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Abstract

This thesis presents work done on the calcium magneto optic trap experiment at
the University of Strathclyde.

The apparatus used to cool and trap ~ 106 — 107 4°Ca atoms is summarised
within.

Results pertaining to the 672 nm repump laser are presented. The laser is
used to increase the number of detected trapped atoms by more than an order
of magnitude. A rate equation model used to simulate the behaviour of the
repumped MOT is introduced. It is also used to detect some of the naturally
occurring calcium isotopes (and their frequency shifts), 424448Ca, the latter of
which has less than 0.2% natural abundance. Expected isotope shifts for three
other isotopes, #4346Ca, are calculated.

Work carried out on the 1530 nm repump laser is presented. Alterations to
the rate equation model are presented. When used in conjunction with the 672
nm laser, the 1530 nm laser increases the number of detected trapped atoms by an
extra 20 —40% over and above the increase due to the 672 nm laser. The lifetime
of atoms trapped in the 3P, level is experimentally determined. Work carried out
on a 1530 nm fibre amplifier is presented, showing that increased power has little
effect.

The design, construction and testing of an interference filter based external
cavity diode laser is presented, along with measurements made of the 370 HZ
intercombination line 452 1S, — 4s4p 3 P,. Explanations for the broader linewidths

seen are offered.
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Chapter 1

Introduction

1.1 History of laser cooling

Since the first publications on the possibility of laser cooling atoms [1] and ions
[2] in 1975, the science of laser cooling has become one of the most highly studied
fields in atomic physics. As of 2012, dozens of research groups all over the world
[3] are involved in cold atom research using a variety of atomic species, with a
variety of different experimental aims and configurations.

It took some time for these ideas of 1975 to be experimentally realised, how-
ever. It wasn’t until 1982 that Phillips and Metcalf showed a beam of neutral
sodium atoms being slowed by way of a counter propagating laser beam and a
spatially varying magnetic field [4]. Following this, in 1985, Steven Chu and his
group [5] slowed and cooled a cloud of neutral sodium atoms in the three spatial
dimensions by way of three pairs of orthogonal, counter propagating laser beams
in a configuration referred to as optical molasses. A temperature of some 240uK
was attained.

Shortly before this was published, Philips and Metcalf published an article
[6] in which they showed that neutral atoms could be trapped in a quadrupole
magnetic field. By combining this with the 3D optical molasses, the magneto-
optic trap (MOT) was born [7].

The lowest temperature achievable via laser cooling alone (Doppler cooling)
is known as the Doppler temperature limit. This was well known at the time

a surprising result was published in 1988 [8]. Temperatures below the Doppler



1.1 History of laser cooling

temperature limit had been experimentally observed in optical molasses. This
soon led to the understanding that Doppler cooling theory could not be applied
to multi-level atoms - it was too simple. Dalibard and Cohen-Tannoudji [9] and
Steven Chu’s group [10, 11] both published articles which expanded laser cooling
theory to explain how multi-level atoms could be incorporated in 1989.

Potentially one of the most significant achievements in the field of laser cooling
was when Bose-Einstein condensation (BEC) was achieved for the first time [12,
13]. BEC was first predicted in 1924 by Indian physicist Satyendra Bose and
Albert Einstein [14, 15]. BEC occurs when an ensemble of atoms with integer
spin (bosons) have a suitably high phase space density (PSD) = n\3;, where n
is the atom number density and A\;g is the thermal de Broglie wavelength. A
high PSD simply means that a group of atoms have very narrow spatial and
velocity distributions. The result is that, below a certain temperature \;p will
be larger than the inter particle spacing of a group of bosons and they become
indistinguishable from one another and all occupy the lowest possible energy state
of the system. We call this a BEC.

Typically, one cannot obtain BEC with laser cooling alone; the re-absorption
and emission of photons stops a MOT from reaching suitable BEC temperatures
and PSDs [16]. To obtain a BEC, laser cooled atoms were transferred to magnetic
traps where the re-absorption of photons ceased to be a problem [17] and a
technique known as evaporative cooling was developed to lower their temperature
further [18]. To best explain evaporative cooling, one should imagine a cup of
hot coffee. Steam rises from the coffee and the temperature drops steadily until
it will no longer burn the roof of your mouth off. Then you drink it. Evaporative
cooling follows the same principle by lowering the sides of the magnetic trap such
that the atoms closer to the top of the trap (i.e. the hotter atoms) will escape.
This then lowers the average temperature of the whole ensemble. This technique
was used by two groups in 1995 to produce BECs of rubidium and sodium atoms.

It is also possible to laser cool fermions (i.e. atoms with non-integer spin)
to produce a degenerate Fermi gas [19]. Unlike bosons, fermions cannot collapse
to the same energy state due to the Pauli exclusion principle, so each atom will

inhabit the lowest available energy state.
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In the field of laser cooling in atomic physics, two key advances have paved
the way for future research to such a degree that they were awarded Nobel prizes.
In 1997, Steven Chu, William Phillips and Claude Cohen-Tannoudji shared the
Nobel prize in physics for their contributions to the experimental realisation and
theoretical description of laser cooling [20, 21, 22]. In 2001 as a result of achieving
BEC for the very first time, Carl Wieman, Eric Cornell and Wolfgang Ketterle
were awarded the Nobel prize in physics [23, 24].

1.2 Different atomic species

For much of the early period of BEC research it was elements in group I of the
periodic table, the so-called alkaline metals, that were almost exclusively used.
That is, atoms with a single free electron orbiting the core. This is due to the fact
that the type of lasers usually necessary for laser cooling, were readily available in
narrow-linewidth near-IR laser diodes, developed in the early 1990s. To date there
have been BECs in many group I elements: hydrogen (which doesn’t actually
involve laser cooling) [25], lithium [26], sodium (which uses a dye laser rather
than a diode laser) [13], potassium [27], rubidium [12] and cesium [28]. Progress
was not strictly limited to group I elements, however: BECs of metastable helium
[29], ytterbium [30], chromium [31] and dysprosium [32] have also been made.

It was only much more recently that more exotic elements from group II,
the alkaline earths, were successfully cooled to BEC. In 2009, the PTB group in
Germany produced a BEC of calcium [33] and the same year groups in Austria
[34] and Texas [35] produced BECs of strontium atoms. A year later, the same
two groups produced BECs of two different strontium isotopes [36, 37]

The reasons behind the desire to laser cool the alkaline earths are numerous.
The even isotopes have no nuclear spin and so have a singlet ground state with
no sublevels. This is ideal for laser cooling as it produces and almost perfect two
level system and allows a MOT to be attained without the need for a repump
laser, as is the case with the alkaline metals. They also have an additional triplet
energy level scheme coupled to the singlet scheme by narrow transitions known

as intercombination lines.
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These intercombination lines, a type of forbidden transition, are the other
main reason that laser cooling of the alkali earths is an attractive prospect. These
very narrow transitions offer researchers a means to further increase the precision
of one of the most accurately known physical constants: the second. Seconds
are currently defined as ‘The second is the duration of 9 192 631 770 periods of
the radiation corresponding to the transition between the two hyperfine levels of
the ground state of the caesium 133 atom‘ [38]. In the last decade or so, the
1Sy —3 P, transition at 657 nm in calcium has been suggested as a possible future
optical frequency standard [39, 40]. A strontium optical clock has recently been
demonstrated [41].

In addition to this, the very narrow intercombination line could theoretically
be used to cool to BEC entirely optically. That is, without having to rely on
the inherently inefficient process of evaporative cooling. [While there has since
been another calcium BEC [42], evaporative cooling was still used.] It should
be possible to do this because the Doppler temperature limit is related to the
linewidth of the transition being driven; the narrower the transition, the lower
the Doppler temperature. Compare the main cooling transition of calcium with
a linewidth of ~ 35 MHz and Tp =~ 1 mK with the intercombination line with
linewidth 370 Hz and T is in the tens of nK region.

The obstacle to be overcome for an all optical BEC of calcium is that the
transition to be used is so weak that the cooled atoms cannot be supported
against gravity by it, unlike in strontium where the transition is much broader. If
the atoms were loaded into an optical dipole trap [43], they could be held against
gravity and cooled.

Another challenge for this line of research is to develop a laser source with
linewidth comparable to or narrower than the transition. This poses a consider-
able challenge but is possible [44]. Another route that can be taken is to artificially
broaden the intercombination line transition by ‘quenching’ the lifetime of the 2P,
state by exciting atoms to higher energy levels which more promptly decay to the
ground state [45]. The drawback with this approach is broadening the transition
increases the Doppler temperature and thus it could be argued that this would

partially defeat the point.
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1.3 Experimental goals

The broad goals of the calcium experiment at the University of Strathclyde are
simple: attain BEC purely by optical means. By doing so, we will be able to
circumvent the extremely lossy process of evaporative cooling, allowing us to
attain BECs of far more atoms. By doing so, and by making use of a dipole trap,
it should be possible to perform atom interferometry on two entirely separate
BECs. The more typical method of using BECs for atom interferometry has
involved splitting a single BEC and recombining it. By using two separate BECs,
any possible phase relationship between the two BECs being interfered is removed.
It should also be possible to perform a measurement of the optical frequency
standard on the 452 1S, — 4s3d P, transition.

While calcium BECs have been achieved by different groups over the past three
years [33, 42], most of the work with group II elements has been with strontium
[34, 35, 36, 37| due to improvements in cooling techniques allowing those working
with strontium to finally attain a high enough phase space density to achieve BEC.
However, work presented in this thesis, outlined below, should make calcium seem
an attractive prospect once again. The various lasers investigated in this thesis
have improved the number of trapped atoms attainable by an order of magnitude
and have presented a potential route to calcium BEC that should be much more

efficient than has been used previously [33, 42].

1.4 Thesis layout

The work presented in this thesis will be separated into chapters, as follows

e Chapter 2 will explain the background theory behind laser cooling and
explain the specifics behind the laser cooling of calcium in particular. The
experimental setup used throughout this work will also be presented and

explained.

e Chapter 3 will explain in detail the work carried out on the first of the
repump lasers used in this experiment, the 672 nm 4s3d ' D, — 4s4p ' P,

transition. The benefits of increased atom number, trap lifetime and loading
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rate will be explained and the first iteration of the rate equation model used
will be presented. The latter part of the chapter will present our work on
measuring the isotope shifts on this transition for several even isotopes.

Expected isotope shifts for other isotopes will also be presented.

e Chapter 4 will present and explain the work on the second repump transi-
tion used: the 4s4p 3P, — 4s3d ' Dy at 1530 nm. The benefits when used in
conjunction with the 672 nm repump laser will be presented and explained,
as will the drawbacks of using this laser on its own. The definitive rate
equation model will be introduced, explained and rigorously tested. Also
in this chapter will be investigations on the effects of the intensity of both
repump lasers, particularly that of the 1530 nm laser due to the presence
of a fiber amplifier at this wavelength. A measurement of the transition

wavelength will also be presented.

e Chapter 5 will present work on the design, construction and testing of
a novel, interference filter based external cavity diode laser for use on the
45218, — 4s4p 3 P, intercombination line at 657 nm. Preliminary results on
the laser’s interaction with the transition will be presented, followed by a
comparison with the results achieved with the laser locked to a Fabry-Perot

cavity.

e Chapter 6 will consist of a brief summary of the thesis as a whole, together
with some suggestions for future work to be carried out on the calcium MOT

experiment.

1.5 Note

Some of the work presented in this thesis has already led to publication in scientific
journals. These publications form the backbone of Chapters 3 and 4.

Chapter 3 is based on the paper 'Spectroscopy and isotope shifts of the
453d ' Dy — 4s55p 1 P, repumping transition in magneto-optically trapped calcium
atoms’ (Physical Review A 81, 023424 (2010)) [46]. My responsibilities for the

work carried out which led to this publication were; making the 672 nm laser work
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at the desired wavelength and maintaining it there, setting up the experiment such
that the laser overlapped with the MOT, helping to make the measurements pre-
sented, aligning the laser into the ULE cavity for the isotope shift measurements,
making said measurements and the data analysis of the isotope shift data taken.

Chapter 4 is based on the paper "Laser spectroscopy of the 4s4p 3P, —453d ' D,
transition on magnetically trapped calcium atoms’ (Physical Review A 83, 062513
(2011)) [47]. My responsibilities for the work carried out which led to this pub-
lication were; making the 1530 nm laser work at the desired wavelength and
maintaining it there, co-aligning the 1530 nm laser beam with the 672 nm laser
beam, setting up the timing mechanism for creating the laser pulses used, taking
the necessary data for the effects of the 1530 nm laser and measuring the lifetime

of the 3P, state atoms.
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Chapter 2

The experimental setup and the

background theory involved

The experimental apparatus used has previously been described in detail in [}8],

[49] and [50] but a brief outline is included here.

2.1 Introduction

To properly describe the apparatus used in this experiment and the theory behind
its operation it seems best to proceed step by step, starting with the principles
and theory of laser cooling and aspects of this which will be used in the ex-
periment. Following this, the physical properties of calcium will be explained,
leading to an explanation of the laser systems required for calcium in general and
this experimental setup in particular. Finally in this chapter the vacuum system

necessary for this experiment is explained.

2.2 Laser Cooling

Before any more is said, it is important to explain the process of laser cooling as
so much of what is involved in this work relies critically on the process.

The layman’s analogy of laser cooling is to imagine slowing down a charging
elephant by firing a stream of tennis balls at it. Using this analogy, the ele-
phant is a moving atom and the tennis balls represent the photons in a counter-

propagating laser beam. In order to slow the atom down, the laser in question
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must have a wavelength close to that of an atomic transition and will typically
be detuned to the red of said transition so the Doppler shift of the approaching
atom moves the laser into resonance with the transition in question. With the
laser resonant with an atomic transition, the atom will absorb photons, leading
to excitation to an excited state, followed by a photon being emitted as the atom
decays back to the lower state. The absorption of a photon from the laser will
result in a momentum kick anti-parallel to the motion of the atom: the atom will
recoil with velocity v, = h k/M(h is the reduced Planck’s constant, k = 2w /A
(with A the wavelength), M the mass of the atom), which is ~2.3 cm/s for the
45? 1Sy — 4sdp ' P, transition in calcium. The atom will also receive a momentum
kick from the emitted photon, but because the direction in which said photon
is emitted is isotropic over many absoprtion/emission cycles, these momentum
contributions average out to zero. Hence we consider only incoming photons as
having an effect on the velocity of the atom. This is shown diagrammatically in
Fig. 2.1.

The force exerted on an atom in a cooling laser beam is simply down to

Newton’s second law of motion

My ok

R (2.1)

where Ap = hk is the momentum change and I', is the scattering rate. This

simplifies to

F = hkT,, (2.2)

where I}, is given by

N So(I'/2)
P14+ Sy + (2A/T)?

(2.3)

and

I is the intensity,

10
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hk
s Ee= mv = hk

Figure 2.1: A representation of the absorption/emission cycle that takes place
during laser cooling. An atom absorbs a photon of momentum A k and gets
excited up to a higher energy level. This absorption will impart momentum to
the atom anti-parallel to the photon’s direction of travel, causing the atom to
recoil with velocity v, = h k/M. The atom will then emit a photon of roughly
the same wavelength and decay back to the ground state, which will impart
the same momentum kick, but in a random direction. As this random emission
will be symmetric over many absorption/emission cycles, the average momentum
imparted by the emissions will be zero. Thus, the only change in momentum
comes from the incoming laser beam [16].

11
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So = I/I is the saturation parameter, (saturation being when there are as
many atoms in the excited state as there are in the ground state, which cannot

be improved upon),

_ whe
IS T O3M3T

T is the excited state lifetime,
I is the linewidth of the transition and

A is the detuning from resonance.

is the saturation intensity,

Two properties an element must have for effective laser cooling are that there must
be a broad drivable line between the ground and excited states (the linewidth of
these transitions is related to their strength due to the fact that the linewidth
is simply the inverse of the excited state lifetime and is a measure of how many
decays per second take place. The faster the decay rate, the more often the atoms
will cycle back and forth allowing for more effective laser cooling) and this tran-
sition must be closed, meaning that atoms excited to the upper state must decay
to the ground state and not other excited states.

However, all this said, just a laser beam tuned to an atomic resonance will not
be enough to effectively laser cool. Due to the changing Doppler shift experienced
by a decelerating atom, it will only be in resonance with the laser beam very
briefly and so will only briefly experience the slowing effect. In order to slow the

atoms down, use is made of the Zeeman effect.

2.2.1 Zeeman Slower

The Zeeman effect is a shifting of atomic energy levels when an atom is placed
in a magnetic field. As this means the frequency of a transition also changes, the
Zeeman effect can be used to tune an atom into or out of resonance with a laser
beam.

The shift in atomic energy levels when in a magnetic field B = B(z) is given
by

AE = uggymyB(z), (2.4)

12



2.2 Laser Cooling

where
i is the Bohr magneton,
my is the magnetic quantum number, and
gy is the Landé g-factor for the fine structure level J and is given by, using

standard Russel-Saunders notation [51],

3 S(S+1)—L(L+1)
2 " 2J(J +1) ’

9s = (2.5)

which, for a ! P, state, for example, is simply 1 and is 3/2 for a 3P,. Using
standard Russell-Saunders/LS notation, the atomic state of an atom is described
by

25417, (2.6)

Where S is the total spin quantum number, L is the orbital quantum number
and J is the total angular momentum quantum number. For an ideal, two level
atom with ground state J = 0 and excited state J = 1, the Zeeman effect will
split the excited state energy level into three magnetic sublevels, m; = —1,0,1
which are excited by o=, 7, o™ polarised light, respectively, defined relative to the
z-direction in the 1D case.

If the magnetic field applied is spatially varying and carefully chosen then the
Zeeman shift will exactly cancel the Doppler shift that pushes the atoms out of
resonance with the oncoming laser even as they are slowed by it along the entire

length of the slower. The equation for such a magnetic field is given below [52]

B(z) = By + By, /1 — =, (2.7)

13
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where
By, is the bias field,
By = hk‘vo/ HB,

Vp is the maximal initial velocity of the atoms,

z is the distance along the slower,
MUS
nhkl’
M is the atomic mass for *°Ca),

N = a/0max,

a is the acceleration (negative in the case of slowing) and

hkl
Qmax = oM

20 = is the length of the slower,

A representation of a Zeeman slower, constructed from a tapered copper solenoid
with a separate coil of constant diameter, together with a representation of the
shape of the field produced is shown in Fig. 2.2. This shape of field is chosen
because as the atoms are slowed down, the distance they move in a set time is
reduced. As the atoms undergo a scattering event at the scattering rate I',, the

field will be required to change more severely to keep up with this change.

2.2.2 Optical molasses

The principle of laser cooling using a single laser was explained in an earlier part
of this chapter. If, instead, two lasers are used and are aligned anti-parallel to
one another and both are slightly red detuned from resonance a one dimensional
(1D) optical molasses can be set up. If we take the Doppler shift into account,
the total detuning from resonance will be § — k£ - v. The force exerted on atoms

in a 1D optical molasses is then given by:

r So SO
Foy = hk— - 2.
Eow =ty [T s v@o-tury  1+s+eorkomy) Y
This leads to, if |kv| << 4§, [8]
Fon = 4hkSo fo(20/1) (2.9)

[1+ Sy + (20/T)2]2

14
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Figure 2.2:  Shape of the Zeeman slower and the resulting spatially varying
magnetic field.
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Force ((h/2m)kI)

Velocity (F/k)

Figure 2.3:  Force on atoms as a function of velocity. The top and bottom
curves represent the force from each laser while the curve in the middle is the
combined result. The ‘sweet spot’ is with a detuning of half a linewidth. If the
detuning was greater, we would see the two curved move further apart and the
resulting slope would become shallower, resulting in a smaller force acting on the
atoms. Conversely, if the detuning was smaller, the slope would get steeper and
eventually disappear as the detuning approached zero.

The result of this is that for § < 0 the force is damping, for § > 0 the force is
anti-damping and is linear in v if |kv| << |0| or |kv| << |I'|, as shown in Fig. 2.3.
This can be extended into two and three dimensions, with a 3D molasses being
one of the key concepts behind a magneto optic trap (MOT). Optical molasses
cannot trap atoms - they will simply diffuse out of the cooling region over time.

The Doppler temperature limit is given by

Al
knTo = = (2.10)

where kg is Boltzmann’s constant and Tp is the Doppler temperature.

TThe Doppler temperature of the main cooling transition in calcium is ~ 841uK,

16



2.2 Laser Cooling

whereas for the 1S, —* P, intercombination line has a Doppler temperature of
only ~ 9 nK. The reason for this temperature limit - the reason why this wont
just cool to zero is that there is some heating effect taking place here. As stated
earlier, the momentum kicks received by the atom from emitted photons is ran-
dom so averages out to zero over many repetitions. This is not strictly true, as
the atom will undergo a random walk due to these kicks and will not return to
exactly the same position. This means the atom will always have some velocity
and so, some temperature.

In a molasses, the velocity damping time constant - the time taken for at atom

in the molasses region to be significantly slowed - is given by [§]

: (2.11)

T, =

M
o

where M is the atomic mass and « is known as the damping coefficient and is

given by [8]

, I (2A/T)
T Is[1+ (2A/T)22

o=

(2.12)

2.2.3 Magneto Optic Trap

By addition of a magnetic gradient to a 3D optical molasses atoms can be slowed
and trapped. It is for this reason the setup is known as a magneto-optical trap
[7].

The quadrupole magnetic field is created by use of two coils in anti-Helmholtz
configuration (that is, with current flowing in opposite directions) on either side
of the desired trapping region. The quadrupole magnetic field with zero magnetic
field at the trap centre serves to impart an increasing Zeeman shift to the magnetic
sub-states as the atoms drift away from trap centre.

Consider an atom with ground state J, = 0 and excited state J. = 1 with

sub-states m = —1,0, +1. The three possible transitions under these conditions

17



2.2 Laser Cooling

m = -1 m =1
=0 m=0
iy & m = -1

0

Figure 2.4: A 1D MOT example. The different circular polarisations see different
transitions closer to resonance.

are |J, = 0,my =0) to |J. = 1,m. = —1,0,+1) driven by ¢~, 7 and o™ polarised
light respectively (in the lab frame of reference).

The 3 pairs of counter propagating laser beams that form the trapping region
are of opposite circular polarisation. As a result, in the spatially varying magnetic
field supplied by the anti-Helmholtz coils, for an atom in the 4+ve z-direction, the
o~ beam sees the Am = —1 transition shifted into resonance with it, thus pushing
the atom back towards the trap centre. The same is true for an atom in the -ve
z-direction, using the o™ beam and the Am = +1 transition [16]. This result in
the atoms experiencing a position dependent force that increases with distance
from the trap centre. This can be seen in Fig. 2.4 for the 1D case.

This diagram describes the situation when calcium atoms as laser cooled ex-

18
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actly, due to the fact that there is no ground state splitting. The 3D generalisation
can be seen in Fig. 2.5. To control the polarisations of the MOT beams there are
quarter waveplates installed both before the MOT chamber and after the MOT
chamber, but before the retro-reflecting mirrors. It should be noted that due to
the directions of the magnetic field, the polarisations in the ‘vertical” direction on
this image should always be opposite to those in the ‘horizontal” directions.

The result of this setup is that any atom drifting away from the centre of the
trapping region is pushed back towards trap center by one of the laser beams. This
allows atoms to be confined in all directions and held in the trapping region. This
happens as a result of the combination of the damping force of the molasses, which
slows the atoms and the spatially dependant force exerted by the combination
of the MOT laser beams and the MOT magnetic coils which act as a restoring

force, pushing the atoms back into the magnetic field minimum.

2.3 Atomic Structure

Due to the Pauli exclusion principle no two electrons can have identical quantum
numbers, resulting in electrons filling up sequential shells. For our purposes, only
electrons in the outer, unfilled energy shells are of importance. In the presence
of an external magnetic field states with a different magnetic quantum number
my(my =—J,—J +1,...,J) will experience a splitting due to the Zeeman effect,
with the magnitude of the splitting between sequential quantum numbered states

being given by

AFE = gJ,uBBO, (213)

where pp is the Bohr magneton.

In LS coupling, there are only certain transitions that are allowed. These dipole
transitions are governed by the selection rules, which state AS = 0, AL = +1,
AJ = 0,%1. This is not strictly true, however. Transitions that break the selec-

tion rules do happen, but are extremely weak. These transitions are known as
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_|_

o

Figure 2.5: 3D generalisation of a MOT with 3 pairs of orthogonal c"o~ beams
and anti-Helmholtz coils. Also shown is the direction of increasing magnetic field.
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forbidden transitions. An example of a forbidden transition would be any transi-
tion between an S and a D state, which, as S states have a L. of 0 and D states
have an L of 2 would break the AL = 41 selection rule. One type of forbidden
transition that is of particular import in this work occurs between singlet and
triplet energy levels. These transitions are allowed due to inaccuracies of the LS
coupling desription whereby the spin-orbit interactions mixes some singlet and
triplet wavefunctions together. This results in the very weak transitions known as
intercombination lines. Compare, for example, the linewidths of the main cooling
transition in calcium and one of the intercombination lines used. The main cool-
ing transition linewidth is 35M Hz and the corresponding intercombination line
linewidth is ~ 370H z. It should be noted that the only difference between the
45218, — 4s4p ' P, transition and the 452 1S, — 4s4p 3P, transition is that there
is a difference in spin between the two. Everything else is identical. In this case,

it is the AS = 0 selection rule which is being broken.

2.4 Calcium Structure

Calcium is an alkaline-earth element, as opposed to the workhorse element used
in laser cooling experiments, rubidium, which is an alkaline-metal element. The
alkaline-earths belong in group II of the periodic table and thus are two electron
systems: there are two free electrons orbiting the nucleus. The atomic structure
is, therefore, more complex than group I elements like rubidium, which feature
a single electron orbiting the nucleus. Calcium is a relatively soft and reactive
metal with a metallic silver colouration, but readily oxidises when exposed to at-
mosphere and reacts aggressively when introduced to water [53]. It has a melting
point of 1113K and boils at 1753K [54].

The electronic ground state of calcium is

15225%2p°3523p%4s* 1S, (2.14)

The main cooling transition of calcium is the 452 1Sy — 4s4p ' P, at 423 nm.

This transition is perfect for laser cooling because it has a large linewidth of ~
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35 MHz. Also unlike, for example, rubidium, the ground state has no nuclear
spin. This lack of nuclear spin has benefits and drawbacks. Due to the lack
of hyperfine structure of the ground state (as a result of their being no nuclear
spin), a benefit is that only one laser is needed to produce a MOT. With laser
cooling elements with ground state hyperfine structure, a second 'repump’ laser is
required to stop cooled atoms leaking out of the system into one of the hyperfine
sublevels. While that particular leak is removed when dealing with an element
like calcium, others are introduced. From the main cooling cycle excited state,
4sdp 1P, ~ 1 : 10° atoms will decay into the 4s3d ' Dy state [55]. From there,
the atoms will then decay into the 4s4p 3P, and 4s4p 3P, levels with a branching
ratio of 1 : 5, respectively [56]. Atoms that decay into the 4sdp 3P, level rejoin
the cooling cycle in ~400 us. However, atoms which decay into the 4s4p 3P, level,
which has a lifetime of ~ 118 minutes [57], are effectively lost from the system as
they diffuse out of the trapping region. This represents the main loss from the
system.

The main drawback of this lack of nuclear spin is that, due to the same lack of
hyperfine sublevels of the ground state that helps us elsewhere, it is not possible
to use standard techniques such as magnetic trapping for evaporative cooling [12]
or polarisation gradient/Sisyphus cooling [9] to cool beyond the Doppler tem-
perature limit and on to Bose-Einstein condensate (BEC). While other methods
exist for attaining sub-Doppler cooling and attaining BEC in calcium [33, 58],
these methods do not feature in this work.

For this work, it is important to point out that there are several isotopes
(atoms with the same number of protons but differing numbers of neutrons and
so slightly different masses) of calcium. The primary isotope used in this work is
40Ca, as it is the most naturally abundant isotope. Other isotopes of interest are
41,4243,44,4648(C3, The even isotopes all have no nuclear spin and hence no ground
state splitting, but the odd isotopes have spin of 7/2.

The energy levels and transitions relevant to this work, along with state life-

times and transition wavelengths are shown in Fig. 2.6
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Figure 2.6:  Atomic energy level transitions in calcium. Included are vacuum
wavelengths and excited state lifetimes for relevant transitions. The main cooling
transition is the 452 1Sy — 4s4p ' P, at 423 nm.

2.5 Lasers required

423 nm is not the easiest wavelength at which to find a laser with sufficient power.
Unlike rubidium, for example, this cooling transition is not easily accessible with
commercially available laser diodes (the rubidium transitions are at ~780 nm,
very close to the operation wavelength of CD player laser diodes). While it is
possible to tune the emission wavelength of a diode by altering the temperature
(higher temperatures increase the wavelength, lower temperatures decrease it), a
rule of thumb for NIR laser diodes is that it takes a temperature change of ~ 3°C
to produce a wavelength change of 1 nm [59]. This means that if, for example, a
Blu-Ray diode with room temperature wavelength of ~405 nm were to be used, it

would need to be heated up to ~ 74°C to get to the desired wavelength. However,
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Blu-Ray diodes actually tune much more slowly, at a rate of ~ 25°C/nm Thus to
get to a suitable wavelength would require heating to nearly 500°C. It is possible
to buy diodes at 423 nm (Toptica LD-0425-0120-1) claiming 120 mW output
power from a free running diode, but only 13 mW from an external cavity diode
laser. This is far too little power, as will be highlighted later.

The solution is second harmonic generation (SHG). Before this step, however,
a source of a large amount of power at double the required wavelength is needed.
The obvious solution is a titanium-sapphire (Ti:S) laser [60]. Ti:S lasers are ex-
tremely useful pieces of equipment due a number of reasons. They are wavelength
tunable over a very broad range (as much as 650nm to 1100nm if mirror sets are
changed, with peak efficiency being at a lasing wavelength of ~800 nm), they
produce a stable TEMO00 mode beam (a gaussian beam) of good quality and
powers in the Watt regime. Pumped with 7W of 532 nm light from a frequency
doubled 1064 nm Nd : YV O, laser (Coherent Verdi V8), the Ti:S used for this
work produced somewhere in the region of 500 - 600 mW (sometimes as much
as 750mW) of power at 846nm. In order to generate the second harmonic of
this wavelength and thus produce the 423 nm light necessary for the experiment,
it was passed through a 10 mm crystal of periodically poled potassium titanial
phosphate [61] (ppKTP) (periodic poling is a process which enables quasi-phase
matching of nonlinear interactions in a transparent crystal material [62]) with
a poling period of 4um. The reason such a high power is necessary is that the
SHG efficiency of such a crystal at this wavelength is on the order of 0.3%/W,
leading to ~1.5 mW of blue light from a single pass through the crystal. This
1.5 mW is used later to lock the laser to the desired atomic transition of calcium
and another crystal is used to generate the ~100 mW in an enhancement cavity,

which will be explained in detail later in this chapter.

2.5.1 Locking setup

In order to successfully cool and trap atoms consistently the source of cooling
light must be on and stay on resonance with the atomic transition in question.
While Ti:S lasers are stable, they are not stable enough, especially when the

necessary frequency doubling is taken into account. Any change in the frequency
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of the Ti:S laser is doubled for the generated blue light. Fort this reason, it is
necessary to ‘lock’ the laser to the 4s? 1Sy — 4s4p 1 P, transition at 423nm. This
is done by way of a saturated absorption spectroscopy (SAS) setup.

The setup used is described in great detail in [49] and is merely summarised
here. About 1.5 mW of 423 nm light, derived from a Ti:S laser emitting 846 nm
light on a single pass through a ppKTP SH generating crystal heated to ~ 70°C
is directed towards an AOM (Crystal Technologies 3080-125, centre frequency
80MHz). The zero and +1 orders from the AOM, which form the pump beams,
are directed via independently adjustable mirrors towards and overlapped inside
a hollow cathode calcium lamp (Hamamatsu L2783-20NE-Ca). At the same time,
a probe beam (which propagates in the opposite direction to the pump beams),
picked off before the AOM and with a power of ~150uW is also overlapped with
the two pump beams. This probe beam is then picked up on an AC coupled,
amplified photodiode. As the AOM is amplitude modulated (on/off) at 55 kHz,
phase sensitive detection (using a lock-in amplifier) of the probe beam produces
two saturated absorption signals that are 180° out of phase and separated by half
the AOM frequency. Adding these two signals together produces a standard error
signal with a strong zero crossing approximately a quarter of the AOM frequency
below the atomic transition frequency. The setup is shown in Fig. 2.7

The signals from each pump beam separately and the combination are shown
in Fig. 2.8. The power of each pump beam was generally between 0.7 mW and 1
mW and the power of the probe beam was ~300 puW.

It is worthy of note that this setup is sensitive enough to pick up isotopes
with < 0.2% natural abundance (*Ca). 4°Ca, the isotope used for this work,
has a natural abundance approaching 97%. Again, this is explained in greater
detail in [49, 50]. The traces seen above are not always exactly reproducible.
Oftentimes one or the other of the individual absorption signals would have a
different amplitude to the other. This was acceptable, however, as it was still
possible to produce a stable lock in these conditions provided there was a strong
zero crossing. The lamp was typically run at 480 V, 8.07 A, but these parameters

could be increased or decreased as necessary for the best signal.
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Figure 2.7: Experimental setup for amplitude-modulation saturated absorption
spectroscopy of calcium. Linear L linear polarization is used for the pump and
probe beams. The pump beams are amplitude modulated by an AOM. The signal
is detected with a photodiode amplifier. In the setup, dichroic mirror (DM), beam
sampler (BS), half-wave plate (A/2), polarizing beam splitter (PBS), interference
filter (IF), and L1, 12, L3, L4 and L5 are lenses, respectively [49].

2.5.2 Doubling cavity

As stated in an earlier section of this chapter, a minimum of ~100 mW of light at
423 nm is needed for to run the experiment. To generate this power, the infra-red
(IR) light not converted into blue light in the previously mentioned ppKTP crystal
is directed through a polarisation maintaining optical fiber to the lab’s second
laser table, which houses the experiment proper. The 60 — 70% of the light that
is successfully coupled through the fiber is directed into an enhancement cavity
in bow-tie configuration, which contains an identical ppKTP crystal. The reason
ppKTP is used is because, compared to other doubling crystals, the efficiency of
0.3%/W is high. This means factors such as the impedance matching do not need
to be perfect for it to work. Other doubling crystals tend to be, at best, half as
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Figure 2.8: The red (top) curve shows the signal due to the zeroth order pump
beam, the blue (middle) shows the signal due to the first order pump beam. The
locking signal when these are combined is shown by the green (bottom) curve,
which is offset for clarity and multiplied by -1. Adapted from [49].

efficient. The cavity design is shown in Fig. 2.9

The mirrors are all HR coated at 846 nm (apart from M1 which has a reflec-
tivity of 0.95) and AR coated for 423 nm and the ppKTP crystal is housed in an
oven controlled by a temperature controller (Wavelength electronics MPT-5000)
and mounted on a vertical translation stage to allow the position of the crystal
at the focus between the two curved mirrors to be optimised.

~ 350mW of 846 nm light enters the cavity via M1 and, if the cavity is mode
matched (where the incoming beam mode matches up with the allowed cavity
mode such that only one longitudinal and one transverse mode are excited) and
impedance matched (when the losses due to the input coupler and the cavity

round trip are matched), circulates in the cavity building up power with each
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Figure 2.9: The resonant enhancement cavity in bow-tie configuration. M1 and
M2 are plane mirrors, M3 and M4 are curved mirrors with radius of curvature
(ROC) of 50mm. P,,, P,, P.. and Psyg are the input, reflected, circulating and
SHG powers, respectively. PZT is a piezo electric transducer, A/2 and A/4 are
half and quarter wave plates respectively, PBS is a polarising beam splitter cube
and PD1 and PD2 are photodiodes.

round trip. More detail can be found in [50].

In order to produce a stable, constant power level, the cavity had to be locked
so that the cavity length was always resonant with the desired beam mode. For
this, use was made of the Hénsch-Couillaud locking technique [63] whereby the
light reflected from the cavity when not on resonance is passed through a quarter
wave plate and a polarising beam splitter (PBS). The different polarisations are
then directed into separate photodiodes with the signals being added together to
give a standard error signal which was then fed to an integrator circuit driving
a piezoelectric transducer (PZT) upon which the cavity mirror M2 is mounted.
This allows the length of the cavity to be precisely, electronically controlled to
always keep the cavity on resonance. This sort of cavity lock, which involves
phase sensitive detection, requires the signal be amplitude modulated at a cer-

tain frequency with the same frequency used as a reference for a phase sensitive
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Figure 2.10:  The ideal lock signal from the cavity (red) and the blue light
generated by the cavity (blue).

detector (like a lock-in amplifier) to enable it to pick out a signal that can be
locked to. The beauty of this setup is that the different reflections from the cavity
are out of phase with each other and when passed though the PBS, each will hit
its photodiode out of phase with the other. When added together, these signals
provide a standard dispersion signal which can be locked to simply by using an
integrator. This means that the combination of different beam polarisations act
as this setups own phase sensitive detector.

Ideally, the lock signals should look those seen in Fig. 2.10

However, it was frequently the case that this signal was unobtainable in prac-
tise. Whether due to gradual deterioration in the crystal and/or beam alignment
that was nontrivial to correct it is unclear, but the actual locking signal was

regularly as shown in Fig. 2.11
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Figure 2.11: The lock signal from the cavity (red) and the blue light generated
by the cavity (blue).

While not ideal, it was still possible to lock to this signal with ease. The
lopsidedness of the blue light signal (and by extension the right hand side of the
double error signal) can be attributed to thermal effects, with the crystal heating
up as the second harmonic is generated, the left hand side of the double error
signal remains a mystery. It is likely this is simply due to an alignment issue
there was not time (nor justification as a lock was still possible) to rectify.

For an input power of ~350 mW of 846 nm light this cavity, when optimised,
produces up to 150 mW (typically 100 - 120 mW) of 423 nm light. Over time
this can degrade to less than 100 mW, requiring the cavity be maintained. Of
this power, typically 40 - 45 mW was used for the MOT beams (an average of
13.5 mW in each beam) and another 40 - 60 mW were split between the Zeeman

slower beam and the 2D molasses beam. The rest of the power is lost in various
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optical components along the way (PBSs, AOMs, etc.).

2.6 Hardware

2.6.1 Vacuum setup

In order to produce a MOT worth studying (i.e. with a suitable number of atoms
and with sufficient lifetime), the setup needs to be run at a pressure of ~ 107%
mbar. This is achieved in three steps, with a fourth needed only occasionally,
as shown in Fig. 2.12. First a standard rotary roughing pump (Edwards model
RV12) brings the pressure down to ~ 1072 mbar, followed by a water cooled
turbomolecular pump (Edwards model nEXT240D). Both of these pumps are
located on the oven side of the pneumatic valve. The nEXT240D is bolted on
to a CF100 port on the side of the oven housing with the RV12 attached to
the exhaust of the nEXT240D. On the other side of the pneumatic valve and
connected to the far side of the MOT chamber an ion pump (Varian Vaclon Plus
55 Diode ion pump) was mounted. As a rough means of measuring the system
pressure, an ion gauge (Kurt Lesker KJL4500) was mounted to the oven housing
opposite nEXT240D. However, for a more precise measure of the pressure inside
the MOT chamber (at low pressures) a read out of the current from the ion pump
could be compared to a pressure/current graph provided by the manufacturer [64].
This leads to a final pressure of ~ mid 108 mbar.

Problems arose with this setup, however. Over time calcium would build
up on the terminals of the ion pump (the older model used, the Varian Vaclon
Plus 40 Starcell), leading to erroneous current and, therefore, pressure readings
which could not be fixed. This left us with no firm idea of what the pressure
in the system was. To remedy this, the ion pump was replaced with a different
model (the aforementioned Vaclon Plus 55 Diode) which can, theoretically, be
fixed should the same problem occur and and extra stage of vacuum technology
was implemented between the MOT chamber and the ion pump. A titanium
sublimation pump (TSP)(Varian 916-0050) was placed before the ion pump with
the ion pump placed out of the direct line of sight of the MOT chamber. When
the TSP pump is periodically ‘fired’, it coats the pipe in which it is placed with
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Figure 2.12: The vacuum setup.

titanium, which attracts and traps any stray calcium atoms heading towards the

ion pump. The setup is shown in Fig. 2.12 and Fig.2.13

2.6.2 Calcium Oven

Calcium is a solid at room temperature. In order to get a sufficient vapour
pressure from a collection of granulated calcium lumps, they must be heated.
Vapour pressure is the pressure of a vapour in equilibrium with its solid and
liquid phases and is a measure of the number of atoms released from a solid as it
is heated [50]. It is given by [65]

b
logioP = 5.006 + a + T + (e xlog1oT), (2.15)
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Figure 2.13: A photograph of the vacuum setup. It should be noted that in
this picture, the turbo pump is not the nEXT240D, but an older Edwards 2501 /s
turbomolecular pump that failed around the time the TSP pump was added in
late 2009.

where P is the vapour pressure in mPa, a = 10.127,b = —9517, ¢ = —1.4030 are
constants found in the literature [54] and T is the temperature of the metal in

Kelvin.

The temperatures needed for sufficient vapour pressure can be seen in Fig. 2.14

In this case, for the necessary vapour pressure of 10 mPa, a temperature of
nearly 800 K is necessary. As a result, one of the main considerations when
constructing the oven was that it be made of material capable of withstanding
said high temperatures. The other main consideration was that the atomic beam
directed towards the eventual trapping region be reasonably well collimated [66].

The design of the oven is shown in Fig. 2.15
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Figure 2.14: The vapour pressure versus temperature curve for calcium.

The oven is made of two stainless steel capsules inside two cylindrical cop-
per mounts with coaxial heater wires (Thermocoax) wound into grooves on the
exterior and is designed to carry heat uniformly to the calcium granules within
(99.99% pure caclium, Sigma-Aldrich 44187-2). The copper cylinders are held
in place by two stainless steel mounting cylinders which make minimal thermal
contact with the heater wires. The front and rear ends of the oven are heated
independently of one another and the individual temperatures are measured by
K-type thermocouples.

If a mean atom velocity of 7 with number density per unit volume n is as-
sumed, the number of atoms dQ)dt emerging into a solid angle dw through a cross

section Ay in time dt is given by [65]

dQdt = Z—wn(l/th56089). (2.16)
7r

If these atoms exit into a cylinder of length [ and radius r and diameter d, it will
collimate the beam of atoms as only atoms that enter the cylinder with a path

with angle less than 6,,,, relative to the centre of the cylinder will pass through
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Figure 2.15:  Cross-sections of the Ca oven. A stainless steel capsule (1) contains
the Ca metal and is surrounded by a copper shell(2) heated by coaxial heaters (3).
Nineteen stainless steel capillaries (4) collimate the beam. The capillaries have a
0.5mm inner diameter, are 10mm long and are held in place by two copper pieces
(5) forming a hexagonal hole in the middle and a conical outer surface. Once
assembled this unit is pressed into a matching cone formed in one of the copper
shells. A stainless steel disk (6) with a hexagonal hole in the middle restricts
the access of the hot calcium to the surrounding copper. Similarly, the design
of the stainless steel capsules restricts the access of the calcium to the copper
gasket (7), which seals the oven. Two stainless steel tubes (8) hold the heaters
tightly against the copper shells and provide some insulation of the oven. (a)
Longitudinal cross-section. A transverse cross-section through the oven at the

dashed line is shown in (b)[48]

it, where 6,,,, = tan~'(d/l). By integrating this from 0 to 6,,,, and substituting

dw = 2I1sinfdf the total number of atoms per unit time can then be found to be

Q= ;LnVAS(r/l)Q, (2.17)

which, for typical parameters produces a flux of 1 x 10! atoms/second.

To ensure the atoms exiting the oven are well collimated the exit channel from
the oven is filled with 19 stainless steel capillaries 10 mm in length with and inner
diameter of 0.5 mm in the shape of a hexagon, held in place by copper mounts.

In order to avoid these capillaries becoming clogged the front end of the oven is
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kept constantly between 10° and 20°C hotter than the back of the oven. Normal
operating temperatures for this setup are 490°C at the back and 505°C at the
front. The beam emerging from the oven is approximately 4 mm in diameter
with a full-angle divergence of less than 6° (20,,,. = 5.7°). However, as far as
the experiment is concerned the collimation is limited to approximately 2° by the
slowing laser beam size.

Assuming a point source of atoms from the oven, the solid angle subtended

by one of the capillaries is given by

Q=x(r/l)?, (2.18)
where r is the radius of each capillary and [ is the length of each capillary.

This gives a solid angle, in our case, of 1.96 x 1073 sr, leading to a transverse

velocity of ~ 1/20 (using Vr = V'sin ) of the longitudinal velocity.

For an oven temperature of 490°C the most probable longitudinal atom velocity
is 446 m/s (meaning a transverse velocity of ~22 m/s). This is too fast to be
captured (capture velocity of our system = 60 m/s), therefore these atoms need

to be slowed. Enter the Zeeman slower.

2.6.3 Zeeman Slower

The slower has been designed to deliver a beam of slow atoms, with a mean
speed of approximately 60 m/s. This is chosen so as to approximately match
the capture velocity of our MOT setup, which is 70 m/s [48]. Put simply, atoms
which travel faster than the capture velocity of the MOT do not spend long
enough in the trapping region to fall into the MOT, and so escape. The slower
consists of two coils: a tapered solenoid to follow the decreasing Doppler shift of
the slowed atoms, and a fixed width coil designed to interrupt the slowing process
and decouple the atoms from the magnetic field. This works because the shape

of the field suddenly changes too fast for the atoms to follow it. The slower is
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Zeeman slower windings

ENEEEEEEEEEEN

i

La bbbl sl

el e

HHEEEE RS

L bbbl ol bl

e s LR LSS 2L

hid sl e bbbl lds

A e e

b ididaddididid

hid sl e bbbl lds

A e e

A A A b b b A AL ol s

A e
Aiaid bl At bbb ol bl

A e e

A e e
Aiaid bl At bbb ol bl

LA SR L2 2 R LY

LA AR A b Ao b bbbl ol s

B e e e e e e
i ded st sl il il
LAl Al b ol b bl ol
A e e e
ldadalia b b b i b b ol s
a2 LR LS RS R L E S
labisdilis b il ol
A e e b
A e e e e
labisdilis b il ol
A e e e e
LA RS A R Al s b bbbl bl
A e e e e
lai bt bt sl b ok o b bl sdsd
el e e e e e

3.5

AR E AR R AL A
LA A et o R ot s s s sl sl
frer b b g O b e D S S S A B
o 1 4 1 —
[t —
{wah

14

12

10

z(em)

A representation of the winding of the magnetic coils for the

Zeeman slower. The blue represents the tapered solenoid ‘Zeeman coil’ and the

pink represents the fixed ‘end coil’.

Figure 2.16:

*
4."
+

.
SRS AR FIN

- +
+
+
+

-

700

T T T T

(=] (=] Q (=]

(=) o Q [=)

7] =+ o o~
(9) p1ey onaubew exy

T
(=]
[=)
w

T
(=]
o
et

(=]

0.06 0.08 0.1 0.12 0.14
Distance along slower [m)

0.04

0.02

Figure 2.17: The calculated magnetic field produced by the Zeeman coil.

This produces the magnetic field profile shown in Fig. 2.17

wound from rectangular wire of cross-section 2.8 mm x 1 mm. A representation
of the windings is shown in Fig. 2.16

The coils are wound around a custom 13 cm long vacuum pipe which is con-
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structed to include a channel between the outer and inner diameter for water
cooling. Additional water cooling is provided by rubber tubing wrapped around
the Zeeman coil. This is necessary as the ~ 40W of power in the coil generates
a lot of heat. Without this additional cooling measure, the Zeeman coil would
regularly reach temperatures of 50°C.

The total length of the Zeeman slower is ~ 14 cm in length. This is atypically
short for a Zeeman slower, as traditional examples can often exceed 1 m in length.
The compactness of this design is down to the fact that calcium is much lighter
(atomic mass of 40) than, for example, rubidium (atomic mass of 85) and the 423
nm photons are more energetic and so have more momentum to impart than the
780 nm light used for rubidium.

The typical operating parameters of this Zeeman slower are 5V, 9A in the
Zeeman coil and 5V, 5A in the end coil. This results in the lower velocity wing of
the atoms exiting the oven with a velocity distribution centered around ~ 500m/s
being slowed to a mean velocity of ~ 60m/s. If an oven temperature of 490°C is
used as an example this corresponds to ~ 19% of the beam flux. The Zeeman
slower is typically run with 15 — 20mW of power in the slowing beam. The red
detuning from resonance was done by extracting the Zeeman slower beam from
the +1 order of an acousto-optic modulator (AOM) (Crystal Technologies 3200-
120) with center frequency of 200 MHz running at between 180 MHz and 202
MHz.

2.6.4 Deflection stage

As only this 19% of atoms are successfully slowed to ~ 60m/s, it follows that the
rest are not adequately slowed. It would be disadvantageous to allow these fast
atoms (and the atoms that don’t interact with the slowing laser at all) to continue
forwards into the rest of the experimental setup. The higher temperature and
velocity would reduce the lifetime of the trapped atoms. What is needed is a
means of effectively removing them from the experiment. This is done by way of
what we have dubbed the deflection stage, which makes use of optical molasses.

In the deflection stage, use is made of a 2D optical molasses. This serves two

purposes: first it transversely cools (i.e. collimates) the atoms exiting the Zeeman
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slower and it deflects the colder atoms from the Zeeman slower from the path of
the remaining hot atoms. The transverse cooling is necessary because the slowing
beam from the Zeeman slower only slows the atoms in the longitudinal direction.
Only atoms leaving the oven with a transverse velocity low enough such that they
can enter the capillary tubes (see the calcium oven section of this chapter). Those
atoms will still have some transverse velocity which is of a similar magnitude to
the longitudinal velocity, meaning that while we want a steady beam of atoms,
what we get is a very diffuse ‘spray’ of atoms.

The 2D molasses is constructed with a single 14 mm diameter beam with
power of up to 20 mW retro-reflected in a figure-of-four mirror configuration
placed at an angle of incidence of 22.5° and a retro-reflection mirror. The 14 mm
beam diameter is chosen to ensure that the atoms passing through the molasses
spend several damping times in the molasses. One damping time, assuming the
molasses beams are detuned half a linewidth below resonance and have a power
of 10 mW, is ~ 25us. From this 25us damping time, it can be seen that even the
fastest atoms of interest (100m/s) spend several damping times in the molasses
region. The deflection stage setup is shown in Fig. 2.18

This is known as the deflection stage because it directs the slowed atoms
downwards at an angle of 12.9° from the horizontal plane. This happens because,
due to the molasses beams intercepting the atoms at an angle, one beam will
always interact with the atoms more strongly than the other as the atoms are
already heading more towards it than the other.

The deflection stage is constructed from a rectangular stainless steel block of
dimensions 70x70x150 mm with 10 conflat ports. Four of these ports house anti-
reflection (AR) coated windows (One for the molasses beam, one for the Zeeman
slower beam and two left for visual access). One port on the bottom is used for
the Zeeman slower beam which is reflected off a silver coated mirror inside the
vacuum at and angle of ~ 40°. One issue with this design is that, over time,
the atoms which are traveling too fast after exiting the Zeeman slower and are
thus not deflected by the 2D molasses will carry straight on and start to coat
this mirror. This leads to a dramatic drop in the efficiency of the Zeeman slower
and thus, the MOT as a whole. To combat this, a resistive heater was built into

the mount for the mirror with electrical access via a conflat port on top of the
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........................................

Figure 2.18: Schematic diagram of the deflection stage, which is mounted directly
on the end of the Zeeman slower. (a) Longitudinal section. The atomic beam
enters from the right and is overlapped with the slowing beam, which enters
from the bottom and is reflected off a mirror inside the vacuum. The transverse
molasses deflects slowed atoms along the dotted line. It is not shown in this
view but implemented in a plane along the dash-dotted line. (b) shows the cross-
section along this line and the figure-of-four path, the light follows to provide
the two orthogonal standing waves for the transverse cooling. For clarity, the
vacuum flanges and windows are only indicated with faint dashed lines apart
from the window in (b) showing the lead-seal vacuum viewport design [67].
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deflection stage. It was found that running this heater for several hours (> 12) at
12V and 2A initially increased the overall pressure of the system, indicating that
the calcium atoms which had accumulated on the mirror were being removed
from it. The pressure would return to normal thereafter and the MOT would
improve.

The ports on either end of the deflection stage serve as a path for the atom
from the Zeeman slower to the MOT chamber. The remaining ports are simply
blocked with flanges. It should be noted that immediately after the deflection
stage there is a pneumatic valve set up to close in the event of a loss of power to
the vacuum pumps. This serves to reduce time lost while pumping back down to
low pressure as the volume beyond the valve will remain at high vacuum. It also
serves to allow vacuum to be broken on one half of the system without affecting
the other, allowing each half of the setup to be separately maintained.

To determine whether there is a good, usable flux of atoms leaving the oven, a
1 em? photodiode can be placed in the path of the 2D molasses beam to observe
the fluorescence due to the Zeeman slower beam interacting with the atomic beam
from the oven. A signal of 18-24 mV will result in an acceptable MOT of 90-100
mV.

2.7 MOT chamber/coils

For this setup, the MOT chamber, which immediately follows on from the pneu-
matic valve mentioned earlier, is custom made from a block of 316LN stainless
steel. It is machined to be spherical but for 22 flat surfaces with a mixture
of DN40 (14) and DN25 (8) conflat flanges, with the windows of the same AR
coated, homemade design as in the deflection stage [67].

The magnetic coils required for the necessary quadrupolar field are placed
outside the chamber and wound of 12 turns of water cooled, square profile copper
pipe with inner diameter of 70 mm and separation of 132 mm. This, when running
with the operating current of ~ 210 A, produces a magnetic field gradient of
32G/em. A representation of the MOT chamber is shown in Fig. 2.19

The detection system, which detects the fluorescence of the atoms in the
MOT, consists of an amplified photodiode (Femto PD Model: LCA-s-400K-SI)
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Figure 2.19: The MOT chamber. Blue represents the MOT beams, the red
represents the atoms entering the chamber and the green is the optical access for
the detection system. The magnetic coils are shown in Orange. The green shows
the photodiode access direction [48].
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with conversion efficiency at 423 nm of 1.0 x 107 V/W, and an achromatic lens
system of focal length f = 36 mm situated 86 mm from the MOT chamber
centre. The solid angle of this setup is 0.015. For this setup, a signal of 100 mV
corresponds to a good MOT of ~ 10° atoms.

2.8 Atoms in the MOT

The signal from which the number of cold atoms trapped in a MOT is derived
depends on several factors. In our setup, we have to take into account the fol-
lowing things: the signal observed by the photodiode detecting the florescence of
the MOT, the response and position of the photodiode and the scattering rate of
the transition in question.

The number of cold atoms in the MOT is given by:

4V

N=—0""
OC,ERpp’

(2.19)
where

V' is the voltage read on the oscilloscope from the current measured by the
photodiode,

Q= % is the fractional area observed by the focusing lens between the
MOT and the photodiode,

Alens 1s the area of the lens,

d is the distance from the lens to the MOT,

I', is the scattering rate, as defined in Eqn (2),

E= hf is the energy of a single photon and

Rpp is the equivalent responsivity of the photodiode.

From the above equation, our typically observed ~100mV MOT fluorescence
signal indicates the presence of ~ 10° atoms, as seen in Fig. 2.20

If the same area was observed with the MOT coils switched off, as was typical
during the day-to-day start up procedure, one should expect to see the (compara-

tively) diffuse and dull glow of the 3D molasses and a signal from the photodiode
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Figure 2.20: A typical 100 mV MOT signal. Inset: a photograph of a typical
MOT, circled in red. The photograph was taken through one of the unused optical
access ports.

of 5 - 10 mV. In the event of a similar signal with the MOT coils on, a num-
ber of parameters should be checked. The Zeeman beam fluorescence should be
checked, as in the section of this chapter describing the deflection stage. If the
Zeeman slower itself is working as it should, switching it off should reduce what-
ever MOT signal there is to practically zero, as should the blocking of the 2D
Molasses beam. If either has a smaller effect than the other, it is a prime suspect.
The issue most likely to be the problem is the Zeeman slower. As described in
the deflection stage section of this chapter, the mirror can become coated in a
film of calcium. This can be remedied either by running the heater or breaking
vacuum and cleaning/replacing it.

Typical operating parameters for daily running of the calcium MOT are as
follows. The oven is heated set at 23.5 V, 1.65 A on the front end corresponding
to a temperature of 505°C and 20.4 V, 1.43 A on the back end, corresponding
to a temperature of 495°C. The Verdi laser is run at 7 W, producing some 600
mW of 846 nm light from the Ti:S laser. Of this, 1.4 mW of blue light is gener-
ated in a single pass through one of the pp:KTP crystals and used for the SAS
locking setup. ~350 mW are coupled to the MOT laser table and into the blue
enhancement cavity, producing between 100 and 150 mW of 423 nm light for the
experiment. This light is then split between the MOT beams and the Zeeman
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and molasses beams. At least 40 mW goes to the MOT beams, with the rest be-
ing split between the Zeeman and molasses beams. This can generally be relied
upon to produce a 100 mV MOT, consisting of some ~ 10° calcium atoms. This

optical setup is shown in Fig. 2.21
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Figure 2.21: Optical layout of the calcium laser cooling and trapping experiment.
ppKTP, frequency doubling crystal; DM, dichroic mirror; f1-6, lenses; AOM1 (RF
= 80 MHz) and AOM2 (RF = 202 MHz), acousto-optic modulators; PM fibre,
polarization maintaining, single-mode fibre; PBS, polarizing beam splitter; \/2,
half-wave plate [48].

46



Chapter 3

Effects of the 672 nm repump transition

This chapter is based in part on [46].

3.1 Introduction

As has been stated earlier in this work a closed transition is not 100% necessary
for laser cooling, but it is advantageous. It is possible to laser cool without a
closed transition, but the effectiveness depends upon the strength of the decay to
states other than the ground state. In calcium, the 4s? 1Sy —4s4p ' P, transition is
not closed, but the branching ratio for decay into the 4s3d ! D, is sufficiently weak
that it is possible to obtain a MOT with a single laser frequency. In calcium, this
transition has a branching ratio of 1:100000 [55], meaning that for every 100000
excited atoms, one will decay to the D, state. This compares favourably with
other alkaline earths, such as strontium and barium, whose branching ratios for
the same transition are 1:51300 [68] and 1:330 [69] respectively. For strontium,
this branching ratio is small enough that laser cooling is still possible with only
one laser, but in the case of barium, a repump laser is required. A similar atomic
species has also been laser cooled (and taken to BEC): ytterbium [30]. Yb is not
a group two element, but has a similar atomic structure with similar transition
wavelengths.

With calcium, while it is possible to laser cool and obtain a MOT without
the need for a repump laser, such an additional laser offers benefits that can’t be

ignored. Without a repump laser, the decay to and from the ' D, level effectively
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limits the lifetime of the trapped atoms to a few tens of milliseconds. With the
rempump laser, the lifetime should improve, as should the number of trapped
atoms and the rate at which they load the MOT. This chapter will explore and
explain the various effects observed due to the presence of a laser on the 672 nm

repump transition 4s3d Dy — 4s5p 1 P;.

3.2 Setup

3.2.1 672 nm laser

The 672 nm laser is an external cavity diode laser (ECDL) similar to the Arnold
design [70]. A brief description of this laser follows. A high power single mode 660
nm laser diode (Hitatchi HL6545MG) is placed in a collimation tube (Thorlabs
LT230P-B) mounted in a commercially available mirror mount. A threaded f =
Smm lens is placed at the output of the collimation tube, adjustment of which
allows fine control of the beam collimation. The beam is directed towards a
1800 lines/mm diffraction grating (Thorlabs GH13-18V) mounted at~37° from
the beam direction, ensuring that the 1st order is reflected back on the face of
the diode. The grating is mounted on an aluminium block bolted to the front
of the mirror mount, upon which another mirror is also mounted. Up to 75%
of the light from the diode is reflected off the grating in the zeroth order and
exits the ECDL case via the mirror. The case is a simple die cast box with an
anti-reflection coated window mounted in a bored hole as the exit channel. This
type of ECDL is shown in Fig. 3.1.

This diode is specified to emit at 660 nm at room temperature, which is a
substantial distance away from the desired wavelength of 672 nm. As was stated
in the previous chapter, these laser diodes are temperature tunable by about
3°C/nm, meaning it is possible to increase the lasing wavelength of the diode
to something more suitable by increasing its temperature by ~36°C. Doing so,
however reduces the effective lifetime of the diode and lowers the maximum output
power due to the increase in the lasing threshold current and the reduced efficiency
of the gain curve [71]. The outcome of these effects is that a laser diode specified

to emit 120 mW of 660 nm laser light at room temperature actually produces
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Figure 3.1: A diagram of the Arnold type of ECDL, which is similar to the
design used for this part of the experiment. Note this is only a representation.
Adapted from [50].

between 20 mW and 40 mW of 672 nm laser light off the grating at ~ 55°C. This
is acceptable as it is sufficient power for locking the laser and performing any
experiments. The laser diode current is driven by a Thorlabs current controller
(LD1255R), with additions to allow fine and coarse adjustment of the current
and easy access to apply an external modulation to the current. The diode
is temperature controlled by resistive heating driven by a temperature controller
(Wavelength Electronics MPT-5000). The feedback to the temperature controller
is derived from a 10 k) thermistor housed in a hole drilled into the mount.
However, it was found that in this configuration, the temperature measured in
the mount was some 10 — 15°C higher than was measured next to the collimation

tube so an additional thermocouple was inserted between the collimation tube
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and the mount. This ad-hoc fix means the temperature can still be kept stable
by the temperature controller, while allowing for more accurate readings of the
temperature of the diode. This put to rest fears that the diode was having to be
run at too high a temperature.

Once the diode is raised to about the right temperature, the grating orienta-
tion is adjusted by the vertical and horizontal adjustment screws on the mount
to optimise optical feedback onto the face of the diode. Once this has taken
place, fine adjustment of the horizontal screw alters the position of the grating
and allows control over the laser frequency. In this way, the laser was brought to
a wavelength of 671.953(1) nm [72].

3.2.2 General setup

For the work in this chapter the MOT is run as normal, with a ~ 10° atoms.
The 672 nm beam is directed towards the MOT chamber and passed through the
centre of the chamber and thus the centre of the MOT. This is determined by
observing the effects of the 672 nm beam on the MOT signal and adjusting its
path to optimise this.

For laser stabilisation, a portion of the 672 nm light is directed through a single
mode polarisation maintaining optical fiber to another laser table and coupled
into a Fabry-Perot cavity with 300 MHz free spectral range (FSR) and finesse of
approximately 300. This cavity is itself locked to a stable helium neon (HeNe)
laser [73]. If the 672 nm laser were then locked to the cavity as is, it would
not, generally speaking, be on resonance with the transition in question. To get
around this, we radio frequency modulate the laser by way of a bias-tee and lock
one of the resulting sidebands to the cavity by way of a lock-in amplifier (SRS
SR510). By varying the modulation frequency with an RF source (Hameg HM
8133-2 with typical parameters being between 50 MHz and 70 MHz, -2 dBm
leading to approximately 10% beam power in each first order sideband) applied
to the laser, we can vary the offset between the actual laser wavelength and the
frequency the laser is locked to. By doing this, we ensure the laser remains locked
to the cavity, which itself remains locked to the stable HeNe laser and the 672
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Figure 3.2: The locking setup for the 672 nm laser. FI = Faraday isolator( Linos
F1-630-5 SV). PM = polarisation maintaining [46].

nm laser remains on resonance with the desired transition. This is gone into in
more detail in [50]. This locking setup is shown in Fig. 3.2.

An example of the typical RF sidebands observed together with an example
of the locking signal produced by such sidebands is seen in Fig. 3.3.

The HeNe laser is a standard two-mode internal-mirror-type laser with suc-
cessive oscillating modes that are linearly polarised but orthogonal to each other.
the cavity length is kept stable using thermal feedback to a fixed ratio of the
power in the two orthogonal polarisations [74]. The stability of the HeNe laser
is better than 10MHz a day. This could be measured by beating two identical

systems against each other and observing how the beat note evolves over time.
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Figure 3.3: Examples of RF sidebands.

3.3 Effects of the 672 nm laser on the MOT

The first and most important reason time and effort was invested in investigating
the 4s3d ' Dy — 4s5p 1 P, repump transition at 672 nm was to ‘plug the leak’ of
atoms out of the system caused by the 1:100000 decay from the 4s4p ' P; state to
the 4s3d D, state. This effectively intercepts the leak out of the cooling cycle
by pumping atoms into the higher ' P; level, whereby they can decay back to the
ground state a number of different ways (see Fig. 3.4). This results in a increase in
the number of trapped atoms in the MOT which, itself, is the result of improved
MOT lifetime, capture efficiency and the clearing of a dark state. All of these
effects will be explored in the following sections. It should be noted that while
it might seem obvious to suggest simply repumping from the 'D, state to the
4s4p ' P, state, but this is impractical due to the wavelength of this transition:

some d5.5um.

3.3.1 Increase in number of trapped atoms

The most obvious improvement the 672 nm laser has is an increase in the de-
tected MOT fluorescence, meaning more atoms are trapped. To get to this stage,
however, the line first had to be found. To this end, the laser was directed to-

wards the MOT while the frequency of the laser was scanned back and forth by
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3.3 Effects of the 672 nm laser on the MOT

Figure 3.4: The relevant energy levels and transitions for calcium.

the PZT. As the laser frequency was scanned, the MOT fluorescence signal was
observed. An early example of this is shown in Fig. 3.5.

To further attempt to improve on this signal, once optimised, a mirror was
placed on the far side of the MOT chamber to retro-reflect the 672 nm beam
back on to the MOT. When the initial beam is well aligned, this makes little
difference to the MOT signal, but was useful as a quicker fix if the initial beam
became slightly misaligned, so was kept in the setup. It became apparent why
the retro-reflected beam had little positive effect when we took into account that
we are exciting a J=2 to J=1 transition, a simple example of which is seen in
Fig. 3.6

From Fig. 3.6 it can be seen that with linear polarisation, the m; = —2,2
sublevels have nowhere to go. Such ‘unpumpable’ state are referred to as dark

states. A dark state could be considered to have infinite saturation intensity.

93



3.3 Effects of the 672 nm laser on the MOT

-
\S]

MOT Signal (norm.)
o o o
I [9)] [e=] -

o
]
L

0

400.00 500.00 600.00 700.00 800.00 900.00 1000.00 1100.00 1200.00 1300.00 1400.00

Frequency (MHz)

Figure 3.5: The MOT fluorescence signal as the 672 nm laser is scanned with the

PZT.
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Figure 3.6: How the available states are pumped with linearly polarised light in
a J=2 to J=1 transition. In this example, atoms which end up in m; = —2,2
cannot be interacted with at the same time as the other three.
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LL L

Figure 3.7: How the available states are pumped with circularly polarised light
in a J=2 to J=1 transition. In this example, atoms which end up in m; = 1,2
cannot be interacted with at the same time as the other three.

This leads to the effective saturation intensity being greater than the calculated
saturation intensity for such a transition. If the saturation intensity of these tran-
sitions were actually infinite, there would be no hope of exciting the transition.
However, as the atoms change position within the trap region they start to see
light of slightly differing polarisations and hence get partially coupled back into
the ‘bright’ states. The result is that, while the saturation intensity is higher
than it should ideally be, it isn’t actually infinite, as it would be if the atoms
were completely stationary. In an attempt to address these dark states, a quarter
wave plate (QWP) was placed in the beam path after the MOT chamber, but
before the retro-reflecting mirror to attempt to access the unpumped sublevels of
the ' D, state, as shown in Fig. 3.7

On the face of it, it should be expected that using two beams of opposite
circular polarisation would allow us to interact with these dark states. Consider
Fig. 3.7. If one circular polarisation is used, the m; = —2,—1,0 are coupled to
the excited states above and the m; = 1,2 are not, as shown. If the opposite
circular polarisation was used, the m; = —2, —1 would be uncoupled and the
my = 0, 1,2 would be coupled. In this way, there should be no dark states as the
retro-reflected beam would interact with those states the incoming beam ignored.
However, this is not the case. With the two beams overlapping with each other,

the two opposing circular polarisations effectively combine to linear polarisation

95



3.3 Effects of the 672 nm laser on the MOT

1.2

1 4

0.8 1

0.6 1

0.4 1

MOT Signal {norm.)

0.2

0 - ‘ ‘ . ‘ . . . .
400.00 500.00 600.00 700.00 800.00 900.00 1000.00 1100.00 1200.00 1300.00 1400.00

Frequency (MHz)

Figure 3.8: The MOT fluorescence signal with no retro-reflected beam (blue)
and with a retro-reflected beam and QWP (red). Both signals are normalised to
the peak of the non-retro-reflected signal.

at all points in space. This will always leave m; = —2, 2 permanently uncoupled.

As a result, the addition of the QWP shows no increase in MOT signal. The
comparison between the MOT signal with no retro-reflected beam and with the
retro-reflected beam and a QWP was seen in Fig. 3.8. This was repeated several
times with different rotation angles of the QWP, but as all were identical, only
one is shown.

The difference in frequency between the two peaks is simply the result of the
laser drifting in frequency over time. The difference in linewidths of the two peaks
is most likely due to the additional power due to the retro-reflected beam .

It may be possible to ‘fix” the dark state problem by ‘scrambling’ the polar-
isation by using a Pockels cell to very quickly switch between one polarisation
and another and so interact with the dark states on a fast time scale.

With the alignment of the 672 nm laser beam optimised for maximum increase
in MOT signal and locked on resonance, the typical improvement in MOT signal
seen could be up to a factor of 13, as seen in Fig. 3.9. We expect an increase
because of three factors. First we plug the leak from the 4s4p ! P, level . Secondly,
we detect atoms that were previously left in the Dy level. We also improve the
MOT loading rate.

For this experiment, a simple timing sequence was employed whereby the 672
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Figure 3.9: An example of how the MOT signal is improved by the presence of
the on resonance 672 nm laser.

nm laser was blocked and unblocked for several seconds at a time. The increase
of a factor of 13 suggests 13 times more trapped atoms, but it is worth noting
that some of these atoms were already in the trap region, our detection system
just could not see them until they interacted with the MOT beams as they had
been stuck in the ' D, level.

The effects of the 672 nm laser beam were modeled as part of a system of rate
equations which calculate the changes in populations of the various energy levels.
To begin with, start with an ideal, two level system. In such a situation, the rate

equations would be as follows

Ny =R — L(A, I)(N, — Ny), (3.1a)
Ny =L(A, I)(Ny — Ny) — 4N, (3.1Db)

where R represents the trap filling rate, L(A, I) is the laser drive term, Ny o
are the populations of the ground state (level 1) and the excited state (level 2)
and 7 is the rate of decay out of N,. For N, the population is determined by the
rate at which atoms enter the trap, R, less those that laser drives out of state level
1 (L x Ny). The laser simultaneously back couples atoms from state 2 to state

1 (L x N,). For N, the population is a result of those excited to it from state
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Figure 3.10: How the population of the excited state in a two-level system would
evolve over time. Also shown is the lifetime (1/7) and the maximum population

level (R/7).

1 (L x Ny), less those that back couple to state 1 again (L x Ns). Additionally,
there is a loss based on the decay time from state 2 (7/Ny). Solving this for N,
as a function of time gives the curve seen in Fig. 3.10. It can be seen that once
the laser has been on for a certain time characteristic of the system in question,
no additional atoms are trapped.

The actual rate equations are then [50]
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3.3 Effects of the 672 nm laser on the MOT

Ny =R — L(A,I)(N; — Ny) + Ty Ny + (1 — &) x T'5y Ny + (T'sy + al's4) Ns,

(3.2a)

Ny =L(A, I)(Ny — Ny) — (T'gq + Do) No + 5o N5, (3.2b)
N =T93Ny — (T31 — Tss + I})N3 + (Ts3 + ') Ns, (3.2¢)
N4 :(F34 + 5F31)N3 + (1 — @)F54N5, (32d)
N5 =I', (N3 — N5) — (I'sy + I'sa + I's3 + 's4) N5, (3.2¢)
(3.2f)

where
r
L(AT) = ekl (3.3)

2[1 + s+ (2A/F21>2]

is the 423 nm drive term. For these rate equations the levels are labeled as
follows: 1Sy is level 1, 4s4 PPy is level 2, 4s3d' D, is level 3, 4s4p3 Py is level 4
and 4s5p' P is level 5. This is shown in Fig. 3.11.

In the rate equation model s = I_Iat is the saturation intensity of the 'Sy —! P,
transition, and, from the literature [55, 75], T'y; = 2.18 x 108571, T'y = 218057,
I3 = 700571, T'gy = 96571, I's; = 2.61 x 10°s71, T'sy = 2.13 x 10%s71, I's3 =
1.21 x 107s7% and I'sy = 3.4 x 10°s71. T's; is the sum of the direct decay to state
1 from state 3 and the decay rate from state 3 via the 4s4p 3P, state and is based
on experimental observations [48, 76]. R is the filling rate, « is the fraction of
atoms which decay to the triplet scheme and are lost, I, is the 672 nm laser
drive term and e represents the small fraction of atoms which, while decaying
to the P, state which decays to the ground state in ~400 us, are lost from the
cooling cycle. The atoms which do decay to the ground state from the ®P; state
are represented by a direct decay from level 3 to level 1. A slight modification to
and more complete explanation and rigorous testing of the rate equation model

appears in the following chapter.
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45’ 'S,

Figure 3.11: The levels and decay rates as referred to in the rate equation model.
there are two additional decays from level 5 (I's4, I's;) which are left out for the
sake of clarity.
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Figure 3.12: The MOT improvement factor with increasing 672 nm beam inten-
sity. The blue points are the experimental data and the red curve is obtained
from the rate equation model.

In order to observe how the improvement in MOT signal as a result of the
672 nm laser varied with the intensity of the 672 nm laser, the same data was
taken for various different 672 nm beam powers. This is seen in Fig. 3.12. The
blue points are the experimental data, the curve is the simulation derived from
the rate equation model.

This shows that beyond a certain intensity of the 672 nm laser, there is no
improvement in the number of trapped atoms. This corresponds to a beam power
of 3-4 mW (I/Isat ~ 300). For the saturation intensity, a value of 1 mW/cm?

whe
33T °

effective saturation intensity due to the aforementioned dark states. This also

is calculated using Iy, = This is probably significantly lower than the

explains why such a large saturation parameter is necessary before the maximum
improvement in trapped atom number is reached.

It is worth noting that there is a more ‘complete’ alternative to rate equations
for this application: density matrix equations, which describe quantum systems in
mixed states. However, for two-level systems, rate equations are adequate. While

we are not strictly dealing with a two level system, there are factors working in
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our favour that allow us to treat it as a collection of such. This is explained in

the next chapter.

3.3.1.1 Improvements in MOT lifetime

Part of the reason for the increase in the number of trapped atoms seen is down
to an increase in the MOT lifetime, which is due to our plugging the leak into
the 1D, level, as was our original intention. With the 672 nm laser on resonance,
the lifetime of the MOT increases by up to a factor of ~ 3. As atoms therefore
spend longer in the MOT before being lost, it follows that at any given time, more
atoms are trapped. This increase in lifetime will be explained in this section.

Shown in Fig. 3.13 is the difference in both MOT fluorescence signal and
loading rate/lifetime due to the presence of the on resonance 672 nm repump
laser. The difference in lifetime can be seen simply from the difference in the
slopes of the two curves.

To further test this a gating system (Fig. 3.14) was implemented whereby
different beams were turned off and on with specific timings and the results
measured. To begin with, the MOT is loaded for 400 ms with no 672 nm light
present followed by the 2D molasses used for the deflection of the slower Zeeman
slower atoms being switched off. This stops new atoms being introduced to the
MOT region. After the 20 ms, the 672 nm laser is switched on for 400 ms. This
results in the data shown in Fig. 3.15.

From Fig. 3.13 and Fig. 3.15 it can be seen that in the presence of the 672
nm repump laser the MOT lifetime increases by a factor of ~ 3 from 16 ms to 47
ms from the comparison between the loading curve and the second decay curve.
This is still shorter than would be expected due to background gas collisions and
inelastic two-body collisions between the cold calcium atoms [33]. The initial
jump (seen at time Os in Fig. 3.15) represents the atoms that get pumped out of
the ' D, level.

The reason for the lower than expected lifetime is that the 672 nm transition
is not an ideal repump transition. 81.5% of the atoms excited by the laser decay
back on the same transition. This arises from the A coefficients listed in Table 3.1.

It can easily be seen that the decay rate from 4s5p P} to 4s3d 1 D, is considerably
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Figure 3.13:  The MOT signal without (blue) and with (black) the 672 nm
repump laser. The solid curves are exponential fits to the data. The change in
signal due to the 672 nm laser is clearly visible. Also apparent is the increase in
MOT loading rate. Inset: close up of both signals, more clearly showing difference
in loading rate. The initial slope is given by the loading rate, R.
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Figure 3.14: The timing of the gating system used to obtain Fig 3.15.
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Figure 3.15: 423-nm MOT fluorescence in the absence and subsequent presence
of the 672-nm repumper. (a) The MOT (lifetime 16 ms) is loaded for 400 ms
after which filling is terminated by extinguishing the deflection laser beams after
the Zeeman slower. (b) Decay of the 423-nm MOT (lifetime 16 ms) is allowed
for 20 ms, which is larger than the transit time from the deflection region to the
MOT. This ensures no further atoms are being loaded. (c¢) The 672-nm laser is
switched on for 400 ms. The initial rise (with a time constant of 400 us) is due
to the atoms previously shelved in the ' D, state. The subsequent decay shows
the increased lifetime of 43 ms for the repumped MOT.

larger than any of the other decays from this excited state. Apart from its
tendency to increase the rate of pumping into dark states this in itself is not a
problem for the actual repumping but merely results in an increased laser power
requirement. Most of the rest of the atoms return to the ground state via the
45551 Sy and 4s4p' Py levels providing the desired repumping. However, a small
fraction decays to the triplet scheme, where approximately 50% end up in the
long-lived 3P, and 3P, states and are lost from the cooling cycle. This also arises
from the A coefficients in Table 3.1 from which it can be seen that of those atoms
that decay to the triplet scheme, roughly half end up in the long lived states.

This represents an overall loss of about 1.2% from the repumping cycle compared
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Upper level | Lower level | Ay (107s7) | A(nm)
4s5p 1Py 4555 1S, 0.2126 2928.81°
455539, 0.01399 1926.00¢
4s53d 3D, 0.01053 609.89%)
453d 3D, 0.009349 610.41¢
453d 1 D, 1.209 671.954°
45218, 0.02674 272.2°
4555 1S, 4s4p 1 P 2.435 1034.66%
455535, 4s4p 1P 0.00001465 1267.8¢
4sdp 3P, 0.96 610.441°
4s4p 3 Py 2.87 612.391°
4s4p 3Py 4.77 616.388°
4s3d 3D, 4s54p 3 P, 0.02149 1931.4494¢
4s4p 3P, 0.01565 1951.1064
454p 3 Py 0.0009779 1992.2632
453d 3D, 4s4p 3P, 0.02838 1945.2893
454p 3 Py 0.008869 1986.7614

Table 3.1: Transition rates (A;) and vacuum wavelengths (A) from low-lying
states in calcium. Data marked®® are from reference [72, 75] respectively.

with 17.3% being successfully repumped. Thus, given the ratio of atoms lost to
those repumped, only 7% of atoms are lost from the system as opposed to the
22% lost without the presence of the repump laser due to the 4s3d! D, branching
ratio to the 2P, state.

The 423 nm MOT fluorescence increases in the presence of the repump laser
as atoms shelved in the D, state are brought back into the cooling cycle. As
seen in Fig. 3.13 we have recorded the 423 nm fluorescence as the repump laser
is switched on and in the absence of further loading of the MOT. For the typical
operating conditions for the experiment we see an approximate doubling of the
fluorescence on a timescale of 0.4 ms. The data shown in Fig. 3.15 are fitted with

the three functions given below.

N(t) = No[l — exp(—t/m)], t < to,

and
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N(t) = Noexp[—(t/to)m)], ty <t<t, (3.5)

give curves (a) and (b) in Fig. 3.15, where t; is the loading and decay time for the
423 nm MOT. The loading takes place between t = 0 and t = t5. The repumping
laser is switched on at t = ¢, slightly after the filling has stopped to ensure that no
new atoms are captured. The fluorescence signal now follows a more complicated
expression so curve (c) in Fig. 3.15 is given by the solution to the differential

equation

N(t) = Nyeap|—(t/t,)7,] )7 — N(t) /70, t>T, (3.6)

where the first term represents atoms previously in the 'D, state and brought
into the cooling cycle by the repump laser and the second represents the decay
(time constant t5) of the MOT in the presence of the 672 nm repump laser. Ny

is the initial number of atoms in the ! D, state and 1/¢, is the repump rate.

3.3.1.2 Improved efficiency in MOT loading

The beneficial effect of the 672 nm repump laser on the filling rate was not ex-
pected. Repumping is generally seen as unnecessary for the Zeeman slower as
the 1:100 000 loss into the !D, state is insignificant as an atom scatters of or-
der 20 x 103 photons to slow from an initial velocity of order 500 m/s to near
rest. However, the strongly over-damped nature of the MOT means that an atom
spends much longer than the time taken for 20 x 10? photons to be scattered be-
ing fully captured into the centre of the MOT. For a hypothetical closed cooling
transition using our experimental conditions, most atoms would scatter between
5 x 10* and 1 x 10° photons in this final stage of the trapping. Thus, for the
real atomic system, there is now a significant probability of decaying into the 1D
state. About three quarters of these atoms will return to the ground state after
approximately 3.5 ms. For atoms near the MOT centre this is not a problem

as they are slow enough not to travel outside the MOT region in this time [58].
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However, due to the strong damping of the cooling beams, atoms approaching
the MOT center travel with a velocity such that the Doppler shift approximately
equals the local Zeeman shift. This corresponds to 0.6 m s™1/G, so atoms de-
caying to the ' D, state outside a 5-G contour will escape the MOT region before
returning to the ground state. Thus, with the experimental 32-G/cm field gradi-
ent the majority of the region is outside this contour and atoms decaying to the
1D, state here will in general not be given a second chance of getting trapped.

The increase in signal due to previously shelved atoms being pumped out of the
LD, state is simply due to the fact that without the repump laser, approximately
a third of the atoms in the whole system reside in this state. This follows from
steady state (i.e. time independent) solutions of the rate equation model.

It should be noted, however, that these factors (the 3 times increase in lifetime,
two times increase in detected atoms and two times increase in loading rate) could
not be predicted by the rate equation model due to the fact that the decay rates
used are not known to a great degree of accuracy. The rate equation model could
only account for an improvement in lifetime of a factor of 1.8 and an increase in
previously shelved D, atoms of a factor of 1.4. The model then suggests that
there is an increase in loading rate of a factor of 5. These are simply not seen
experimentally.

The net result of these factors is that we improve the MOT lifetime by a factor
of three and gain more than an order of magnitude in the number of trapped
atoms detected. It is this increase that led to the next part of this chapter: the

isotope shift measurements.

3.4 Isotope shift measurements

In addition to investigating the effects the 672 nm laser on the MOT population,
it was decided that an additional experiment would be performed. When an atom
has the same atomic number, but a different number of neutrons, it is called an
isotope of the element in question. As a result, the isotope will also have a
different mass, volume and mean square charge radius to the ‘standard’ atom.
This results in a difference in the transition frequencies between energy levels for

each different isotope. this is known as the isotope shift (IS). The main isotope
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used for laser cooling experiments in calcium, *°Ca, has a natural abundance of
~97%. While the isotope shifts for various isotopes are known on the 423 nm
main cooling transition [77], until this work, they were not known on the 672
nm repump transition. Gaining an increase in the number of trapped atoms of
an order of magnitude will be an attractive prospect for anyone working with
some of the even isotopes [78] (natural abundances of 0.647%, 2.086%, 0.004%,
0.187% for 42444648Ca, respectively [54]) and especially those attempting to use
4Ca for radio calcium dating given its half-life of 1.02 x 10° years [54] or for
the treatment of osteoporosis [79, 80] given the extremely low natural abundance
ratio (1Ca/Ca) of 1071 — 10715 [81, 82]. In this work, we were able to determine
the isotope shifts between the four most abundant isotopes and from this we were
able to estimate the isotope shifts for three additional low abundance isotopes,

including *'Ca.

3.4.1 Background theory

The isotope shifts of a transition in an element have contributions from three

components [83, 84], which can be written as:

/ A—A
AA - M
ov 1A

R §(rA)Ad (3.7)

where:

svA4" is the shift between isotope of atomic mass A and isotope of atomic
mass A’

M is the mass shift coefficient,

F is the field shift (sometimes known as the volume shift) coefficient and

o <7°2>AAI is the change in mean square charge radii between isotope A and

isotope A’

The mass shift coefficient can be split into the normal mass shift(Myyg) and

the specific mass shift (Mgys). Mywus is given by

68



3.4 Isotope shift measurements

Myms = vo—, (3.8)

u

where:
Vp is the transition frequency,
m,e is the electron mass and

m, is the atomic mass unit.

If Myws is subtracted from the total IS, what is left is the residual isotope shift
(RIS), 6viis . With this in mind, and multiplying by the mass factor AA"/(A'—A),

equation (3.7) becomes

A-A

—:MSMS—FF-(S<7’2>AA ‘A—Al'

(3.9)

Values for Mgys and F' can be obtained from a plot of the modified RIS
against the modified §(r?)44 .

3.4.2 Experimental setup and method

The experimental setup for the isotope shift measurements was broadly the same
as for the rest of this chapter. The main difference was that, instead of lock-
ing the 672 nm laser to a reference cavity, the same portion of light was instead
coupled into a high finesse Fabry Perot cavity. We can get away with the laser
being unlocked as we do not need an absolute frequency reference for this exper-
iment, a relative frequency reference is sufficient. This cavity is made of ultra
low expansion (ULE) glass (length change of 0.025nm/year [85]), is ~ 100 mm in
length and comprises one flat mirror and one mirror with a radius of curvature
(RoC) of 500 mm. The cavity has a free spectral range (FSR) of ~ 1.5 GHz
(1498.9 MHz) , a finesse of approximately 300000 and is housed inside a tem-
perature stabilised vacuum chamber maintained at a pressure of 3.9 x 10™%mbar.

Transmission through the cavity as the 672 nm laser is scanned is observed via
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a photodiode and the transmission peaks are used in this case as a frequency
reference.

It is common knowledge that if a single mode laser is perfectly aligned into
such a cavity, there will be single mode transmission peak separated by the cavity
FSR. If, however, the laser is not perfectly aligned into the cavity, higher order

laser modes will appear at set, well defined frequencies, as given by [86]

: (3.10)

where:
c is the speed of light,
zo = +/(d- ROC) — d? is the confocal parameter of the cavity and
d is the length of the cavity.

A nice feature of this particular cavity is that, given FSR = ¢/2L and the fact
that zg = 2d, then

Av ~ FSR. (3.11)
21

Given that the spacing of these modes is known, they can be used as frequency
markers, which is precisely what we have used them as. In our case, each higher
order mode is separated from the next by 238.6 MHz. Knowing this provides
us with a finer scale for calibrating the frequency. A sample of the high finesse
cavity transmission peaks is shown in Fig. 3.16

However, it is not quite as simple as that. It is also well known that the scan of
a PZT is not 100% linear in nature. This has to be taken into account. Luckily, as
the position of each higher order transmission peak relative to the next is exactly
known, we can use this to eliminate this scan nonlinearity from our data. Simply

by calculating where, in frequency, a peak appears against where it should appear
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Figure 3.16: The high finesse cavity transmission peaks and the Lorentzian fits
to them as the laser frequency is scanned.

and performing a polynomial fit to the results, we can obtain a frequency axis
that can be trusted and thus used as a reference.

The mode spacing with a polynomial fit to it is shown in Fig. 3.17. The
equation for this polynomial fit is then applied to the mode spacings from the
experimental data and the difference between the experimental data and the
result is plotted. As the data is clearly not linear in nature, we apply the lowest
order polynomial we can and note the result for this second order polynomial still
shows a definite trend, as seen in the blue trace in Fig. 3.18. We then try a third
order and note that the trend largely vanishes, as shown by the green trace. As
the 4th order polynomial shows no further improvement (red trace), we conclude
that we need go no further. The settled upon polynomial fit is then applied to
the experimental data itself, which enables us to produce a frequency axis, as
shown in Fig. 3.19.

With this frequency reference in hand, it is now possible to begin to determine
the relative frequencies of the different isotopes. The frequency of the main
cooling laser was adjusted to where each specific isotope was expected to be found.

To ensure we were at the right frequency, a CCD camera was aimed directly at
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Figure 3.17: The mode spacing through the high finesse cavity and the polyno-
mial fit to the data points.
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Figure 3.18: The difference between the mode spacings observed and those
calculated by each of the different order polynomial fits.
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Figure 3.19: The high finesse cavity transmission peaks and the Lorentzian fits
to them as the laser frequency is scanned, with frequency axis.

the MOT cloud through an unused viewport in the MOT chamber, allowing the
MOT to be directly observed as the laser frequency was adjusted. When the
laser became resonant with a specific isotope and the MOT became visible to
the CCD camera, the scan of the 672 nm laser was started. As the 672 nm laser
was scanned (typically up to 3.5 GHz with no mode hops), the MOT as seen by
the CCD camera would flash’ as the 672 nm laser swept over resonance with the
isotope in question. This was done without altering the starting frequency of the
672 nm laser in any way for 404244Ca, but to detect ®Ca, the starting frequency
had to be adjusted such that “*Ca and **Ca could be detected in a single scan.
This is important as detecting a single isotope per scan is meaningless. For
anything meaningful to be taken from a measurement, at least two isotopes must
be visible on the same scan. This is simply because the value we are looking for
is the difference between set isotopes.
The centres of each MOT signal peak are then determined by fitting a Lorentzian

lineshape to each one. These are then compared to each other and to the fre-
quency calibration axis obtained from the high finesse cavity transmission peaks

to determine the difference in frequency between each isotope. A sample result
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Figure 3.20: Sample isotope shift data for 494244Ca. #8Ca is not shown. The
black curves are Lorentzian fits with 80-90 MHz linewidths. Also shown is a
typical set of the high finesse cavity transmission peaks. The isotope data sets
are all offset from each other for the sake of clarity.

of this is shown in Fig. 3.20.

3.4.3 Results

Some values for the °Ca - 42Ca IS are shown in Table 3.2 along with the average
result. The values obtained for the isotope shifts on the 4s3d ' Dy —4s5p ' P, tran-
sition at 672 nm are shown in Table 3.3. The values for #4346Ca are estimates
based upon the measured values for the other isotopes.

As a simple means of proving that our values are consistent with expectation,
it is possible to plot the values of the isotope shifts on one transition, with well
known values [77], against the values we have obtained for the isotope shifts on

the 4s3d 1Dy — 4s5p 1 Py transition. As we are simply measuring the same thing
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3.4 Isotope shift measurements

Isotope Shift (MHz)
1172
1173
1190
1181
1182
1190
1183(3)

Table 3.2: Isotope shift values for *°Ca - 2Ca and the resulting average.

Isotope Pair | Isotope Shift (MHz)
40-42 1181(3)
40-44 2268(3)

40-48 4239(9)
42-44 1087(4)
44-48 1971(9)
40-41 620(1)
40-43 1755(2)
40-46 3208(3)

Table 3.3: Isotope shift values for “°Ca-*2Ca, 4°Ca-*Ca, 4°Ca-*¥Ca, *?Ca-** and
44Ca-18. Values for °Ca-14346 are estimated values based on the measured values
of the others.

on two different transitions, the values should vary proportionally. This can be
seen in Fig. 3.21.

For a more thorough proof, we make a King plot [83] whereby the modified
isotope shifts are plotted against the modified change in the root mean square
(RMS) charge radii from one isotope to another. This is shown in Fig. 3.22. From
the linear fit to the data we obtain a specific mass shift of Mgys = 774.0(0.7)
GHz a.m.u. from the point at which the fit crosses the x-axis zero and field shift
component Frg = —149.3(7.1) MHz/fm? from the slope of the fit. The values for
the difference in RMS charge radii are obtained from [87].

While it was not possible to observe some of the other isotopes such as *3Ca
with natural abundance of 0.135% or #6Ca with natural abundance of 0.004%,
their isotope shifts, as well as for that of ¥Ca could be estimated based on the

values obtained from the other isotopes. The relatively abundant “*Ca isotope
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Figure 3.21: Simple plot of the IS values on the 423 nm transition against the
672 nm transition. Errors and values for the x-axis from [77], errors on the y-axis
from this work.

could not be observed because, owing to having a nuclear spin of [ = 7/2, there
are a number of hyperfine structure levels to pump, meaning that the laser cannot
interact with all 0.135% of the atoms which are **Ca at once [81]. “®Ca could
not be observed simply because its natural abundance is too low. Consider that
its abundance is almost a factor of 50 lower than that of the next least abundant
isotope detected in this work, “®Ca. Consider Fig. 3.16. The lowest abundance
isotope in this figure is 42Ca, with abundance 0.647%. We can successfully detect
48Ca, which has less than 1/3 of this natural abundance, with 0.187% of all
calcium atoms being *Ca. Trying to see something 50 times less abundant than
this and more than 150 times less abundant than *?Ca is just not possible with
the current setup. Perhaps more success could be had here if there were more

atoms trapped in an average MOT to begin with.
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Figure 3.22: King plot for the 672 nm repump transition. The modified isotope

shifts (Av;72) are plotted against the modified difference in root mean square

(RMS) nuclear charge radii (ﬁ (r?)4142) of the calcium isotopes. The specific

mass shift MSMS and the field shift FFS of the 4s3d ' Dy4s5p ' P, transition at
672 nm are determined from a linear regression analysis, which is shown as a solid
line. The points relating to the 42, 44, and 48 are the experimental data while
those relating to isotopes 41, 43, and 46 are the estimated centres of gravity.

3.5 Conclusions

As a summary, in this chapter I have explained the 672 nm repump transition
in magneto optically trapped calcium, including measurements made on several
isotope shifts. The 672 nm repump laser provides more than an order of magni-
tude increase in the number of detected trapped atoms as a combination of three
things. These are the improvements in MOT lifetime, extra atoms pumped out
of the ' D, level and an improvement in the MOT loading rate. The rate equation
model used to describe this system, however, cannot account for the experimen-

tally derived values for these factors due to poorly known transition strengths.
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3.5 Conclusions

However, one need simply look at the experimental data, e.g. Fig. 3.15, to deter-
mine that the experimentally derived parameters reflect the MOT characteristics.

Isotope shifts for three even isotopes have been presented, along with expected
values for three other isotopes. An order of magnitude increase in the number of
trapped atoms will be of great use to those groups attempting to detect, capture

and make use of *'Ca.
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Chapter 4

Effects of the 1530 nm repump

transition

This chapter is based in part on [47] and extends the wortk.

4.1 Introduction

One of the prime areas of research in the calcium MOT experiment has been to
investigate the effects of various repump transitions to improve various charac-
teristics of the MOT, be they the number of trapped atoms, the trap lifetime,
or simply to 'plug’ any leaks from the cooling cycle. The effects of the repump
transition 4s3d ' Dy — 4s5p ' P, at approximately 672 nm were explained in the
previous chapter. It is the repump transition 4s4p 3P, — 4s3d 1D, at 1530 nm
that is of primary interest in this chapter. More specifically, what effects power
has on various aspects, investigable due to the acquisition of a fiber amplifier
specifically designed for this wavelength.

The expected effects are similar to those seen in the previous chapter: an
increase in the number of trapped atoms when the 1530 nm laser is on resonance
with the 4s4p 3P, — 4s3d ' D, transition.
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4.2 Effects of the 1530 nm repump laser on MOT population

4.2 Effects of the 1530 nm repump laser on MOT

population

4.2.1 1530 nm laser only

As explained in Chapter 2, the main cooling transition used in this experiment,
the 452 1Sy — 4s4p ' P, at 423 nm, is not a completely closed transition. About
1:10° atoms decay to the 4s3d ' D, state. From there, atoms can then decay to
the upper two fine structure levels of the 4s4p 3P state with a branching ratio
of 1:5 in favour of the 4s4p 3P, state [43]. Atoms that decay to the *P; state
then decay back to the ground state and rejoin the cooling cycle in approximately
0.4 ms. However, those which decay into the 2P, state, which has a lifetime of
118 minutes [57], are effectively lost from the cooling cycle.

For this experiment the laser source is a commercially available butterfly con-
figuration 1530 nm distributed feedback (DFB) laser (QPhotonics QDFBLD-
1530-20) which emits a maximum of 20 mW out of a single mode fiber. The laser
is temperature tuneable (0.1 nm/K) over a few nanometers without any mode
hops. When observed with a Fabry-Pérot cavity and driven by a suitably quiet
power supply has a linewidth of 10(1) MHz and a frequency drift of less than
20 MHz per hour. The laser current is driven by a Thorlabs current controller
(LD1255R) in the same configuration as in Chapter 3 and the temperature is
controlled by a temperature controller (Wavelength Electronics FPT-4000).

This laser is directed towards the MOT and aligned by co-propagating it with
the 672 nm repump laser. When it is resonant with the 4s4p 3P, — 453d ' D,
transition and the 672 nm laser is blocked, an increase in the number of trapped
atoms was expected as this should have the same effect on the leak into the 2P,
state as the 672 nm laser had on the leak into the 'D, state. The expected
increase in MOT population is not detected, however. Instead, a reduction of the
MOT population of ~ 20 —30% is observed with a 1530 nm beam power of 12-13
mW.

Why should this be the case? Ideally, if the 1530 nm laser is on resonance
with the 3P, —1 D, transition, an increase in the 423-nm fluorescence is (perhaps

naively) expected as the leak out of the system is plugged. Instead, about a 30%
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4.2 Effects of the 1530 nm repump laser on MOT population

decrease in the 423 nm MOT fluorescence is observed. This is due to the fact that,
in the central region of the MOT addressed by the 1530 nm laser, the density
of atoms in the ' D, state is significantly higher than in the 2P, state and hence
stimulated emission to the lower state becomes the dominant effect. This density
difference is a consequence of how the atoms behave in the the different states.
When the atoms decay to the ' D, state from the 'Sy —! P, MOT, they are loaded
into a volume comparable to the size of the MOT. The ! D, atoms are immediately
addressed by the 1530 nm laser and will only expand a few millimeters in the
lifetime of that state. However, once atoms enter the metastable 3P, state, they
are not confined to the MOT region but expand according to the MOT quadrupole
magnetic field. One magnetic sublevel (m; = 0) is unaffected by this potential,
while two are antitrapped and two are trapped. This is important later, when
the rate equations used to model this system are introduced.

To best explain the populations of the relative levels, a rate equation model
was designed around a five level system, with the levels labeled as follows: 1S
is level 1, 4s4P Py is level 2, 4s3d* D, is level 3, 4s4p® P, is level 4 and 4s5p' P,
is level 5. The rate equations that follow describe the spontaneous and driven
transitions between them and decays out of the system.

The rate equations are as in Chapter 3, but with extra parameters in order

to take the 1530 nm laser into account:

Nl =R — L(A7 [)(Nl — NQ) —+ F21N2<1 - 8) X F31N3 —+ (F51 —+ C(F54)N5, (41&)

Ny =L(A,I)(Ny — Np) — (D1 + al's3) No + T'5o N, (4.1b)
N3 =T93Ny — (D31 — T'54) Ny + 53 N5 — Iy (N3 — Ns) — Doy () (N5 — B1Ny),
(4.1c)
N4 =Ba[T34Ns + Tz N5 (1 — )] + Tray(£) (82Ns — 1 Na), (4.1d)
N5 =L, (N3 — N5) — (Ts1 + I'sp + I's3 + T's4) N5, (4.1e)
(4.16)

81



4.2 Effects of the 1530 nm repump laser on MOT population

where

SF21
2[1+ s+ (2A/T'9)?]

L(AT) =

is the drive term of the 423 nm main cooling transition, I',; and I',o are the
drive terms for the 672 nm and 1530 nm transitions, respectively, y(t) is a top
hat function representing the temporal structure of the 1530 nm laser pulse in
relation to the MOT, 3; accounts for the fact that only a fraction of the P, atoms
interact with the 1530 nm laser at any given time and is typically ~ 1%. This
arises from an analysis of the volume of the trapped atoms and the proportion
of this that the laser interacts with. If the radius of the cloud is obtained by
solving %/{;BT = Az%nguB for 6z and using the MOT field gradient 32 G/cm
for %, and compared with the expected volume covered by the laser beam, a
value of 5, =~ 1% is obtained. [y accounts for the fact that only a fraction of
the Dy atoms decay to a trapped sublevel of the 3P, state. Assuming an equal
population of each of the five sublevels, we can assume this to be ~ 0.4. This
is an oversimplification, however as atoms pumped into the D, from the 3P,
have varying probabilities of pumping into a trapped state depending on their
Isla - is the saturation intensity of the 'Sy —' P; transi-
tion. From the literature [47], Ty; = 2.18 x 108571, T'y = 218057}, T's; = 70057,
3y = 96571, I's; = 2.61 x 10°s71, T'sy = 2.13 x 10571, T's3 = 1.21 x 107s~! and

sy = 3.4 x 10°s71. See Fig. 2.1 in Chapter 2 for the relevant calcium energy

own initial sublevel. s =

levels. It is worth pointing out that a steady state analysis of these rate equations
shows that at any given time, there are roughly one third of the total number of
atoms in the system in the ' D, when only the 423 nm beams are on.

Taking Equation 4.1a as an example, it can be seen that the change in popu-
lation of the level depends upon the rate at which atoms are loaded into the MOT
(R), the initial populations of state 1, 2, 3 and 5 (N 235), the decay rates from
state two, three and five to various other states (I'a; 315154), any small fraction
that decays to the 3P, state but is lost before decaying to the ground state (¢)
and those atoms which decay to the ground state from the 4s5p! P, via a higher
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lying triplet scheme (). It should be fairly obvious that any term in an equation
that refers to state 5, be they excitations to or decays from, can be set to zero
when the 672 nm laser is off.

It should be noted, however, that some of these decay rates - particularly
the smaller ones - are not known accurately. For example, the value used here
for I'3; is ~ 2 times larger than appears in the literature, but is based upon
experimental lifetime of the 'D, state reported in [76] and the 423 nm MOT
lifetime measurements [48].

It should also be noted that these rate equations are not perfect. For one
thing, they only consider 5 levels when there are obviously more. Another thing
is that coherences relating to 3 level systems (such as a two photon transitions
directly from level 4 to level 5 are not included and the model is run with any
three level systems treated as two separate two level systems. However for a three

level system the contribution of a coherence goes as [88]

Y2 life — timeofcoherenceps; (4.3)

vg1  life — timeofpopulationpy,”

As the lifetime of the intermediate state (pa2) is long compared to the lifetime
of the coherence, this will be negligible and is excluded from our model for this
reason.

In the presence of the 1530 nm laser alone, a decrease in the 423 nm MOT
fluorescence is observed. To fit the experimental data using the rate equation
model, the parameter sets used are L(I',I) = I'y; /5.2 (obtained from the MOT
beam intensity and detuning and in agreement with the MOT lifetime data. At
saturation intensity where s = 1 and with a detuning of half a linewidth, this
should be T'y1/6), #; = 0.0074, 5y = 0.4, and T',5 = 1.35T'34 (value derived from
the fit), respectively. The loading rate, R, is the scaling factor matching the signal
amplitudes.

This loss from the MOT when the 1530 nm laser is resonant with the transition
is shown in Fig. 4.1.

The following figures show how the rate equation model reacts to changes in

various parameters, all of which serve to demonstrate the legitimacy of the actual
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Figure 4.1: Resonance of the 4s4p3P,4s3d! D, transition at 1530 nm observed as
a decrease in the 423 nm MOT fluorescence (blue). The 423 nm MOT is operated
continuously, while the 1530 nm is switched on only for 100 ms. The red curve is
obtained from the rate equation model fit. The dip represents the 1530 nm laser
being ON.

values used. Fig. 4.2 shows different values of (;, showing that if we interact with
more atoms (purple), we see less of a loss because more atoms are pumped out
of the 3P, level. If we interact with less atoms, we see only marginally more loss
from the system.

Fig. 4.3 shows differing values of 55, showing that there is very little sensitivity
to this parameter, as ; is dominant here, being only ~ 1%. Any more atoms
that would be pumped out due to a higher S5 (green) are negated by the low f;.

Fig. 4.4 shows different values of €, the parameter which represents the fraction
of atoms which decay to the 3P, state, but which do not decay to the ground state.

This is something of a curiosity as one would expect a higher value of ¢, as
used in the purple trace, would result in less atoms overall, and vice versa for a
smaller value, as used for the green trace. In order to match levels, the filling

rate, R, is varied in this instance, which leads to this seemingly odd result. the
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Figure 4.2:  Using values of /31 of 0.0078 (red), 0.078 (purple) and 0.00078 (green).
It can be seen that if there is a greater overlap between the laser and the atoms,
less atoms are lost due to the presence of the 1530 nm laser. It can also be seen
that there is very little difference when interacting with fewer atoms.

interpretation of this, however, is quite simple: with a larger value for £, more
atoms are lost before the 1530 nm laser is turned on, meaning there are simple
less atoms for the 1530 nm laser to interact with which results in there appearing
to be less of an effect. The opposite is true of using a smaller value for ¢.

Fig. 4.5 shows different values for the not particularly well known 3P, —! D,
decay rate. For a higher decay rate, represented by the purple trace, the decay
of the curve is faster, as expected. The same is true of the rate at which the trap
repopulates after the laser is switched back off. The same holds for the green
trace, which represents a lower decay rate and has a slower decay and refilling
rate. This goes some way to vindicating the value of 96 s~! from [55]

Fig. 4.6 shows the effects of different values of the 1530 nm laser drive term,
I',5. This shows that for a higher drive term, far more atoms are lost from the

system as shown by the purple trace. Note also the fact that, while the decay rate
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Figure 4.3:  Using values of 5 of 0.4 (red), 0.2 (purple) and 0.6 (green). Values
are chosen to reflect different possibilities for sublevel filling.

is much faster than before, the rate at which the trap is repopulated is the same.
This is obviously because the higher drive of the laser ceases to have any influence
once it is switched off, leaving only the natural decay rate of the transition as
the limiting factor. For a lower decay rate, fewer atoms are lost and the initial
decay time is longer, as shown by the green trace. Again, note that the lifetime
for the trap being repopulated is still the same as before. Figures 4.2 - 4.6 all
serve to highlight the appropriateness of our chosen values for the constants. This
graph does, however, highlight a shortcoming of the rate equation model. The
purple trace in Fig. 4.6 suggests that applying more 1530 nm power results in
losing a great deal more atoms from the trap, which is simply not borne out
experimentally.

This loss of atoms is not what was expected or desired. The desired effect is
to drive those atoms lost from the cooling cycle by way of entering the 3P, level
back into the cooling cycle. To observe this, the ! D, state must be emptied so

that the 1530 nm laser pumps atoms out of the 3P, rather than, effectively, the

86



4.2 Effects of the 1530 nm repump laser on MOT population

1.0

4
>

5%
N

e
B

S
o

Normalised MOT signal [arb. units]

0.0 . . .
0.0 0.1 0.2 0.3 0.4

Time/s

Figure 4.4:  Using values of € of 0.042 (red), 0.084 (purple) and 0.021 (green).

other way around. To this end the MOT beams are briefly extinguished to allow
the 1Dy atoms to spontaneously decay. This is done by way of gating various
beams on and off to a specific timing which is shown in Fig. 4.7

For this procedure, the MOT was first loaded for 500 ms, followed by the
beam providing the molasses being extinguished to prevent any additional atoms
being introduced to the system. After this, the MOT beams are blocked for 20
ms to allow the ' D, state to empty. After this 20 ms window, the MOT beams
are unblocked at the same time as the 1530 nm laser is introduced to the MOT
region. The result of this is that with the D, state emptied before the 1530 nm
laser is switched on, the only atoms which contribute to the fluorescence from

the MOT are those which are pumped out of the 3P, state, shown in Fig. 4.8.

4.2.2 1530 nm and 672 nm lasers together

However, if the 1530 nm laser is used in conjunction with the 672 nm laser

discussed in depth in the previous chapter, the N rate equation governing the
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Figure 4.5: Using values of T'sy of 96 s™! (red), 192 s~! (purple) and 48 s7!
(green).

455p 1 Py level becomes important. This is obviously due to this level becoming
part of the cooling cycle when the 672 nm repump laser is on resonance with the
453d 1Dy — 4s5p ' P, transition. As a result, the population of the !D, state is
effectively eliminated and the state lifetime becomes infinitesimally short. In this
situation, the increase in detected MOT fluorescence, which was expected with
the 1530 nm laser alone, is observed as seen in Fig. 4.9

This demonstrates the effectiveness of the dual repumping method. In Fig. 4.9,
the signal before the presence of the 1530 nm laser is the magnitude of the MOT
fluorescence signal in the presence of the 423 nm MOT beams and the 672 nm
repump laser. This increase in the number of trapped atoms happens because the
672 nm repump laser effectively quenches the lifetime of the ' D, level and ensures
that it remains empty of atoms. This being the case, atoms in the P, level can
be pumped into it and them immediately on to the higher lying 4s5p P, state,
from which they promptly decay to the ground state via other excited states, as

shown in Fig. 3.14 in the previous chapter. The net result of this is an increase
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Figure 4.6: Using values of I';; of 1.35 X I'sy (red), 13.5 X I's4 (purple) and 0.135
X I'sy (green).

to about 107 atoms trapped in the MOT with both repump lasers on resonance.

As an added check, the rate equation model was once again tested using a
number of different values for several constants and variables. Fig. 4.10 shows how
the model is affected by differing values of 8;. Again, this makes sense as if more
atoms are interacted with by the 672 nm laser (the purple trace in Fig. 4.10), we
would expect to trap more atoms. The same is also true of a smaller interaction
fraction providing less trapped atoms, as in the green trace. Fig. 4.10 also shows
a marked increase in the number of initially detected atoms in the trap followed
by a slow decay. This represents the fact that the atoms in the 3P, level are very
quickly pumped into the cooling cycle then decay out, with no more ’extra’ atoms
being trapped.

Fig. 4.11 shows how the model reacts to different values of fy. Fewer atoms
are pumped out of the 3P, level due to a decreased sublevel (purple) while more
are pumped out due to higher sublevel filling.

Fig. 4.12 shows how the rate equation model reacts to differing values of the
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Figure 4.7: Pulse sequence of laser beams used for spectroscopy and for lifetime
measurement of the magnetically trapped calcium atoms in the 3P2 state. The
423-nm MOT is loaded with the molasses laser beams switched on for 500 ms.
The MOT beams are then gated off for a hold time varied from 100 to 1000
ms. The 1530-nm laser beam is switched on for 100 ms at the end of this hold
time, enabling detection of the remaining metastable 3P2 atoms trapped in the
magnetic quadrupole field of the MOT. The 672-nm laser remains off throughout
this sequence.

3P, —! D, decay rate, I's;. A higher decay rate sees a much steeper initial slope,
but results in the atoms decaying from the trap much faster as well. A lower
decay rate sees the opposite. This exact figure can also be produced by instead
changing the 1530 nm drive term, I'.5, by the same magnitude as I'sy;. This is
simply due to the fact that the stronger the decay rate, the higher the drive term
has to be for the same effect.

Fig. 4.13 displays the changes in the rate equation fit due to different values
used for the 672 nm laser drive term, I',;. Once again, this makes sense as one
would expect a higher drive term for the 672 nm transition (purple) would result
in more atoms in the trap, and vice versa for a lower drive term, as seen in the
green trace. While the 672 nm drive term has little effect on the time constant of
the growth curve, the higher the drive term, the longer the decay time once the
1530 nm laser is switched off. Again, this is expected, as described in Chapter 3.

It should be noted, however, that due to there being a finite number of atoms in
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Figure 4.8: Detection fluorescence of atoms pumped out of the 3P, state during
the gating in Fig. 4.7. The blue points are the experimental data, the red curve
is a fit from the rate equation model. The y-axis is normalised to the peak MOT
signal before the MOT beams are extinguished.

the trap and transitions saturate, simply putting in exceedingly high powers will
not automatically result in more trapped atoms.

Again, figures 4.10 - 4.13 suggest that our regular values for the constants
and some variables used in the rate equation model are consistent with what the

experiment shows.

4.2.3 3P, state lifetime

In order to measure the lifetime of atoms magnetically trapped in the in the
3P, state, the same timing sequence as before was used. The time between the
MOT beams being extinguished and then turned on again in conjunction with the
1530 nm laser was increased sequentially up to 1 second. Following this, the 423

nm MOT fluorescence signal is integrated over the 1530 nm laser on-time after
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Figure 4.9: Increase in the 423-nm MOT fluorescence with a frequency stabilized
672-nm laser on resonance and with the 1530-nm laser pulse on.

subtraction of the effects of background light. The number of trapped 3P, atoms
as a function of the delay between the MOT being extinguished and resumed, is
shown in Fig. 4.14.

Fig. 4.14 shows a lifetime for the magnetically trapped atoms to be 928(78) ms.
The variations in between individual data points are attributed to fluctuations in
the MOT population due to the same in the 423 nm light used to generate it and
drifts in the 1530 nm laser wavelength over time, which was not stabilised in any
way. This figure also demonstrates that we successfully detected approximately
4.5 x 10* trapped 3P, atoms.

4.2.4 Wavelength measurement

It is worth noting briefly here that a precision measurement of the wavelength of

the 4s4p® Py — 453d' D, transition was made using a near-IR capable wavelength
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Figure 4.10:  Using values for f8; of 0.0074 (red), 0.148 (purple) and 0.0037
(green).

meter. The vacuum wavelength was found to be 1530.5298(6) nm, which is con-
sistent with the value calculated from the known transition energies of the 1D,
and 3P, states from the NIST database, 1530.53 nm [75].

However, in order to do this, the line had to first be located, which proved
to be a laborious task. The laser temperature was adjusted to a temperature at
which the line was expected to be found at a given current and then the current
was slowly scanned back and forth over 100 seconds with a function generator
producing a triangular wave.

The scan of the 1530 nm laser and the resulting dip in the MOT fluorescence
signal can be seen in Fig. 4.15 along with the transmission through a Fabry-
Pérot interferometer (FPI). This last step was included to ensure there were no
mode-hops as the laser was scanned.

The fact that the feature representing the resonance with the transition is
so much broader than either what was expected or the laser linewidth itself is

attributed to several factors. First of all, the laser intensity for this particular
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Figure 4.11: Using values for 85 of 0.4 (red), 0.3 (purple) and 0.5 (green).

measurement (several kW /m?) was several times greater than the saturation in-
tensity of the transition (5.5uW/m?). This causes power broadening, whereby
[39]

Trwam =T(1 + %)1/2, (4.4)
where 'y g is the power broadened full width at half maximum. It can be
seen from Fig. 4.15 that the FWHM linewidth of the feature on the MOT signal
due to the presence of the 1530 nm laser is approximately 30 MHz for the settings
used (300 mW beam power). This seems rather large and will be discussed in
greater detail later in this chapter.

As stated in Chapter 2, atomic energy levels shift in frequency in the presence
of a magnetic field. When both levels contain magnetic sublevels as is the case

with the 4s4p3P, and 4s3d' D, this manifests as a Zeeman broadening of the
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Figure 4.12:  Using values for T'sy of 96 s7! (red), 192 s=! (purple) and 48 s~
(green).

transition in proportion to the magnitude of the magnetic field, on the order of
1.4 MHz/G.
A sample data set obtained when measuring the wavelength of the transition

once it had been found is shown in Fig. 4.16

4.3 Effects of 1530 nm laser beam power

Following these measurements experiments were undertaken to determine the
effects of 1530 nm beam power would have on the repump transition. To this
end, use was made of a fibre amplifier (Keopsys KPS-CUS-BT-C-37-SLM-PM-
111-FA-FA) capable of amplifying the output of the DFB to ~4.5 W.
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Figure 4.13: Using values for I',y of I's3/25 (red), I's3/12.5 (purple) and I's3/50
(green).

4.3.1 1530 nm laser only

To begin with, the effects of the 1530 nm beam power on the 423 nm MOT alone
were measured. That is, without the presence of the 672 nm repump laser on the
4s3d* Dy — 4s5p' P; transition. As stated before, with just the 1530 nm repump
laser on, a loss of atoms in the MOT is detected. The purpose of this experiment
was to determine what effect beam power has on the magnitude of this loss. For
this experiment, the MOT was run as normal without the 672 nm repump laser
and the 1530 nm laser power was increased incrementally. For each step, the
MOT signal was recorded. Fig. 4.17 shows the size of the dip as a percentage of
the original MOT signal as a function of beam power in the 1530 nm laser.

As can be seen, beyond a certain level, the power in the 1530 nm beam has
little effect on the relative magnitude of the change in the MOT when it is on
resonance. However, For these same measurements, the linewidth of the feature
was also measured, resulting in Fig. 4.18

This shows that there is a clear effect of the power on the linewidth of the

96



4.3 Effects of 1530 nm laser beam power

45000

40000

35000

30000

No of Atoms

25000

20000

15000

IIIII|IIII|IIII|IIII|IIII|IIII|IIII
/
d

1 | 1 | 1 | 1 | 1 |
200 400 600 800 1000

Time (s)

10000

Figure 4.14: The number of atoms detected being pumped out of the 3P, level
as a function of the time between the MOT being extinguished and resumed
alongside the 1530 nm repumper. The solid line is the exponential fit to the data.

transition. However, it also shows linewidths which are orders of magnitude
greater than would be expected for a typical intercombination line transition.
This can be partly explained by Zeeman broadening of the transition, again on
the order of 1.4 MHz/G. If the atoms in question were to inhabit an area around
the trap centre that is 1 cm across, they would see a magnetic field of 32 G,
leading to a broadening of approximately 45 MHz. However, as the laser beam
size is less than this, only atoms which interact with the laser contribute to the
broadening leading to the initial linewidth, approximately 30 MHz.

The discrepancy between the Lorentzian profile obtained from the rate equa-
tion model and the experimental data can be partially explained by this. At
lower beam powers, the Gaussian profile of this Zeeman broadening is expected to
dominate the linewidth, while at higher powers, the profile should more closely re-
semble a Lorentzian. A Voigt profile [90] is a mixture of Gaussian and Lorentzian

lineshapes. A detailed description is unnecessary here, but it suffices to say that
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Figure 4.15:  The scan on the 1530 nm laser. The blue trace represents the
fluorescence signal from the MOT as the 1530 nm laser scans over the atomic

resonance and the pink trace represents the 1530 nm transmission through an
FPL
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Figure 4.16: A raw data set of the wavelength meter showing the data points
(blue), the mean wavelength observed (green line) and the standard deviation
from the mean (red lines).

the FWHM linewidth of such a profile can be estimated as follows
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Figure 4.17: The magnitude of the signal lost from the MOT when the 1530 nm
laser is on resonance as a function of 1530 nm beam power. It can be seen that
there is an increase at lower powers, but once the power reaches ~350 mW, this
begins to saturate.

Frorgt ~ 0.5346 £+ 1/0.2166 2 + f2, (4.5)

where fyoig.1, are the Voigt, Lorentzian and Gaussian linewidths, respectively.
Plotting the Voigt profile provides the green trace in Fig. 4.18. This provides
a good fit a lower 1530 nm laser intensities if the fact that the linewidth of the
amplified output increases by a factor of ~ 3 from low power to high power.
Further discrepancies also appear at higher intensities, down to the 1530 nm
fiber amplifier not being particularly stable at higher settings. The intensity
would fluctuate, for example. The Gaussian profile can be used here because we

are dealing with a thermal distribution of atoms trapped in a harmonic potential.
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Figure 4.18: The spectral width of the 1530 nm feature as a function of the 1530
nm beam power. It can easily be seen from this that there is a power broadening
effect. The blue points are the experimental data, the pink curve is the Lorentzian
linewidth obtained by an analysis of the rate equations and the green curve is the
Voigt profile (details in the text).

4.3.2 1530 nm laser and 672 nm laser

For this experiment, the MOT was run as normal, the 672 nm laser was run at
a constant power of 15 mW and the 1530 nm laser was run at varying powers to
gain a measure of how different powers affect the MOT while it is being repumped
on the 672 nm line. The results showed that up to about 20 mW of 1530 nm
power sees the number of trapped atoms increase to about 1.3 times the initial
MOT level, beyond that power, there is very little noticeable difference to the
MOT.

4.4 Effects of 672 nm laser beam power

With the effects of 1530 nm beam power investigated, it made sense to also see
what effect differing powers in the 672 nm beam would have when the two lasers

were on. Given that it has been shown earlier in this chapter that the 1530 nm
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laser only has a beneficial effect on the number of trapped atoms when the 672
nm laser was also on, efforts were made to determine what was required of the
672 nm beam for this positive effect. For this experiment the 1530 nm laser was
run at a constant power of ~540 mW and the MOT was run as normal with the
672 nm laser locked on resonance at varying powers. The 1530 nm laser was then
gated on and off for 1.5 seconds at a time and the change in the level of the MOT

signal was observed. The results are shown in Fig. 4.19.
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Figure 4.19: The effects of 672 nm laser beam power on the change in the level
of the MOT signal caused by the 1530 nm laser. It can be seen that the positive
effect starts to manifest almost immediately and appears to saturate at ~ 700&.

This clearly shows that for the 1530 nm laser to have the desired positive
effect on the MO'T signal, the 672 nm laser not only has to be on, but also has to
be of sufficient power. The point at which the data in Fig. 4.19 begins to saturate

is with approximately 3-4 mW of power in the 672 nm laser.
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4.5 Effects of frequency modulation of the 1530

nm laser beam

The final set of experiments performed with the amplified 1530 nm laser involved
broadening the linewidth of the laser itself. It was theorised that, as the atoms in
the 3P, state expand from the trap centre unmolested by the MOT beams, there
would be a substantial Zeeman broadening of the transition in question. Thus,
if the laser itself were broadened, the laser would be able to interact with more
atoms. Three separate experiments were carried out in the following manner.
First, the 3 P, atoms were measured in much the same way as earlier in this chapter
with a similar timing scheme and the 672 nm laser on and locked for increasing
spectral widths of the 1530 nm laser. Secondly, this experiment was repeated,
but with the 1530 nm laser power being increased along with the linewidth in
order to keep the power spectral density constant. Finally, the first experiment

was repeated with the 672 nm laser off.

4.5.1 Constant power, increasing linewidth

For the first experiment in this section the 1530 nm laser was frequency modulated
at 1 MHz by way of a function generator (Agilent 33250A) and a bias tee. The
amplitude of the modulation was varied from 0 mV up to 300 mV. The linewidth
of the 1530 nm laser was increased in steps while the power was kept constant at
approximately 70 mW (saturation parameter of 10°. this is shown in Fig. 4.20.
A timing sequence similar to that used earlier in this chapter was used, only
for this experiment the 1530 nm laser was gated on for 300 ms after the MOT
beams had been gated off for 10 ms. The MOT beams were gated off 100 ms
after the molasses beams were extinguished and were gated back on in time with
the 1530 nm laser. Only the magnitude of the signal when the 1530 nm laser is
on is taken into account in this case. This leads to the results seen in Fig. 4.21.
It can be seen from the above figure that simply increasing the linewidth of

the 1530 nm laser has little to no impact on the laser’s effect on the MOT signal.
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Figure 4.20: The effects of modulating the laser on the lasers linewidth. The

curious lineshape at 250 mV is simply due to the frequency scan spending more
time at either end of the range while it ‘turns around’.

4.5.2 Constant power spectral density

Following this, the same procedure as before was followed, but this time the power
of the 1530 nm laser beam was increased along with the linewidth. Earlier, by
increasing the linewidth but keeping the power constant, the power in the beam
ended up becoming spread out over the whole spectrum of the laser, dropping
the power spectral density each time the linewidth was increased. By rasing
the power together with the linewidth the power spectral density was kept at a
constant 7.7 mW/MHz. The 7.7 mW corresponds to a saturation parameter of
approximately 108. The results of this are shown in Fig. 4.22.

It can be seen from Fig. 4.22 that neither increased power nor increased
linewidth have any noticeable effect on the observable effects of the 1530 nm laser

with the 672 nm laser on resonance. The difference in signal between Fig. 4.21
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Figure 4.21:  The effects of increasing linewidth of the 1530 nm laser on the
MOT signal. It can be seen that there is little to no effect. The red data point
corresponds to the red data point in Fig. 4.22.

and Fig. 4.22 is attributed to the fact that the experiments were run on different
days and due to fluctuations in the overall MOT quality from day to day.
One final experiment was carried out, whereby the first experiment in this

section was repeated with the 672 nm laser off.

4.5.3 Constant power, no 672 nm laser

For this final experiment, the only change to the first one in this section was to
run without the 672 nm laser on. This removes its effects from the system and
allows us to determine what effect the 1530 nm laser has on the trapped *P;
atoms when it is broadened by frequency modulation. The results are shown in
Fig. 4.23

It can be seen from the above figure that the linewidth of the 1530 nm laser has

very little effect on the number of 3P, atoms trapped, above a certain threshold.
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Figure 4.22: The percentage change in the MOT signal between when the 1530
nm laser is on and off as a function of the spectral width of the laser. It can be
seen from this that there is little effect. The red data point corresponds to the
red data point in Fig. 4.21.

4.6 Conclusions

This chapter has set out to examine the various effects a laser at 1530.5 nm
repumping on the 4s4p 3P, — 4s3d ' D, transition of magneto optically trapped
calcium. Due to the relative populations of the 'D, and P, states, when the
1530 nm laser is on resonance with this transition, atoms are pumped into the
3P, state, instead of the other way around as was desired and expected. This
has the effect of increasing the rate of the leak out of the cooling cycle. It was
discovered that in order to achieve the desired effect, the 1530 nm laser had to be
run in conjunction with the 672 nm laser on the 4s3d ' Dy — 4s5p ! P, transition.
When both lasers were operating, the expected increase in the number of trapped
atoms became apparent. The lifetime of the trapped atoms in the 3P, state was
experimentally calculated to be 928(78) ms. The wavelength of the transition
was measured to be 1530.5298(6) nm.
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Figure 4.23: The Detected MOT signal from the 3P, atoms as a function of the
1530 nm laser’s linewidth. This shows that above about 10 MHz, the increase in
linewidth has no effect.

In addition, the effects of a fiber amplifier for the 1530 nm laser were observed.
It was observed that, due to the finite number of trapped atoms in the 3P, state,
above a certain threshold, increasing the intensity of the beam had no extra

beneficial effects.
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Chapter 5

Interference filter based ECDL design

5.1 Introduction

The final experimental chapter of this thesis will focus primarily on the design,
construction and testing of an ECDL based on the idea of using a narrow band
interference filter (IFECDL) as the frequency selective element rather than the
more typical diffraction grating. This design was considered because the laser
was intended for use to probe the intercombination line 452 1S, — 4s4p 3P, at
657 nm (657.46 nm [75]) and interference filters at or near this wavelength are
readily available and ubiquitous in the world of astronomy. This is due to the
fact that the hydrogen alpha (Ha) spectral line is at 656.28 nm and astronomers
use such filters to observe the sun. Typical examples of such filters have a narrow
wavelength transmission profile which can be tuned by tilting the filter through a
given angle. While other filter based ECDL designs have been used [91, 92] They
tend to be based around narrower, very expensive filters. More recently, broader
filters have been used [93]. One benefit of this design is the low cost of the filters
used, typically ~ £300. Another is by using the filter as the frequency selective
element, the output coupler can be built into the body of the ECDL, resulting in
a more stable laser due to eliminating any mechanical movement of a typically

used spring loaded mirror mount.
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5.2 Design

The IFECDL is designed around the idea of an interference filter being used as
the frequency selective element, but otherwise comprises of the standard elements
used for a standard ECDL. The laser diode (Hitachi HL6545MG) used is a 660
nm laser diode (the same as is used for the 672 nm ECDL). It is mounted in a
machined piece of aluminium behind an adjustable collimation lens. The position
of the lens is adjustable by way of an externally accessible dial. The interference
filter is then mounted after the collimation lens on a micrometer controlled rota-
tion mount. After this the output coupler (a convenient piece of unnamed optics
found in the lab with 10% reflectivity at 657 nm) is mounted on a PZT. The whole
laser cavity is approximately 3 cm in length and this can be varied by way of the
PZT mounted mirror. The cavity itself is then fixed to a water cooled mount and
a Peltier cooler for more subtle temperature control than would be possible by
water cooling alone. In this case the Peltier is driven by the temperature control
circuit of a MOGBox (MOGLabs DLC-202) laser diode controller with tempera-
ture feedback provided by a 10k€2 thermistor housed in the diode mount. It may
seem like overkill to use the whole box only for temperature control but it was
not suitable to drive the laser current, the current feedforward necessary and the
PZT at suitable frequencies. It was, however the most convenient temperature
controller available at the time. The design of the IFECDL is shown in Fig. 5.1
and a photograph is shown in Fig. 5.2.

The components are then protected from changes in external temperature and
air pressure (such as those caused by periodic activation of the room air condi-
tioning) by encasing everything with a lid machined from a sheet of aluminium.

Instead of driving the laser with the MOGBox, it is driven by a Thorlabs cur-
rent control circuit (Thorlabs LD1255R) subtly adjusted to allow coarse and fine
current adjustment and set up so as to allow an external amplitude modulation
of the laser current. The typical power available from this laser is up to 16 mW.
The laser is kept at a constant 12.6°C throughout this work.
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Figure 5.1: The design of the IFECDL as viewed from the top down.

5.3 Filters

For this design, there were two different interference filters to test: the hydrogen-
alpha (H-a - Astrodon Tru-Balance H-a CCD Filter) centred round 656.3 nm and
the nitrogen-two (NII - Astrodon Tru-Balance NII CCD Filter) filter centered
around 658.4 nm. This section will concentrate on a brief, rough analysis of the
transmission/angle profiles of these two filters, done in order to determine which
was the filter best suited to our needs.

The filter acts precisely as an etalon (this will be important later) - as the
angle between the beam and the normal to the filter changes, the filter tunes the

output wavelength towards the blue end of the spectrum according to

sin?(0)

n2

Ae = Not/1— , (5.1)

where \.o are the centre wavelengths of the output and normal incidence input
beams, respectively, 6 is the angle of incidence and n is the refractive index of

the filter in question. It can be seen from this that altering the angle of the filter
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Figure 5.2: A photograph of the IFECDL.
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Figure 5.3: The peak transmitted wavelength as a function of filter angle of the
NII filter. The blue points are experimental data, the red curve predicted by
theory.

causes a lower wavelength to be transmitted. Given the NII filter has a centre
wavelength to the red of the line and the H-« filter to the blue, the NII filter was
the obvious choice to continue with.

To test this a simple procedure was carried out. The filter in question was
placed in the centre of the cavity and rotated through several degrees. As this
was done, the rough emission wavelength was observed of an optical spectrum
analyser (Ocean Optics HR2000). The peak emission wavelength was then plotted
against the angle of the filter with respect to the direction of beam propagation.
The NII filter’s tuning study is shown in Fig . 5.3.

As can be seen from Fig. 5.3, the NII filter tunes smoothly over the angles
used. The fit performed in Fig. 5.3 returns a filter refractive index of ~ 2.5
The gap at ~ 0° occurs because, with the filter normal to the beam, the beam
is reflected back on face of the diode, inundating it with a great deal of excess
optical feedback. The 'wiggle’ seen in the experimental data could, in fact, be an

additional cavity of length ~ 300um, likely to be located within the filter).
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5.4 Tunability study

With the filter chosen and in place and with the laser emitting at a wavelength
that was within a nanometer of the line in question, the next step was to see how
tuneable the laser was. That is, to see how the laser frequency could be tuned
without hopping modes. The other ECDL used in this work, the 672 nm laser
discussed in detail in Chapter 3 had a mode hope free tuning range of between
three and four GHz so it was decided that this was the minimum that should be

aimed for.

5.4.1 Test setup

The setup for this portion of the experiment is as follows. The laser was passed
through an optical isolator (Linos FI-630-5 SV) and coupled into a Fabry Perot
cavity with 1GHz FSR and specified finesse of ~ 1000 (Toptica FPI-100-0750-1).
Initially the laser was not scanned while the cavity was scanned to simplify the
process of the coupling alignment. Once the alignment had been optimised, any
adjustments to the laser current necessary to ensure single mode operation of the
laser were carried out. With the laser now running in single mode operation, the
cavity scan was stopped and the laser itself was scanned by way of a PZT upon
which the output coupling mirror was mounted. By doing this, the mode-hop free
tuning range of the laser was observed to be not more than ~ 2GHz. While this
could be seen as sufficient, it was not deemed good enough. The main reason for
this, besides professional pride, was that it could not necessarily be guaranteed
that the laser could be tuned to within 2 GHz of the line in question routinely.
Also, as there was only a 2 GHz tuning range, the laser was very sensitive to

drifting.

5.4.2 Scan with Feed forward circuit

Once it was determined that the laser would not provide a reliably large mode-hop
free tuning range, a feed forward (FF) circuit was designed and built to remedy
this. An ECDL lases when the diode’s own laser modes line up with the modes of

the frequency selective element. A laser will mode hop when the two drift relative
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to each other, causing a different laser mode to line up with a different mode of
the frequency selective element. FF attempts to stop this happening by tuning
one in time with the other, so keep the two desired peaks lined up for as long
as possible (see Fig. 77 later in this chapter). Additionally, feedback to the laser
current (where the laser is modulated back and forth rapidly to attempt to detect
potential mode-hops) was applied by way of the following setup. A portion of the
light directed towards the FP cavity is split off by passing it through a glass plate
at an angle to the beam. The reflected light is then detected by a photodiode and
fed to a lock in amplifier (SRS SR530). At the same time, a frequency modulation
is fed to both the lock-in amplifier (as the frequency reference) and to the laser
diode current (via the home made FF circuit) by a signal generator (Marconi
Instruments 2022C). The resulting signal from the lock-in is then fed into the FF
circuit. The signal driving the PZT is also fed into this circuit. The output is
then applied to the external current control port on the laser diode current driver.
This can be visualised as the feedforward controlling the diode current to follow
the tuning of the cavity length linearly, which may not be enough. The feedback
then applies a little bit extra tuning to the current to overcome the difference.
This is shown diagrammatically in Fig. 5.4.

The inclusion of this FF/FB circuit in the setup allowed a routinely attainable
mode-hop-free tuning range of 8-10 GHz, with up to 15 GHz seen on occasion. A
sample of of the tuning range data taken is shown in Fig. 5.5. In this situation,
the 1GHz FP cavity is stationary and the laser cavity is scanned.

It can be seen from Fig. 5.5 that the IFECDL has a mode-hop free tuning
range of, in this example, 10GHz. The discrepancy between the mode spacings
is simply due to the nonlinearity of the PZT scan - it was not necessary to
perform the same polynomial adjustment of the frequency axis as was performed

in Chapter 3 in this case.

5.4.3 Effects of varying modulation power

Following this in an attempt to further improve the mode-hop free tuning range
was made. The frequency and power supplied by the signal generator were varied

and the effects on the tuning range were observed. First of all, the power was
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Figure 5.4: A box diagram of the feed forward and feed back setup described in
the text.
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Figure 5.5: The tunability of the IFECDL with the feed forward circuit.
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Figure 5.6: The effect of modulation power of the attainable tuning range of the
laser. The frequency was kept at a constant 20 kHz.

adjusted from -20 dBm to -3 dBm with the modulation frequency kept constant
at 20 kHz. The FF circuit could not be successfully locked between -20 dBm and
-17 dBm, nor could it be locked at -4 dBm or -3 dBm. In Fig. 5.6, the mode-
hop free tuning range as a function of modulation power power is shown. The
discrepancy between the tuning range quoted above and those noted in this and
the next sections is due to the previously mentioned occasionally seen 15 GHz
mode-hop free tuning range of the laser.

It can be seen from Fig. 5.6 that the tuning range was not greatly affected by
changes in the modulation power. There needs to be sufficient power to attain
a good lock while too much power stops locking, but with the reasonably large

range in between, there is no definitive effect.
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Figure 5.7: The effect of modulation frequency of the attainable tuning range of
the laser. The modulation power was kept constant at -14 dBm.

5.4.4 Effects of varying modulation frequency

With differing modulation powers checked, the last parameter left to vary was the
modulation frequency. To this end, the same experiment as above was repeated,
but with the frequency being varied between 10 KHz and 42 KHz. Below 10
kHz and above 42 kHz the laser would not tune at all. The power was kept at a
constant -14 dBm. This is shown in Fig. 5.7. It was also attempted to try and
increase the modulation frequency to the MHz level by way of a bias tee, much
like in Chapter 3, but this was found to have no beneficial effect.

As can be seen from Fig. 5.7, varying the modulation frequency between about
15 KHz and 40 KHz has little to no effect on the mode-hop free tuning range of
the IFECDL. Either side of this range, the tuning range drops sharply.
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5.5 Detection of the 45°!S; — 4s4p3P;, intercom-

bination line at 657 nm

With the tunability of the new laser observed as being a factor of 3 better
than originally hoped for, it was time to try and see the if we could find the
452 1Sy — 4s4p 3P, intercombination line. The first step was to determine, given
the very narrow linewidth of less than 400 Hz [94], the frequency of the transition
rather than the wavelength and to tune the laser to as close to this frequency as
possible. The frequency of the transition is 455986.240494158(26) GHz [95]. Our
wavelength meter (Coherent Wavemaster) can display laser frequency in GHz to
one decimal place, allowing us to be confident of being within 100 MHz of the

intercombination line at best.

5.5.1 Setup

For this experiment, the 657 nm laser was directed towards the MOT, using the
1530 nm laser as a guide beam. This laser was used rather than the more obvious
choice of the 672 nm beam because due to the nature of the setup, it was a simpler
task to block the 672 nm beam and pass the 657 nm beam along the path it used
to take than it would have been to do the same for the 1530 nm laser beam. This
is due to the fact the key part of the setup used to overlap the 672 nm and 1530
nm beams is a dichroic mirror (Newport 10HMR~0) which reflects in the infrared
and is transparent at visible wavelengths.

It was hoped that simply by passing the 657 nm laser through the MOT cloud
while the laser frequency was slowly scanned, a change in fluorescence from the
MOT would be visible as a decrease in signal as atoms are pumped out of the
ground state as the laser came on to resonance with the 1Sy —2 P, transition.
Unfortunately, this was not the case.

Once this had been established, it was decided to try lock-in detection as
there must be some effect on the MOT, but perhaps not be visible to either
the naked eye or the MOT photodiode. Lock in detection excels at picking out
very small changes in signal. To this end, a mechanical chopper driven at 500
Hz by an SRS SR540 Chopper Driver was placed in the path of the 657 nm
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Figure 5.8: The setup for the lock-in detection of the 657 nm laser experiment.

beam. The driver also fed a 500 Hz signal to a lock-in amplifier (SRS SR510)
as the reference signal. The signal to be demodulated simply came from the
MOT photodiode. The resulting lock-in derived signal was fed to a standard lab
oscilloscope (Tektronix TDS 2014B). This setup is shown in Fig. 5.8 and a sample
of one such signal is shown in Fig. 5.9.

The signal seen in Fig. 5.9 represents a change in MOT signal of only ~ 1
mV, based on the 2 mV sensitivity setting of the lock-in amplifier and the size of
the peak. This explains why the feature was not visible to the naked eye: such a

small change would be lost in the MOT signal noise.

5.5.2 657 intensity

With the line located, it was time for some preliminary experiments. First of
all, to determine how sensitive our detection system was, we repeated the above

procedure for decreasing 657 nm laser intensities. Lowering the beam power
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Figure 5.9: An example of the signal derived from the lock-in amplifier using
this setup. The frequency axis is derived from Fig. 5.5

from 16.4 mW to 0.07 mW (and thus the intensity from ~183 mW /cm? to ~0.8
mW /cm?), we were still able to observe the peaks seen above which represent the
1Sy —3 P, transition. From this, cursory measurements of the peak widths were
taken, as shown in Fig. 5.10.

These linewidths do not match up to our first expectations, given the purely
power broadened linewidth of the 370 Hz line should be only ~12 kHz with our
laser power of 16.4 mW, according to (4.4)

This is obviously much narrower than the experimental data. However, the
majority of what we see experimentally in this case could be down to the linewidth
of the laser itself, which is ~20 MHz, as seen in Fig. 5.11, which is merely a zoomed
in view of Fig. 5.5.

This, however, was simply a preliminary measurement made to see if we would
see anything before moving on to attempt to improve the system. In addition to
these measurements, we also observed the linewidth of the 657 nm feature with
lowered intensities in the MOT beams and with varying red intensities with the
MOT coils off. These showed much the same features as seen in Fig. 5.9.

It was at this moment, however, that something odd struck us. As stated
previously, without the FF circuit and feedback system, we get only around 2

GHz mode-hop-free tuning range. The issue is that, with a cavity of length ~ 30
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Figure 5.10: How the width of the 657 nm feature varies as the saturation
parameter is increased. Widths are obtained from Lorentzian fits to the peaks
derived from the lock-in amplifier. The X axis is in log scale and the black line
is a logarithmic fit to guide the eye.
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Figure 5.11: The linewidth of the laser. The blue is the experimental data and
the red is the Lorentzian fit.
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Figure 5.12: The mode hops of the 657 nm laser.

mm with FSR ~ 5 GHz, we should expect to get a mode-hop-free tuning range
of this FSR very easily. This was just not possible with this laser at this point.

The cause of the problem was not immediately obvious. It was only after
observing the actual mode hops that the laser made on a wavelength meter (Co-
herent Wavemaster) that the answer started to suggest itself. To do this, either
the laser current or the filter angle were adjusted through several mode hops and
back again, noting the frequency of each instance of single mode operation as read
off the wavemeter. If we were just dealing with the external cavity, we would ex-
pect mode hops of the external cavity FSR. This is not what we saw. Shown
in Table. 5.1 are the frequencies read off the wavemeter as the laser current was
tuned down and then back up again.

When looking at this data set, certain patterns begin to emerge and certain
mode hops begin to seem preferential. When put into a histogram, a clear picture
emerges, as seen in Fig. 5.12

With this is mind, a picture begins to form of an ECDL with a third, weak
cavity with high FSR fighting the others for dominance. The diode itself is
expected to form a cavity between its front and back face of around 45 GHz, as
seen and the output coupler and the diode for the cavity of 5 GHz FSR, which
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Frequency (GHz) | Frequency Change (GHz)

455586.3

455609.1 +22.8
455584.9 -24.2
455560.4 -24.5
455514.8 -45.6
455536.3 +21.5
455491.0 -45.3
455512.8 +21.8
455443.6 -69.2
455512.4 +68.8
455442.6 -69.8
455420.5 -22.1
455467.0 +46.5
455512.9 +45.9
455491.0 -21.9
455513.9 +22.9
455491.0 -22.9
455537.0 +46
455515.1 -21.9
455561.0 +45.9
455584.6 +23.6
455561.0 -23.6
455538.1 -22.9
455585.2 +47.1
455562.0 -23.2
455608.6 +46.6
455632.0 -23.4

Table 5.1: Mode hops observed for the 657 nm laser. The division on the table
represents when the laser current tuning was reversed.
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doesn’t appear in the data, as expected given the trouble tuning a whole FSR
of the cavity. The third cavity is caused by the filter itself - it is acting exactly
like an intra-cavity etalon with FSR ~ 70 GHz. As can be seen from Fig. 5.12
and Table 5.1, the dominant mode hop is around 23 GHz, with less at ~45 GHz
and even fewer at ~70 GHz. The dearth of 70 GHz mode hops suggests that the
etalon cavity is a weak one, which is expected as the reflectivity at the correct
wavelength is only about 4%. With the laser diode cavity, a stronger effect is seen,
explaining the higher number of 45 GHz mode hops. The overwhelming number
of 23 GHz mode hops appear to be the result of the other two cavities competing
against one another: 70 GHz - 45 GHz is 25 GHz, which is close enough to the
values seen to be highly suggestive.

To test this supposition, the H-« filter was placed down the beam in the
beam path and tilted through a wide range of angles. If it acts like at etalon,
dark fringes should appear in the reflection signifying maximum transmission
through the filter/etalon. This was seen and the angle between successive dark
fringes allows us to determine the filter /etalon FSR. Assuming the two filters are
broadly identical, this gives us the NII filter’s FSR, which matches the expectation
based upon the mode hops observed on the wavemeter.

If we start thinking of things with this is mind, we get a clearer picture of why
the laser behaves as it does. Consider Fig. 5.13 as representative of this system.
This looks similar to a figure produced in [93], but differs due to our filter not
being AR coated. The blue curve represents the filter transmission profile with
this inherent etalon effect added on to it. The grey slope is the diode gain curve
and the red trace represents the diode cavity fringes. The product is the green
trace, which includes all the IFECDL cavity modes.

If we then look at this in more detail it can be seen that when the filter etalon
fringes line up with the diode cavity fringes, one single IFECDL cavity mode is
selected over all the others. Looking at Fig. 5.14, as the cavity and laser FF
current is tuned, the preferred peak begins at 659.8 nm (A), begins to move to
the left gradually (B), until the filter and diode cavities no longer line up and
mode hops to a different, more suitable combination of the two (C). It then keeps
going until there is not a clear choice between two separate cavity modes (which

leads to multimode operation) (D) before it returns to the starting point (D).
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Figure 5.13: The different cavities fighting each other produces a curve like this.
Blue: Filter transmission + etalon fringes. Grey: diode gain curve. Red: Diode
cavity fringes. Green: the product, including the IFECDL cavity fringes.

This is borne out experimentally as the laser was frequently seen to return to
within 1-3 GHz of previous frequencies.

Having seen this, an attempt was then made to try and use the existing FF
circuit while also feeding forward to the filter angle. This should have the advan-
tage of giving a longer mode-hop-free tuning range than before whilst also doing
away with the need to modulate the current with the signal generator. While this
did allow for a 10 GHz mode-hop-free tuning range before, it is expected that
this could cause problems in the future as, while 20 kHz noise on a 20 MHz laser
is fairly insignificant, if the laser is to be made comparable in linewidth to the
370 Hz transition linewidth, then 20 kHz will become wvery significant.

To allow us to try this additional FF, a PZT (Thorlabs AE0203D04F) was
installed between the micrometer and the arm controlling the angle of the filter.

A voltage divider circuit was then built to pick off part of the voltage driving
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Figure 5.14: How the cavities cause different cavity modes to dominate and how
this changes as the laser diode current is tuned. The horizontal black lines on
each figure are there to indiciate which cavity mode is likely to be dominant.
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the output coupler PZT and direct it towards the filter arm PZT. Unfortunately,
this did not improve things in an appreciable way - the maximum mode-hop-free
tuning range with this setup was seen to still be only ~ 2 GHz.

However, this was sufficient to once again tune to and observe the 657 nm line
using the same method as before. The difference this time was that the laser was

locked to an external reference cavity.

5.6 Locking the IFECDL

With preliminary tests and experiments carried out with the IFECDL, it was time
to attempt a more concrete approach. First of all, the IFECDL would be locked
to an external reference cavity to reduce its linewidth from the free running ~20

MHz to something more appropriate.

5.6.1 Setup

For locking the IFECDL to a cavity, the standard Pound-Drever-Hall (PDH)
locking technique [96, 97] was used, which is summarised here.

A portion of the laser light is directed through an electro-optic modulator
(EOM) towards a FP cavity (FSR of 2 GHz, finesse of ~ 70). The light that is
reflected from the cavity is picked off and directed towards a photodiode. The
EOM is driven by an oscillator operating at ~ 13 MHz. The signal is split in
a directional coupler (Mini-Circuits ZEDC-20-3) so that a small fraction of the
signal gets fed into a double balance mixer (Mini-Circuits ZP-3). The signal from
the photodiode is then fed into the other channel of the double balance mixer. The
output of this is then passed through a low-pass filter (to remove high frequency
modulations) which produces a standard dispersive error signal which is fed into
an integrator circuit to lock the laser frequency to the zero crossing. This setup
is seen in Fig. 5.15.

A typical lock signal derived from this setup is shown in Fig. 5.16. It can be
seen from a comparison between the separation of the two lock signals seen in
Fig. 5.16 (being separated by the cavity FSR of 2 GHz) and the depth of the
locked signal seen in Fig. 5.17 that the linewidth is now ~ 1 MHz. If the two
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Figure 5.15: The PDH setup. FG = function generator, DBM = double balance
mixer, CPL = directional coupler, LPF = low pass filter.

peaks are 2GHz apart, then it is possible to determine how far apart in frequency
either side of the slope in the lock signal are. This then allows the voltage between
the highest and lowest part of the locking signal to be interpreted as a frequency,
giving us ~ 0.3 mV/MHz. This is then used to calculate how 'deep’ the locked
signal is: ~ 1 MHz. The spikes seen in the data in Fig. 5.17 are simply 50Hz
noise, likely from the room lights. As a quick test, the frequency modulation
used earlier is switched on at this point to see if the expected detrimental effect
mentioned previously is apparent. This is shown in Fig. 5.18.

This shows that at the level of a 1IMHz laser linewidth, the frequency modu-
lation has a clear effect on the lock strength, effectively doubling the width of the
lock point. While this could be tolerated with a 1 MHz laser, such an increase
would be self defeating if applied to a much narrower laser.

With the laser locked to this reduced linewidth, it was expected that the
linewidth of the observed feature would be much narrower as a result. One such
measurement is shown in Fig. 5.19.

While the laser was known to be ~ 1 MHz wide, the feature seen is still in
the tens of MHz region. The feature linewidth for increasing beam intensities is
shown in Fig. 5.20.

It could even be argued from Fig. 5.20 that the 657 nm laser intensity, at

these levels, does not have much of an effect at all, with the first two points on
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Figure 5.16: The locking signal derived from the PDH locking. The red is the
cavity transmission, the blue is the resulting lock signal. Worthy of note is that
in PDH locking, one would normally expect to see smaller error signals either side
of the main peak, at the EOM modulation frequency. However, as the linewidth
of the peaks seen is around 30 MHz, these 13 MHz features will be hidden within
this linewidth.

the graph being outliers.

5.6.2 V-system

The values obtained for the linewidth of the 657 nm feature are obviously orders
of magnitude above the natural linewidth of the transition, which is ~ 370 Hz.
This is due to the fact that we are not dealing with a simple, ideal two level
atomic system. When the red transition is observed whilst the blue laser is on,
there are three levels involved. If we treat the whole process here as a three level
system, with the levels being the 1Sy ground state and the 'P; excited state of
the main cooling transition and the third being the 3P, state, we set up what is

known as a V-system, shown diagrammatically in Fig. 5.21.

Consider the fact that, spin aside, the 452 4s4p ! P, transition and the 4s? 4s4p 3P,

128



5.6 Locking the IFECDL

0.05

0.02 +

Signal (arb. units)

-0.01

_DDQ T T T T T T T T T T 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

Time (s)

Figure 5.17: The locked signal from the PDH setup. The red is the cavity trans-
mission, the blue is the resulting lock signal.

transition are identical. It is this similarity that allows the 452 4s4p 3P, intercom-
bination line transition to exist at all. This also brings with it some problems
for the type of measurement we have tried to do. While the intercombination
line exists by ’borrowing’ a bit of linewidth from the main cooling transition, this
same arrangement works against us when trying to measure the linewidth of the
intercombination line whilst the main cooling laser is active. This is governed by

the following equations [88].

033 = —7Y3p33 + 2ia2c05(Qat + koz)(ps2 — pas), (5.2)

092 = —7apaz+2iancos(Qaot +kaz)(pse — pa3) +2iag cos(t+k12) (p21 — p12), (5.3)
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Figure 5.18: The locked signal once the frequency modulation (20 kHz, -14 dBm)
is applied. The red is the cavity transmission, the blue is the resulting lock signal.
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Figure 5.19: The 657 nm feature observed with a laser with ~ 1 MHz linewidth.
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Figure 5.20: the 657 nm feature observed with a laser with ~ 1 MHz linewidth.
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Figure 5.21: A simple representation of a V-system.

011 = R — y1p11 + 2iaicos(Qqt + k12)(p21 — p12) (5.4)

and

032 = — (V32 — tws2) P32 + 2iecos(Qat + koz)(psg — pa2), +2iccos(St + k12) pay
(5.5)

032 = —<’}/31 — iw31),031 + Qi@lcOS(Qlt —+ klz)pgg, —QiOJQCOS(QQt + k’QZ)pgl (56)
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5.6 Locking the IFECDL

021 = — (V21 — twa1)po1 + 2icicos(t + k12)(p2a — p11). — 2iancos(Qat + kao2)par
(5.7)

We also use the rotating wave approximation where 2cos — 1 and w —
A, the detuning, which simplifies things. In the above equations, p,, are the
populations of states 1, 2 and 3, o, are the time derivatives of these populations.
pzy are the coherences (that is, similarities between) state x and y as a result
of the superposition of states x and y and g,, are the time derivatives of these
coherences. «, are the Rabi frequencies, 7, are the decay rates and R is the
loading rate. cos(§),t + k,z) are the electric fields provided by the drive lasers.
Thus, using the first of these equations as an example, the population of state 3
decreases due to the decay out of it (y3p33), but increases due to the laser driving
the 3-2 and 2-3 coherences (ps2, pa3).

These equations, when solved in the steady state using various different pa-
rameters from the 657 nm drive term and for increasing values for the 423 nm
drive term, show that it is the intensity of the 423 nm laser that dominates the
observed linewidth of the 657 nm feature, as seen in Fig. 5.22.

It can be seen from Fig. 5.22 that with the 423 nm laser running at saturation
intensity, as is a typical value during routine operation of the MOT, the 657 nm
laser intensity has very little effect on the linewidth of the feature. It is only once
the 423 nm intensity drops considerably that the 657 nm laser has an appreciable
effect on said linewidth. This shows that in order to see the natural linewidth of
the transition the blue laser would need to be run at roughly a millionth of the
saturation intensity with the 657 nm laser itself at rather low intensity. This is
quite impractical as at such intensities of the blue laser, we would see absolutely
no trapped atoms.

Fig. 5.23 shows the same trends as Fig. 5.22, but using actual experimental
values used for the 657 nm laser intensity, lowered by way of different combina-
tions of neutral density filters. These correspond, roughly, to the space in between

the top two traces in Fig. 5.22.
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Figure 5.22: The effects of increasing the intensity of the 657 nm laser at varying
intensities of the 423 nm transition. The different coloured curves represent
different saturation parameters of the 657 nm laser varying in steps of an order
of magnitude from 1 (red) to 100,000 (orange).

This shows that, for the experimental parameters used, there is very little
difference in the expected linewidths of the 657 nm feature, which reflects the

earlier data see in Fig. 5.19.

5.7 Improvements

It seems apparent that, in order to see the natural linewidth of the 657 nm
transition, it will be necessary to probe it whilst the 423 nm cooling laser is off.
This poses considerable problems, however, not the least of which is that our
detection system depends on the fluorescence caused by this transition. No blue
light means no fluorescence means no signal. Even more importantly, no blue
light means no trapped atoms!

One possible solution would be to insert an AOM into both the blue and the
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Figure 5.23: The effects of increasing the intensity of the 657 nm laser at vary-
ing intensities of the 423 nm transition. The different coloured curves represent
different saturation parameters of the 657 nm laser in increasing steps, using ac-
tual experimental values. 5412 (red), 8353 (purple), 14118 (blue), 17647 (green),
26118 (cyan), 34353 (orange), 54000(black).

red beams and rapidly cycle the beams on and off so that while the MOT beams

are briefly off, the 657 nm laser in on.

5.8 Conclusions

We have designed, constructed and tested an interference filter based external
cavity diode laser using a cheap, commercially available astronometric filter. By
use of current feed forward and feed back, the laser has been seen to be tunable
up to 15 GHz occasionally and 10GHz reliably. Without the feedback and with
additional feed forward to the filter rotation angle, the filter would tune only
2GHz. We have used this laser to successfully detect atoms on the 370 Hz wide

45? 1Sy — 4s4p 3P, intercombination line at 657 nm.
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5.8 Conclusions

This laser design has fewer moving parts that can affect the stability of the
laser. This is due to the fact that the coarse frequency selective element, the filter,
cannot change the length of the cavity in any way. Also, this could perhaps be
further improved upon by using a stationary mount for the output coupler, rather
than an adjustable mirror mount as was the case in this instance. This would
present some problems in getting the cavity to lase (due to an inability to adjust

the output coupler orientation), but these should not prove to be insurmountable.
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Chapter 6

Conclusions

6.1 Summary

In Chapter 1 a brief history of the work on laser cooling was presented, from the
first theoretical papers through to the realisation of BEC by way of the MOT.
The specific case of calcium was also presented, along with recent developments
in the field.

In Chapter 2 the experimental setup was described, as well as the necessary
background theory for each part of the apparatus. The concepts of laser cooling,
optical molasses and the Magneto Optic Trap were discussed in depth. The
relevant structure of calcium was discussed. The vacuum setup used, including
the calcium oven, the Zeeman slower, deflection stage, MOT chamber and the
vacuum pumps used was detailed. The optical setup used was also described in
detail, including the frequency doubling and saturated absorption spectroscopy
setup.

In Chapter 3 the work on the repump transition 4s3d * D, —4s5p ' P, at 672 nm
was described. The effects this repump laser had on the MOT were to increase
the number of detected trapped atoms by more than an order of magnitude.
This was experimentally determined to be by way increasing the MOT lifetime
by a factor of three, pumping a factor of two previously undetected atoms out
of the 1Dy level and by improving the MOT loading rate by a factor of two. A
rate equation model was introduced and the discrepancy between experimental

results and those predicted by the model were noted. This was concluded to
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6.2 Improvements

be due to poorly known rate coefficients. Measurements of the isotope shifts of
three naturally occurring calcium isotopes were measured and estimates for three
others were made.

In Chapter 4 the work on the repump transition 4s4p *P; — 4s3d ' Dy at 1530
nm was discussed. The effects of the 1530 nm laser alone on the MOT were
presented, as well as the effects when used in conjunction with the 672 nm repump
laser. It was noted that on its own, the 1530 nm laser causes the MOT to lose
atoms, requiring the additional presence of the 672 nm laser to see an increase in
the number of trapped atoms. Work carried out on the amplified 1530 nm laser
was also presented, detailing the effects of increased power and spectral width of
the 1530 nm laser on the MOT. A wavelength measurement was also made.

In Chapter 5 the work on the design, construction and testing of an interfer-
ence filter based ECDL to probe the 452 1Sy — 4s4p 3 P; intercombination line at
657 nm was presented. The laser tuning range was tested with several different
setups with the maximum tuning range being between 10 and 15 GHz. The setup
producing this tuning range was deemed to be impractical however, as it involved
modulating the laser current at 20 kHz which would be problematic when reduc-
ing the linewidth. It was also determined that the non AR coated interference
filter was introducing an extra cavity into the system, reducing the mode-hop free
tuning range of the device. The laser was used repeatedly to successfully detect
the 370 Hz intercombination line. When the linewidth of the feature was seen to
be in the tens of MHz region, it was determined that with the main cooling laser
on at the same time as the 657 nm laser, the linewidth would appear to be in the

tens of MHz region due to it being a V system.

6.2 Improvements

As noted in the Chapter 2, the lock signal for the 423 nm enhancement cavity
was not ideal, causing the cavity to be less stable than might be hoped for. While
it was still possible to lock the cavity, improving the lock signal would result in
a more stable lock.

It should also be possible to improve the tuning range of the 657 nm laser

by a more concerted effort into devising a feed forward circuit that would adjust
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6.3 Future Work

both the laser diode current and the filter rotation angle at the same time. The
attempts detailed in this thesis were necessarily brief due to time constraints.
If the same laser were also locked to the ULE cavity mentioned in Chapter 3,
it would result in a significantly narrower laser linewidth which could, if the V
system problem explained in Chapter 5 were circumvented, result in a MOT
temperature measurement [40].

Other, more practical, improvements which could be made are simply things
like replacing ageing hardware (such as the recalcitrant Verdi V8 used to pump
the Ti:S laser), installing a complete canopy over the MOT laser table to reduce
the quantity of dust collecting on the optical surfaces and installing curtains

around the laser tables to reduce the effects of changes in air pressure.

6.3 Future Work

As stated above, reducing the linewidth of the 657 nm laser should, in principle,
allow a MOT temperature measurement to be taken. This laser is also seen as
the key to cooling to BEC entirely optically. That is, without having to make use
of the inherently lossy evaporative cooling techniques. Doing so, however, poses
serious challenges. As detailed in Chapter 5, while the main cooling laser is on, the
linewidth of the intercombination line is broadened to tens of MHz meaning that
this second stage cooling would have to be carried out while the main cooling
laser was off. Also, the atoms themselves would have to be supported against
gravity to be cooled by such a weak transition. The original plan had been to
use the 1530 nm fiber amplifier used in Chapter 4 to create a dipole trap, but the
inconsistent output power from the amplifier has made this plan less certain.
What seems certain, however, is that work on the 657 nm laser should con-
tinue. The potential to produce a narrow linewidth laser for this intercombina-
tion line transition without the mechanical noise incurred by the larger number
of beam path influencing movable parts in a typical Littrow configuration ECDL

is too great to ignore.
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