission types investigated here, is
the need for an excitation of the atomic ensemble. Consider the en-
semble in terms of a Bloch sphere, with a Bloch vector indicating a
superposition of all the atoms being in the ground state and in an ex-
cited state of a two-level atom. An resonant monochromatic π-pulse is
needed to invert the population from the ground state (south pole on
the Bloch sphere) to an excited state (north pole on the Bloch sphere).
For estimating the number of exited atoms in the atomic ensemble,
a simple quantified time-dependent excitation population is given by
[10]:

Pe = sin2
(
ΩRabit

2

)
, (51)

whereΩRabi = Γ
√
I/2I0 is the Rabi frequency for the resonant monochro-

matic radiation in regards to the atomic transition. ΩRabi is given by
the transition linewidth (Γ ), the saturation intensity (I0) and the prob-
ing intensity (I). However if the applied π-pulse is not resonant with
the probing transition, a frequency detuning term (∆) has to be taken
into account. The primary source of detuning in our system is due
to the Doppler shift of the atoms. In velocity terms the Doppler shift
reveals a detuning term given by ∆ = kv, where v is the atomic ve-
locity component in the cavity relevant x-y-plane. Knowing that the
atoms’ velocities are represented by a Maxwell-Boltzmann distribu-
tion (f(v)), it is now possible to rewrite the simple time-dependent
excitation population, taken the velocity detuning parameter into ac-
count:

Pe,doppler =

∫∞
−∞
(

Ω2Rabi
Ω2Rabi +∆

2

)
sin2


√
Ω2Rabi +∆

2t

2

 f(v)dv.
(52)

The detuning term now introduced in equation (52), appears in the
denominator of the fraction in front of sin2-term. Thus if the ∆ takes
a non-zero value, the excited population will always be below that of
the simple resonant case as seen in equation (51). Executing equation
(52) reveals an maximum expected excitation percentages of Pe,doppler ≈
60%. The saturation effects from the intra-cavity field on the atoms
is however not included in the calculation of (52) and its effect on
the atoms is not trivial. An atom-cavity interaction is obtained if the
atoms are located outside the nodes of the intra-cavity field. Due to
the large degree of saturation, the atoms located outside the intra-
cavity fields nodes can be thought, in terms of the Bloch sphere, as
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having a their dipole vector smeared out across the equator. As a
pulse-laser is applied to these atoms outside the nodes of the intra-
cavity field, no change in the dipole-vector will occur. However the
atoms located within the intra-cavity field mode nodes, will initially
not interact with the cavity field and thus be located at the Bloch
spheres south pole. These atoms will however be inverted in the case
of an applied pulse-laser of the correct duration. Including such a
consideration lowers the amount of excited atoms overlapping with
the intra-cavity field, compared to the predicted 60%. The excitation
percentages of the atoms in overlap with the cavity mode, is now in-
vestigated experimentally.

In the ideal case of equation (51), the ensemble can be completely
inverted by the π-pulse when the pulse length fulfils tπ = π/ΩRabi.
As the experimental set-up allows a more accessible control of the
π-pulse length in contrast to the π-pulse probing power, a optimal
pulse length can be found by fulfilling:

P =
2I0π

2A

Γ2t2π
. (53)

In equation (53), A, is the π-pulse cross section. In the experimental
set-up, different variations of the cross-section were inserted in order
to find the optimal overlap with the ensemble emitting into the cav-
ity mode. A optimum was found by considering flash maxima with
A = 1.19mm2. Is should here be noted that all experimental data was
obtained using the initial pulse-laser set-up seen in 10. Only later was
the power optimized pulse-laser set-up seen in 14, applied to our sys-
tem. However, other assignments in the laboratory prevented me in
retake all the experimentally obtained data again with the injection-
locked laser. Therefore the pulse-laser power used to obtain the ex-
perimental investigations was P = 3.8mW. The transition linewidth
Γ = 7.5 kHz and saturation intensity I0 = 3µW/cm2. Thus the opti-
mal π-pulse length, in the ideal case was tπ = 1.8µs. However, due to
decoherence in form of finite temperature, Doppler broadening must
be taken into account. Therefore an optimal pulse duration time was
experimentally found to be tπ = 2µs.

In order to investigate the ensemble excitation level predictions of
(52) via the total florescences level, the off-time duration of the cool-
ing lasers central to the experiment were manipulated. Firstly, the ini-
tially present radiation field of the 461 nm cooling laser, was turned
off for a period of 40µs. Hereby, the emission of the atomic ensemble
being cooled by probing the 1S0 → 1P1 transition and being probed
by the intra-cavity field found a new steady state value. Then, the
pulse-laser with various duration lengths was switched on. It was
however required that all of pulse-laser duration ended 2µs before
the cooling lasers were turned on again. Also a on-resonance 689nm
cavity-probe laser was left on during the entire sequence. The time-
sequence for the combination of the lasers can be visualized in figure
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Figure 28: a) Illustration of the sequence for the relevant lasers in testing the
amount of excited atoms shown in figure 29. b) Illustration of the se-
quence for the relevant lasers for investigating of collective emission
flash in this work.
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Figure 29: Plots of the MOT fluorescence before and after a fraction of the laser
cooled 88Sr atoms were excited by a resonant pulse-laser. The blue line
is the experimental data, while the red line is a theoretical fit. The fluores-
cence reduction was only around 10% to 15%. A zoom of the reduced
fluorescence is shown i b). The theoretical fit reveals a decay time of
∼ 22µs, corresponding with the natural decay time of the 1S0 ↔ 3P1
transition.

28 b.
To identify the number of atoms excited by the pulse-laser, a mea-

surement of the atom fluorescence due to the cooling laser is reported.
If the atoms are excited by the pulse-laser, they will not be detect the
cooling laser and will therefore not fluoresce as the cooling lights are
switched back on. As only a fraction of the atoms (mainly those in
overlap with the cavity mode) in the ensemble are inverted due to
the pulse-laser, a large background is seen in figure 29 a and in 29 b,
as the used photomultiplier detects the fluorescence from the entire
ensemble. A plot of the total number of excited atoms in the ensemble
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Figure 30: Plot shows MOT fluorescence reduction normalized to an initial fluo-
rescence level as a function of time in which the cooling lasers where
switched off. About three Rabi floppings are expected to be seen, as the
Rabi frequency ∼ 3MHz whiles the decoherence cause by the Doppler
swift has a frequency of ∼ 1MHz. As the atoms in the MOT have a av-
erage velocity of ∼ 1m/s, the atoms initially located in the intra-cavity
fields anti-node, can move to a to the highly saturated node of the intra-
cavity field in t = 689nm/(1m/s) = 170ns. Thus no Rabi floppings
are expected at a time larger than t = 170ns as the intra-cavity field
will saturate the atoms.

was found as a function of time and is seen in figure 30. A reduction
of ∼ 10% is seen, corresponding to an excitation percentages of 10%
of the total number of atoms in the MOT cloud.

By using the experimentally found excitation percentages value of
10%, the total level of excited atoms within the intra-cavity mode is
found. Therefore, the geometry of the overlap between the volume of
the pulse-laser cylinder and the volume of the MOT sphere, which
can be seen in figure 11, must be calculated. This is done with the
assumption that the number of atoms (n) is constant. The fraction of
fluorescent atoms are thus calculated:

10% = η
π2Rr2n
4
3πR

3n
, (54)

which reduces to:

10% = η
3

2

( r
R

)2
. (55)

Here η is the fraction of excited emitters in the overlap, r is the minor
axis radius of the ellipse and R is the radius of the MOT. Inserting
the measure values r = 0.85mm and R = 2.5mm and solving for η
reveals η = 75%. But due to the finite temperature and the detun-
ing limitations of equation (52), the maximum excitation level of the
atoms interacting with the pulse-laser was calculated to 60%. How-
ever, this calculation does not account for the presence of a continu-
ous intra-cavity field. Neglecting the reduction originating from the
presence of a continuous intra-cavity field, the total level of excited
emitters into the cavity mode is estimated to Pc = 0.60 · 0.75 = 45%.
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Figure 31: Transmission signal obtained during the laser pulse sequence shown in
figure 28 b). Four different features can be seen. Firstly, the transmission
is increased when the cooling lights are turned off. Secondly, after 20µs
a pulse laser was turned on for the duration of 2µs, interacting with
the atoms and creating a flash. Thirdly, the pulse laser is switched off
and a oscillations around the steady state are observed in the first few
micro seconds after. Lastly, the cooling lights are switched back and the
transmission returns to the original steady state

Thus an upper bound on the total number of excited atoms emitting
into the intra-cavity field is Na = Ncav · Pc = 9× 106 atoms. As
Na > Nthreshold, collective emission in our experiment is possible.

Thus experimental features of our systems collective emission is
investigated.

5.1.3.1 Experimentally obtained features of collective emission

The atoms in the cavity mode are prepared in excited state in accor-
dance with section 5.1.3. The emission from the atom-cavity system is
investigated and features of collective emission are now studied. For
our experimental set-up visualized in 4.3, the time sequence of the
different lasers is can be visualized in figure 28 a. The transmission
field through the cavity mirror was observed during the sequence
and is shown in figure 31.

In the detected emission from the atom-cavity system seen in fig-
ure 31, four different stages are observed. Firstly, the transmission is
increased when the cooling lights are turned off, thus the AC Stark
shift initially caused by intra-cavity field and the cooling lights is can-
celled. With the AC-stark shift for the atoms cancelled, the absorption
spectrum for the intra-cavity laser is also changed, leading to an in-
creased transmission. After 10µs a new steady state is reached. This
time scale is also predicted by considering the inverse Rabi frequency
(∼ 1/100 kHz) for the 1S0 → 3P1 transition. Secondly, after 20µs the
pulse-laser was turned on for the duration of 2µs. This effects the
transmission spectrum by causing a sudden increase in intensity pre-
viously referred to as a flash. The flash has a delay of ∼ 0.6µs after
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Figure 32: a) Flash shape dependency on number of atoms. Here a high number
of atoms is represented by a high MOT fluorescences. b)Flash shape
peak height dependency on number of atoms. Blue circles represents
experimentally obtained data. The red line is a 1st degree polynomial
fit. For the 1st degree polynomial fit the threshold value (y=0) is found
to be 260mV and R2 = 0.93. c) Flash peak delay dependency on number
of atoms. Blue circles represents experimentally obtained data.

the pulse-laser is initiated and has a duration of ∼ 1µs. The flash de-
lay time is an indication of a SF-like emission occurring. Furthermore
the decay time of the observed flash is shorter than the decay time
for the 1S0 → 3P1 transition, furthermore indicating some sort of
collective processes different from the natural decay of the 3P1 state.
Thirdly, after the initial flash oscillations around the new steady state
are observed, in the first few microseconds following the flash. These
oscillations will be investigated for coherent light later on in this sec-
tion. Lastly, the cooling lights are switched back on and the atoms are
once again subjected to a AC Stark shift, thus the cavity transmission
returns to the original steady state.

The characteristic parameters dependencies for the collective emis-
sion described in section 5.1.1, were also investigated. In order to
characterize the collective emission, the number of atoms, pulse-laser
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Figure 33: a) The pulse power dependency of the flash peak delay. The pulse dura-
tion was set to 2µs in all cases. b) The pulse power dependency of the
flash peak delay. The pulse duration was set to 2µs in all cases.

power and intra-cavity power levels were varied. The lineshape of
the flash as a function of number of atoms is seen in figure 32 a.
The variation of the number of intra-cavity atoms are represented
by the variation of the fluorescence level. The specific number of
atoms is not relevant in this plot, as only tendencies are examined.
By varying the MOT loading time, the number of atoms entering the
MOT could be controlled, thus allowing for a change to the num-
ber of atoms in the cavity mode, that participate to the collective
emission. The flash peaks show a linear dependency of NCav, as
seen in figure 32 b. This stands in contrast to the case of pure SF,
which predicts a flash peak behaviour proportional to N2Cav, as men-
tioned earlier. However, arguments were also made for a flash with
SF properties but with a flash peak proportional to NCav, in spe-
cific parameter regimes. A linear fit was obtained and predicts a
threshold atom number NCav = 8.5× 106 atoms, corresponding to
a MOT fluorescences level of 260mV . Below this threshold, no flash
is expected to appear. This experimentally found threshold value lies
above the theoretical predicted threshold value in equation (42) where
Nthreshold = 2.3× 105 atoms, for an average atomic temperature
T = 5mK.

Another property of SF is the theoretically predicted delay time
τD ∝ 1

NCav
. However as seen in figure 32 c, an increase in intra cavity

atoms do not effect the flash delay. Rather, the flash delay seems to
be constant at ∼ 600ns. Thus there is no clear indication of the collec-
tive emission being SF or something else. Another interesting feature
of the flash delay was found to be the inverse of the pulse power
(Ppulse). This was not predicted as a parameter within [15]. How-
ever [15] does not includes an optical cavity in their system, which
might account for the deviation. As seen in figure 33 b, the flash de-
lay time dependency of the the power of the pulse-laser is given as
τD ∝ 1/PPulse. As the pulse power is changed, so must the duration
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of the pulse, in order to fulfil equation (53). However the pulse du-
ration was kept at a constant 2µs throughout all power variations. A
possible explanation for the flash delay dependency on pulse power,
can be thought of in terms of the excited atoms on a Bloch sphere. As
equation (53) is not fulfilled, the Bloch vector of the different atoms
do not reach as far towards the north pole as those who fulfil equa-
tion (53). Thus the atoms need a longer time to become phase-locked
before a collective flash can be emitted.

A common feature for all the observed flashes is the coherent ring-
ing, as seen in figure 33 a. The coherence is visualized by damped
oscillation around the steady state transmission level. These oscilla-
tions appear after the flash and quickly vanish within a few µs. To
determine if these oscillations are in fact coherent, the NICE-OHMS
technique from section 4.2 is used. As described, the demodulated sig-
nal signal will result in a signal proportional to the collective phase
induced on the atom-cavity transmission by the atomic ensemble. In
order to obtain the demodulated signal, the cavity emission was mea-
sured simultaneously using a slow and a fast Avalanche Photodiode
(APD), where the emission signal measured by the fast APD was de-
modulated using a local oscillator. The measured emission of the slow
APD and the fast APD with a demodulation signal can be seen in fig-
ure 34. It is seen that the flash event appears in both the slow and fast
APD, appearing as the direct transmission signal and as a deviation
from the steady state of the demodulated signal. This indicates that
some fraction of the emitted flash radiation is coherent. However, the
emission features seen after the flash in figure 34 b, are not mirrored
within the NICE-OHMS transmission signal seen in figure 34 a. This
may indicate that another unknown process occurs due to the con-
tinuous driving of the atoms from the intra-cavity laser. In achieving
this demodulated signal, the frequency of the intra cavity seed laser
was shifted one FSR (781.14MHz) away from resonance. This was
done in order to keep the cavity stabilized, but without exposing the
atoms to an intra-cavity field. The reason for this manoeuvre, was to
investigate the flash dependency of the intra-cavity field. In order to
do so, the now shifted intra-cavity probe laser was phase modulated,
thus allowing a sideband to be resonant with the atoms. This set-up
allows for the cavity to stay stabilized by the carrier frequency and
at the same time probe the atoms using the sideband and was also
described in section 4.2. By varying the phase modulation amplitude,
the resonant sideband power amplitude was varied, as shown in fig-
ure 35 a. A linear dependency of the flash peak height and the side-
band probe power amplitude is seen in figure 35 b. Thus indicating
a critical amplitude for which a flash is present. Also, it can be seen
that a flash without a intra-cavity field laser present is not achievable
within this set-up. One explanation could be, that a critical level of ex-
citation is not reached with a pulsed laser power of 3.8µW. Therefore
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Figure 34: a) The cavity transmitted flash measured by measuring the non-
modulated transmission. Measurement was performed simultaneously
with obtaining b). The pulse length was 20µs long and a quasi contin-
uous signal can be seen to appear after the flash. b) The cavity transmit-
ted flash measured by using the NICE-OHMS technique. Measurement
was performed simultaneously with obtaining a). The pulse length was
20µs long and a quasi continuous signal can be seen to appear after the
flash. Whiles the flash incident shown in a) is clearly visible in the form
of coherent spike in this plot, it is unclear how to interpret the coherence
signal after the initial spike.

I build a new injection-locked laser capable of increasing the power
level with nearly a factor 10, which was described in section 3.2.2.

In striving to achieve flashes without a intra-cavity laser prepar-
ing a fraction of the number of atoms, an alternative pulse-laser was
inserted. This allowed for pulse-laser power of 19.7µW and pulse
durations of τ = 280ns. After months of reproducing the above men-
tioned results with the injection-locked laser, a effort was made to
obtain a flash without a intra-cavity laser present - without success.
Determined to achieve a flash without an intra-cavity laser, other pa-
rameters in CNΓ � Γdecoh were considered. In order to diminish
the decoherence that the atoms could experience, several solutions
were purposed. Not being able to cool the atoms temperature any
further I turned to other sources of decoherence. Eventually making
sure the atoms were not exposed to any leftover radiation from the
cooling lasers, was investigated. Therefore a mechanical light shutter
arm was inserted to cancel any remnant cooling light interfering with
the atoms at the critical probing stage. Due to the mechanical nature
of the shutter arm, the shut-time instability affiliated with synchroniz-
ing the shutter arm with the rest of the experimental sequence, was
to large and was therefore not pursued any further. The details and
results of the mechanical shutter are described in section 4.2.1.

If experimentally obtained flash is to be used as a source of stabi-
lization, the spectral properties of the flash must be investigated fur-
ther. As the spectral properties of a single flash can not be resolved
due to Fourier-limitations, a multiple-flash set-up was proposed. A
multi-flash set-up could possibly result in a quasi-continuous trans-
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Figure 35: a) Flash shape for different intra cavity seed powers. The probe intra
cavity seed frequency was shifted by one FSR, thus the atomic resonance
was interrogated by the sideband. The seed power was controlled by
adjusting the modulation amplitudes, which represents an amount of
optical probe laser power transferred to the resonant sideband. b) Flash
shape peak intensity for different intra cavity seed powers.

mission signal, from which the spectral purity of the collective emis-
sion could be measured.

5.1.3.2 Double pulse

In order to realize the narrow linewidth of the collective emission
for stabilization, a cyclic sequence of collective coherent emission is
not sufficient. Instead a continues emission signal is needed. Limited
by the experimental set-up of having a discrete atom loading time,
this was not achievable within our system. Therefore, in order to in-
vestigate the spectral purity of the collective flash, a sequence with
multiple flashes was pursued. However, preliminary measurements
with two flashes were set up, in order to examine the optimal de-
lay between initiating flashes for reproducing desired intensity level.
The sequence of applied lasers to achieve this, is shown in figure 36.
Ideally, this would prolong the time in which a flash(es) exist to the
microsecond regime, thus undermining the possible Fourier limita-
tion and simultaneously allowing a spectrometer to analyse the spec-
tral properties. This experimental set-up further limits the expected
results, in that a continues flow of new atoms are not available as is re-
quired when a coherent excitation is performed. This means that over
a course of time, the spectral properties of the transmission light will
be dominated be the linewidth of pulse-laser and not inherit the nar-
row linewidth property of the collective emission. Further limitations
in our system set-up comes in the declining number of atoms avail-
able for probing, as the cooling laser are switched off. Due to technical
limitations, the pulse-laser could only be turned on two times within
one sequence. A series of measurements were obtained, varying the
duration between the two pulse-lasers. The results can be seen in fig-
ure 37. A pulse-laser is turned on at t = 0 s, followed by a second



5.1 theoretical outline of super radiance , super fluorescence and amplified spontaneous emission 71

Time
  (t)

On

Off

Off

On

Seed laser

MOT
laser

On/off

On

Off

Pulse laser

(a)

Figure 36: Illustration of the sequence for the relevant lasers for investigating of
collective emission of two flashes in this work. This sequence used for in-
vestigations of collective emission two flashes in this sub-section 5.1.3.2.

0 2 4 6 8 10

0

5

10

15

Time (µs)

T
ra

n
sm

is
si
o
n

(m
V

)

 

 

Pulse (Scaled)
1000 ns
1500 ns
2500 ns
3500 ns
4500 ns

(a)

Figure 37: Transmission signal following two pulsed-lasers with different interme-
diate time. A pulse-laser is turned on at t = 0 s (blue), followed by a
second pulse-laser (not shown) a certain time after the initial laser. This
sequence is done with a intermediating time from 1µs to 4.5µs.
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pulse from the same pulse-laser, with a certain delay time after the
initial pulse. This produces a initial flash originating from the first
pulse and a secondary flash originating from the second pulse. It can
be seen that the secondary flash roughly reaches the same level of
intensity as the initial flash, at delay time of 1µs to 1.5µs. However,
to correctly determine the hight of the secondary pulse-laser, a fit of
the secondary flash is needed. This could reveal a constant secondary
flash hight on top of a decaying initial flash. An effort was made to
follow this line of thought however, these preliminary measurements
were quickly determined too crude and were associated with to large
fluctuations. In order to progress, new data must be obtained with
data-points representing more averages. Due to lack of time, this is
not incorporated into the dissertation but is left for future students.

5.2 conclusion and outlook

In this section, a theoretical outline of SR, SF and ASE was presented.
Different characteristic time scales were presented an used to predict
the behaviour and dependencies of a collective emission bursts. It
was predicted from equation (42) that the threshold number of atoms
needed for a collective emission flash, was Nthres = 6.3× 105 atoms.
Using experimentally found values, it was also predicted that T2 >√
τRτD would hold true and a SF flash could occur. In the SF regime,

it was predicted that a flash height would scale as N2 in the pure
SF regime and as N for the non-pure SF regime. Furthermore the
SF regime predicted that a flash delay would be present and that it
would be proportional to 1/N. Coherent oscillations succeeding the
initial flash were also expected.

A numerical approach was also reported. The motivation for this
was to incorporate features, such as an optical cavity and a seed laser,
of the experimental system, that were not originally included into the
theoretical predictions. Using the calculated equations of motion in
equation (48)-(49), the system was set to simulate collective emission
and hint indications of a coherence. The result can be seen in figure
27 a. Here a flash occurs with predicted power of 140nW and a delay
time of ∼ 1µs. In figure 27 b, atomic coherence is shown to evolve at
roughly the same time as the flash occurs. This hints at some level of
coherence occurring in the flash.

Lastly, an experimental investigation was reported. Using a atom-
cavity with cooled 88Sr system, CN � 1 was achieved allowing for
a strong collective coupling. This fulfilled the inequality NC0Γ �
Γdecoh, allowing for collective emission phenomena to occur. Initially
inverting the atomic population allowed for collective emission, as
presented in figure 31. The threshold number of cavity atoms found
experimentally was 8.5× 106 atoms which far surpassed the theoreti-
cally predicted threshold number of atoms. The flash height scales as
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N, indicating that pure SF is not obtained. Also, when converting the
flash intensity from millivolt to nanowatt, the intensity of a flash dif-
fers with a factor of 4 from the simulated prediction. This is possibly
due to the saturation effects that a fraction of the atoms experience
due to the intra-cavity field. This is likely due to the numerical simu-
lations lack of incorporating spontaneous decay into the intra-cavity
field mode. A flash delay was observed at τD ' 0.6µs after the ini-
tial pulse-laser was applied. This closely correspond to the expected
time predicted in the numerical approach. The height and delay of
the flash did however not seem to depend on the number of atoms,
as predicted be the initial SF theory. However, the SF theory given by
[17] takes neither a continuous seed field nor an optical cavity into ac-
count. The coherent oscillations predicted by theory and seen in the
numerical simulation results of figure 27 a, are also observed in our
experiment as seen in figure 31 - however not as outspoken.

The observed flash can not be determine as pure SR, SF or ASE.
However, many of the features of SF are present, indicating the most
likely classification of the observed collective emission. To further un-
derstand the observed collective emission a theoretical descriptions,
including a optical cavity and a seed laser, must be given. Further-
more the numerical simulation must be developed to allow for spon-
taneous emission into the cavity mode, to ignite the collective emis-
sion process. Likewise the fraction of saturation atoms in the intra-
cavity field most be determined more carefully.

The double pulse-laser experiment, obtained two flashes of similar
intensity when compared to one another. This method can be used
to obtain further knowledge of spectral purity of the emission flash.
However, these preliminary results in figure 37 are affiliated with
large uncertainties. In order to progress, more detailed measurements
and a sequence of multiple pulses are needed.





6
P R O S P E C T S

In the previous section a discussion of the results from our experi-
mental realization of collective spontaneous emission was given. By
using an experimental set-up which performed measurements in a
cyclic manner, a SF-like burst was observed. However, if a laser is
to utilize the mHz linewidth in achieving stability beyond the cur-
rent state-of-the-art laser stabilization techniques, any limitation on
the fractional locking time of the measurement cycle, corresponding
to the relation τ/Tc of the Allan deviation of equation (2), will result
in a limitation on the stability of the laser frequency. In a cyclic mea-
surement set-up where a single measurement is realized once every
∼ 700ms, the stabilization using a mHz linewidth can not be realized,
as any drift in the free-running periods cause a large variance within
these time-scales.

A possible way to resolve the spectral purity of a mHz linewidth is
to achieve a quasi-continuous detection signal of the millisecond time-
scale, as shown in section 5.1.3.2. However, the laser linewidth used
for coherent excitation of the 2-level atoms, would limit the achiev-
able linewidth of any quasi-continuous detection signal in our sys-
tem. Furthermore, the constant number of atoms required to be the
same in each measurement, is not maintained over the millisecond
time-scale.

A Strontium beamline experiment is currently being constructed in
the Cold atoms group at the Nils Bohr Institute, that seeks a contin-
uous interrogation time. Such a beamline experiment would utilize a
two dimensional MOT, resulting in a continuous stream of new atoms
entering the cavity. Furthermore the beamline experiment will use an
incoherent 3-level excitation scheme in order to diminish any limita-
tions on the achievable linewidth of the continuous detection signal.

By utilizing an active light source as a alternative to a passive
reference cavity, this dissertation is part of a proof-of-principle ap-
proach towards new techniques in the development of ultra-stable
laser sources.
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