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Abstract

This PhD thesis reports on works towards laser cooling and trapping caesium iso-
topes and nuclear isomers. The main outcome of the research was the installation
of an experimental facility for obtaining ~100 uK samples of '>3"Cs, and in the
test of the facility with 13*Cs™ ionic beams neutralised and trapped in Magneto-
Optical Traps (MOTs). The work can be divided into three related experiments,

instrumental for obtaining ultra-cold isomers of caesium atoms.

The first part was conducted in the laser cooling laboratory at University Col-
lege London. The task consisted of designing and setting up a laser and imaging
systems for a dual-chamber MOT of !3Cs atoms. The laser systems comprise of
two main lasers, cooling and repumping lasers, each equipped with frequency sta-

bilisation and amplification stages.

The second part of the work took place in the Accelerator Laboratory of
the University of Jyviskyld (Finland). Here, the systems created at UCL were
transferred and installed within the existing lon Guide Isotope Separation On-Line
(IGISOL) facility. The reassembled system was tested again with the 133Cs MOT
and optimised for stability and robustness in a new, uncontrolled, and noisy envi-

ronment.

In the third part of the experiment, the system in Finland was upgraded for
neutralisation and laser cooling of an incoming +1 ions beam produced by IGISOL.
This required the installation of a new experimental chamber, equipped with a thin
Y foil for ion implantation and neutralisation, and coated with a low-desorption
energy coating to increase the trapping efficiency. In parallel, the ions’ delivery

system and connection to the IGISOL electrostatic transport line were also created.
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In this phase, the implantation of 1>”"Cs* beams was tested. In order to monitor the
production and transport of the desired ions, the gamma decay of !3>"Cs implanted
in a Ge detector was observed. The life-time of !3>"Cs atoms was measured to
confirm the implanted species. Moreover, trapping of 13>Cs was attempted.

The long term goal of the research started with this thesis is to employ the
facility to realise Bose-Einstein condensate of '33"Cs. The realisation would have
numbers of applications, most notably paving the path for investigations on multi-
body physics in ultra-cold nuclear matter, and the demonstration of the generation

of coherent gamma photons.



Impact Statement

The main impact of this thesis is the development and characterisation of ion-
implanted cold atom system. The ion-implanted cold atom system is a modification
of a cold neutral atom experiment. It can generate cold radioactive atomic samples
employing ion implantation and laser cooling and trapping techniques. The ra-
dioactive source is created by implanted radioactive ions provided by an ion beam
accelerator facility. Then, the atoms are cooled and trapped by means of laser cool-
ing and trapping techniques. The combined method of radioactive ion implantation
and laser cooling and trapping is a promising approach for the exploration of the
nature of cold radioactive isotopes and isomers. The laser system for the cold atom
experiment was first assembled and tested at University College London (UCL) in
2015 and moved to University of Jyviaskyld (JYU) Accelerator Laboratory, Fin-
land in 2016. At JYU, the cold atom experiment was built and coupled with the
K-130 cyclotron ion beam accelerator located in the Ion Guide Isotope Separa-
tion On-Line (IGISOL) facility. The coupled system has been entirely operational
since 2017. Achievements to date of the system are magneto-optical trapping of
ion-implanted '33Cs, successful implantation of 13%:135"Cs atoms and preliminary

evidence of 13°Cs trapping.

The long term aim to realise coherent gamma-ray sources will have an impact
also beyond academia. The demonstration of a method to produce coherent gamma
rays would enhance current technologies to a new level of precision. This will lead
to a new generation of high-accuracy gamma knifes for stereotactic radiation ther-
apy and to new approaches to gamma-imaging for nuclear security. In addition, the

laser cooling and trapping technique used in this thesis can improve the precision
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of radioactive trace detection used in nuclear forensics to the ultra-sensitive level.
Moreover, the coupled system designed and built in this thesis could also be suit-
able, with appropriate modifications, for investigation of other cold isotopes not just
for caesium.

Within academia, this thesis is a preliminary result of a larger ultra-cold ra-
dioactive caesium project, which required multidisciplinary knowledge, ranging
from atomic and optical physics to nuclear physics. Therefore, it has been estab-
lished under the international collaboration between UCL and JYU. The project
has been supported by the Engineering and Physical Sciences Research Council
(EPSRC), the Atomic Weapons Establishment (AWE) and the European Commis-
sion under Horizon 2020. Establishment of the project generates new challenge
research topics which benefit researchers and science students in the UK and Eu-
rope. Moreover, the result presented in this thesis was published in the international
peer-reviewed journal Nuclear Instruments and Methods in Physics Research Sec-
tion A (NIMA). There have been four PhDs, and three of UCL’s undergraduate
students involved in this project since 2014. The research project is still active and

attracts undergraduate, PhD students and researchers.
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Chapter 1

Introduction

1.1 Nuclear Structure

An atom consists of three types of subatomic particles, protons (+1 e-charge each),
neutrons (neutral) and electrons (-1 e-charge each), where e is the magnitude of the
electron charge. In neutral atoms, the number of protons (Z) and electrons are equal.
On the other hand, the neutron is a neutral charge, and the neutron number (N) do
not affect the electron number but the stability of the nucleus. Either a proton or a
neutron is called a nucleon. The nucleons occupy the central region of an atom to be
a nucleus. For an element, an atom has a certain number of protons and electrons.
However, its neutron number could vary. Atoms with the same proton number but

a different number of neutrons are called isotopes.

The electrons orbit around the nucleus and bind with the proton by electrostatic
force. The quantum mechanical model explains probabilistic behaviours of elec-
trons, where the key to the model is to solve the Schrédinger equation. Due to the
Pauli exclusion principle, the orbiting electrons possess unique energies described
by a set of quantum numbers n, L, m, and S, where n is the principal quantum num-
ber, L is angular momentum quantum number, m is the magnetic quantum number,
and S is electron spin angular momentum. The electrons energies are quantised to
discrete energy levels or electron shells indicated by n. In each shell, electrons can
orbit in numbers of angular momentum represented by L. The m described pro-

jection of the angular moment to the quantisation axis, and S refers to spins of an
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electron. These quantum numbers establish the fine structure of the electron energy
levels. However, the fine structure energy level can be split further to hyperfine level
by considering the coupling of electron total angular momentum and nucleus spin

(represented by a quantum number, I).

In the nucleus, nucleons bind together via the strong nuclear force [1], which
generates nuclear potential energy. Similar to the electron, nucleons also have shell
structures explained by the shell model [1][2][3]. Nucleons with given energies
are arranged into discrete energy shells, which are occupied by specific numbers of
nucleons. The inner shell hold nucleons which have lower energy than those in the
outer shell. Once a shell is filled up, the remaining nucleon will go to another shell
with higher energy. The closed-shell nuclei of an isotope that have either proton
number, Z and neutron number, N equal to one of the magic numbers (2, 8, 20, 28,
50, 82 and 126) have higher binding energy compared to other nearby isotopes, and
the shape of the magic nucleus are spherical in the ground state. The non-magic
number nuclei are deformed in shape to minimise their nuclear potential energy to

reach the ground state [1].

In analogous to electrons, nuclei also have excited states which mostly decay
rapidly. A nucleus’s excited state can be occurred by promoting outer shell nucleons
to higher energy levels [1][3]. Once the outer shell nucleon is promoted, the nuclear
charge distribution of the inner shell is redistributed, resulting in alternating the nu-
clear potential energy to a new local minimum. Most of the excited states of nuclei
have ultra-short lifetimes. However, in some nuclei, there are some long measurable
lifetimes excited states called metastable states. The metastable state occurred due
to a large change of spin, spin projection or shape of the nucleus, which led to the
forbidden decay. Some of the isotopes with metastable states are isomers, which
are products of nuclear reactions such as the decay of radioactive nuclei. Moreover,
the isomer can be produced experimentally using the ion implantation technique

discussed in this thesis.
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1.2 Nuclear isomers

Nuclear isomers are isotopes which have metastable excited nuclei [2][3]. The term
nuclear isomer was proposed by Fredrick Soddy [4] in 1917 and the first experi-
mental observation of a nuclear isomer, 2>*"Pa, was done by Otto Hahn [5] in 1921.

In order to discriminate nuclear isomers from other excited nuclear states, their
half-life is considered. Typically, the half-life of excited nuclei is around picosec-
onds [6], while the metastable excited nuclei of isomers live significantly longer.
Although there is no qualified half-life for identifying an isomer, it typically ranges
between nanoseconds and years. Remarkably, some nuclear isomers, mostly in
super-heavy nuclei, survive much longer than their ground states [7]. An example
is 27°Ds with isomer state half-life of ~6 ms and ~100 us ground state half-life.
As a metastable excited nuclear state, an isomer can have higher-order excitations,
which are labelled by the superscript letter "m”,”n”,”p” or ’q”” marking first to the
fourth excited state, respectively [7].

There are many radioactive decay modes of nuclear isomers depending on ex-
citation energy and nuclear structure [2]. ¢, B or ¥ are observed, as well as internal

conversion (or isomeric transition, IT). Some isomers can also decay by nucleon

emission or spontaneous fission.

1.2.1 Types of nuclear isomers

The nuclear isomers can be formed by different mechanisms as shown in figure
1.1, namely via a change of shape, spin or spin orientation [2]. The occurrence
of isomers depends on the structure of the nuclear shell. Based on their forming
mechanism, one can classify them into three types, namely shape isomers, spin

traps and K-traps.

1.2.1.1 Spin traps

For the nucleus in the ground state, the nucleons are paired following Fermi-Dirac
statistics. On the contrary, in the excited nucleus, one nucleon is promoted to a
higher energy state, which causes the nucleon pair to break up. It may also produce a

rearrangement of the remaining pairs. These nucleons are generally treated as quasi-
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a) Spin trap b) K-trap c¢) Shape isomer
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Spin Spin projection Shape elongation

Figure 1.1: Type of Isomers: The left (right) blue objects are nucleus in ground state (ex-
cited state) of a) spin trap, b) K-trap and c) shape isomer. The change of nuclear
spin, nuclear spin orientation and shape of nucleus generate local minima in nu-
clear potential energy (located in the horizontal position of the objects).

particles which contribute excitation energy of the nucleus and affect the remaining

properties of the nucleus, such as angular momentum.

The spin trap, which represents the majority of isomers [2], arises from quasi-
particles promoting the nucleus in a new angular momentum state. It forms a local
energy minimum (Figure 1.1a) on the nuclear potential energy. In this case, the
total nuclear angular momentum depends on the number of quasi-particles and the
vector sum of their angular momenta. The probability of decaying back to the
ground state of spin traps is low, due to unfavourable spin selection rules. As a
result, the isomeric state is energetically convenient with respect to transitioning
back to the ground state, which would require overcoming an energy barrier. The
large energy difference and the unfavourable selection rules between the nuclear
spin of the ground state and the excited state lead to emission of y photons with
multipolarity to match the nuclear spin change. The larger change of A (the angular
momentum carried by the radiation in units of 7) for the radiation lead to the smaller
probability for the isomer to decay, which means the longer life-time. An alternative

decay mode of spin traps involves internal conversion [2].
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1.2.1.2 K-traps

K-trap is a form of spin trap. Apart from the magnitude of nuclear spin, the exis-
tence of K-traps also relies on the spin orientation relative to the symmetry axis of
the nucleus. It emerges in regions of the N-Z space that are far from nuclei magic
numbers of neutrons and protons, where the shape of the nucleus is typically pro-
late. The long axis of the prolate nucleus is defined as an axis of symmetry, and a
quantum number, K represents the projection of the total nuclear spin on the axis of
symmetry.

For K-traps to decay, the change of K could not exceed A in order to meet
nuclear-transition selection rules. However, due to the symmetry-breaking process,
transitions that violate the selection rule (K-forbidden) are possible. Because of the

highly unlikely transition, metastable isomers are created with a longer half-life.

1.2.1.3 Shape isomers

A shape (or fission) isomer is formed by elongation of the nucleus. The change
of the nucleus’s geometry (oblate or prolate) can contribute a secondary minimum
on nuclear excited-states, as shown in figure 1.1c. Shape isomers can either decay
back to the first energy minimum via an isomeric transition (IT) or split into two
lighter nuclei via spontaneous fission. The latter case is the primary decay process
for heavy nuclei [8][9].

Most of shape isomers emerge in heavy nuclei (A=80 region, A = 100 region
and in a region around 2°®Pb), and most of them decay by the spontaneous fission.
However isomers can also occur in light nuclei, for example, %°Ni (y-decay, t, 2=

13449 ps) [9].

1.2.2 Caesium isomers

This thesis focus on cooling and trapping of caesium isotopes and isomers, which
relate to the application goal explained in section 1.3. Therefore, it is worth to
review the target element.

Caesium is an alkaline element, thus has one valence electron. Its atomic num-

ber, Z = 55 and electron configuration is 15>2s22p%35s23p°3d'045%4p044'055%5po6s!.
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This simple electronic structure (hydrogen-like atom) of caesium produces optical
absorption lines at 852 nm D2-line and 894 nm Dl-line. Due to the availability
of laser sources in this spectral regions, these lines have been widely exploited in
atomic physics, from optical spectroscopy to laser cooling and trapping.

There are 40 discovered caesium isotopes, and there is only single stable iso-
tope which is 133Cs (J* = %+). Most of the caesium isotopes have beta decay mode,
and there are 18 isotopes which have nuclear excited-state (isomers). Half of those
isomers have IT or gamma decay mode. A list of isomers’ lifetime, decay energy

and nuclear spin is provided in table 1.1.

Caesium isomer | excitation energy (keV) life-time spin and parity, J*
121mCg 68.540.3 12243 s 9t+)
123mCg 156.27+0.05 1.64£0.12 s ut
124m g 462.55+0.17 6.3+0.2 s 7(+)
130m g 163.2540.11 3.46+0.06 m 5(-)
134mg 138.744140.0026 | 2.91240.002 h 8(-)
135mCg 1632.941.5 5342m L)
136m g 15845 1.940.2 s 8(-)
138mg 79.940.3 2.9140.08 m 6(-)
144mCg 300200 <1s (>3)

Table 1.1: List of y decay caesium isomers (data is derived from [7]). The bracket indicates
the state parity.

Caesium is suitable for laser cooling and trapping because of its large atomic
mass (which leads to low recoil temperature) and large hyperfine energy splitting.
However, its two-body inelastic collision cross-section contributed by direct mag-
netic dipole interaction is very high.

The inelastic losses are sensitive to internal states of the trapped atoms, which
need to be carefully chosen. In order to suppress all of the two-body inelastic col-
lisions at very low temperature, caesium atoms need to be trapped in the absolute
ground state of 625, /2 F'=3,mp = 3. However, the absolute ground state is a high-

field (magnetic) seeker because of the negative value of Landé gr-factor. Therefore,
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evaporative cooling in a magnetic trap is not allowed. Trapping and cooling of ultra-
cold caesium can be operated in an optical trap such as optical dipole trap or optical
lattice. The trapping force of the trap is determined by the gradient of energy shift
from the AC Stark effect, also called ’light shift’. This is described in appendix C.
Caesium has a low melting temperature of 28.44°C. Therefore, it is easy to
be vaporised and released as a vapour into a vacuum chamber for atomic physics

experiments.

1.2.3 Energy shifts in atomic spectra of isotopes and isomers

1.2.3.1 Isotopic and isomeric shift

Change in the nuclear properties of an isotope generates an energy shift in the
atomic transition line i. The energy shift is contributed by two effects called mass
shift’ and *field shift’ [10]. In an isotope, the energy shift is called ’isotopic shift’.
The isotopic shift of an isotope with mass number A’ compared to the reference

isotope with mass number A, 6viA A expressed by [11]

/ 1 /
6\/;4 A = (KNMS+KSMS> (— — —) +F5<I"2>A ’A, (11)

The first right-hand side term of equation 1.1 is the mass shift which is deter-
mined by the difference in neutron number of two isotopes (mass number A and A’)
of an element, and it is the sum of the normal mass shift and specific mass shift.
The normal mass shift is a correction in the reduced mass of the electron [12][13].
The normal mass shift constant is Kyps = 185’#, where V; is transition frequency
[12][10]. The specific mass shift is due to the correlation of electrons motion and
recoil energy of the nucleus [13]. Calculation of the specific mass shift constant is
more complicated and can be found in [11].

The second term is the field shift which is induced by the nuclear charge defor-
mation [14][15][16]. The nucleus that lost/gained a neutron undergo deformation
in nuclear charge structure. The charge deformation alters the mean square radius,
5<r2>A"A of the nuclear charge distribution resulting in the field shift [10][17]. F

is field shift constant which is an electronic factor related to the electron charge
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density at the nucleus [18][19][20][21].

In an isomer (excited state of an isotope), the energy shift is called ’isomeric
shift’ [10][22]. The isomeric shift is determined only by the field shift because the
mass of ground state and excited stated nuclei are equal. However, unlike in the
isotopic shift, the cause of the shift is originated from a promoted nucleon which

affects the nuclear charge distribution.

A shift in the optical transition frequency is produced as a result of the change
in the nuclear properties determined by the change in the number of nucleons (in
isotopes), and in the mean square radius of the nuclear charge distribution (in iso-
topes and isomers). The magnitude of the isotopic and energy shift (i.e., the sum
of isotopic and isomeric shift) of '3>Cs with respect to 133Cs are given in table 1.2
[23]. The contributions of these shifts to the optical spectrum are also displayed in

figure 1.2.

133Cs to ACs 5vi133’A (MHz)

133 0
135 -36.4
135m -17.6

Table 1.2: Isotopic and isomeric shift of Caesium (the shift are relative to '33Cs D2 line
transition frequency).

1.2.3.2 Hyperfine energy shift

The hyperfine splitting of the energy levels of caesium isotopes and isomers is de-
termined by the total nuclear angular momentum, /, the magnetic dipole constant,

Apys and the electric quadrupole constant, By, r,. The energy shifts are given [24] by

SK(K+1) -2+ 1)J(J+1)
AqRI-1)J2I—1)

1
Afmp = EAhfs + By s (1.2)

where

K=F(F+1)—II+1)—JJ+1), (1.3)
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IL— S| <J < L+S is total electron angular momentum, where L and S are the
orbital angular momentum and the spin angular momentum, respectively. |J —I| <
F < J+1 s total atomic angular momentum.

Although, equation 1.2 and 1.3 are general, we will restrict the discussion to
133Cs, 135Cs and 13" Cs because these are the targets of this experiment. The spec-
tra inclusive of the hyperfine splitting of 133Cs, 13°Cs and !3"Cs are shown in figure
1.2 and table 1.3. The shifts were determined via equation 1.2 and values of Ay

and By, ¢, are obtained from [23].
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Figure 1.2: Caesium isotopes hyperfine structure. v11)323 is the D2 line transition frequency

4 . . . . . . / .
of 133Cs. vgz,133 is the isotopic shift of caesium isotope, 4 Cs comparing to
133C
S.

1.3 Applications of isomers

Isotopes and isomers of caesium can be exploited in many applications. In this sec-
tion, two promising applications related to laser cooling and trapping are reviewed
and discussed. The first one is nuclear forensic which utilise cold 13Cs and '¥’Cs in
a magneto-optical trap (MOT) in order to enhance the isotopes detection sensitivity.

The second one is collective y-ray emission. This is a proposed application involv-
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i Hyperfine Frequency Shift (MHz)
Fine Structure

133CS 135CS l35mCS
S | 263| 2828, | 253
& | 13| 1218 93

6°P32 : -
0y | -188 | -201 | &, -135
8 | -339| -359 |8 | -202
5 Oy | 4022 | 4254 | 810 | 3390

6°S1 2

03 | -5171 | -5470 | &9 | -3746

Table 1.3: Hyperfine shift of '3Cs, '3°Cs and '3>"Cs. Fine structure levels are described
by spectroscopic notation n>5*1]; where # is the principle quantum number and
[ is a letter, ”S” and ’P” which represent the orbital angular momentum, L = 0
and L = 1, respectively. The minus sign indicate that hyperfine frequency shift
down from fine structure level.

ing Bose-Einstein condensate of 13"Cs to generate coherence y-ray emission.

1.3.1 Cold radioactive atoms in nuclear forensics

37¢Cs (1 ,2=30y) and 135¢Cs (1 /2 =2.3X 10% y) are abundant anthropogenic iso-
topes (~1ppb relative to amount of stable '3*Cs) which are fallout of nuclear activ-
ity such as the operation of nuclear power plants and nuclear weapons test [25][26].
Due to the high accessibility, '3’Cs is used as a radioactive tracer in many fields
of studies. For example, in environmental transport studies, tracing of '3’Cs in
the ocean is a conventional method to estimated length scales and velocities of the
ocean flow [27][28]. Additionally, it is also used as a tracer of soil erosion because
caesium atoms are highly reactive and attach to soil firmly [29]. In nuclear foren-
sics, tracing the amount of 137Cs is widely used. However, the age of nuclear sample
estimated by the method can be inaccurate because of the non-uniform spatial distri-
bution of fallout. Measuring '37Cs/!33Cs ratio can improve accuracy of the nuclear
forensic chronometric estimation compared to using of simple '3’Cs detection [25].

Unlike 37Cs, tracing of 13°Cs faces many difficulties due long half-life of
135Cs and very modest y-ray emission. In order to obtain measurable y-ray emis-

sion from '33Cs by radioactive counting method, impractically large amounts of the
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sample need to be collected. Additionally, a conventional mass spectrometer can
rarely reveal the presence of '3°Cs because of interference from '33Cs mass tail and
isobaric interference of '3 Ba.

In order to overcome those problems, a magneto-optical trap is exploited for
the 13°Cs and !37Cs sampling. It is a promising method for detection of the caesium

isotopes and other radioactive elements at ultra-sensitive level [25].

1.3.2 Bose-Einstein condensate approach for coherent gamma

ray source

Gamma rays are electromagnetic radiation which has a wavelength less than 100
pm and radiation energy larger than X-ray. These properties result in a very large
penetration power. The possibility to realise a gamma-ray laser (graser), and thus
produce coherent gamma ray radiation, has been object of research for over three
decades [30]. In order to realise the coherent gamma-ray source, coherence of the
radiation need to be achieved. However, there are two obstacles to overcome in
order to realise coherent gamma-ray sources: the narrow emission linewidth and the
need of a large amount of radiation source. In atomic physics, a possible solution of
the problems is the generation of coherent gamma photon via the collective decay
of isomeric Bose-Einstein condensate.

Bose-Einstein condensate (BEC) is a state of matter in which particles occupy
the lowest quantum state and can be described by a single wavefunction. This,
therefore, lead to expression of macroscopic scaled quantum behaviour and coher-
ence of particle in the BEC. Particles allowed to form a BEC are called "bosons’,
and follow the Bose-Einstein statistics. The phase transition associated with the

formation of a BEC can be interpreted in terms of the de Broglie wavelength, A;p

[ 27h?
Agp =\ —— 14
dB kaT ) ( )

where m is an atomic mass of the bosonic atom. kg is the Boltzmann constant. 7 is
the atomic cloud temperature. A suitable low temperature (7 10% nK) determines a

large de Broglie wavelength which causes the overlap of the atomic wavefunction.
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The onset of BEC corresponds to a phase-space density p?LgB
pA3s >2.61, (1.5)

where p is the atom number density.

In an isomeric BEC, because of coherence of the BEC, the decay of an isomeric
nucleus can trigger collective emission of photons and the subsequent collapse of
the BEC. The coherence of the emission burst strongly relies on the coherence of
the BEC. Moreover, ultra-low temperature of the BEC can eliminate the Doppler
broadening, leading to narrow emission linewidth.

A caesium isomer, 3¥"Cs is a candidate for the abovementioned application,
because it decays via emission of y-photons. Moreover, sufficient long life-time of
135m g (T% = 53 minutes) allows for the BEC to be created, and it is not too long
to observe gamma emission from the isomeric BEC. This was proposed by L. Mar-
mugi, Ph. Walker and F. Renzoni in 2018 [31]. Additionally, a sufficient number of
caesium isomers can be produced by ion implantation [32]. Measurements in [33]
shown that, the 3" Cs atoms production rate at the IGISOL facility is ~9 x 10*
atom/s which is adequate for a sensitive fluorescent imaging system.

The collective emission process of gamma photon from pure '3”"Cs BEC was
identified, and the calculation results in [31] demonstrated that the number of emis-
sion photon exponentially depends on the initial density of isomer in BEC, within
a range which is achievable in the laboratory. The identified mechanism provides a
good chance of coherent gamma photons generation.

Laser cooling and trapping was identified as a tool to generate isomeric BEC.
The proposed protocol relies on the extraction of implanted isomers from a neu-
traliser using resistive heating. Then, the isomer atoms are cooled and trapped by a
magneto-optical trap (MOT). Finally, a sub-Doppler cooling technique will be ap-
plied to cool the isomer down to BEC temperature. In case of stable caesium, a
BEC can be obtained by evaporative cooling in a tightly focussed dipole trap [34].
The technique induces massive atomic loss, which will be prohibitive for a low ini-

tial trapped number of '33"Cs. Nevertheless, there is a suitable cooling technique
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which can cool the atom down to the BEC state with a small atomic loss of 30%.
It is degenerate Raman sideband cooling (dRSC), which was demonstrated with

Rubidium-87 [35].

1.4 Laser cooling and trapping

1.4.1 Doppler cooling

Doppler cooling is the most common laser cooling technique used in cold atoms
experiments. The cooling mechanism involves a velocity related atomic transition

energy shift called "Doppler shift”, wp given by
op = —kv , (1.6)

where k is the angular wave-number of a laser beam, and v is the atomic velocity.

The reduction of atomic kinetic energy generated by the cooling relies on pho-
ton absorption and spontaneous emission process of atoms. During the process, an
atom absorbs a photon and experiences a momentum change in the radiation di-
rection. In a spontaneous emission process, the atom also experiences momentum
change; however, the net momentum change over several spontaneous emission

processes is averaged to zero. The photon scattering rate is given by

T I/
Rsc_z(l“f—l/lsat"—(ZSi/F)z) ) (17)

where I is natural linewidth of atoms. [ is laser intensity and Iy, is saturation
intensity. The detuning term, 8 indicates the laser frequency shift which is given
by

or=0+wp, (1.8)

where 9 is the laser frequency detuning.
According to equation 1.7, the scattering rate would peak in case of 6 = —wp.
In order to efficiently reduce the atomic velocity, a moving atom has to absorb

photons propagating in the opposite direction. Thus, the laser frequency has to be
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red detuned (negatively detuned from the atom’s transition frequency). In this way,
a damping force for the moving atoms is generated.

The extension of Doppler cooling in 3-Dimension is called "optical molasses’.
The optical molasses can cool the atom down to the Doppler limit [10] defined by

the Doppler temperature 7p given by,

Al
Tp=— 1.9
D 2kB ) ( )

where kg is the Boltzmann constant.

1.4.2 Magneto-optical trap

The magneto-optical trap (MOT) plays an essential role as a core technique for
preparation and detection of cold caesium isotopes. Then, the cold atom sample
can be cooled down below Doppler temperature using optical molasses and optical
dipole trap [36][37].

The magneto-optical trap (MOT) is a combination of optical molasses [38] and
a quadrupole magnetic field. To see how a MOT works, first, consider a two-level
atom which has a ground state with the quantum number F = 0 and an excited state
with quantum number F’ = 1. The excited state has thus 3 degenerate magnetic
sub-levels that correspond to mg = 0,+£1.

The atoms are located in the quadrupole magnetic field gradient, which is pro-
duced by anti-Helmholtz coils. In the weak magnetic field gradient, the atoms ex-

perience a position-dependent Zeeman shift given by,

AE|F ) = UBSFMEB: (1.10)

where up is the Bohr magnetron, gr is hyperfine Landé g-factor, and B, the mag-
netic field strength along the z-direction, which is linear around the centre of the
trap B, = z‘é—lg. The energy splitting given by equation 1.10 is shown in figure 1.3.
The atoms absorb o, o_ polarized light and then randomly emit photons which
results in a friction force, and a restoring force towards the trap centre. Hence, the

atoms in the trap region, i.e. the region where the polarised lights intersect, are
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cooled and trapped.

mp=1
Energy F
mp=0
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Figure 1.3: 1D scheme of the working principle of a magneto-optical trap.

The atomic motion in one dimension due to the radiative forces can be de-

scribed by [39]

d2x F+ + F_
— = 1.11
a2 praa (1.11)
where x is the atom position and m the atomic mass. Fy is given by
H kD /Iy
Fr=+ 1.12
* 2 (1+1/1vat+(25i/r)2 7 ( )
and the detuning term,
- M, —g,M dB
8. =8 Tk-v+ (“B(ge eh 8s g>> (zd—) , (1.13)
Z

In the first term, O is the detuning of MOT cooling beams. The second term
describes the Doppler shift where k is the angular wave-vector and V is the atom’s
velocity. The third term is the Zeeman shift, where fl—f is the quadrupole mag-
netic field gradient. M, and M, is the magnetic quantum number for the considered
ground state and excited state, respectively. g, and g, are the Landé g-factors and

Up is the Bohr magneton.

The MOT population and background atom density are generally described by
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the rate equations [40][41],

dn,
d—tf :R—yNt—B/n(r,t)2d3r, (1.14)

where R is the MOT loading rate, which is the number of atoms per unit time that
a MOT can capture and discussed in section 4.5.1.1. 3 is two body loss coefficient
[42], which affects the trapped atom number only in high trap density. In this work,
the effect of B was taken into account. 7 is the background collision loss coefficient
[41] given by

Y= Z OCs,iVi
i (1.15)

= ncsOcs,csVes +NpOcs.pVi
where n¢g and n;, are caesium and non-caesium background density, respectively.
Ocs,cs = 2 X 10713 cm? and Oc;s,p are caesium and non-caesium background col-
lision cross-section respectively. For a vapour cell MOT, the background atom
population is dominated by caesium atoms. Therefore, collision by non-caesium

background atoms was neglected.

In this work, for a MOT population, N; > 10* atoms, the MOT is in constant
density regime [43][44]. In this regime, the MOT volume grows as the trapped
atoms number increases in order to maintain a constant density. Therefore, the

time-dependent MOT atom number is expressed by

dN; R—]&

= 1.16
o o (1.16)

where % is total effective loss coefficient [41], which relates to the average cloud
density (ng),

1

~=7+pm. (1.17)

By solving equation 1.16, the time-dependent MOT atom number is obtained:

N(t) = Nsar (1 —exp(—1/7)) (1.18)
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where Ny,; = Rt is the saturated atoms number in the MOT.

33



Chapter 2

Design and preparation of the laser

system

A significant part of the first year of my PhD was devoted to the design, stabili-
sation and characterization of the cooling and repump lasers which were external
cavity diode lasers in Littrow configuration, assembled in the UCL laboratory. The
cooling laser power was amplified by a tapered amplifier to achieve sufficient power
for the double magneto optical trap (MOT). The repump laser power was also am-
plified by using a master-slave configuration. Then, the laser system performance
was evaluated with a MOT experiment. The optical setup for the '33Cs also in-
cluded the imaging system. A design for both absorption and fluorescence imaging
was built and tested at UCL, the results confirmed that the lasers are powerful and
stable enough to generate the double MOT, and for the subsequent stages of the

experiment. The MOT cloud was real-time monitored by the fluorescence imaging.

2.1 [External cavity diode laser and beam alignment

In this phase of the work, an external cavity diode laser (ECDL) in Littrow con-
figuration [45][46][47][48] is used as the main laser source. A sketch of the laser
cavities used in this work is shown in figure 2.1. The laser diode output beam is
collimated by a lens and diffracted by a diffraction grating. When the first order
of diffraction is reflected back inside the laser diode, optical feedback is provided

to the laser from the external cavity. This introduces a further spectral selection to
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the stimulated emission inside the semiconductor laser diode’s chip. The optical
feedback results into two main features: on the one hand, the emission of the laser
diode becomes single mode (longitudinally); on the other hand, the wavelength, A,
of the laser cavity can be tuned by changing the incident angle, 6; of laser beam to

the grating surface normal. The diffraction condition is given by

mA = 2dsin 6; 2.1

where d is distance between the grooves of the diffraction grating and m is the
diffraction order. The zero-order of diffracted light from the grating was used as an

output beam.

Collimating Lens

Horizontal Knob Diffraction Grating Collimation Knob

Vertical Knob Output Beams  Collimating Lens and
Laser diode Mount

Figure 2.1: ECDL in Littrow configuration. The laser diode (LD) is mounted in an alu-
minium case, and the diode temperature is controlled by a thermoelectric cool-
ing plate placed underneath the mount. A collimating lens collimates the diode
laser beam. The beam collimation is achieved by the collimation nob con-
trolled. A diffraction grating diffracts the laser beam (red), the zero diffracted
order is an output beam, and the first order is diffracted back to the laser diode
as feedback. The vertical knob is adjusted to optimise the laser feedback. The
frequency of the output beam is roughly and finely controlled by the horizontal
knob and piezoelectric actuator (PZT) driving voltage, respectively. The figure
is not drawn to scale. A picture of ECDL in Littrow configuration used in this
experiment is shown in figure D.1, appendix D.

The feedback from the first order diffracted light is a crucial part of the ECDL
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alignment in term of laser wavelength tuning ability[47][49]. If the feedback is not
optimised, the output wavelength of the diode laser will depend on the gain peak in
the diode active medium and will not be finely tunable. In addition, instabilities will
be produced, ultimately resulting in longitudinal multi-mode operation. As briefly
anticipated, the spectral selectivity provided by the external cavity and the selected
optical feedback allow for single mode operation of the laser. This is important in
order to achieve fine control of the excitation of the atoms. The output power as a
result of 1% order feedback of the cooling laser is shown in figure 2.2: as it is clear
from inspection of the graph, the optical feedback allows one to lower the laser
threshold. This provides a practical method to test and improve the alignment of
the external cavity: the optical feedback is optimum when - for given temperature

and tuning - the threshold current reaches a minimum value.
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Figure 2.2: Cooling ECDL output power characteristic with/without optical feedback. The
laser threshold current of 1% order feedback and non-feedback laser are 22.0
mA and 25.5 mA, respectively.

Two ECDLs are required for the operation of the MOT used in the present
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work. The first one is the so-called cooling laser which is used to slow atoms down
in the magneto-optical trap. The second one is a repump laser which is used to
pump off-cycle atoms back to the cooling cycle of the cooling laser. The lasers

system scheme is shown in figure 2.3.

nm
Slave |

MOT Repump

F=3 to F'=4 +70 MHz Detune

from F=4 to F'=5

150

100

N

Figure 2.3: Scheme of the lasers system on the laser table. HWP is a half-wave plate, QWP
is a quarter-wave plate, NBS is a normal beam splitter, PBS is a polarizing beam
splitter and OIS is an optical isolator.A picture of the lasers system used in this
experiment is shown in figure D.2, appendix D.
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All lasers are protected from back-reflected laser light by optical isolators
(OIS). The maximization of OIS transmitted optical power was done via two mir-
rors placed before the OIS. For the cooling laser, the beam profile is shaped from
elliptic to circular by anamorphic prisms. Then, for both cooling and repump laser,
the beam is split into two by a polarizing beam splitter (PBS). The power ratio of the
beams emerging the PBS is controlled by rotating a half wave plate (HWP) in front
of the PBS. The reflected vertical polarized beam is used as the input beam for a
tapered amplifier and a slave laser in case of cooling and repump laser respectively
for laser power amplification. The amplified laser outputs were injected into single
mode polarization-maintaining optical fibers [50]. The transmitted horizontal po-
larized beam is sent to laser frequency control systems, based on a dichroic atomic

vapor laser lock (DAVLL) spectroscopy.
2.1.1 Cooling laser

2.1.1.1 Cooling laser frequency control

The cooling laser is red detuned with respect to the transition frequency between
the ground state 625, s2 F'=4 and the excited state 6P, nF ’'=5, where F and
F' indicate hyperfine energy levels of the ground and the excited state respectively.
Excited atoms within this transition are most likely to decay back to the F = 4
ground state, where they are re-excited to F/ = 5. This allows the creation of a
closed loop optical transition, which ensures continuous and efficient cooling of the
atoms.

For caesium, the F = 4 — F’' = 5 transition peak is relatively small, which
leads to a small capture range in DAVLL spectroscopy. Therefore the cooling laser
is locked at the 625, pF=4to 62P; nF "'=4,5 crossover frequency, which provides
a larger capture range. Then, the laser frequency is shifted to the F =4 to F/ =5
transition by using a 110 MHz double pass AOM and a 80 MHz single pass AOM,
as described in detail in the following.

Firstly, the cooling laser is shifted by —2fsop1 = —2 X 97 MHz, thanks to
a double pass configuration AOM (Crystal technology, model: 3110-140), where

Jfaom 1s the acoustic frequency applied to the AOM crystal. Then, the output beam
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Figure 2.4: Scheme of the lasers system on the MOTs table. HWP is a half-wave plate,
PBS is a polarizing beam splitter and MS is a mechanical shutter.

from the double pass AOM goes to the DAVLL spectroscopy section. Once the laser
is locked, the frequency of the tapered amplifier’s input beam is at 2 f4ops1 detuned
in the blue of the the crossover frequency. The output frequency of the MOPA is
at the same frequency as the seed beam. The MOPA output beam is injected into
a P3-780PM-FC-5 polarization-maintaining optical fiber, which transfers the light
to the MOT table. The double-pass arrangement of the AOM allows fine tuning

of the laser without displacement of the laser beam, unlike the case of single-pass
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AOMs. However, the frequency shift provided by the 110 MHz AOM pushes the
light above the desired frequency. Therefore, the laser frequency is shifted again
(figure 2.4) by a single pass AOM (Crystal technology, model: 3080-122) modu-
lated at faon2 = 80 MHz. This shifts the laser’s frequency down to the desired
value, by using the —1°% order, i.e. achieving a -80 MHz further shift. This, in
combination with the double-pass AOM, allows also fast switching and intensity
control of the beam, without consequences on its frequency. Thanks to this arrange-
ment, the cooling laser frequency is red detuned from the crossover frequency. The
wanted detuning of the cooling laser can be achieved by a 110 MHz AOM and the

modulation frequency can be calculated by,

A 5
faou = 2A0M2Y 2f4’5ﬁ5 * 2.2)

where 0 is the detuning of the laser, in this work 6 = —2.2I", T" is the natural line
width of the caesium 62P3 2 excited state, and Afy 5_,5 is the frequency difference
between F’ = 4,5 crossover and F’ = 5 transition. Therefore, the required driving

frequency of the 110 MHz AOM is,

80+ (251.091620/2) + (—2.2 x 5.23413
Sfaom1 = ( / ; ( ) ~97MH?z .

2.1.1.2  Cooling laser master oscillator power amplifier (MOPA)

The trap laser intensity is a parameter that defines MOT performance. A higher
intensity generate higher trapping force. According to equation 1.12, the trapping
force saturates for I >> Iy, where Iy is the saturation intensity. Therefore, the trap
laser intensity has to be larger than I;,,. Moreover, in order to reach the maximum
number of trapped atoms in a MOT, the diameter of the cooling beams must be en-
larged by telescopes, an operation which reduces the laser intensity. In this work, for
1.8 cm beam diameter, the minimum requirement of total trap beam power is above
78 mW which is more than the output of the ECDL used in this experiment (30
mW). Additionally, there are huge losses along the beam path between the ECDL
and the MOT chamber. Therefore the power of the ECDL needs to be amplified.
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A Master Oscillator Power Amplifier (MOPA) [51] offers a convenient solu-
tion. It is essentially a semiconductor device called tapered amplifier (TA) that
amplifies the input (seed) beam within the gain region of a tapered chip. The output
intensity is gained from electrical current injection (up to 3A typically) and is inde-
pendent of frequency changes in the seed beam. The TA chip used in this work is
the model m2k-TA-0850-2000 from m2k-laser GmbH, which amplifies light at 852
nm up to 2 W and comes in a DHP-F package as shown in 2.5 a.

The MOPA control system includes a current controller and a temperature con-
troller. A simplified diagram of all parts combined together is shown in figure 2.5
b. The TA chip is placed in a copper case for heat dissipation. The case is placed
on top of a thermo-electric cooler (TEC) plate which is connected to a temperature
controller. The TEC cools the TA case down by transferring heat to a copper heat
sink. The dynamic of the TA temperature depends on the injection current and the

driving current of the TEC.

a) b) Gain Region

Thermistor

Copper Case

Figure 2.5: a) 3D sketch of a tapered amplifier chip in DHP-F package. b) Simplified sketch
of the tapered amplifier for the MOPA configuration. A picture of the tapered
amplifier used in this experiment is shown in figure D.3, appendix D.

When setting up the MOPA, there are two crucial alignments: the injection
of the seed beam into the tapered chip and the optimization of the amplifier output

beam profile.

Injection of MOPA seed beam The seed beam is steered by two mirrors and fo-

cused by a front collimating high numerical aperture (NA) lens. For a collimated
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seed beam, the focal point of the lens has to be on the 125 x 1.2 um? TA chip input
facet. In order to focus the beam on such a small area, the spontaneous emission
light emitted from the TA input facet can be used as references for the alignment.
The seed beam and the spontaneous emission beam must be overlapped. Moreover,
spatial mode matching of the input beam and the spontaneous emission beam are
required in order to obtain best injection condition. This forces the seed beam focal
point and the TA input facet to be perfectly matched. Finally, the fine alignment
of the seed beam input angle is done by the two mirrors until a relevant increase
of output power of the MOPA is observed. The output power of MOPA depends
on the beam polarization orientation, therefore a half wave plate is placed before
the MOPA. Finally, an optical isolator is used to protect the seed laser from the TA

spontaneous emission beam.

Optimization of the MOPA output beam profile The output beam of the MOPA
is divergent, with different amounts of divergence from the parallel (10° — 12°) and
perpendicular (50°) axis. As shown in figure 2.3, the beam is firstly collimated
along the perpendicular axis by a plano convex large numerical aperture (NA) lens.
Then a cylindrical plano-convex lens is used to collimate the output beam along the
parallel axis. After that, the output beam size is reduced by a telescope to match the
input aperture of a high power optical isolator (OIS). The optical isolator is used to
protect the TA chip from back reflection light which come from the front surface of

a fiber-port in which the beam is injected.

The output power of the MOPA is a good indicator of the correct alignment of
the seed beam. To this purpose, the output power of the MOPA was investigated.
The MOPA output power is shown in figure 2.6 as a function of the driving current
for a given 16 mW seed power. The relation of spontaneous emission light of MOPA
and MOPA driving current was also observed by measuring 0 mW seed MOPA
output power. As the result show in inset of figure 2.6, the spontaneous emission
power is very low compared with total output power and neglectable. The injection
beam power dependence of MOPA output power was also observed and shown in

2.7.
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Figure 2.7: Injection beam power dependence of MOPA output power

2.1.2 Repump laser

In hyperfine optical pumping, which is produced by the red detuned cooling laser,
there is a possibility that atoms are excited to the F' = 4 level and decay to the
F = 3 ground state. A repump laser is used to transfer off-cycle atoms from the

62S, /2 F =3 ground state to the 6P, nF " = 4 excited state. The off-cycle atoms
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therefore have the possibility to decay back to F = 4 and take part to the cooling
cycle again.

The detuning of the repump laser is zero and the capture range of the F =3 —
F’ = 4 transition from DAVLL spectroscopy is large enough for locking. Therefore,
frequency tuning by AOM is not necessary. As shown in figure 2.3, the repump laser
is split by a polarizing beam splitter (PBS). The vertical linear polarization beam is
reflected into the DAVLL. The horizontal one is transmitted and will be used to

inject a slave laser.

2.1.2.1 Master-Slave configuration of repump laser

The master-slave lasers configuration is a solution to increase the repump laser
power available and maintain the stability of the laser frequency for the MOT. The
configuration consists of two lasers. The first laser is called the master’ laser, which
has a stable output frequency and a narrow bandwidth but low optical power. The
second laser is called “the slave laser” which has high optical power but less sta-
ble output frequency and broad bandwidth. In order to combine the advantages of
those two laser, the slave laser is optically injected by the master laser. The stimu-
lated emission in the slave laser active region generated by the master laser results
in a reduction of the slave bandwidth and in an increase of the slave output power
[52][53].

In our experiment setup, the slave laser is a SDL-5412-H1 852 nm single mode
laser diode and the master is the ECDL repump laser previously described. The
repump beam is split by a PBS, with the vertical linear polarization reflected into
a DAVLL spectroscopy section and the transmitted beam used to inject the slave

laser.

Injection of the slave laser The beam from the ECDL passes through an optical
isolator which is used for protecting the diode from spurious light coming from the
slave laser. Then, the repump beam is steered by two mirrors to the side port of the
slave’s optical isolator. The injection beam and slave output beam are overlapped,
fine optimization of the injection point is done by the two mirrors until an increase

of slave output power is observed after the optical isolator. The injection should be
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done at low slave driving current, within the range 30-50 mA. The injection power

of the slave is controlled by a half wave plate placed before the two mirrors.

a)

Bias-Tee
Spectrum
| 1
PD } % i D_ Analyzer
Wideband
10V Ref Amplifier

Figure 2.8: Heterodyne setup: a) Laser beams with frequencies f1 and f2 are overlapped
by entering the normal beam splitter (NBS) and polarised by the polarising
beam splitter (PBS). The overlapped beams are focused by a 50 mm plano-
convex lens lead to an ultra-fast photo-detector (PD). The power of each beam
is equalised by the half-wave plates (HWP). b) The PD signal is 10V bias using
a bias-Tee and amplified by a wideband amplifier. Then, the amplified signal is
measured by a spectrum analyser.

However, similar to the ECDLs, there are optimal values of current and tem-
perature for the injection locking. In order to roughly identify the slave laser output
frequency, the slave laser was beat with cooling laser in heterodyne setup as shown
in figure 2.8a. The cooling, f1 and slave output f2 beam were spacial overlapped
by a NBS, the power of each beam was balanced by HWPs and a PBS and the
beams was focused by a 50 mm lens and the beat signal was detected by ultra-
fast photo-detector (Hamamatsu, GaAs MSM Photo-detector G4176-03). In figure
2.8b, the beat signal between slave laser and cooling laser frequency from PD was
410 V bias by a bias tee (ZX85-12G-S) and 12 dB amplified by wideband amplifier
(minicircuit, ZX60-14012L+), then the amplified signal was analysed by a spectrum
analyser. The measurement was done at 125 mA of slave driving current, and result

displayed in figure 2.9. The dominant beat signal is around 9 GHz which corre-
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Figure 2.9: Slave output relative frequency modes: There are four measured modes of the
beat signal of the slave repump laser and cooling laser (0.9 GHz, 3.75 GHz,
6.3 GHz and 9 GHz). The dominant mode of 9 GHz corresponds to frequency
difference between cooling and repump frequencies using in this experiment.

sponds to the frequency difference between 625, ;2F =3 and 625, ;2F =4 and the
194 MHz frequency shift from double-pass AOM of cooling laser. Then, the satu-
rated absorption spectroscopy of the slave laser was used to find the exact working
point of slave laser by fine tuning of current and temperature of slave laser until a

clear saturated absorption spectroscopy profile was observed.

2.2 Laser frequency stabilization

In cold atom experiments, Doppler free saturated absorption spectroscopy
[54][46][47] is the basic technique for monitoring and stabilizing the laser fre-
quency. Consider a vapour of three level atoms in one dimension. A laser probe
beam propagates through a gas vapour reference cell onto a photo detector as shown
in figure 2.10 a). As the laser frequency is scanned, the absorption of photons at
the transition frequencies will cause a drop of the laser intensity at the photo de-

tector. The absorption profile, recorded as the output signal of the photo detector,
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is broadened because of the velocity distribution of the atoms in the reference cell,
as shown in figure 2.10 b), as a consequence of the Doppler effect. As a result,
the hyperfine transitions cannot be observed. These transitions can be revealed
by adding an additional higher intensity counter-propagating “pump” laser beam,
as shown in figure 2.10 ¢). Non-zero velocity atoms interact mostly with either
the probe beam or with the pump beam, depending on their velocity and pump-
probe relative intensity. However, atoms with a zero velocity component along the
propagation direction of the lasers can interact with both beams regardless of the
Doppler effect and most of the atoms at rest are excited by the pump beam because
of its high intensity. The low probability of the probe beam to excite the atoms
at rest leads to an increase of the probe transmission superimposed on the broad
structure in the absorption profile, as shown in figure 2.10 d). This spectroscopy is
called “Doppler-free saturated absorption spectroscopy”, as it allows to overcome

the Doppler broadening and observe resonances with natural linewidth.

a) b)

Reference Cell Photo Detector

Intensity

Probe Beam

frequency

Pump Beam
c) d)

Crossover

fg*‘?ll : | f!l*’?
1

Reference Cell Photo Detector

Intensity

Probe Beam PBS o .
frequency

Figure 2.10: Absorption spectroscopy set-ups with and without pump beam and corre-
sponding probe absorption profiles. a) Atoms in the reference cell are ab-
sorbed only by a probe beam. b) Broad absorption profile observed by the
photo-detector in a). ¢) Atoms in the reference cell are absorbed by the probe
and pump beams. d) Doppler-free saturated absorption profile observed by
the photo-detector in c).

The Doppler-free saturated absorption profile is used to lock the laser fre-
quency at the wanted value. The locking can be done simply by using a servo-

lock. The “error signal”, i.e. the difference of the set-point signal and the locking
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Figure 2.11: Cooling laser DAVLL Doppler-free saturated absorption spectroscopy signal
of the '33Cs D2 line 625, pF = 462P3 /2 transition. The numbers in the figure
indicate the excited state hyperfine level, F’ of the observed transitions, and
the crossovers.

0.5+
= 004
o
2 4
= 2/4
T 054
2
@ 3/4
5 2/3
£ 1.0
11]
2
3
154
-2.0 T T T T T T T T T T T 1
-500 -400 -300 -200 -100 0 100
Frequency (MHz)

Figure 2.12: Repump laser DAVLL Doppler-free saturated absorption spectroscopy signal
of the 133Cs D2 line 625, /2 F =3 ground state to 6°Ps /2 excited state. The
numbers in the figure indicate the excited state hyperfine level, F’ of the ob-
served transitions, and the crossovers.

point signal in the absorption profile, is used as a input of the servo-lock [55][47].
The error signal is amplified and then a negative feedback is used to maintain the

magnitude of the error signal to zero.

However, for normal Doppler-free saturated absorption profile, the probe trans-



2.3. Experimental setup for MOT 49

mission intensity cannot be directly used as error signal as it does not provide a slope
at the locking point, i.e. at the peak of the profile.

Therefore, in this work, the diode lasers frequency is stabilised by the sub-
Doppler dichroic atomic vapour laser lock (DAVLL) technique, which provides a
linear error signal at the transition peak [56][57]. The DAVLL employs a weak ho-
mogeneous magnetic field to lift the degeneracy of the Zeeman magnetic sublevels
of the atoms, thus producing unbalanced absorption between the o4 and o_ po-
larization components of the linearly polarized probe beam [57]. In other words,
the Doppler-free saturated absorption profiles of the 6, and 6_ components are
shifted in opposite directions on the frequency axis. After transmission through the
atomic vapour, the o+ and 6_ polarization components are transformed into vertical
and horizontal linear polarizations by a quarter wave plate, and then separated by a
PBS. The intensities of the split beams are measured by two photo detectors. The
two signals are amplified and subtracted from each other. This produces a signal
with a linear slope at the transition frequency, suitable for laser locking as shown in
figure 2.11 and 2.12 for cooling and repump laser, respectively.

In the set-up of my experiment, the beam going toward the caesium vapour
reference cell is considered as a pump beam. Then, after passing through the cell,
the beam is retro reflected back to the cell. The retro reflected beam is considered as
a probe beam because it has lower optical power due to losses from the cell surfaces

and a mirror.

2.3 Experimental setup for MOT

2.3.1 The vacuum system

In this part of the work, a double chamber setup (shown in figure 2.13) for laser
cooling and trapping of 33Cs was used. Vacuum system for this experiment consists
of two parts, upper and lower.

The upper part comprised a chamber, a CF40 metal valve, a Varian StarCell
20 1/s ion pump and caesium metal dispensers. All the component are connected by

a six ways cross. The chamber is a six ports metal cube with optical windows. It
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Cs dispensers L2

Figure 2.13: Vacuum system for double '3*Cs MOT are consisted of two following parts:
1) LVIS chamber where the first MOT is loaded from background Cs supplied
by the Cs dispensers. The high vacuum (HV) pressure in the upper chamber
is maintain by a 20 I/s ion pump. 2) Glass cell where the second MOT is
loaded from pre-cool atoms transferred from the LVIS chamber. The ultra-
high vacuum (UHV) pressured in the glass cell is generated by a 50 1/s ion
pump and a getter pump. A picture of the vacuum system is shown in figure
D.4, appendix D.

is used for vapour cell MOT (VCMOT) loading. The dispensers provide caesium
atom vapour for the VCMOT. The metal valve was use as pre-evacuation valve and
the pressure of < 10~7 mbar in the VCMOT chamber was maintained by the 20 I/s

ion pump.

The second chamber is constituted by a glass cell, a non-evaporative getter
(NEG) pump and an ion pump. The Pyrex glass cell with square cross-section (2 x 2
cm?), is connected to the vacuum system by a steel CF40 flange. The getter pump
and the 55 I/s ion pump were operated to maintain the ultra-high vacuum (UHV)
pressure in the glass cell. All the components in the lower part of the system were

attached to a spherical square connector.
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The two parts of the system were attached to a blank CF40 flange with ¢ = 1.5
mm hole which works as vacuum impedance. Differential vacuum and two ion
pumps ensure about 3 orders of magnitude decrease of the residual pressure in the

glass cell reaching a pressure lower than 10710 mbar.

2.3.2 MOT’s optical alignment

In the first vacuum chamber, a MOT from a thermal vapour produced by metal
dispensers is realised. Trapped atoms from the first MOT were optically transferred
to the second chamber. In this glass cell, the pre-cooled atoms were trapped again

by a MOT.

*

QWP

‘lilir

N —

HWP

Figure 2.14: Optical alignment of the first chamber (LVIS chamber). HWP is a half-wave
plate, QWP is a quarter-wave plate, PBS is a polarizing beam splitter and MS
is a mechanical shutter.

The first MOT is arranged in the so-called Low Velocity Intense Source (LVIS)

configuration [58]. This allows the creation of a collimated beam of pre-cooled
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Figure 2.15: Optical alignment of the second chamber (science MOT chamber). HWP is a
half-wave plate, QWP is a quarter-wave plate, and PBS is a polarizing beam
splitter.

atoms, which serves as a source for the MOT in the second chamber. In this con-
figuration, one of the mirrors of the first MOT is substituted by a 1”” mirror with a
central hole of 1.5 mm, glued inside the vacuum chamber. Because of the hole, a
dark column is created within the first MOT volume, where atoms experience un-
balanced radiation pressure. As a consequence, atoms are pushed from the centre

of the first MOT towards the second chamber.

In the first MOT setup, overlapped cooling and repump beams diameter are en-
larged by a telescope which consists of a ¢ = 17, f = 50 mm plano convex lens and
a¢ =1" f =250 mm plano convex lens, to 1.0 cm and 1.5 cm diameters, respec-
tively. A mechanical shutter (MS) was placed at the focal point of the telescope. At

this position, the MS is a controlled switch of the first MOT beams. After the tele-
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scope, the overlapped beams are split by a PBS into cooling beam (PBS’s reflected
component) and repump beam (PBS’s transmitted component). The cooling beam
was split into three beams and the repump beam was split into two beams which
later overlap with the two cooling beams in the horizontal plane. The power of the
beams was controlled by three HWPs placed in front of the PBS as shown in figure
2.14

In the second chamber, atoms coming from the LVIS are again captured by
lasers and trapped in a second MOT based on a standard six-beam configuration,
as sketched in figure 2.15. The second MOT beam alignment is similar to the first
MOT’s. Moreover, for the second MOT, the repump beams are applied in all three

directions.

2.3.3 MOT’s imaging setup

In this experiment, an optical system was designed for fluorescence and absorp-
tion imaging. Fluorescence imaging is a method based on collecting spontaneous
emission from an atomic sample. This imaging technique is useful for detection of
low density cold atomic cloud [59][60]. Moreover, fluorescence imaging is a non-
destructive measurement. Therefore, the fluorescence imaging method was used for
MOT real time monitoring. Absorption imaging is destructive in nature. The imag-
ing was used to measure MOT’s properties, trap atom number and temperature. The
optical system arrangement is shown in figure 2.16.

The number of atoms trapped in the MOT, and their temperature, are measured
by absorption imaging. The absorption imaging is implemented by means of a
resonant probe laser beam: the radiation interacts with the trapped atoms, which
absorb photons, thus casting a shadow in the beam transmitted through the atom
cloud. The transmitted beam is magnified by an objective lens and detected by
a CCD camera (2.16). The variation of the probe beam due to the transmission
through the atom cloud can be related to the cloud atomic density. In practice, a
position-dependent decrease of the transmitted light is produced, which allows for
the reconstruction of the density distribution of the atomic cloud.

In our set-up, the probe beam for absorption imaging is derived from the MOT
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Figure 2.16: MOT Imaging system is consisted of three following parts: a) 1:1 ratio tele-
scope which collect spontaneous emission photons from MOT cloud or probe
photons from an absorption imaging beam. b) a ¢ = 17 dielectric mirror is
used to reflect the imaging beam from the telescope to the camera’s CCD
array. c¢) CCD array of CCD camera which is placed at focal point of the
telescope’s eyepiece lens. A picture of the MOT imaging system used in this
experiment is shown in figure D.5, appendix D.

cooling beam by using a 8% reflection beam splitter (figure 2.4). In order to have
the probe beam on resonance with the F = 4 — F’ = 5 transition, an 80 MHz AOM
is added in order to shift the frequency into resonance, and to be able to quickly
switch on and off the probe beam. The beam diameter is increased to 2 cm by a

telescope.

The imaging system consists of a pair of f = 100 mm 2” plano-convex lens,
a dielectric mirror and a CCD camera (PCO Pixel Fly). The imaging system was
designed to allow for both absorption (dashed line) and fluorescence (solid line)
imaging by using a single camera. The lens pair forms a 1:1 objective lens. A col-
limated probe beam is transmitted through the atomic cloud into the objective lens,
and is focused at the middle point between the two lenses. An ¢, = 17 iris was
place at the focal point of the telescope. In fluorescence imaging, the iris is wide
open, while the iris hole diameter, ¢ will be set to ¢ < 1.0 mm for absorption imag-
ing in order to reduce the amount of stray light that goes to CCD array. Moreover,
the imaging beam path from the science glass chamber to the CCD camera was
also covered by ¢ = 1” black cylindrical tube to prevent background light and dust.
After the objective lens, a mirror was placed in front of the CCD camera for the

positioning of the MOT cloud image on the CCD array, the probe beam is reflected
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by the mirror into the CCD camera, placed 100 mm from the objective lens.

2.4 Results and conclusion

An image of MOT in the glass cell, shown in figure 2.17, was captured by flu-

orescence imaging. The MOT cloud radii in two orthogonal directions, o, =

0.42740.007 mm and oy, = 0.448 +-0.013 mm respectively, are obtained by Gaus-

sian fit of counts on CCD array. In this way, we define the radius as the standard

deviation of the Gaussian distribution fitting the the sum of pixel values along a

given axis. The laser system working point in term of frequency, power and beam

size of laser for a MOT are reported in table 2.1.
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Figure 2.17: Fluorescence image of a '33Cs MOT. The two insets show the distribution
of the sum over columns (rows) of the pixel counts. A picture of the MOT
observed by an infrared camera placed near the science cell is shown in figure

D.6, appendix D.

Laser transiton (F, — F,) | detuning (I') | Power (mW) | Diameter (cm)
Cooling 4—5 2.2 11.0 1.0
Repumping 34 0.0 2.4 1.5
Imaging 4—5 0.0 0.5 2.0

Table 2.1: Laser parameters for the operation of the MOT and the imaging system.




Chapter 3

Cold atom system for cooling and
trapping of Caesium isotopes and

isomers

The experiment was transferred and installed in the Accelerator Laboratory of the
University of Jyviskyld (Finland). In the laboratory, there is the ion guide isotope
separation on-line (IGISOL) facility which will provide the source of isotopically
selected 133 Cs necessary for the long-term goal of the project.

A vapour cell MOT experiment was setup to test the laser system in new and
challenging environment. The experiment mainly comprised vacuum system, the
upgraded laser system and MOT time sequence control system. The MOT was

characterised by absorption imaging.

3.1 Vacuum system

The single chamber vacuum system used in this experiment is illustrated in figure
3.1. The arrangement is that of a conventional 3D MOT with three pairs of cooling
and repumper beams, and anti-Helmbholtz coils [61].

The vacuum chamber is a 5 x 8 x 15 cm® Pyrex cell which was connected to
a CF40 tee via a CF40 metal to glass connector. The ultimate vacuum pressure of
10~'9 mbar was achieved by a Varian Starcell 20 1/s ion pump which was attached

to the CF40 tee via a CF40 straight nipple. An ampoule of pure '33Cs was also
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installed as a source of alkali vapour (reservoir). The liquid reservoir was contained
inside a dedicated CF16 straight tube, delimited by a CF16 valve. The valve was

used as 133Cs vapour density controller.

20 1/s ion pump

Glass cell

Cs reservoir

Figure 3.1: Vacuum system and anti-Helmholtz coils setup for the vapour cell MOT of
133Cs. The MOT in the glass cell is loaded from background Cs supplied by
liquid Cs contained in a reservoir. A 20 /s ion pump maintains the high vacuum
(HV) pressure. The anti-Helmholtz coils are placed around the glass cell. Red
columns are MOT beams that are orthogonally aligned to each other. A picture
of the vacuum system for single '*3Cs MOT and optical setup are shown in
figure D.8, appendix D.

3.2 Upgrade of the laser system

The laser system for this experiment was an upgrade of the transferred system,
described in chapter 2. Therefore, only the main differences and improvements are
reported here.

The two home built Littrow configuration ECDLs were replaced by commer-
cial cat eye configuration ECDLs [62][63][64][65] with 60 mW output power at
852 nm (RadiantDyes NarrowDiode). The alignment of the cat eye configuration

ECDLs 1s shown in 3.2. Among the advantages of this configuration over conven-
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tional ECDLs, we mention the independence of the laser wavelength selection from
the optical feedback, leading to a lower sensitivity of the wavelength and the feed-
back to misalignments. Instead of using a diffraction grating, the laser frequency
of the cat’s eye ECDL is controlled by an intra-cavity narrow band-pass interfer-
ence filter. Tuning is achieved by varying the angle of the filter with respect to the
incident beam (6 degree for 852 nm). The transmitted beam goes to a Keplerian
telescope where the beam is partially reflected back to the laser diode as a feed-
back by an output coupler (partially reflective mirror), which is placed at the focal
point of the telescope. The transmitted beam is collimated by an output lens of
the telescope as an output beam. Fine tuning for the laser frequency is obtained
by changing the cavity length. This is controlled by applying a voltage to a ring

piezo-electric transducer attached to the output coupler.

L2 Ring PZT LI g Collimating Lens

F

Figure 3.2: Cat eye configuration ECDL. The laser diode (LD) is mounted in an aluminium
case, and the diode temperature is controlled by a thermoelectric cooling plate
placed underneath the mount. A collimating lens collimates the diode laser
beam. The beam collimation is achieved by the collimation nob controlled. A
diffraction grating diffracts the laser beam (red), the zero diffracted order is an
output beam, and the first order is diffracted back to the laser diode as feedback.
The vertical knob is adjusted to optimise the laser feedback. The frequency of
the output beam is roughly and finely controlled by the horizontal knob and
PZT driving voltage, respectively. The figure is not drawn to scale.

Partially Transmittinf Broad Band-pass
Output Coupler Interference Filter

The emission wavelength of the laser, A(6) is given by [63],

-2
A(6) =2, [1- 208 (3.1)
Reff

where 6 is the angle of incidence of the beam on the interference filter. A is the

output wavelength for nominal incidence. n.yr is effective refractive index of the

filter. Thus, the wavelength sensitivity due to the angle misalignment of the filter is
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Figure 3.4: ECDL repumping laser working points
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After installation, the lasers were driven by 0-150 mA DC current. The laser
temperature was initially set at 22 °C. Then, the current and temperature were
scanned until the DAVLL spectroscopy was observed (F = 4 to F' for MOT cool-
ing and F = 3 to F’ for MOT repumping). The scanning was operated on current-
temperature grid in a range of 50-150 mA and 20-24 °C, 0.2 °C step. The working
current and temperature of the cooling and repumping ECDLs were identified and
shown in figure 3.3 and 3.4, respectively.

In the figures, there are modes of working points located on the T-I space.
A working point in a mode can be moved continuously by changing current and
temperature. Additionally, by considering a certain diode temperature or driving
current, mode hopping occurs because the active region’s refractive index of the
diode is affected by the change of driving current and temperature of the laser diode

[66][67].

3.3 MOT measurements

The MOT properties were determined by absorption imaging. To this purpose, the
imaging sequence needs to be processed with millisecond-level accuracy. There-
fore, a National Instruments NI6009 DAQ module was installed and controlled by
Labview 2015.

3.3.1 Absorption imaging

Absorption imaging is a method that measures collimated beam’s profile of near
resonant light that passes through an atomic cloud. The beam is partially absorbed
by the cloud so that the atoms “cast a shadow” pattern on a camera’s CCD array.

To measure the spatial distribution of the MOT atomic density, the contribution
from atomic absorption has to be isolated. This can be done by taking a sequence
of 3 different images as shown in figure 3.5.

To determine the atomic distribution, the probe beam intensity is extracted
from each image. Suppose that (x,y) are the spatial coordinates on the image plane,
the intensity of the beam extracted from MOT, light and dark images are denoted

by I(x,y), Ip(x,y) and Ig;(x,y), respectively.
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c) Dark Image d) Optical Density Image

Figure 3.5: Images required for MOT absorption imaging described according to imaging
sequence. a) MOT image: a shadow cast on the probe beam after transmission
through the atomic cloud. b) light image: the intensity profile of the probe beam
in the absence of the atomic cloud. c¢) dark image: an image of the background
intensity profile as measured in the absence of probe beam and atomic cloud. d)
optical density image of MOT: the spatial distribution of the ensemble obtained
by equation 3.4 and 3.7.

The first image - commonly referred to as the "MOT image” - represents the
intensity profile /(x,y) of the probe beam after interaction with the atomic cloud.
The second image is the intensity profile of the probe beam in the absence of the
atomic cloud, Iy(x,y) and the third is the background intensity profile Ip;(x,y), as

measured in the absence of probe beam and atomic cloud.

For simplicity, we can consider a single pixel of the CCD camera, with coor-

dinates (x,y). The transmitted intensity / can be related to the incoming intensity I
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via Beer’s law [68][69],
I(x,y) = Io(x,y)e” " (3.3)

where O.D. is the optical density of the cloud, which is related to the atom column
density, n(x,y) via

O.D.=n(x,y)o . (3.4)
Here o is the absorption cross section [24], given by

0= o—wpr\2 |, I
1+4(5F72) + 1%

Isat

(3.5)

where @y is the resonance frequency and o is the probe frequency, I' the natural
decay rate of the excited state, I, the saturation intensity which depends on the

probe beam polarization and oy the on-resonance absorption cross section given by

_ hapl’
21561[ .

0o (3.6)

In order to eliminate the unwanted contribution from stray light from the back-
ground, /¢ has to be subtracted from both I(x,y) and Iy(x,y). Then, the expression

for the column density, as from equations 3.3 and 3.4, becomes

n(x,y) = éln <I° _IBG) . (3.7)

Ia) —IBG

3.3.1.1 MOT temperature measurement

The MOT temperature is determined via the technique of time of flight [70][71].
This consists in letting the atom cloud freely expand and then taking images of the
cloud at several different expansion times. To discuss the details, we can consider
a 1D case, and indicate by x the distance from cloud centre. At a given time ¢, the

distribution of the column density, n(x,0) obeys the Boltzmann distribution

1 x?
flx)= T‘(l)exp (_Tz(t)> (3.8)
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where o is the standard deviation or cloud radius. By introducing m, the atomic

mass and 7T, the temperature, the time evolution of the cloud radius [70][71][72] is

T
o(t) = ,/%z%o& , (3.9)

with oy the initial cloud size. Thus, by measuring the cloud size o at different times

given by

t, it is possible to derive the atomic cloud temperature from equation 3.9 as,

)
=" (Gl o1 ) (3.10)

kgT t22_t12

where #1, 01 and t,, 0> are MOT expansion times and cloud sizes at these times.

3.3.1.2 MOT atoms number and density measurement

The estimated number of trapped atoms, N can be obtained by

=

where A,y 1s the area of a single pixel of the CCD camera and n,;y; is the column

n(x,y)dxdy ~ Apixel Z Npixel (3.11)
all pixels

8\8

density of each pixel.

For a high-density MOT and on resonance probe frequency, the column density
can be saturated because all the probe photons were absorbed by excessive number
of atoms in a column. The saturation causes the measured atom number to be lower
than the actual atom number. In order to achieve accurate MOT atom number, the
frequency of the probe laser needs to be detuned from resonance. The detuning
decreases the absorption cross-section, thus a reasonable amount of probe photons

can travel through the cloud and are detected by the CCD array.

In this work, the probe detuning was increased until the saturation of the optical
density was not observed any more. For a given detuning, the atom number is
calculated as discussed in section 3.3.1 using equation 3.11. However, one can also

empirically calculate the column density by a rescaling function, f(®) given by
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Figure 3.6: Optical density as a function of imaging beam detuning. The fit of the data (red
curve) with the rescaling function (equation 3.12) provides a = 0.1540.01 and
b =0.15£0.08. Reduced chi-square of the fit, szed =6.376.

a
14 (2R) b

f(o) (3.12)

where a = 0.154+0.01 and b = 0.15 £ 0.08. The function was obtained by the
relation between the optical density and the probe detuning as shown in figure 3.6.

Therefore, the scaled column density is given by

oD
cof(®)

n(x,y) = (3.13)

3.3.2 NI Labview measurement control for MOT

In this work, the MOT variables values and time sequence were controlled by a
NI-6009 data acquisition module (DAQ) which was programmed in Labview. The
graphical user interface (GUI) used to control the MOT is shown in figure 3.7.
The following MOT parameters can be set or customised on the GUI control panel
column: 1) MOT loading time, 2) magnetic field gradient, 3) MOT expansion time
or time of flight (TOF), 4) cooling beam detuning and 5) probe beam detuning.

After imaging, the MOT optical density (OD) image is shown on the panel.
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In a single measurement run, there are two primary values which are extracted
from an OD image: the MOT cloud width and the atom number. The MOT cloud
width and position of the cloud centre were extracted by fitting the image with a
2D Gaussian function. The atom number can be obtained as explained in section
3.3.1.2. Other quantities, such as the cloud volume and temperature can be obtained

by multi-measurement runs. Therefore, the program was designed to run multiple

measurements.
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Figure 3.7: Labview console for experimental control and data acquisition.

DAQ Ch. Device Parameters Time Sequences
DO 2 MsS Cooling Intensity
AO 1 Double-Pass AOM |Cooling Detuning /
DO 2 MS Repump Intensity
AO 0 MOSFET Magnetic Field
DO 0 AOM?2 Imaging Intesity | |
DO 4 PCO Pixelfly [Camera Trigger
Time(ms) Loading TOF dt ]MOT Rest dt {Light Dark Rest

Figure 3.8: Timing sequence for MOT and imaging.
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The time sequence of a MOT measurement is presented in figure 3.8. During
the first phase, the MOT is loading with the MOT beams mechanical shutter open
and the anti-Helmholtz coils current on. The cooling frequency was red detuned by
the double pass AOM. The MOT was loaded for a given time then the MOT beams
and the coils current were switched off simultaneously at the beginning of time of
flight phase. In this phase, the MOT cloud was allowed to expand. In preparation of
the TOF phase, the double pass AOM frequency is decreased to the value required
for the imaging probe. In the imaging phase, the probe beam illuminated the ex-
panding MOT cloud. Then, the camera shutter was triggered to expose the CCD
array to the transmitted probe beam for a given exposure time (10-100 us), and
the MOT image was obtained. After that, the probe beam was switched off and a
waiting time was introduced in the sequence to ensure that the MOT cloud vanished

before taking the light image which is simply an image of the probe beam profile.

Ideally, there is no delay between switching on the probe and triggering the
camera. However, we introduce a 1 ms delay time td of the camera trigger to com-
pensate for the finite response time of the imaging AOM. Finally, the background
or dark image was taken. After the imaging phase, the double pass AOM frequency

was returned to the value required for the MOT in preparation for next sequence.

3.4 Characterization of the >*Cs MOT

In this section, the MOT is characterised and optimised in terms of temperature,
loading, R and loss rate, % which were characterised as a function of quadrupole
magnetic field gradient and MOT cooling beams detuning. The purpose is to obtain

the optimum conditions for the experiments with radioactive atoms.

The characterisation was conducted via absorption imaging. The controlled
operating MOT parameters are the following: the MOT beams diameter is 2 cm, the
cooling and repumping beam power is 10 and 2 mW/beam respectively. The MOT
atom number was measured for different loading times. Then, the loading curves

were fitted with equation 1.18 to find R, % and the MOT atom number at equilibrium

(Nsar)-
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Figure 3.9: A MOT loading curve with parameters: 6 = —2.5T, % = 14 G/cm. The fit of
the data with equation 1.18 gives the following results: 1) loading rate, 27.2 £
0.6 million atom/second. 2) total effective loss coefficient, % =0.424+0.01 s
Reduced chi-square of the fit, 2, = 0.941.

Figure 3.9 shows a typical MOT loading curve. The atom number increases
drastically in the early loading period (0 to 2 s) because of imbalance of MOT
loading and loss rate. Then, the population saturates because the loss rate increases
as well. Finally, the trap number reaches the saturation level of 64.4 0.5 million

atoms, which corresponds to the balance between MOT loading and loss rate.

3.4.1 MOT loading rate

Figure 3.10 illustrates the influence of the cooling laser detuning on the MOT load-
ing rate which is increased by increasing the amplitude of the negative detuning
until the rate reaches a maximum point and then start to decline. The observed
trend of the MOT loading rate can be understood considering the MOT trapping
force (equation 1.12 and 1.13) and the MOT capture velocity, v, given that R o< v.*.
For a fixed magnetic field gradient, an increase of the MOT capture velocity re-
quires an increment of the MOT detuning corresponding to the larger Doppler shift.
However, if the detuning is too far from the resonance frequency, only atoms at the

edge of the trapping region are slowed down, which is not enough to slow the atoms
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Figure 3.10: MOT loading rate as a function of the detuning of the MOT cooling beams.

down to rest. Therefore, there is an optimum detuning that leads to maximum cap-

ture velocity and loading rate. In this case, the maximum loading rate of 27.5+£0.5

million atom/second was achieved at 6 = —2.65T.

N N N N w
N N () [es) o
1 1 1 1 1

Loading Rate (x10° atom/s)

N
o
1

10 12 14 16
Field Gradient (G/cm)

Figure 3.11: MOT loading rates as a function of magnetic field gradient.

The MOT magnetic field gradient provides a similar effect on the loading rate.

By increasing the magnetic field gradient, the trapping force is strengthened because

the Zeeman shift is larger and matches the Doppler shift of fast atoms resulting in
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high capture velocity. Figure 3.11 shows the effect of magnetic field gradient on the
MOT loading rate, the loading increases for increasing field gradient and reaches a
maximum level of 28.8 & 0.7 million atom/sec at 14 G/cm. However, the loading
rate decreases after the maximum because as the detuning was kept constant, an
increase of the magnetic field gradient leads to a decrease in the trap region area.

This means that an atom has less time to decelerate in the trap.

3.4.2 MOT total loss coefficients

Losses of atoms in the MOT are caused by two mechanisms, namely background
and intra-trap collision. In order to identify the working point that provides the
minimum loss, the dependence of the total loss coefficient on the detuning and

magnetic field gradient was observed.
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Figure 3.12: Effective trap loss coefficient as a function of the detuning of the MOT cooling
beams.

In figure 3.12, the total loss coefficient is plotted as a function of the detuning
of the MOT cooling beams. The measured loss rate was 0.51 +0.01 s~! at -1.25T
detuning. The loss rate then decreases for increasing detuning until it reaches the
minimum of 0.39+0.01 s~! at -2.25T" detuning.

Figure 3.13 shows the linear relation between magnetic field gradient and the

total loss coefficient. An increase in magnetic field gradient increases the trap con-
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Figure 3.13: Effective trap loss coefficients as a function of the magnetic field gradient.

finement resulting in an increase of MOT peak density as well as in the total loss
coefficient. This result agrees with the theoretical model in [43] which considers a
two body collision loss rate proportional to the trap magnetic field gradient.

The MOT from ion implantation will operate with an ultra-low trapped atom
number, in the range of few thousand atoms. In this regime, intra-trap collisions
are negligible and the loading rate is the key factor. Therefore, the values of MOT

detuning and magnetic field gradient leading to the best loading rate are selected.

3.4.3 MOT temperature

The temperature of the MOT is an important parameter which has to be minimised
before progress to subsequent cooling stages. The lower bound of the MOT tem-

perature corresponds to a sub-Doppler temperature [37], given by

'l

kT = ————
BY T 2kglo|A

<C1 +G (3.14)

1
1 +4A2 ) ’
where A is laser detuning in unit of natural linewidth, I'. C; and C; are fit param-
eters. The sub-Doppler temperature of a MOT is the result of polarisation gradient
cooling [37][39].

The effect of cooling beam detuning on the MOT temperature is shown in fig-
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ure 3.14. The MOT temperature in the x and y directions increase for decreasing
detuning amplitude. This can be explained by a decrease in the efficiency of polar-
isation gradient cooling because slow atoms near trap centre strongly interact with

the low-detuned laser field. This leads to an increase in the atomic velocity.
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Figure 3.14: MOT temperature as a function of MOT cooling beam detuning.
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Figure 3.15: MOT temperature as a function of magnetic field gradient.
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Increasing the magnetic field gradient heats up the trapped atoms as shown
in figure 3.15. The MOT density is increased due to increase of magnetic field
gradient. Consequently, multiple scattering is induced resulting in the increase of
cloud temperature. Moreover, polarisation gradient cooling is less effective and

Doppler cooling becomes dominant.



Chapter 4

MOT of *3Cs atoms from ion

implantation

The next phase of the experiment consisted in trapping '33Cs atoms, provided by
an ion beam generated from a surface ionisation source [73]. The focused ion beam
enters the cold atom setup through the small hole of vacuum impedance and is
implanted and neutralised in a 25 mm thick foil. The foil is chosen to be yttrium
due to a favourable imbalance between ionisation energy and work function. Then,
neutralised atoms were extracted by resistive heating. After that, MOT loading
from the neutraliser was performed [33]. The implantation profile was numerically
simulated, and a phenomenological model for the neutraliser was also developed.

A model of 1D diffusion was used to extract the neutraliser activation energy.

In addition, preliminary implantation tests were also performed with radioac-
tive beams, in this case for the production of '3"Cs. 13™Cs* was generated by
means of proton induced fission in a Uranium target. The ions were extracted and
accelerated through a mass separator which directed the !3>”Cs™ beam to be im-
planted in a neutraliser. After implantation, gamma emission from the neutraliser
was detected by a gamma detector. Then, by using the gamma spectrum, half-life
of 139"Cs was measured in order to verify implantation of the species. Moreover,

preliminary tests for trapping of '3>Cs were also conducted.
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4.1 Ion beams of Caesium isotopes and isomers

In IGISOL facility, the ion beam for the ion implantation was generated from two
sources, the K-130 cyclotron beam accelerator (the *online source’) and a surface

ionisation source (the ’offline source’). The IGISOL facility is shown in figure 4.1.

K-130 Cyclotron Off-line Surface -
Bending Magnet Ionisation Source -

Beam Cold Atoms
Switchyard Chamber
]

MCC30 Cyclotron ‘
Bending Magnet

On-line y-spectroscopy

Figure 4.1: Sketch of the IGISOL facility. The facility produced ion beams for the ex-
periment using two different sources. 1) The online source generated an ion
beam of caesium by mean of the proton-induced fission reaction. The K-130
cyclotron accelerator generated a proton beam that bombards the natural ura-
nium target at the IGISOL target area to induce a fission reaction. The reac-
tion product, which was ions were accelerated to the mass separator. 2) The
offline source is a surface ionisation source where caesium atoms on a cylin-
drical rod surface were ionised by resistive heating. Then, a skimmer elec-
trode accelerated the ions to the mass separator. The ions beam of selected
isotopes was magnetically directed to the beam switchyard. The ion beams di-
rection could be electronically switched to the cold atoms experiment or online
Y-spectroscopy area. The cold atom experiment is attached on the right side of
the facility. The optical setup and alignment of the experiment is not included
in this figure. This figure is derived from [33].

4.1.1 Online source

The online source was used to produce radioactive ion beams for our experiment.
A 50 MeV proton beam was generated from the K-130 cyclotron beam accelera-
tor and hit a natural uranium target located in the IGISOL target area in order to
induce fission reaction. The fission products dispersed from the target into helium
buffer gas for thermalisation [74]. Then, the products - mostly single charged ions
- were 30 keV accelerated through a sextupole ion guide (SPIG) [75]. The ion

beam was guided to a mass separator which has a 55 degree dipole magnetic field,
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corresponding to 300 < % < 500 of mass resolving power. The resolving power
specifically allows '3Cs* and other % = 135 fission products into the ultra-high
vacuum science chamber of the cold atom experiments. The laser cooling and trap-
ping apparatus was designed to trap only caesium isotopes and isomers, therefore

non-caesium products will not be trapped.

4.1.2 Offline source

A surface ionisation source [73] is used as a source of stable !33Cs*. In the source,
alkali atoms - in this work caesium atoms - are pasted on a cylindrical rod and
a skimmer electrode. The rod is resistively heated to 1000-1200 K to generate a
caesium plasma. Then, the caesium ions are extracted by the electrode. The 133Cs™
ions were accelerated by a 30 kV electrode to the mass separator and transferred
to the experimental chamber by the same process applied to the online ion beam.
The use of an offline source was more convenient than an online source because this
allowed us to operate with large quantities ion beam. However, the offline source
has limited ion species, it can only produces an ion beam of stable isotopes available
in macroscopic quantities. The offline source was used to develop and optimise cold

atom experiment prior to online runs.

4.2 Cold atom experiment setup

4.2.1 Vacuum system for the ion beam MOT

A single chamber MOT vacuum system was used for the experiment as shown in fig-
ure 4.2. In preparation for the MOT loading from ion implantation, all processes in
this experiment were performed under ultra-high vacuum (10~° mbar) in a borosil-
icate glass cell with the neutraliser (described in section 4.2.2) embedded at the
end of the ion beam line. The inner surfaces of the glass cell were anti-relaxation
organic coated, as detailed in section 4.2.3. The glass cell shape is spherical with
six 40-20 scratch-dig optical windows. A window pair was aligned with the anti-
Helmholtz coils main axis which is parallel to optical table level, in order to allow
positioning the coils near the cell. The Y foil was installed 28 mm from the cell

centre. The dimensions of the glass cell are shown in figure 4.3.
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A vacuum impedance was installed to separate the ion beam part from the cold
atom experiment part. Vacuum pressure in the ion beam part was maintained by a
350 I/s turbo-molecular pump (Leybold CE TURBOVAC 3501) at a pressure less
than 10~% mbar. The pressure of the cold atom experiment part was maintained at
10~ mbar by an ion pump (Varian Valcon Plus 20 StarCell, 20 I/s speed).

The ion pump was protected by a gate valve which was placed to separate the
ion pump and the rest of the experiment part. This isolated the ion pump from
high pressure during the pre-evacuation and baking process. The gate valve and the
glass cell were connected with a 4 ways CF40 cross. Moreover, the CF16 valve and
nipple tube containing 1 g of pure '33Cs which was used in chapter 3 as a 133Cs
reservoir was also connected to the cross. The reservoir provides '33Cs useful for

MOT alignment and optimisation.

Vacuum impedance UHYV gate valve

Pre-evacuation valve

20 /s 1ion pump

Neutraliser
Cs reservoir

Figure 4.2: Vacuum system for the production of '3*Cs MOT from ion implantation. The
MOT in the glass cell is loaded from background Cs supplied by two differ-
ent sources, the liquid caesium reservoir and the neutraliser. A caesium ion
beam entered the experiment through a 1.5 mm vacuum impedance hole and
impinged in the neutraliser. A UHV gate valve separated the experiment and
the ion beam facility. A 20 1/s ion pump maintained the ultra-high vacuum
(UHV) pressure. A picture of the vacuum system for the ion implanted MOT
and optical setup are shown in figure D.9, appendix D.
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Figure 4.3: Cross-section of the catcher foil installed in the glass cell. A picture of the glass
cell used in this experiment is shown in figure D.10, appendix D.

4.2.2 Ion implantation in a neutraliser

The neutraliser is an important part for this experiment. It is a thin metallic foil
where ions provided by the ion beam are accumulated and neutralised. The release

of neutralised atoms was achieved by resistive heating of the neutraliser.

The neutraliser is a 16 x 9 mm?, 25 um thick yttrium foil held by copper
supports as shown in figure 4.4. The support was connected to a CF16 electrical
feedthrough via two 1.5 mm copper wires. The wires were insulated by hollow
Aluminium oxide (Al,O3) rods which secured current up to 20 A. The rods and the
support separation were fixed by a @ = 16.5 mm, MACOR center ring in order to

prevent excessive stress in the catcher foil.

The 133Cs* beam was electrostatically focused and impinged on the neutraliser
as shown in figure 4.3. The high energy ions from the ion beam penetrated into the
Y foil surface and were slowed down to the diffusive regime by inelastic collisions
with the Y lattice, until they are stopped inside the foil. The ions were neutralised by
the acquisition of a surrounding electron. The neutralisation was achieved because

the caesium ionisation potential (Ic; = 3.89 eV) is higher than yttrium work function
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(Wy = 3.1 eV). Efficiency of the ion implantation is given by the Langmuir-Saha

Wy — 1,
T+ _ 8 exp (_Y CS) : 4.1)
ng 8a kT

equation [76],

where gg—: = % for alkali atoms, T is Y foil’s temperature, n and n, are the concen-
tration of ions and neutral atoms in the material, respectively. From equation 4.1,

’,‘l—: < 10~* for a neutraliser temperature of 7 = 298 K.

- AbO3rods

CF16 Electrical Feedthroughs
Copper mount

Yttrium foil

Figure 4.4: Design of the Yttrium neutraliser. A yttrium catcher foil (a rectangular grey
sheet) was clamped between two copper mounts. Two copper wires insulated
by hollow Aluminium oxide (Al,O3) rods connected the mounts and the CF16
electrical feedthrough. A machinable glass-ceramic MOCOR ring separated
the rods to prevent excessive stress in the catcher foil. The design is derived
from [33]. A picture of the neutraliser used in this experiment is shown in figure
D.11, appendix D.

The initial concentration distribution of implanted atoms, ng(x) in the neu-
traliser contributes to the time-dependent behaviour of the atomic distribution which
is discussed in section 4.3. ng(x) is characterised by a phenomenological function,

which was first introduced by T. Warner, et al. [77] given by,

o Be() ()

where N is the implanted atom number and the length scale & is related to the mean
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implantation depth, d, as given by

~1
§:r<”;l)r(";2) d. 4.3)

The width of the distribution is characterised by n. The dependence of the

implantation distribution on 7 is shown in figure 4.5.
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Figure 4.5: Initial distribution of implanted atoms with different characteristic number, 7.

In this work, the initial implanted atomic concentration distribution is cal-
culated with the help of the SRIM (Stopping and Range of Ions in Matter) code
[78]. The distribution is fitted with equation 4.2 to find the corresponding value
of n as shown in figure 4.6. The fit results indicate a mean implantation depth,
d=18.5+0.1 nm and n = 1.74 +0.06.

The implanted '33Cs atoms were extracted by resistive heating enhanced
thermal diffusion. A DC electric current, / was applied through the electrical
feedthrough. The foil temperature was measured by a pyrometer. In this experi-
ment, the maximum applied current used is 6.5 A corresponding to a foil tempera-

ture of 1010 K. The maximum temperature is well below the Y foil melting point
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Figure 4.6: SRIM simulation of the initial distribution of 10* 30 keV '33*Cs implanted into
a 25 um thick, Y - neutraliser simulated by SRIM. The simulation was done by
Dr. Sami Rinta-Antila. The fit of the data (red curve) with the phenomenolog-
ical function (equation 4.2) provides d = 18.5+0.1 nm and n = 1.74 4+ 0.06.
Adjusted R-square of the fit, Rlzl aj = 0-988.

temperature of 1800 K.

4.2.3 Adsorption on glass cell surface and anti-relaxation coat-
ing

MOT loading using the ion implantation technique yields a lower number of trapped
atoms compared to a stable vapour produced by solid reservoirs or dispensers. This
is because the release rate and the number of implanted atoms from the heated neu-
traliser is comparatively low. In the case of short lived species, the decay rate also
represents a loss resulting in a low number of atoms trapped in the MOT. Addition-
ally, due to the resistive heating process, the atomic release temperature is too high
to allow for direct capture in the MOT.

The hot atoms can be thermalised by bouncing off the cell wall resulting in
a decrease of their kinetic energy to a level suitable for their capture in the MOT.

However, with a bare glass or steel surface, there is a high possibility that atoms in
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the vapour phase are lost to the cell wall either permanently or temporarily because
of chemisorption and physisorption, respectively [79][80]. These can reduce the

number of trap atoms.

The ”chemisorption” refers to the adsorption of the atoms to the surface by co-
valent bond or Coulomb forces. The chemisorbed atom will stick to the surface per-
manently because the interaction is strong. At the opposite regime, because atoms
bond to the surface by weak van der Waals forces, atoms that adsorb to the sur-
face by physisorption have the possibility to escape from the surface to the vapour
phase. This process is characterised by the average time interval that atoms stick to

the surface called “’sticking time” [79][80],

E
T, = Toexp (— k;",j; ) , (4.4)

where 79 ~ 10712 s is the sticking time for pure elastic collision. E_,g; is the

adsorption energy of an atom to the surface and 7 is the surface temperature.

The time-dependent population of untrapped atoms in the glass cell, Ny, (?) is

described by [79][81],

exp (—47)

Nbg(t) = (NO_Nm01<t)> 1 —|—(T;VlhA/4V) ’

4.5)

where A and V is the surface area and volume of the glass cell. Ny is total initial
atoms in the glass cell. Ny, is MOT atoms number and r is effective pumping speed

of the surface due to chemisorption.

To improve trapped atom number, the glass cell’s inner wall was coated with
polydimethylsiloxane (PDMS). PDMS chemical formula is CH3[Si(CH3),0],Si(CH3)3,
where n is the number of repeating monomer units [80]. PDMS has important
properties that suit for this work which are low cost, simple fabrication, optical
transparency and non-flammable [82][83][84].

The PDMS coating reduces atoms permanent loss from chemisorption on glass
cell surface and reduce the sticking time because the coated surface lowers the des-

orption energy, E ;s to ~0.1 eV. The coating process applied for this experiment is
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based on [85] and was performed by Dr. Luca Marmugi.

4.2.4 Fluorescence imaging

Fluorescence imaging is used as a non-destructive measurement and a proper tool
for active monitoring MOT’s atom number dynamic during the MOT loading.

The fluorescence imaging system was installed above a MOT Pyrex science
chamber. The system is comprised of 1) a 16.8 mm diameter pinhole, it was placed
72 mm away from the MOT cloud in order to reduce background photon. 2) an 852
nm interference filter with 10 nm bandwidth and 3) a digital 14 bit CCD camera
(PCO.Pixelfly USB) with objective lens (PENTAX C2514-5M).

4.2.4.1 MOT atom number measurement

The spontaneous photons from MOT cloud are partially capture by the imaging
system and go to CCD array of a CCD camera where count signal is generated. The
amplitude of the signal relates to the number of the incoming photon that hit the
CCD array. Therefore, MOT atom number, N, proportionally relate to the count

generated by CCD camera, N, [86]. The relation is

4r

S — 4.6
n TcQRsctexp (+6)

Natom -

where 7, is the transmission coefficient of optical imaging alignment. € is
solid angle captured by the pinhole aperture. Ry is the scattering rate (equation 1.7
and 1.8). 7, is an exposure time of the camera. 7 is the quantum efficiency of
the CCD camera, it is ratio of CCD count to number of CCD array’s input photon

number.

4.2.4.2 Camera’s quantum efficiency measurement
The quantum efficiency of the camera, 1 is an essential constant for fluorescence
imaging. Although, there is a specific value of 1 which was mentioned in camera
datasheet, on-site measurement of 7 is still necessary.

To measured 1, CCD array of the PCO Pixelfly USB had been exposed to a
calibration beam (a filtered 852 nm laser beam) for given exposure time, f,,,. Then,

the CCD array generated count signal, N. which related to z.,. Therefore, the n
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can be calculated and given by,

_ ho dN,

4.7)

where I, = 16.8 uW is the calibration beam power and @ = 27 x 351.726

THz is an angular frequency of the beam. dg#)’;’” = 2.55 x 108 count/s is a linear

fitted slope of N, - f¢y), plot. The measured quantum efficiency of the CCD camera,
n = 0.354.

4.3 Implantation and extraction in the neutraliser:

1D diffusion model

Dynamics of implanted atoms in the neutraliser was mainly explained by thermal

diffusion in material which is governed by Fick’s laws [87],

on
F=-D3", (4.8)

where F is atomic flux in material, n is implanted atom concentration in a neutraliser

and D is the diffusion coefficient which explained by Arrhenius equation [88],

E,
D = Do exp (—k—;) , 4.9)
B

where D.. is diffusion coefficient for high neutraliser temperature, 7 > 1000 K,
which difficult to quantify. D can be calculated using reference diffusion coefficient,

D, at curtain temperature, T, s. Therefore, equation 4.9 become

E 1 1
D = D,,rexp [k—;l (Tref — ?>} . (4.10)

Under the condition that D is independent of time, position and atom concentration
in material [87], the 1D diffusion equation can be derived by applying equation 4.8

to the continuity equation for mass given by,

o B
5 TV F=0. (4.11)
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The solution of equation 4.11 becomes the 1D diffusion equation,

on 2%n

where A is decay rate of the implanted species.

In a semi-infinite piece of material and A ~ 0, the solution for equation 4.12
is obtained by method of Green’s function of the diffusion equation [89] and initial
distribution of implanted atoms in material, ng(x). The result is time-dependent

distribution function [90]],

0.03 -
——1t=10s
——1t=20s
t=30s
——1t=40s
0.02 t=50s
ZO
=
S 0014

0.00 - &‘

T
5 0 5 10 15 20 25 30 35 40 45 50 55
X (nm)

Figure 4.7: Time evolution of implanted atom distribution is simulated from following pa-
rameter: D = 1.0 nm%s~!, Ny = 1, d = Snm and n = 1.74.

Time evolution of normalised implantation distributions in equation 4.13, using
the value ng(x) from equation 4.2 are shown in figure 4.7. The figure demonstrates
the implanted atoms dissipation over the diffusion time under the condition that the
atoms concentration at the neutraliser surface is zero.

The peak of the distribution, which was related to mean implantation depth, d,
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Figure 4.8: Distribution peak position as function of diffusion time. The diffusion coeffi-
cient value 1.0, 0.1 and 0.01 nm?s~! correspond to temperature of 1000, 830
and 710 K respectively.

is time-dependently shifted inside foil material. The peak shifting rate depends on
the temperature dependent diffusion coefficient, D shown in figure 4.8. Although,
the peak shift inside, the number of implanted atoms, N = }On(x) dx’, in the material
is reduced over diffusion time. This indicate releasing of tl(l)e implanted atoms from

the nearest surface of the neutraliser.

4.4 Release rate of the neutraliser

The foil release rate caused by thermal diffusion can be determined based on the
regime of ion implantation. This can be divided into two regimes called the pulse
and continuous regimes [88]. These are defined by the neutraliser temperature dur-

ing ion implantation and the timing of resistive heating.

4.4.1 Pulsed regime release rate

The pulse regime can be achieved by implanting ions into a low temperature neu-
traliser for curtain implantation time, f;;,,. At low temperature, the diffusion co-
efficient is low, therefore, thermal diffusion can be neglected. In pulse regime, by

taking the efficiency of the ion implantation in equation 4.1 into account, the im-



4.4. Release rate of the neutraliser 86

planted atom number is

Ny =1y x Limp » 4.14)

where [j is the ion beam current in unit of ions/s. Once the ion implantation is
completed, neutraliser resistive heating is applied to a given temperature.

In pulse regime, the neutraliser release rate due to thermal diffusion, F}, is ob-
tained by substituting equation 4.13 into 4.8. The atom release rate of the neutraliser

is defined as the atomic flux at surface of the neutraliser (x = 0)

2

1 i AW _ /
FP(I)ZW/I’IO(X )X exp(4l);t)dx . (415)
0

From equation 4.15 and 4.2, the mathematical model of a neutraliser’s release

rate becomes

n—1 —(n+2)
No n+1\ "' /n+2 r\ 2 t 2
F,(t) = r r 0 — 14— 4.16
b0 tay/T (2) (2’)(&1) (+fd> - (19

where 7, is the characteristic diffusion time given by

dZ

=15 4.17)

g

In the case that the ion beam current was very low, it requires a long implan-
tation time to accumulate sufficient implanted atoms before the resistive heating.
This is not efficient with short life-time species because a large amount of the atom
will decay during implantation. To conclude, The pulse regime operation is use-
ful for implantation of long life-time species with low ion beam current. Moreover
MOT loading using pulse regime operation provides a higher signal to noise ratio

of trapped number.

4.4.2 Continuous regime release rate

Continuous regime occurs when ion implantation and neutraliser resistive heating
are operated simultaneously. The implantation rate at a given time, ¢ is related to

ion beam current, Ip. A fraction of the implanted atoms immediately diffuse to the



4.5. Characteristics of MOT loading from ion implantation 87

neutraliser surface and are desorbed. The release rate for the continuous regime
was calculated by the time integral of equation 4.15 where the implantation atom,

Ny was replaced by the implantation rate or the ion beam current. The release rate

is given by
Fo(t) = / =) gy
0 No
_—
= 2\;‘;—1) O/ 0/ 1 2x’no(X’)exp(_4(;;/22)dx/dt (4.18)
21y

r #7 ) t 5 F n+l n+2 n+3 —t
(= e 22 2 2 Ty )|

where »Fj(a,b;c;x) is the Gauss hypergeometric function. The MOT loading via
continuous regime implantation is effective for short life-time species as implanted

atoms are immediately extracted from the catcher foil after implantation.

4.5 Characteristics of MOT loading from ion implan-

tation

Thermal diffusion in the neutraliser was indirectly observed by MOT loading. For a
MOT from ion implantation, the MOT centre in the vertical axis was shifted down-
ward to allows the ion beam to be implanted in the neutraliser which was located on
the opposite site. The optimisation of MOT beam alignment has been done until the
number of MOT atoms reaches a maximum. The maximized MOT number refers
to the lowest MOT loss generated by collision with the ion beam.

The MOT loading was operated in the pulsed and continuous regimes to study

in following aspects and contributions:

Bulk atom in the neutraliser : caesium impurity due to previous implantations

was observed at various heating temperatures.

Effect of implantation time : The effect of implantation time on the MOT atom

number was also measured in pulse regime operation.
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Effect of implantation temperature : The MOT atom number loaded by continu-
ous regime operation was conducted in order to indirectly observe thermal diffusion
in the catcher foil. The observation has been done in replicated conditions for the
isomer MOT. Moreover, the loading curves were fitted with a theoretical model to
extract the activation energy, E, of Y foil.

The time-dependent MOT atom number in both regimes was described by cou-
pled rate equations. The MOT parameters in the equations are mathematically esti-

mated. The operating condition of MOT is shown in table 4.1.

Parameter Value Unit
Cooling detuning (0) —2.65 r
Repumping detuning 0 r

Cooling beam intensity (/) 4.67 | mW/cm?
Repumping beam intensity 1.10 | mW/cm?
Magnetic field gradient () 14 G/cm

133+Cs beam Current (1) 1010 A

Table 4.1: MOT operating parameters for loading atom from catcher foil.

4.5.1 Coupled rate equation and parameters estimation
The !33Cs background density is related to neutraliser release rate enhanced by the
thermal diffusion. The MOT atom number, N, and 133Cg number in the background,

Ny, are explained by the coupled rate equations given [88][91]by

dn,

mot— LNbg - YNmal - A«Nmot
dc}\f] (4.19)
?bg = _(L+W)Nbg+me()l +f_leg )

where the atom input rate, f is equivalent to the neutraliser release rate, F' explained

in section 4.3 and the trapped atom decay rate, A is neglected for '33Cs.

4.5.1.1 Loading coefficient

MOT Loading rate, R is proportional to the background atom of trapped species,

N,. The relation is given by R = LN,, where L is the loading coefficient which
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represents the capture probability of the MOT. L can be explained by

3 vt o

[ —
167/ T v reerr®

(4.20)

where @ is the Gaussian width of the MOT beams. r.,;; is the glass cell radius. v, is
the MOT capture velocity. The thermal velocity, v;, = %%T = 217m/s, for '33Cs.

A parameter that play an importance role on the L is capture velocity, v.. By
assuming, an atom located at the edge of MOT region (a distance which equal to
MOT beam’s radius from a MOT centre.) and is moving toward MOT centre, v,
is defined as the lowest initial velocity that allows the atom to reach the opposite
end of trap region and moving back to the trap centre [39][92]. The MOT’s capture
velocity strongly depends on MOT beam intensity [93], detuning [39] and diameter

[94]. The v, can be calculated by numerical solving of equation 1.11.

In his experiment, L = 9 x 1074 s~!

is estimated from following parameter:
capture velocity, v, = 18.5 m/s, MOT beam’s Gaussian width, @ = 1 cm, glass cell

radius, r..;; = 5 cm, thermal velocity, v,;, = 217 m/s.

4.5.1.2 System loss coefficient

The system loss coefficient, W is generated by the vacuum system and chemisorp-
tion to glass cell surface. Note that the loss is dominantly affected by the vacuum
system because the chemisorption is minimized by the relaxation coating. The W is
given by

W= (l’aperture)3‘7_T , (421)
Teell 21

where 7perure 15 the radius of glass cell aperture connected to vacuum pumping
side, the r..; is the cell radius and [ is the connection tube length from the cell
centre to the cell aperture. The estimated number of the system loss coefficient for

this experiment is W, ~ 47571

4.5.1.3 Collision loss coefficient

For the MOT loading from the neutraliser, only the background collision is consid-

ered. The two-body collision can be neglected because of low trapped atom number
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and density. In order to determine the background collision coefficient, the MOT
loading need to be performed in the following conditions: 1) the background gas is
considered as the ideal gas, and 2) amount of caesium atoms in the vacuum chamber
is very low comparing to non-caesium atoms’ in the glass cell, this result in domi-
nation of caesium and non-caesium collision. Under the conditions, the background

collision coefficient, y explained in equation 1.15 becomes

Poyvy,
= 4.22

where P is pressure in the glass cell. The Cs-non Cs collision cross-section, o), =
2 x 10713 cm?. The thermal velocity of the background atoms is, ¥, = 470 m/s for
cell temperature of 298 K. For a pressure P in mbar, the background collision loss

is y~ P(0.23 x 10%) s~ 1.

4.5.2 Loading from previous implantations

In case of long lived species, the remaining old implanted atoms in the neutraliser
can be considered as bulk atoms. The bulk atoms are accumulated deep in the
material because of mean implantation depth shifting, explained in section 4.2.2.
The bulk atoms distribution profile is approximated as a Gaussian function multiply
with a linear term of % explained in [90]. By applying the distribution profile to
equation 4.15, then the time-independent release rate contributed by the bulk atoms,
Fp is given by [88],

Fp

Npo
T (4.23)

2n(1+1/%)
where Npg is bulk atoms initial number, and 7, is the characteristic diffusion time
explained in equation 4.17. For the bulk atoms, ¢ << td, the release rate is ap-
proximately time-independent. By substituted equation 4.17 and 4.9 into equation
4.23, the Fp is temperature dependent. To investigate the impurity effect on the
MOT atom number, the MOT loading was conducted with various non implanted
foil temperatures.

The loading curve from bulk atoms is shown in figure 4.9. The MOT loading

curves then are numerically fitted with equation 4.19 to extract the release rate of
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Figure 4.9: MOT atom population (black square) and fitting curve (red line) from equation
4.19 at operating temperature of 930 K. The fit result is a release rate, Fp =
39.33 +£0.09 million atom/second. Adjusted R-square of the fit, Ri aj = 0-982.
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Figure 4.10: Neutraliser’s release rate as a function of temperature. The fit of the data (red
line) with temperature dependent form of equation 4.23. Reduced chi-square

of the fit, 2, = 138.31.

the neutraliser. The fit results are shown in figure 4.10. As the results are demon-

strate, the MOT number and release rate of the neutraliser are positively effected by
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increasing of the neutraliser temperature. The relation between the release rate and

the neutraliser temperature corresponds to equation 4.23 and 4.9.

4.5.3 Loading from pulsed mode
The impact of implantation time was also observed in the pulse regime. The ion

beam was implanted in the neutraliser at 298 K for an implantation time of 5, 10

and 20 minutes.

N(t) (x10° atom)

24 |

T T T
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Figure 4.11: MOT population (black square) from the neutraliser after implanted 10710 A
ion beam for 20 minute at room temperature. The operating temperature is
930 K. The red line is a fitting curve given by equation 4.16. Adjusted R-

square of the fit, R2, ;=0.927.

Implantation time || MOT peak number | Implanted atom | Diffusion time
(minute) (x 103 atom) (x10? atom) (second)
5 1.68 1.78+0.08 10.07+0.30
10 2.05 6.18+0.14 9.93+0.26
20 5.03 23.68+0.64 9.87+0.31

Table 4.2: Fitting result of Implanted atom number and diffusion time at implantation time
of 5, 10 and 20 minutes. The implantation was performed under conditions that
average ion beam current is 107! A and the neutraliser temperature is 930 K.

A MOT loading curve is shown in figure 4.11 which shows that the MOT
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number rapidly rises to maximum in short period and then decays to a saturated
offset level. The offset level corresponds to loading via bulk atom in neutraliser.
Then, the loading curves were fitted with equation 4.19 using the pulse regime
release rate, f in equation 4.16. The fitting result (peak trapped number, implanted

atom number and diffusion time) are shown in table 4.2.

4.5.4 Loading from continuous mode

The MOT loading in continuous mode was conducted in order to replicate the sit-
uation of implanted '3™Cs MOT loading. Because of the short life-time, a consid-
erable amount of the implanted atom decays during implantation process resulting
in a small trap number. To minimize the problem, the implanted atoms need to
be trapped and cooled immediately after implantation, achieve by MOT loading in

continuous mode.

N(t) (x10% atom)

time (sec)

Figure 4.12: MOT population (black square) from the neutraliser in continuous mode
with 10719 A ion beam and operating temperature is 930 K. The fit of the
data (red line) with equation 4.18 gives the characteristic diffusion time,
Ty = 4.38 £0.22 second. Adjusted R-square of the fit, Rﬁdi = 0.943. The
drop of atom number at t=36 s could be caused by surging of background sig-
nal outside trap region. The surge does not increase detected fluorescent signal
from trap region but weight parameter of background subtraction in fluores-
cent imaging software resulting fall of trapped atoms number. This problem
was later fixed by installation of light-shielding box covering the glass cell
and imaging system.
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Before loading, the bulk atoms in the neutraliser were minimised by MOT
loading from high temperature neutraliser. The MOT number had been monitor
until trap signal is minimised. Then continuous mode loading was conducted with
temperature from 830 K to 931 K and an averaged ion beam current of 10710 A,

The loading curve is shown in figure 4.12.
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Figure 4.13: Diffusion time as a function of operating temperature in continuous mode.
The fit of the data (red line) with equation 4.10 gives the activation energy,
E, =1.65£0.15 eV. Reduced chi-square of the fit, szed =30.229.

The loading curves were fitted with equation 4.19 using the continuous regime
release rate, f in equation 4.18 in order to extract the characteristic diffusion time, #4
for each temperature. The fitting results are shown in figure 4.13. The relationship
between f7; and temperature is explained by Arrhenius equation. To confirm the
relation, the data in figure 4.13 was fitted with equation 4.10 with 7.y = 875 K, to
extract the activation energy of Y foil, E, and the characteristic diffusion time at
T =875 K, tg75. The results are E, = 1.65+0.15 eV which is comparable the value
report in [88]: 1.8+ 1.1 eV and 1375 = 13.144+-0.84 s.

In figure 4.14, effect of the neutraliser temperature on the MOT atom number is
presented. The exponential increase of the MOT atom number confirms the thermal

diffusion role for MOT loading from ion implantation.
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Figure 4.14: MOT atom number as a function of operating temperature in continuous
mode.

4.6 Ion implantation of '*>"'Cs

The '33"Cs isomer is a '3°Cs isotope with 1.63 MeV nucleus’s excitation energy.
The de-excitation of the nucleus back to the ground state occurs via a sequence of
two gamma-ray emission processes: first an 846 keV 7y-ray and then a 787 keV
y-ray. The half-life, 7, , of 135mCs is 53 minutes [95]. It is categorized as a shape
isomer [2], where a semi-stable nuclear excited state is due to the significant change
in the shape of the nucleus with respect with the ground state. The '33”Cs isomer
can be prepared by ion implantation [96] based on proton-induced fission of an
actinide target.

Ton implantation of '3 Cs* was tested in the ion beam spectroscopy line. The
135mCs+ beam was produced as explain in section 4.1 and focused to impinged on
a thin foil, which located at the end of the spectroscopy line. The implantation
time was 30 minutes and the ¥ emission from the foil was detected by germanium
detector (Canberra GC7020, energy range from 40 keV to 10 MeV), which was
placed behind the foil. The y spectrum present in figure 4.15.

In figure 4.15, existence of the implanted !3>"Cs was identified by two char-

acteristic peaks of 787 keV (E2) and 846 keV (M4). Moreover, Y emission peaks
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Figure 4.15: y spectrum produced by a Ge detector after 30 minute implantation.

of other % = 135 implanted species were also observed. For the proton beam cur-
rent of 5 fLA, taking the detector efficiency and solid angle into account, 3" Cs™

implantation rate of 2 x 10* ion/s was calculated.

4.6.1 Beam transmission efficiencies measurement

For certain primary beam intensity, the implantation rate in the thin foil can be con-
versed to an implantation rate of the neutraliser in cold atom chamber by measuring
transmission efficiencies of the switchyard to the spectroscopy line and the swicth-
yard to the neutraliser.

The switchyard-spectroscopy line is calculated by using implantation of ''?Rh
(half-life is 6.8 second). The half-life was suitable for fast optimisation. The im-
plantations were performed both in the switchyard and the end of the spectroscopy
line. The B decay of ''”?Rh were detected by Si detectors. The measured transmis-
sion efficiency of the switchyard and the spectroscopy line is 70%.

The switchyard-neutraliser line is calculated by using '3+ Xe which was pro-
duce by adding 13®Xe gas to He buffer gas in the target area. The '3°Xe ionised by

the primary beam during the on-line production of '3 Cs and the ions were accel-
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erated and mass separated. Then, the % = 136 ions were guided through a Faraday
cup to measure the ion current and finally implanted in the neutraliser. The ion cur-
rent measured by the Faraday cup was 95 nA and the current measured from the
neutraliser was 38 nA. These lead to 40% of switchyard-neutraliser transmission
efficiency.

By comparing the two transmission efficiency and taking implantation rate
measured by the Ge detector into account, ~ 1.2 X 10% ion/s implantation rate of

I35m(g into the neutraliser was calculated.

4.6.2 Off-line y-ray spectroscopy of '*>"Cs implantation

In order to confirm that the ion implantation of '3>"Cs was succeed, an off-line }-
spectroscopy was operated at the neutraliser. An ion beam of % = 135, ion beam
current, [y = 3 x 10714 A, was implanted in the neutraliser for 2 days and then the
implantation ion beam was stopped by blocking the ion beam. After the implanta-
tion, the neutraliser was left for 7 hours for Y foil to cool down. The cooling down
period allow short haft-life implanted species such as '3>Sb (¢, /2 = 1.68 s) to de-
cay resulting in minimised radiation from the neutraliser. This is necessary for the
safety of neutraliser transfer. Then, the neutraliser was installed in low background
counting station which is a chamber located a broad energy germanium detector
(Canberra BE3825 detector, 3 keV to 3 MeV energy range) which was place in a
lead castle in N, atmosphere to minimised background counts. The y ray spectrum
from the neutraliser was measured after the installation. The measurement points is
26 points between 12 to 630 minute after the installation.

In the inset of figure 4.16, the two characteristic ¥ emission peaks of '33"Cs
(787 keV and 864 keV) at four measurement points were identified by the two red
dash line. The 846 keV peak was clearly observed in all four measurement points.
However, only the 787 keV peaks at 42 and 96 minutes can be identified. At the
144 and 196 minutes, the 787 keV peaks were shifted leftward. The peak shifting
correspond to the overlapping of 785 keV peak of 31 which dominated the peak
area when the measurement point time is increased. This is because the 31 has the

longer haft-life, 7, , = 6.58h.



4.6. Ion implantation of '3>"Cs 98

In order to eliminate the contribution of the 785 keV peak to the 787 keV peak,
the estimated counts of the '33I’s 785 keV peak need to be taken away from the 787
keV peak area. The estimated counts was obtained by measuring of counts ratio,
between two emission peaks of 3°1. The counts of the two peaks are measure point,
i dependent and are located at 546 keV (no interference peak), donated as AL, (i)
and the 785 keV, donated as Aégs(i). The measurements were conducted at long
time measurement points where the 785 keV peak contributed by '3°T is dominated.

- 1 APP(0) :
Once the average ratio, rayg = o o 2 A was obtained, the counts of 787

keV of 133Cs, A§§7 was given by

A§§7 = A%;r T—r ang§46 ) 4.24)

where Agzr ; 18 the total counts of interfering peak at 787 keV area. The decreasing
of A§§7 and Agj6as a function of time are shown in figure 4.16. The data were
exponential fitted to extract haft-life of >”Cs. The averaged fit result is 7, /2=

53.5 £+ 1.6 minute.
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Figure 4.16: 7y decay curve of transitions of 13"Cs.
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4.7 Trapping of '*>Cs with the upgraded frequency

control system

After characterisation of neutraliser by means of!'3*Cs MOT and implantation test
run of 13>"Cs, an Attempt for trapping of '>>Cs was performed in order to further
test MOT detection sensitivity before trapping of 3>"Cs. Although, '*Cs is not
directed long term goal of this project, it was chosen as prior target species before
trapping of 3"Cs because it has been trapped and is more populated compare to

135m(s,

In 2002, M. D. Di Rosa et al. successfully trapped '*>Cs using VCMOT and
reported its spectroscopic data as shown in table 1.3. This is an important referent
point for our frequency control system.

35Csis a long-lived isomer (2.3 X 100 years), which could be assumed as a
stable isotope. Therefore it can be implanted and stored regardless time conditions.
Additionally, apart from being directed product of proton-induced fission, '3>Cs is
also daughter product of other short-live % = 135 isotopes produced by the proton-

induced fission such as '3>”Cs and '*Xe. This increase !*>Cs population by time.

4.7.1 Upgraded frequency control system

According to hyperfine structure diagram in figure 1.2 and isotope shift shown in
table 1.2, frequency shifts of other caesium isotope MOT relative to '33Cs MOT

transition frequency, Afy is calculated by
Afa = Ave — (8 — 83) 4+ (84 — 857) | (4.25)

where A is caesium isotope mass number. According to the figure 1.2 and table 1.2,
135Cs MOT Frequency shifts, Afy which calculated from equation 4.25 are reported
in table 4.3

As shown in the table, frequency shift for 13Cs MOT is large that the current
frequency control system cannot provide. In order to perform '33Cs MOT, the fre-

quency stabilisation and control part explained in chapter 2 were modified, while
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the '33Cs trapping capability still remain.

Figure 4.17 show that the modified frequency control system is comprised of
three AOM configurations. An extra double-pass AOM setup using a 110 MHz
AOM was added as DP-AOM 2 in order to shift frequency of former DP-AOM 1
output beam before it enter the DAVLL setup to perform frequency locking. The
AOM was added in order to widen frequency tuning length of MOT cooling laser to
enhance the system capability for trapping of both '33Cs and !3Cs. The DP-AOM
1 and DP-AOM 2 work as active frequency controller which can alter MOT cooling
frequency while the DAVLL is operated. The DP-AOM 3 only work as fast switch
and intensity controller for MOT cooling beam. The AOM 3 driven frequency is
fixed to avoid misalignment in MOT beams configuration because of AOM output
beam axial shift.

MOT Table
Laser Table

MOT

DAVLL

Figure 4.17: Modified MOT cooling frequency control. The 852 nm Master Cooling laser
is the cat’s eye configuration NarrowDiode Laser explained in section 3.2.
The modified part is DP-AOM 2 on laser table (grey area), while single-pass
configuration of SP-AOM 3 on MOT table (brown area) is unchanged.

The shifts contributed by the AOMs have a reference point at 625, pF=4to
62P nF ! = 4,5 transition of 133Cs, which was used as a locking transition for MOT
cooling frequency. Table 4.3 show required RF frequency amplitude, which were
applied to AOMs in order to achieve observable MOT cooling detuning,d = —2.65I"
and on-resonance repump frequency for '33Cs and '3°Cs MOT. The detuning was
derived from [23]. Moreover, relative total shift with 133Cs MOT frequencies also

report in the table.
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AOM 3cs | 135Cs
AOM 1 (MHz) -95.9 110.0
AOM 2 (MHz) 79.9 | bypassed
AOM 3 (MHz) 79.9 79.9
Cooling shift (MHz) 0 -252
Repump shift (MHz) 0 263

Table 4.3: AOMs’s driven RF frequencies for trapping of '33Cs and '33Cs. For both specie,
number illustrated in this table are set to provide —2.65I" detuning from 625, /2
F =4to 6°P nF ' = 5 transition for cooling laser and on-resonance of 625, 2
F =310 6%P; nF " = 4 transition for repump laser. The total shift of cooling and
repump relate to its transition frequency.

4.7.2 Preliminary evidence of '3°>Cs trapping

Before trapping '3 Cs, the atomic source was loaded by ion implantation of % =135
ions in the neutraliser for 64 hours. Energy and current of proton beam are 50 MeV
and 5 uA, respectively. The measured implantation rate of '3°Cs is ~ 11.2 x 103
atoms/s. The implanted neutraliser was left for a month in order to ensure that
other implanted radioactive specie decays and some of it decay to be '>°Cs. Then,
the experiment was switched on and the implanted '3°Cs was released by resistive
heating of the neutraliser above 800 K. The total beam powers of MOT cooling and
repump were 127 mW and 15 mW respectively. MOT lasers were tuned by AOM1
and AOM2 to the respective transition frequencies reported in table 4.3.

For the MOT cooling laser, the frequency was locked to the expected -2.65I's
detuning from F = 4 to F' = 5 transition peak. During the operation, the cooling
frequency was +10 MHz scanned around the calculated transition frequency in or-
der to cover uncertainty of MOT cooling frequency. The frequency was changed
with step of 0.5 per measurement.

For the MOT repumper laser, the frequency was tuned to F = 3 to F’ = 4 transi-
tion frequency, however, the laser have to run without frequency locking because of
lacking of AOM to provide large frequency shift related to 133Cs repump transition
frequency. In order to compensate the disadvantage from frequency uncertainty, the

frequency was £55 MHz modulate with modulation frequency of 100 kHz. The
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repump central relative frequency was slowly scanned during a measurement by
applied 400 mVp-p, 10 mHz modulation which applied to the repump laser mod-
ulation input, this modulation correspond to +140 MHz to +410 MHz relative to
133Cs MOT repump frequency and 5.4 MHz/s scanning rate. The modulation range
was set to cover the expected repump transition frequency of +263MHz. Moreover,
frequency of the repump laser are monitored by a wavemeter (MWMO002 Laser

Wavemeter from MOG]labs) during trapping.
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Figure 4.18: MOT fluorescence and background signals detected during forward (red) and
backward (blue) repump central frequency scanning. The vertical lines mark
where fluorescent peaks were detected. The horizontal line is represent aver-
age black ground level. Raw Data using in this figure was collected by my
colleagues, Dr. Alexandros Giatzoglou and Dr. Luca Marmugi.

The fluorescence signal obtained in this experiment is shown in Figure 4.18,
where two peaks can be clearly observed. The first peak was detected at repump
detuning, &yepump = +148 MHz and the second was at Syepump = +151 MHz. In
middle of the peaks, there was a turning point of the frequency scanning, which
was called conversion frequency, 6, = +348 MHz. When the peaks were detected,

cooling detuning is —2.651".
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For the cooling frequency, the observed relative frequency is consistent with
[25]. However, the observed +150.37 MHz and +150.59 MHz of repump relative
frequency are not consistent with the expected value of +236 MHz. This could be
explained that the central relative frequency of the repump has drifted down, hence
the frequency scanning range did not cover the expected frequency. Alternatively,
uncertainty in the readout of the wavemeter could cause the apparent contradiction.
Further tests would be necessary to rule out possible systematic effects, or to con-
firm the correctness of the frequency reading. In this sense, we note that - although
not commonly used - there are other far resonant frequencies [97] for the repumper
that can lead to MOT loading.

Unfortunately, at the time of this thesis, it was not possible to replicate the
experiment of 133Cs MOT because of depletion in the neutraliser and limited beam
time available. However, one should highlight that this preliminary data is signif-
icant: the observed peaks are observed above the average noise level equivalent to
111 &4 atoms. In addition, one can exclude abrupt variations of the background
conditions, as demonstrated by the behaviour of the background compensation con-

stant, Cpg in bottom graph of figure 4.18.



Chapter 5

Conclusions and outlook

5.1 Summary

My work in the context of the ultra-cold caesium isomer project was divided into
three parts: 1) design, construction and test of a laser system for trapping of '33Cs,
2) operation of a VCMOT of !33Cs and characterisation of the MOT parameters 3)
characterisation of MOT loaded from a neutralised ionic beam. In addition, prelim-

inary evidence of a 13> Cs MOT was also presented.

The first part took place at University College London. Here, the laser sources
for the 133Cs MOT were assembled and tested. The system consisted of cooling and
repump ECDLs. The output beams of the system were conveyed through optical
fibres to a MOT table, where the double chamber vacuum system was located. On
the MOT table, a double MOT of 133Cs was assembled and tested. This ensured that
the laser system and the MOT were fully functional, an essential step in preparation

of the following phase.

For the second part, the laser system was transferred to the accelerator labo-
ratory, University of Jyviskyld in order to demonstrate a MOT of caesium isotopes
and isomers. After the laser system was installed, the master lasers of the MOT
cooling and repumping were replaced with two commercial ECDLs in order to en-
hance the laser system performance. The mode-hop free tuning range of the lasers
were characterised by Doppler-free saturated absorption spectroscopy. On a dif-

ferent optical table, a VCMOT experiment which consisted of two main parts, the
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MOT optical alignment system and the vacuum system, was assembled. VCMOT of
133Cs was demonstrated in a glass cell and the MOT parameters were characterised
by means of absorption imaging to determine the optimal MOT control parameters
to be used in the next stage. In this part, the MOT input parameters were controlled

by a NI-6009 DAQ, interfaced to a computer via Labview.

In the third part, in the accelerator laboratory, the MOT vacuum system was
connected to the ion guide isotope separation on-line (IGISOL) facility. The glass
cell was replaced by a custom glass cell with the inner surface coated by an organic
coating (polydimethylsiloxane, PDMS) to reduced atomic losses. The chamber is
also equipped with an Y foil mounted inside. The foil acts as a ’catcher’ and "neu-
traliser’: it serves as a target and stopping stage of a 30 keV ion beam, and allows
one to transform the slowed down ions into neutral atoms. In detail, '33Cs* (or
135,135mCgt) were implanted into the neutraliser which works as atomic source for
the MOT, thanks to resistive heating. The MOT loading curves for several heat-
ing temperatures and implantation time were characterised by fitting the data with
a mathematical model in order to extract the activation energy of the neutraliser,
E, =1.65=%0.15 eV. The measured activation energy is lower than yttrium’s work

function of 3.1 eV.

After that, 13%135mCst jons, with the latter being a candidate isomer for the
demonstration of generation of coherent gamma photons, were implanted into the
neutraliser for 2 days. Then the implanted neutraliser was removed and placed in
a low background emission environment in order to measure y-ray emission. The
y-ray emission peaks of >'Cs were detected and '3>"Cs half-life of 53.5+ 1.6

minutes was calculated to confirm successful of '3”Cs implantation.

Finally, trapping of '33Cs was attempted using spectroscopic data from [25].
As a result, two sharp increases in MOT population - detected via fluorescence
imaging - were observed at a cooling frequency consistent with the result reported
in [25]. However, the repump relative central frequency that generated the peaks
was different from the expected value. Unfortunately, the presence of '3>Cs MOT

could not be confirmed because the experiment could not be repeated because of
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the depletion of the neutraliser and unavailability of beam time.

5.2 Towards ultra-cold isomers

The experimental setup described in this thesis is designed to produce a MOT from
ion implantation and specifically from implanted caesium isomers. The long-term
goal of the project, which is the production of ultra-cold caesium isomers, will
require the current setup to be upgraded. There are three main points which need to
be improved upon the current setup: 1) the AOMs based frequency control ability
of laser system is limited and cannot be applied to trap all target caesium isotopes
(133Cs, 135Cs, and '3 Cs) without reconfiguring the AOMs setup. 2)short trap life-
time caused by high background pressure and 3) the temperature achievable in a
MOT has a lower limit, given by the recoil temperature. This is not cold enough for
ultra-cold temperature regime. The solutions for these problems, as planned for the

future developments of the project are discussed in the following.

5.2.1 Laser tuning range extension via offset locking

Currently, the MOT lasers frequencies tuning range, as determined by the AOMs
based frequency control system, is only suitable for cooling and trapping of '33Cs
and 13°Cs. A possible solution to be able to trap other species, including the desired
isomer !3"Cs, is the installation of offset phase lock systems.

The offset phase lock systems (OPLS) [98] provide wide laser frequency tun-
ing range of > 9.5 GHz by detecting the beat note signal from the interference of
two laser beams. The frequency difference between the two lasers is electronically
stabilised, therefore, the OPLS offer fast and precise frequency control ability.

The lasers used in the offset lock system are called customarily master and
slave laser. The master laser works as reference laser which is frequency locked,
in our case is by DAVLL. For caesium, the locked frequencies of the master laser
for cooling and repumping are 625, pF=4to 6°P; nF =5 and 625, pF=3to
6°P; nF "= 4, respectively. The slave laser frequency is controlled by the offset
phase lock servo, which has the beat note signal as an input, in order to maintain a

constant frequency difference from the locked master laser.
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For trapping of '3Cs, an OPLS will be installed and used as the MOT repump

laser and another OPLS will be added as the MOT cooling laser for trapping of
135mCS.

5.2.2 Double vacuum chamber

An unavoidable problem of the vapour cell MOT is the short trap lifetime because
of the high background collision rate. As discussed in section 4.5.1.1, the loading
rate for a MOT is proportional to the background number density of the species to
be trapped. However, the background density also increases the trap background
collision rate. Therefore, in VCMOT, the increase in the MOT atoms number is sat-
urated as the atom production rate increases. This is not a good starting point for the
trapping of caesium isotopes, which have a short lifetime and ultra-low production
yield.

To circumvent this problem, a double chamber vacuum system needs to be
built [99][100]. In this way, as detailed in chapter 2, the second chamber will have
a much lower background pressure (P < 10~!9 mbar). This will allow us to create
a second MOT, loaded from the first one, in an environment with a substantially
decreased collisional rate. Consequently, the trap lifetime is drastically increased,

and further steps of the experimental sequence can be implemented.

5.2.3 Degenerate Raman side-band cooling

The Degenerate Raman side-band cooling (dRSC) [101][102][103] is a cooling
technique that lowers the temperature of trapped atoms down to a few micro Kelvin
[35] with high cooling efficiency [104].

The dRSC mechanism can be explained as an optical pumping process in op-
tical harmonic traps such as an optical dipole trap or an optical lattice [105]. The
optical pumping alone populates the lowest magnetic sublevel. However, the pro-
cess cannot manipulate the trap population to the lowest vibrational state of a trap’s
potential well. To do so, the optical pumping process needs to operate on required
conditions, which are free population transfer between magnetic sub-levels and the

Lamb-Dicke regime.
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6P, F=2

68, ,, F=3

Figure 5.1: dRSC Cooling scheme of cold caesium atoms: ground state lattice potentials
(red line wells) of magnetic sub-levels, mr are split by Zeeman shift. The
magnitude of the shift is equal to the energy gap between vibration states, v
(blue dash line). Trapped atoms in the lattice are optically pumped to an excited
state (green line bar) by optical pumping light, 6 and repump light, 7. Finally,
atoms decay (red wave line arrows) to both the lowest magnetic sub-level and
vibrational level.

The free population transfer between vibrational states of individual potential
wells of each magnetic sub-level is generated by the vibrational states degeneracy
and Raman coupling. Moreover, to cool atoms down efficiently, trapped atoms need
to be in the Lamb-Dicke regime [106], where the energy space of vibrational states
is significantly larger than the recoil energy of spontaneous emission. Therefore the
change of vibrational quantum number after spontaneous decay is suppressed.

Figure 5.1 show that, pre-cooled atoms from optical molasses are loaded into
an optical lattice which is located in a uniform magnetic field. The magnetic field
generates Zeeman energy shift between magnetic sub-levels, Amg equal to the vi-
brational energy of the lattice potential well, AV = h@. In this condition, degener-
acy between |F,mp;v > and |F,mp — 1;v — 1 > is created. The degeneracy and the
degenerate Raman transition created by the optical lattice beams allow free popula-
tion transfer between the degenerate vibrational states. Then, a circularly polarised
beam is applied as an optical pumping beam that pumps atoms to a lower magnetic

sub-level. Because of the Lamb-Dicke regime, the atom decay to a lower magnetic
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sub-level without changing of vibrational state. Eventually, the trapped atoms are
spin-polarised by the optical pumping process and also transferred to a dark and
lowest vibrational ground state. Unlike the evaporative cooling in an optical trap,
the dRSC can achieve an ultra-low trap temperature without sacrificing high energy
trapped atoms. The cooling efficiency of the dRSC can be as high as 70% [104].
Therefore, this technique is ideal to generate ultra-cold isomers, given the expected
very low population since the MOT phase. With the abovementioned high cooling
efficiency, BEC from a low-populated trap is attainable.

These upgrades are being implemented at UCL and will be completed by the

other members of the group.



Appendix A

First-order feedback of an external

cavity diode laser (ECDL)

The procedure to align ECDL’s 1* order beam to be fed back to the laser diode is

detailed in the following.

Step 1: The ECDL is roughly setup as shown in figure 2.1. The output of
the laser diode is collimated and directed onto the diffraction grating with an angle
of approximately 45°. When the 1% order beam is far from the optimal angle for
feedback (i.e. the cavity is not aligned), it is not overlapped with the diode laser

output beam and can be detected by an infrared card.

Step 2: The grating orientation and hence the input angle of the laser beam is
rotated by a vertical and horizontal fine adjustment screw until the 1st order beam
is injected back into the diode. An indication that the alignment is close to the
optimal feedback condition is the presence of two red spots which can be observed
on an infra-red card at a large distance from the grating output [49]. One is from
the 0/ order output of the grating and the other is the first-order diffracted beam’s

reflection from the collimating lens front surface.

Step 3: The driving current of the laser diode is reduced to about the threshold
current of the laser diode. At this current, an increase of diode laser output power
due to the feedback is easier to be observed. The 0/ order beam from the grating
(i.e. the output beam) is measured by a power meter and fine tuning of vertical angle

of grating is done until the highest output power is achieved.
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Step 4: The diode driving current is reduced to the new threshold which should
be at lower driving current, and step 3 is repeated until the lowest threshold current
is reached. At this point, the laser feedback alignment is completed, which provides
single mode operation and large tuning range.

Step S: The diode driving current is increased until the desired optical power is
reached. The wavelength of the emitted laser radiation is measured with a waveme-
ter. The horizontal grating angle is tilted until the desired wavelength, in the present
case 852 nm, is obtained.

In order to confirm that the laser output wavelength is resonant with the wanted
atomic transition, 852 nm in case of caesium atoms, the laser beam is passed through
a caesium reference vapor cell and the fluorescence due to spontaneous emission is

observed with the help of a CCD camera.



Appendix B

Double-pass AOM alignment steps

An acousto-optical modulator (AOM) is an optical device which can control power
[107] and frequency of an input laser beam by the application of an acoustic radio
frequency (RF) produced by a piezoelectric transducer to the crystal inside the AOM
[108]. The RF modulation forms a spatially periodic refractive index in the crystal
which behaves like a diffraction grating for the laser. By considering the conser-
vation of momentum and the conservation of energy, the condition for constructive
interference is,

mA = 2Asin6; (B.1)

where m is the diffraction order, A is the acoustic wavelength and 6; is the incidence
angle of the laser beam onto the AOM. In terms of photon-phonon scattering, the
photon momentum is increased or decreased by the phonon energy, in other words,
the laser output frequency is changed. The change for single pass AOM, Afy, is
written as,

Afr = mQ (B.2)

where m is the diffraction order which can be a positive or negative integer, and £

is the acoustic wave frequency.

The single pass AOM has a significant disadvantage as highlighted by equation
B.1: a change of frequency or wavelength of the 1st order beam causes a shift of the
diffraction angle which leads to a misalignment of the single pass AOM output at

long distance from the AOM. The double pass AOM configuration overcomes this
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limitation, and allows for the beam line direction accuracy to be maintained. The
frequency can be changed, without consequences on the alignment. The key ele-
ment of the double-pass configuration consists in the retro-reflection of the 1* order
output back to the AOM. The 1st order output beam of the double pass AOM will
then be in the same direction and overlap the input beam. In the double pass AOM
configuration, the output beam direction is maintained irrespective of the variation

of the AOM frequency, at the cost of a higher loss in optical power.

M1

BD1

Zero order

M3

PZT
transducer

Figure B.1: Double-pass AOM configuration

The double pass AOM configuration is shown in figure B.1, and the alignment
procedure is detailed in the following.

Step 1: The laser beam is aligned to be parallel to the optical table plane and
also aligned to the axis determined by the position of mirrors M1 and M2.

Step 2: A F =200 mm plano convex lens, L1 is placed after mirror M2. The
beam passes through the center of the lens in order to maintain the beam direction
along the vertical and horizontal axis. The beam is focused in order to reduce the
beam waist so to match the AOM active aperture which is 2.5 x 0.6 mm?. The
appropriate optical beam waist, d can be calculated as a function of the lens focal

length by, N
1.27F

D

d

(B.3)
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where F is the focal length of the lens, A is the laser wavelength and D is the 1/ &2
radius of the input beam. In the present case, D ~2/ e? mm and d ~ 0.8 mm.

Step 3: A F =200 mm plano convex lens, L2 is placed roughly 400 mm away
from L1 in order to collimate the beam.

Step 4: The AOM is placed at the midpoint between lens L1 and L2. The
vertical and horizontal position of the AOM is optimized so that the laser beam is
fully transmitted through it, as it can be verified by an infrared card.

Step 5: The incident angle of the beam is adjusted by rotating the AOM until
the 15 order of diffraction appear. The direction of the 1% order beam is shifted in
the same direction than the acoustic wave of the AOM.

Step 6: The incident angle of the AOM’s input beam is finely optimized again
by using the two mirrors, so to to maximize the output of the 1* order. The 0" order
is blocked by a beam dump.

Step 7: The optical path length of the beam is shortened because of the differ-
ence of the refractive index of the AOM’s crystal and air. Therefore, the collimation
of 1% order beam should be redone. This completes the single pass configuration
alignment. The following alignment steps are for the double pass configuration.

Step 8: The 1* order beam is retro-reflected back into the AOM by the mirror
M3. The 1* order output beam of the double pass configuration is overlapped to
the input beam but in opposite direction. The 0 order output of the retro reflected
beam is blocked by a beam dump.

Step 9: A quarter wave plate is added in order to rotate by 90° the 1% order
output beam polarization. Then the beam is reflected by a polarizing beam splitter

to the DAVLL saturated absorption spectroscopy.



Appendix C

AC Stark shift

An optical dipole trap is a conservative trap which traps atoms by the dipole force
generated by the optical dipole potential gradient [109]. The dipole force exploits
the AC stark shift of the ground state energy level of the atoms and the intensity
gradient of the trapping laser field. The energy shift, or trap depth, depends on
the intensity of the trapping laser field, / and its detuning from atomic resonance.
The ground state energy shift of a multi level atom in a dipole trap is given by
[110][111],

1
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where the detuning factor is,
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where d is the transition dipole matrix element.

In a two-level system, the dipole force determined by the light shift gradient
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can be written as [14],

hQ?
Fdipole = _V(AF,mF) =-V <m) (C4)

where @y is the transition angular frequency between the ground state and the ex-

cited state of the atom, € is the Rabi frequency defined by

(glp-Egle)

Q=
h

(C.5)

where p is the electric dipole moment associated with transition between the

ground state |g) and the excited state |e) and Ey is the amplitude of the electric field.



Appendix D

Pictures of experimental sketches

and diagrams

Figures illustrated in this thesis are sketches and diagrams because they can express
information and features of the experimental setup and objects better than pictures.
However, I would add pictures of some figures in this thesis to provide the actual
scale of this experiment to the reader. Ultimately, I hope these photos make this
thesis more exciting and demonstrate the beautifulness of experimental physic re-

search.

Figure D.1: Photo of ECDL in Littrow configuration.
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Figure D.2: Photo of Laser system use in this experiment.

Figure D.3: Photo of Tapered amplifier.
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Figure D.4: Photo of vacuum system for double '3*Cs MOT.
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Magnetic field gradient is OFF. Magnetic field gradient is ON.

Figure D.6: Photo of MOT cloud in present of magnetic field gradient observed by an in-
farred camera.
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Figure D.7: Photo of laser system contained in a wooden box (left) and the '*3Cs MOT op-
tical setup (right) in the Accelerator Laboratory of the University of Jyvaskyla.
The bottom picture show area of the cold atom experiment in the accelerator
laboratory.
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Figure D.8: Photo of optical setup and vacuum system for single '33Cs MOT.

Figure D.9: Photo of optical setup and vacuum system for single ion implanted '33Cs and
135Cs MOT. The picture was taken by Dr Luca Marmugi and Dr Alexandros
Giatzoglou.
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Figure D.10: Photo of the glass cell.

Figure D.11: Photo of the neutraliser. The picture was taken by Dr Luca Marmugi and Dr
Alexandros Giatzoglou.
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