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Abstract

Presented in this thesis are results of research on two topics in the field of cold atoms.
These topics are connected by the fact they both employ laser induced forces caused
by momentum transfer from photons to atoms. In both cases the laser induced forces
change the velocity distribution of the atomic ensemble.

In the first part of the thesis a new way to implement a synthetic Lorentz force into
a cold atomic gas is presented. The synthetic Lorentz force (SLF) is based on radiation
pressure and the Doppler effect, making it straightforward to implement in a large
volume, for a broad range of velocities, and can be extended to different geometries.
The force is perpendicular to the velocity of an atom, and zero for an atom at rest.
This SFL is experimentally demonstrated in a system of cold rubidium atoms in two
scenarios: first, by observing the center-of-mass motion of a cold atomic cloud and
second, by observing the angular deflection of a rotationally asymmetrical cloud when
released from a magneto-optical trap. The introduction of synthetic magnetism into
the system of cold thermal atoms makes it an excellent candidate to emulate numerous
complex classical systems, for example a tokamak fusion reactor or a star.

In the second part of the thesis, the possibility of laser cooling with a frequency
comb (FC) is explored. For this purpose a scheme for full stabilization of a fiber based
FC that does not require traditional self-referencing is developed and implemented;
the repetition frequency is locked to a stable microwave reference while the offset fre-
quency is indirectly stabilized by referencing the frequency comb to a continuous wave
laser that is stabilized by polarization spectroscopy in rubidium vapor. The FC stabi-
lized in this way is used to cool rubidium atoms on a dipole-allowed transition at 780
nm to sub-Doppler temperatures. Temperatures as low as 55 K were measured in a
one-dimensional FC cooling geometry using the time-of-flight method. Laser cooling
with FCs could enable achieving sub-Doppler temperatures for atoms with dipole-
allowed transitions in the vacuum ultraviolet. This can significantly improve the pre-
cision of optical frequency standards, enable measurements of fundamental constants
with unprecedented accuracy, and open up the possibility to reach quantum degen-
eracy with atoms that have optical transitions unreachable by continuous wave lasers

such as hydrogen, deuterium and antihydrogen.



Expanded abstract in Croatian

Prosireni sazetak na hrvatskome jeziku

U ovom doktorskom radu predstavljeni su rezultati istraZivanja dvije razlicite tematike
u podrudju hladnih atoma. Ove dvije tematike su povezane ¢injenicom da se u obje
koriste laserski inducirane sile uzrokovane prijenosom impulsa s fotona na atome. U
oba slucaja laserski inducirane sile mijenjaju brzinsku raspodjelu atomskog ansambla.

Rezultati predstavljeni u ovom radu su dobiveni radom u Laboratoriju za hladne
atome na Institutu za fiziku u Zagrebu pod mentorstvom Ticijane Ban. Prve dvije i pol
godine mojeg poslijediplomskoga studija istraZivanja na kojima sam radio su bila dio
projekta Pseudo-magnetic forces and fields for atoms and photons ¢&iji voditelj je bio prof.
Hrvoje Buljan s Fizickog odsjeka Prirodoslovno-matematickog fakulteta u Zagrebu.
Preostalo vrijeme sam radio na projektu Frequency-Comb-induced OptoMechanics koji je
u tijeku u trenutku pisanja ove radnje i ¢iji je voditelj Ticijana Ban sa Instituta za fiziku
u Zagrebu. Spomenute dvije tematike istraZivanja su se vezale na ova dva projekta.

Ovaj rad je organiziran na sljede¢i nacin.

U uvodu, poglavlje 1, dan je kratki povijesni pregled istraZivanja hladnih atoma i
posljednjih dostignuc¢a u podrugju.

U poglavlju 2 se nalazi teorijski pregled interakcije lasera i atoma $to je temelj za
obje prethodno spomenute tematike. Slican pregled se moZe nadi u literaturi [1], u
ovom radu je uklju¢en zbog cjelovitosti rada.

Dva razli¢ita eksperimentalna postava, magneto-opticke stupice, su izradena tokom
izrade ovog rada. U poglavlju 3 je izloZen njihov dizajn te su objasnjene specifi¢nosti
oba postava.

U poglavlju 4 predstavljen je novi na¢in implementacije sinteticke Lorentzove sile
za hladni atomski plin. Ova sinteticka Lorentzova sila se temelji na tlaku zracenja
i Dopplerovom efektu, Sto ju ¢ini jednostavnom za implementaciju u velikom volu-
menu, za veliki raspon brzina te se moZe primijeniti na razli¢ite geometrije. Sila je
okomita na brzinu atoma te iznosi nula za atome koji miruju. Sinteticku Lorentzovu
silu demonstriramo na dva nacina: prvo, promatramo gibanje centra mase oblaka
hladnih atoma i drugo, promatramo za koliki kut se rotacijski nesimetri¢an oblak otk-

lonio od pocetnog polozaja pri ispustanju iz magneto-opticke stupice. Uvodenjem sin-

ii



tetickoga magnetizma u sistem hladnih termalnih atoma ovaj sistem postaje odli¢can
kandidat za emulaciju brojnih kompleksnih klasi¢nih sistema, na primjer tokamak fuz-
ijskog reaktora ili zvijezda.

U poglavlju 5 istrazivana je mogucnost laserskog hladenja frekventnim cesljem. U
tu svrhu bilo je potrebno osmisliti i implementirati tehniku za potpunu stabilizaciju
frekventnog ceslja koji se temeljeni na optickim vlaknima, i to na nacin koji ne ko-
risti uobicajeno samo-referenciranje; frekvencija repeticije je stabilizirana pomoc¢u vrlo
stabilne mikrovalne reference, dok je frekvencija odmaka indirektno stabilizirana ref-
erenciranjem frekventnog ceslja pomoc¢u kontinuiranog lasera koji je pak stabiliziran
pomocu polarizacijske spektroskopije u rubidijevim parama. Frekventni ceSalj stabi-
liziran na ovaj nacin je koristen za hladenje atoma rubidija na dipol dozvoljenom pri-
jelazu na 780 nm do sub-Dopplerovskih temperatura. Izmjerene su temperature do
55 uK prilikom hladenja u jednoj dimenziji pomoc¢u tehnike vremena proleta. Ovime
je pokazano da bi se lasersko hladenje frekventnim cesljem mozZe koristiti za posti-
zanje sub-Dopplerovskih temperatura s atomima koji imaju dipol dozvoljene prijelaze
u vakuum ultraljubi¢astom podrucju. Ovo bi znacajno unaprijedilo preciznost optickih
frekventnih standarda, omogucilo bi mjerenje fundamentalnih konstanti s do sad ne
postignutom preciznoséu te bi se omogucilo dobivanje kvantno degeneriranih uzo-
raka atoma koji imaju opticke prijelaze u spektralnim podru¢jima koja nisu pokrivena

s kontinuiranim laserima, kao $to su na primjer vodik, deuterij i antivodik.
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1 Introduction

The work presented in this thesis was done in the Cold atoms lab at the Institute of
Physics in Zagreb under the supervision of Ticijana Ban. For the first two and a half
years of my doctoral studies my research was a part of the project Pseudo-magnetic forces
and fields for atoms and photons whose PI was prof. Hrvoje Buljan from the Department
of Physics, Faculty of Science at the University of Zagreb. The remaining time I was
a part of the project Frequency-Comb-induced OptoMechanics which is ongoing at the
time of writing this thesis, and whose PI is Ticijana Ban from the Institute of Physics
in Zagreb. As mentioned in the abstract, two topics were explored during my studies
and these were defined by the two projects mentioned above.

The thesis is organized as follows. Described in the introduction is some historical
background and the current state of the art along with possible outlooks. Laser-atom
interactions and laser cooling are the underpinning of both of these topics and the
theory behind them will be briefly presented in chapter 2 for completeness. Two dif-
ferent rubidium magneto-optical traps (MOTs) were built during my studies and their
specifics and design will be presented in chapter 3. Presented in chapter 4 are experi-
mental results concerning our implementation of a synthetic Lorentz force along with
a theoretical description. In chapter 5 results regarding frequency comb laser cooling

are presented. Finally, we end with the conclusion.

1.1 Cold atoms

Since it’s emergence in the 1980s laser cooling and trapping has revolutionized atomic
physics and opened up new avenues of research such as quantum sensors based on
atom interferometry, atomic clocks with unprecedented stability, ultracold chemistry,
quantum many body simulation. Pioneers of the field, W. D. Phillips, C. Cohen-Ta-
nnoudji and S. Chu, won the Nobel prize in 1997 [2]. The prevalent implementation
for cooling and trapping of neutral atoms, the MOT, became a common experiment in
laboratories worldwide.

Further cooling techniques allowed cooling below the single photon recoil limit
[3] and eventually low enough to reach quantum degeneracy, which in the case of
bosons produces a Bose-Einstein condensate (BEC). This discovery earned C. Wieman,

1



Chapter 1. Introduction

W. Ketterle, E. A. Cornell the Nobel prize in 2001 [4], only 6 years after the original
discoveries for which it was awarded were made, evidence to its immediate impact
and importance.

Cold atom experiments provide a very controllable physical system. This is due
to the atoms being confined and suspended in ultra-high vacuum, the lack of colli-
sions due to the low temperature and the absence of forces acting on the atoms be-
sides gravity and laser-induced ones. Additionally, these laser-induced forces provide
the means to generate almost arbitrary potentials in real and velocity space. Further-
more, the dipole-dipole interaction between atoms can be modified by use of Fesh-
bach resonances [5], and finally there is the choice of statistics by using either bosons
or fermions. Due to this ease of control over experimental parameters cold atoms are
used to explore problems that are found in areas of physics that do not offer this kind of
flexibility, such as solid state systems, by mimicking potentials and interactions found
in these systems. When used in this way, experiments with quantum degenerate gases
are called quantum simulators or emulators [6]. Similarly, thermal atoms that scatter
and rescatter photons can mimic systems of charged particles such as plasma.

1.2 Synthetic magnetism in cold atomic gases

In recent years there has been a lot of interest to introduce synthetic magnetism into
cold atom systems by using specially tailored laser fields motivated by the quest to
create a fully controllable quantum emulator. The ability to mimic and simulate other
physical systems is improved by the addition of a synthetic magnetic field, where the
neutral atoms in this synthetic magnetic field mimic charged particles in a real mag-
netic field.

In this thesis we explore a scheme to introduce synthetic magnetism into a system
of thermal cold atoms based on the Doppler effect and radiation pressure. We prepare
our samples of cold atoms in a MOT, far from quantum degeneracy. Since the atoms are
classical particles we call the introduced synthetic magnetic field the synthetic Lorentz
force.

Very soon after the first samples of BECs were obtained, the first implementation
of synthetic magnetism was employed in which the condensate was made to rapidly
rotate [7]. The Coriolis force plays the role of the (synthetic) magnetic field in these sys-
tems due to its analogy between it and the Lorentz force. These experiments led to the
observation of quantized vortexes, similar in nature to vortexes in superconductors.
However, this mechanism is limited to rotationally symmetrical systems. A review of
research regarding rotating gases can be found in [8].

To overcome this symmetry restriction, methods based on laser-atom interaction

have been developed and studied vehemently in recent years. These methods are



Chapter 1. Introduction

based on the analogy between the Aharonov-Bohm phase that a charged particle accu-
mulates as it moves in a magnetic field and a geometric phase called the Berry phase
that an atom accumulates as it moves in a specially tailored light field. The first imple-
mentation [9] was in bulk BECs utilizing spatially dependent Raman coupling between
hyperfine states. In optical lattices the mechanisms are based on engineering the com-
plex tunneling matrix elements between lattice sites. These include shaking the op-
tical potential in a rotating fashion and laser assisted tunneling in latices either tilted
or non-tilted producing homogeneous or staggered fields, respectively. Experiments
using these mechanisms have enabled the realization of the Hall effect [10], famous
Hamiltonians found in solid state systems [11, 12], various topological effects [13] and

realization of Dirac monopoles [14]. For recent reviews see [6, 15, 16].

1.2.1 Synthetic magnetism by using radiation pressure

Understandably, all of the mentioned mechanisms avoid spontaneous emission since it
causes heating due to the random nature of the recoil momentum; heating is detrimen-
tal to the phase coherence of the atoms in question. This is part of the reason radiation
pressure was not explored as a means to realize synthetic magnetism. However, when
working with cold, but still thermal atoms that are comparatively hot to BECs, some
additional heating is not a big problem. At the same time there are many physical
systems that are analogous with atoms in a MOT thereby motivating us to explore
synthetic magnetism for these, still classical, cold atoms.

Using radiation pressure in dense atomic gases is necessarily accompanied by radi-
ation trapping. This effect arises because of the high probability of a scattered photon
being re-absorbed in the dense cloud. The spontaneously emitted photon transfers mo-
mentum because of recoil to the initial atom scatterer in the opposite direction it was
emitted in, and when re-absorbed again transfers momentum to the second atom, but
now in the same direction it was emitted in. One can see that this will lead to a repul-
sive force between the atoms. The re-absorption probability is given by the ratio of the
effective size of the atom and the total surface of the imaginary sphere the second atom
is positioned on. This ratio, and thus the force, scales as 1/ r? which gives a force that
is analogous to the Coulomb force between same species charges (since it is repulsive).
Consequently, we can attribute to the atoms an effective, synthetic charge, whose value
can be tuned by varying the intensity or the detuning of the scattered radiation. This
gives the possibility of exploring regimes that are not accessible in electrodynamics
with real charges, such as the realization of a time dependent charge [17].

The analogy between charges and atoms in a MOT has been studied very early af-
ter the realization of the MOT [18, 19], partly due to fact that radiation trapping sets

a limit to the maximum obtainable density in a MOT. Additionally, a host of plasma-
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like phenomena have been observed or predicted to occur in a cloud of trapped atoms,
from a Coulomb-like explosion of expanding molasses [20] to plasma acoustic waves
and photon bubbles [21, 22, 23]. A trapped cold cloud in a MOT also shows analo-
gous behavior to stars, where gravity is replaced by the trapping potential and the
internal pressure is replaced by radiation trapping. This analogy was demonstrated by
showing that large trapped clouds exhibit self-sustained oscillations similar to those
observed in stars [24]. Additionally, equations of equilibrium governing the atomic
distribution in a dense atomic cloud have been shown to be similar to the equation
of hydrostatic equilibrium in stars, the Lane-Emden equation, experimentally demon-
strated in [25].

Considering this analogy between dense cold atomic clouds in a MOT and plasma
it is intriguing to explore the possibility of using a system of cold atoms as an emulator
of complex classical system, such as confined plasma, e.g. in a tokamak fusion reactor,
or stars and hydrodynamic phenomena inside them. Since these systems constitute of
charged particles magnetism plays a critical role. It would then be useful to further the
analogy with these systems by introducing magnetism into the system of cold atoms
in a MOT. Since the atoms are neutral, this magnetism needs to be synthetic. It could
be assumed that introducing synthetic magnetism to these systems would enable re-
search of new physical phenomena and open up new avenues of research, similar to
what synthetic magnetism brought to the field of quantum simulators/emulators with
quantum degenerate atomic gases.

Presented in this thesis is the work on a scheme to introduce synthetic magnetism
into a system of cold atoms, prepared in a MOT. The scheme is based on the radiation
pressure force and the Doppler effect. Since our scheme is based on radiation pressure,
and radiation pressure is necessarily accompanied by spontaneous emission, it is not
applicable to quantum degenerate gases. As stated before, this is not a problem for
atoms prepared in a MOT. On the other hand, spontaneous emission in dense cloud
leads to radiation trapping and the emergence of the repulsive Coulomb-like force.
This means that using our scheme we introduce synthetic magnetism and a effective
(synthetic) charge. Therefore, we can conclude that our scheme presents an extension
of the ability of a cold atom system to emulate complex classical systems.

This research has been done by a collaboration of the theory (PI H. Buljan) and
experimental (PI T. Ban) groups based in Zagreb. We proposed and theoretically an-
alyzed the scheme in [26] and experimentally realized it in [27]. This was the first
realization of synthetic magnetism that does not involve ultracold quantum degener-
ate gases. Finally, we used the scheme to observe an effect on a freely expanding cold
atom cloud [28].
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1.3 Frequency comb cooling

Regardless of the great importance laser cooling and trapping has today, laser cool-
ing techniques are still limited to atoms with simple energy level structure and closed
transitions [1] accessible by current continuous wave (CW) laser technology. The pe-
riodic table of elements with the elements that have been laser cooled marked in blue
is presented in Fig. 1.1. Laser cooling of more complex atomic species and molecules,
or even simple atoms with strong cycling transitions in the vacuum ultraviolet (VUV)
where generation of CW laser light is demanding, most notably hydrogen and antihy-
drogen, still remains an experimental challenge.

5 6 7 8 9
Boron Carbon Nitrogen Oxygen Fluorine
10.81 12.011 14.007 15.999 18.998
14 15 16 17
Si||P| S| Cl
Silicon Sulfur Chlorine
28.085 30.974 32.06 35.45

21 22 27 28 29 32 33 34 35
Sc| Ti o| Ni | Cu Ge || As | Se | Br
Scandium Titanium Vanadium Manganese Cobalt Nickel Copper Germanium Arsenic Selenium Bromine
44.956 47.867 50.942 54.938 58.933 58.693 63.546 72.630 74.922 78.97 79.904
39 40 41 42 44
Yttrium Zirconium Niobium Technetium || Ruthenium Rhodium
88.906 91.224 92.906 95.95 [97]1 101.07 102.906

46 50 51 53 53

Pd Sn|Sb|Te| I

Palladium Tin Antimony Tellurium Todine

106.42 118.710 |[ 121.760 || 127.60 |[ 126.904

* 71 72 73 74 75 76 78 79 80 81 82 83 84 85 86
Lu [Hf | Ta| W [Re[Os| Ir | Pt | Au TI | Pb || Bi | Po | At | Rn

57 - 70|[ vutetiom [ Hafmium || Tantalum || Tungsten || Rhenium [ osmium || tridium || Piatinum Gold Thallium Lead Bismuth || Polonium || Astatine || Radon

174.967 || 178.49 || 180.948 || 183.84 || 186.207 || 190.23 |[192.217 || 195.084 || 196.997 204.38 || 207.2 || 208.980 | [209] [210] [222]

* 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
Lr | Rf Db Sg|Bh|Hs|Mt|Ds|Rg|Cn|NhjFl Mc|Lv|Ts|Og
Radium (|89 - 102||. Dubnium Bohrium | Hassium || Meitnerium pernicium|| Nihonium || Flerovium || Moscovium |[Livermorium| | Tennessine | Oganesson
[226] [262] [267] [270] [269] [270] [270] [278] [281] [281] [285] [286] [289] [289] [293] [293] [294]

57 58 59 60 61 62 63 64 65
“Lanthanide series | L@ | Ce || Pr || Nd [Pm |Sm| Eu || Gd | Tb
Lanthanum Cerium Samarium Europium Gadolinium Terbium
138.905 || 140.116 |[ 140.908 || 144.242 [145] 150.36 151.964 157.25 158.925

**Actinide series 92 93 94

89 90 91 95 96 97 98 99 100 101 102
Ac||ThiPa| U [Np|PulAm|Cm|Bk | Cf | Es |[Fm| Md | No
Actinium Thorium i Uranium Neptunium || Plutonium || Americium Curium Berkelium || Californium || Einsteinium || Fermium lendeleviul Nobelium
[227] 232.038 || 231.036 || 238.029 [237] [244] [243] [247] [247] [251] [252] [257] [258] [259]

Figure 1.1: Periodic table of elements with the elements that have been laser cooled marked in
blue.

Due to the relative ease by which pulsed sources can produce higher harmonics
that stretch to the UV and further, cooling with pulses has been explored very early
on in the history of laser cooling [29, 30, 31]. However, short optical pulses necessarily
have large bandwidth (a wide spectrum), meaning that when interacting with narrow
atomic resonances or narrow velocity distributions, most of the power will be wasted
or misplaced and the standard Doppler cooling scheme will be impossible to imple-
ment.

The aforementioned problems can be approached by using mode-locked femtosec-
ond or picosecond lasers with high pulse repetition rates which produce stabilized
optical frequency combs (FCs). Employing the highly precise and regular comb spec-
trum has been proposed for laser cooling of complex multilevel atoms and molecules
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in an approach that essentially mimics the use of multiple phase-coherent CW lasers
[32]. Following the same approach, simultaneous cooling of multiple atomic species
by FC is proposed in [33]. FC cooling on the Rb two-photon transition at 778 nm has
been demonstrated recently [34], where cooling is achieved through a coherent process
in which multiple excitation pathways are excited by different combinations of comb
modes.

Furthermore, as pulsed sources, FCs provide high peak powers needed for efficient
frequency conversion via nonlinear crystals [35] or high harmonic generation in gas
jets [36, 37], while simultaneously preserving long coherence times needed for efficient
laser cooling. These benefits have recently been employed to open a new and promis-
ing route towards laser cooling of species with strong cycling transitions in the UV and
VUV such as trapped magnesium ions that was demonstrated in [38].

The use of FCs has revolutionized high-resolution spectroscopy, where FC-based
spectrometers of unprecedented accuracy, resolution and sensitivity now operate from
the EUV [39] to the mid-IR [40] spectral range. A similar impact on the field of quantum
optics can be envisaged as well, where the use of FCs for laser cooling could lead to
significant advances in research focused toward quantum technologies such as optical
clocks, quantum simulators, and quantum networks. Intriguing applications of FC
cooling include:

e laser cooling of atoms with dipole allowed transitions in the VUV, e.g. hydrogen,
deuterium and antihydrogen atoms for precision measurements of the Rydberg
constant and the deuterium nuclear radius, as well as for testing charge, parity
and time reversal symmetry and probing physics beyond the standard model
[32]. Reaching quantum degeneracy with these light atoms would also be of
interest for experiments in many body physics.

e optical atomic clocks, e.g. realization of FC cooling of trapped Al and He ions in
the VUV [38].

e producing cold samples of most prevalent atoms in organic chemistry, e.g. hydro-
gen, carbon, oxygen and nitrogen to improve understanding of their long-range

interactions and chemical bonding [32, 34].

For all the aforementioned FC cooling applications it is important to maximize the
scattering rate to reduce cooling times and also reach temperatures as low as possible.

In this thesis results demonstrating sub-Doppler FC cooling of rubidium atoms are
presented. We demonstrate sub-Doppler cooling of Rb atoms to 55 ;K on a single-
photon transition at 780 nm, a transition typically used in CW laser cooling experi-
ments with an associated Doppler temperature of 146 ;K. For experiments in FC cool-
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ing one first needs a stabilized FC, this is somewhat technically challenging. We stabi-

lized our FC in a atypical way, our scheme is also presented in this thesis.



2 Laser induced forces and the

magneto-optical trap

This chapter will cover the theoretical treatment of phenomena that are relevant for
the results presented in later chapters. This includes the basic quantum mechanical
treatment of laser-atom interaction, principles of Doppler cooling and the mechanism
that enable the working of the MOT. These topics are covered in more detail in several
books, the best known being "Laser Cooling and Trapping" by H. J. Metcalf and P. van
der Straten [1]. This chapter borrows from it and other sources [41]. Since the purpose

of this chapter is to provide context things will be kept short and concise.

2.1 The two-level atom

We will first look at the two-level model and its interaction with an electric field of a

laser. The two-level model is an approximation that holds in an monochromatic field

and when the detuning, given by 6 = w;, — wy, satisfies |0| < wy,wr, |w; — wr| where

w; are transition frequencies associated with all other levels. Although the schemes

studied in this thesis often include light from two lasers, hence a bichromatic field, or

even multifrequency light, it is nevertheless instructive to study the two-level model.

The two levels are the ground state and the exited state.

The atom wave function satisfies the time dependent Schrodinger equation
HU(r,t) = mw. (2.1)
ot
The solution of ¥(r,¢) can be expanded in terms of the eigenfunctions ¢,(r) of the
field-free Hamiltonian, H,

Y(r,t) = cn(t)gn(r)e s, (22)

We introduce laser radiation as an classical electromagnetic field, the total Hamiltonian
is thus H(t) = Hy+ H'(t). From the Schrodinger equation after some manipulation we
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find
ina
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where H}; (t) = (¢;| H'(t) |¢x) and wj), = w; — wy. Here is where the two-level approxi-
mation comes in: if the conditions stated above are fulfilled then there will only be one
nonzero off-diagonal element, H we(t) = H ég*(t), where ¢ and e denote the ground and

the exited state, respectively. The Hamiltonian is evaluated to be
H'(t) = —eE(r,t) - r. (2.4)

By taking in the electric field operator for a traveling plane wave in the z direction
E(r,t) = Eyé cos(kz — wit), we find f[ég(t) = hQ cos(kz — wit), where (2 is the Rabi fre-

quency given by

2 el @25

Here the dipole approximation was made, where we neglected the spatial variation of

Q:

the electromagnetic field. This is justified due to the wavelength being large compared
the atom size, A > r. This means we only consider the time variation of the field. In-
troducing the Hamiltonian, H, 4¢(t), to equation 2.3 we get two oscillating terms, one
that oscillates with the laser detuning frequency 6 = w,. — w; and the other that os-
cillates with the sum frequency, w,c — w;. Here we introduce another approximation,
the rotating wave approximation (RWA), where we neglect the rapidly rotating terms
and consider only the slowly rotating ones. This approximation is not appropriate for
far-detuned fields, however we will not encounter this in this thesis.
After these approximations from equation 2.3 we find

dey ¢ 6t
= ——c. Q%! 2.
I Seesre™, (2.6a)
dc i ,
= eV 2.
o SCaile (2.6b)

2.1.1 The optical Bloch equations

At this point we introduce the density matrix, p = |¥) (V| whose elements are

pij = (il plog) = (&l [¥) (V] |g;) = cicj. (2.7)

The density matrix approach is useful for numerical modeling of atom systems because
it enables the incorporation of decoherence, by spontaneous emission for instance, and
therefore the description of not just pure states, for which p;;p;; = piip;;, but also mixed
states.

The density matrix also enables us to easily calculate the expectation value of arbi-
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trary quantum mechanical operators:

(A) = (U|A|V) = <Z atilAl D o) =Y ciei(dil Al ;)
R (2.8)
= Z piidij = (pA);; = Tr(pA)

J

For our two-level model the density matrix will be a 2 x 2 matrix (easily extended
to a n x n matrix for an n level atom) written as

ce  Pe CeCh CeC
p= T Peo) = [ 9, (2.9)
Pge  Pgg CgCe  CgCy

From equations 2.6 we find, for instance for pg,

*

dpgg _ dcg dey

prala + Cogy = g Peg® ot _ I —Pge€ ot (2.10)

2

Similarly, one can find equations for the other elements of the density matrix. It is also
necessary to include spontaneous emission which is described by an additional term
that introduces an exponential decay of the coherence, (dp.,/dt)spontancous = —(L'/2) peg-
The ground and exited state populations also change due to spontaneous emission,
namely the populations increases and decrease, respectively. The resulting equations
are called the optical Bloch equations (OBE)':

dpgg . i * ~ ~

dt - +Fpee + i(Q Peg Qer)

dpee i = )

o Pee T 2( Pge Peg)

(2.11)

dpe T i,
dpeg T i,
W = —(5 - Zé)peg + §Q (pgg - pee)-

where p;; = p;;e™iit.
We can now look at the steady state solution of the OBE by setting time derivatives
to zero and using the fact that the population is conserved, that is pyy + p.c = 1, and

that p., = p;., we can solve for p.. and pg,:

s So/2
2(1+s) 14s9+4(5/T)

lthe number of equations for an n level atom will be n?

Pec = (2.12)

10
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and 0
i
g = , 2.13
Pes = 3T /2—is)(1 + s) (213)
where s is the saturation parameter given by
S0
= 2.14
" T 14T 19
and sy is the on-resonance saturation parameter
so=2|Q|%/T2 =1/1,, (2.15)

where [ is the laser intensity and I is the saturation intensity. One can see that if
we scan the laser frequency and measure the exited state population, equation 2.12,
we will obtain a Lorentzian curve’ with a full width at half-maximum (FWHM) of
I' for small so. The width of this line profile will increase with increasing s, that is
with increasing intensity, to I'p = I'v/1 + s¢. This is the well known power broadening
mechanism. Note that when measuring a line profile it is necessary to take into account
other line-broadening effects and especially the spectral width of the laser used. While
line-broadening mechanism like Doppler broadening and collision broadening will be

negligible in our cold atom system, the laser width will be important in later chapters.

2.1.2 The light force

We can calculate the force acting on our two-level atom. The force is defined as the
expectation value of its quantum mechanical operator:
d,. i

F=(F)= )=+

yr ([H.5]) = ~(VH). (2.16)

The final expression is an example of the Ehrenfest theorem and is the quantum me-
chanical analogue of the classical expression F = —VU. We now introduce the Hamil-
tonian, where the only relevant part is H’ given by equation 2.4, and use the dipole

approximation to interchange the gradient with the expectation value:
F =e(V(E(r,t) -r)) = eV((E(r,t) - 1r)). (2.17)

Using the definition of the Rabi frequency, equation 2.5, and the last expression from
equation 2.11 to calculate the expectation value we find

F = i(VQ pt, + VO pey). (2.18)

2pee will later be shown to be proportional to the force in some cases, see Fig. 2.1

11
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Then, by evaluating the gradient we find

F = hﬁ(Qpeg + Q" peg) + iRV (7, — Q7 peg). (2.19)
The obtained expression is a general one, and can be used to find the force in any
situation. Also note that the first term is proportional to the real part of the coherence,
while the second one is proportional to the imaginary part of the coherence. To find
the force on a two level atom we use the solution for p., given by equation 2.13, finding
h Q T
NP AAL

Vo). (2.20)

F—_
1+3( Q 2

The first term in equation 2.20 is proportional to the detuning and the gradient of the
amplidute, and will give rise to a conservative force called the dipole force. Note that for
a plane wave this force will be zero. The second term is proportional to the scattering
rate and to the gradient of the phase and will give rise to a dissipative force called
radiation pressure. In this thesis the laser fields used all have small detunings and can
be approximated with a plane wave. This means that the radiation pressure force will
be orders of magnitude greater than the dipole force, because of this we will not take

it into account while analyzing the dynamics of atoms in later chapters.

2.1.3 Radiation pressure force

From equation 2.20 the radiation pressure force, which we label F,,, is given by

s hI'

F,=— — V. 221

T T VY (2.21)
For a plane wave the phase is given by ¢ = —k; - r, where k; is the wave vector of the

corresponding laser radiation. The gradient is therefore V¢ = —k;. The force is then
s R’
r = —k; =T',,hk, 222
PP s 2 (222)

where Iy, is the spontaneous scattering rate, also equal to the product of the natural
linewidth and the exited state population, I';, = I'p... We can see that the expression
for the force takes on an intuitive form, the force is equal to the momentum of a sin-
gle photon, 7k, multiplied by the rate at which the atom absorbs the photons, and is
directed in the direction of propagation of the laser beam. Absorption is followed by
spontaneous emission, which also causes photon recoil; however, for many cycles this
averages out to zero due to the random propagation direction of the spontaneously

emitted photon.

12
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Figure 2.1: Radiation pressure force described by equation 2.23. The force is given in units of
Finae = hkI'/2 which is the maximum value to which the force saturates for large
intensities, sp > 1. In (a) dependence on detuning is shown for three different
saturation parameters, in (b) dependence on intensity is shown for § = —I'/2

Using equation 2.12, from equation 2.22 we find the force

5 _ AT 50/2
P2 1450 +4(0/T)2

(2.23)

and look at the dependence of the force on intensity and detuning, shown in Fig. 2.1(a)
and (b), respectively. The force saturates at a value limited by the natural linewidth of
the transition, F),,,, = hkI'/2. The wings of the Lorentzian shown in Fig. 2.1(a) saturate
later then the center, leading to the well known effect of power broadening, where the
observed linewidth increases to I" = I'y/1 + sg.

13
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2.2 Laser cooling

In this section we will look at how the radiation pressure force can be used to reduce
the temperature of a atomic gas. It is important to note at this point that when talking
about the "temperature” of a cold atom sample we are using it to describe the average

kinetic energy of the atoms in one dimension

SR = (EL) (2.24)

and not the "usual” thermodynamic temperature. That kind of description is not ap-
propriate for a cold atom sample because it is not in thermal contact with a heat bath

and also not in equilibrium.

2.2.1 Doppler cooling

First we will look at Doppler cooling, named such because it uses the Doppler shift
to the laser frequency, —k;v, where v is the atomic velocity, to make the force velocity
dependent. The first to suggest that atomic velocities could be manipulated with laser
light was Ashkin in 1970 [42], while the Doppler cooling scheme was proposed by
Hansch and Schawlow in 1975 [43]. It was then first demonstrated on ions by Wineland
and colleagues [44] and later on neutral atoms by Chu and colleagues [45].

For cooling in one dimension one needs two laser beams traveling in opposite di-
rections. The laser light then needs to be red detuned in respect to the atomic resonance
in order to achieve a force that is in an opposite direction to that of the atomic velocity.
In that case the laser beam traveling in the opposite direction of the atomic velocity will
be Doppler shifted toward the blue bringing it closer to resonance, at the same time the
beam traveling in the same direction as the atom will be Doppler shifted toward the
red taking it further away from resonance. This change in the effective detunings will
mean that the atom preferably scatters photons from the beam that opposes its velocity
thus leading to its reduction.

Shown in Fig. 2.2 is the radiation pressure force for a pair of beams with a detuning
0 = —0.5I". One can see that the total force is linear for small velocities and will thus
lead to viscous damping, because of this the resulting effect is called "optical molasses".
We find the force of the two beams by introducing the Doppler contribution to the
detuning, from equation 2.23:

hkD $0//2

e = T a6 F k)T

(2.25)

The total force is then the sum of the contributions of the two counter-propagating

14
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Figure 2.2: Force as a function of velocity for sop = 0.1 and 6 = —0.5I". The blue dashed lines
are force contributions from each of the oppositely traveling beams, while the green
curve is the total force.

beams k25
SoV
F =F F_= =_ 2.26
om =¥y F T+ 5o+ A0/ T2 = PV (2.26)

where we neglected terms of order « v* and higher, 5 is the damping rate. If this

was the only influence on atomic motion the atom velocity would quickly be reduced
to zero, along with the temperature. Of course, this will not happen due to heating
caused by spontaneous emission i.e. the photon recoil imparted in a random direction
with each cycle. Heating caused in this way will set a limit to the lowest achievable
temperature by Doppler cooling, called accordingly, the Doppler temperature. One
can find it by equating the heating and cooling rates, the maximum cooling rate is
found for 6 = I'/2, or by looking at diffusion in momentum space. One finds for the

temperature:
Rl
keTp = - (2.27)
We see that this temperature is a function of solely the linewidth of the transition used

for cooling.

2.2.2 Sub-Doppler cooling

Soon after the first realization of optical molasses [45], where the authors measured
temperatures similar to the (then) expected Doppler temperature, other groups began
reproducing the result and measuring the temperature in a more precise way [46].
Temperatures lower than the Doppler temperature were measured, prompting a revisit
of the theoretical description of the cooling process.

The different sub-Doppler cooling mechanisms all include population pumping be-

15
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tween different ground-state magnetic sublevels while the atom is moving in a light
tield whose polarization is a function of position. Such a light field is for instance
produced by two counter-propagating laser fields that have orthogonal polarizations
and the resulting sub-Doppler mechanism is called polarization gradient cooling due
to the spatially changing polarization. The first to describe this mechanism were Dal-
ibard and Cohen-Tannoudji [47] for the simplest case, transition betweena J, = 1/2 to
a J. = 3/2. To look at the resulting polarization from the two fields we will look at the
total field, given by

E = Eyz cos(wit — kz) + Eqy cos(wit + kz) 228
= Eo[(Z + y) cos(wit) coskz + (& — ) sin(w;t) sin kz], '

which constitutes a constant polarization for a fixed z, for z = 0 the polarization is
linear at an angle of +7 /4 to the x-axis, for z = A\/8 the polarizationis o~, for » = A\ /4 it
is again linearly polarized at an angle of +7 /4, for +37/8 itis ¢~ and so on, alternating
from linearly polarized to circularly polarized, this is shown in Fig. 2.3. When the
polarization is o~ (o) the whole population will be pumped to the M, = —1/2 (M, =
+1/2) magnetic sublevel, the population fraction is schematically represented with the
size of the black circles in Fig. 2.3.

energy
k)

Tn_kl’\ """"" G/ """ CG """ N, ‘Zy

0 M8 M4 3M2 N2 S5M8

M=+1/2

M=-1/2

Figure 2.3: Polarization gradient cooling in the lin L lin case. The spatial dependence of the
light shift is shown as is the polarization of the corresponding field, upper part of
the image. The size of the black circles represents the population fraction in the two
substates. We can see that the majority of the population will be in the substate
with the lower energy due to optical pumping and that this population will have
an upward climb toward the "node" of the potential where the populations are the
same in the two sublevels. Adapted from [1, 47]

We also need to take into account the light shift (or the AC-Stark shift) caused by
the electric field of the laser light. The light shifts the energy of the ground magnetic
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substates by
AR — hosoCy,

714 (26/1)%

where (. are the corresponding Clebsch-Gordan coefficients that determine the cou-

(2.29)

pling of the atom and the field, this depends on the polarization of the field. When the
light is 0~ (07) polarized the light shift will be three times larger for the M, = —1/2
(M, = +1/2) sublevel than that of the M, = 1/2 (M, = —1/2) sublevel, see Fig. 2.3.

We can now conclude on the origin of the damping force. It is a combined effect
of the spatially dependent optical pumping and light shift. The majority of the popu-
lation will always be optically pumped to the energetically lowest magnetic sublevel.
This means that by moving through space the majority of the population is climbing
uphill toward the "node" of the potential where the energy of the substates is the same.
There the pumping process again shifts the population to the energetically lowest state
meaning that the atoms will again be traveling uphill. Due to similarity, the Greek
myth borrows its name to this cooling process also called "Sisyphus cooling".

Sub-Doppler cooling also works for the polarization configuration found in a MOT,
with two counter-propagating beams being o*-0~ polarized. Here the total field is
given by

E =FEy[z cos(wit — kz) + ysin(wit — kz)
+ Eo|% cos(wit + kz) — gsin(wit + kz) (2.30)

=Fy coswt|z coskz + ysin kz],

resulting in a field that is linearly polarized in all points in space, but the polarization
vector rotates about the propagation axis for 27 over one wavelength. Here the light
shift is constant in space so there is no "Sisyphus" effect, rather the cooling scheme re-
lies on the quantization axis changing for an atom in motion. An atom with J, = 1
and with zero velocity will have its population evenly distributed between the mag-
netic substates. On the other hand, an atom that is moving, for instance, toward the
o beam will "see" the polarization as somewhat o+ circularly polarized and this will
pump the population into the M, = +1 state. Due to different Clebsch-Gordan co-
efficients this substate scatters o* photons six times more efficiently than ¢~ photons
which will lead to a considerable damping force and consequently temperatures lower
than the Doppler temperature.

Another sub-Doppler mechanism includes the presence of a magnetic field, and is
termed magnetic-field-induced laser cooling, reported in [48]. Again, the force arises
because of optical pumping between magnetic substates. Then, the magnetic field in-
duces mixing of the magnetic substates in positions where they are degenerate. For a
standing wave this happens at the nodes. This mechanism also enables sub-Doppler
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cooling for polarization configurations that do not produce a polarization gradient,
such as the o7-0" and lin || lin polarization configurations, observed in [49]. Here, the
magnetic-field-induces mixing of the magnetic substates at the nodes of the standing
wave and the optical pumping in the anti-nodes again produce the familiar Sisyphus

pattern for a moving atom.
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2.3 The magneto-optical trap principle of operation

In the previous section we looked at laser cooling in one dimension with a pair of laser
beams. Cooling in three dimensions is a simple extension of this scheme, requiring
three pairs of beam, or six in total. However, even with six beams and atom velocities
of ~ 10 cm/s for typical alkali atoms, the atoms will diffuse from the beam intersection
and will be lost. In order to really trap the atoms it is necessary to have a spatially
dependent force, a restoring force that will force an atom from the edge of the trap
to the center. The solution for this was found by adding a magnetic field along with
the optical part of the trap, hence the name magneto-optical trap (MOT). First demon-
strated in 1986 [50], the MOT is today a very common experiment with a wide range
of applications.

2.3.1 Zeeman shift

By adding a magnetic field we introduce an interaction of the atom and the magnetic
field, V,, = —J - B(r), where J = L + S is the total spin and B(r) is the strength of the
magnetic field. This will result in the magnetic sublevel |F, mp) being Zeeman shifted
by mg;usB, where g; is the corresponding Landé factor and 5 is the Bohr magneton.

We will consider a transition between J = 0 and J' = 1 for simplicity, but the same
principles are easily extended to states with a larger number of magnetic substates. The
transition frequency between |J = 0, m = 0) and |.J’, m’) will be Zeeman shifted to give
wo+m'g;upB. If we apply a linear magnetic gradient b’ giving a magnetic field B = b'z
it will result in a detuning of the transition frequency from the driving frequency that
is a function of the atoms position

m'gppb'c

/—_
5= e

(2.31)
where § = w; —wy. This means that at positive x positions because of the increase of the
frequency of the AM = +1 transition the absolute value of the detuning will increase
tuning it away from resonance. At the same time the frequency of the AM = —1
transition will decrease, decreasing the detuning and thus tuning it closer to resonance.
We can write for the transition frequency between |J = 0,m = 0) — |J',m/) asw(m’) =
wo + m'y'b'x, where v/ = g;uup/h is the gyromagnetic ratio of the transition.

We want an atom that moves to positive x coordinates to preferentially absorb pho-
tons propagating in the —z direction than those propagating in the +x direction. The
trick is the to use a 0~ polarized beam propagating in the —x direction and a o+ beam
propagating in the +x direction. The ¢~ beam will drive only the AM = —1 transition
which is tuned closer to resonance for atoms at positive = positions, see right part of
Fig. 2.4, while the 0% beam will drive only the AM = +1 transition which is tuned
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away from resonance at positive = positions. This means that our atom will preferably
absorb photons from the o~ polarized beam bringing it closer to the center of the trap
at x = 0. Similarly, because of opposite Zeeman shifts atoms at negative = positions
will preferably absorb photons from the ¢* polarized beam, again forcing the atoms
toward the center of the trap, see left part of Fig. 2.4.

J=0

Figure 2.4: A schematic representation of the 1D MOT scheme fora J = 0 — J' = 1 transition.
Shown are positions of the magnetic sublevels for three different = coordinates and
the associated laser beams that couple them. The position dependent detunings
result in a position dependent force that forces the atoms toward the point in which
B =0, the center of the trap. Adapted from [1, 41]

A linear gradient for all three dimensions is achieved by using a quadrapole mag-
netic field, experimentally achieved by two coils that have the same current flowing
trough them but in opposite directions. Six beams are again required, with each pair
having opposite circular polarizations chosen according to the sign of the magnetic
tield gradient.

2.3.2 Trapping force

We find the total force by again summing the contributions, given by equation 2.25, for
the two counter-propagating beams. However, the detuning is now position depen-
dent and is given, by

dpm =0 Fk-vFAVz/h, (2.32)

Similar to 2.26, we can expand the force for small v and small x that produce a small
Doppler shift and a small Zeeman shift compared to 6. We find for the force in the «

direction
F, = —pv, — Kz, (2.33)
where (3 is the damping rate from equation 2.26, and where the spring constant « is
given by
,y/b/
= : 2.34
K= (2.34)
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Also worth noting is that since for three dimensional trapping we need a quadrapole

magnetic field, the gradient in one dimension will unavoidably be twice as large as in

the other two, due to V - B = 0. Thus the force in three dimensions, if all trapping
—KrX — KYyy — 2Kk2Z where z

beams have the same intensity, will be in the form F(r)
will be the axis of the coils that produce the field. To obtain an isotropic spring constant

one can reduce the power in the trapping beams that propagate along the direction of

the highest field gradient, along z, by a factor of two.
We can see that the force, equation 2.33, is that of a damped harmonic oscillator.

The solution for the motion of a damped oscillator is given by
2(t) = Acos(wt + ¢)e 2", (2.35)

where w = \/k/M is the trap oscillation frequency and I' = 3/M is the damping rate.
In Fig. 2.5 we can see an example of such motion measured for a cold atom cloud

dislocated from the center of the trap; one can see that the fit to the solution given by
equation 2.35 is excellent. More details on these kind of measurements are given in

later chapters.
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Figure 2.5: Damped oscillations of a cold atom cloud in a MOT after being displaced by a push-
ing beam. The z axis is the axis of the pushing beam propagation, while the time

scale if from shutdown of the pushing beam. Points are experimental data while
the red dashed curve is a fit to the solution for a damped harmonic oscillator. From

the fit we obtain w = (473 + 1) Hz and = (287 + 2). Trap parameters were b’ = 6.5

G/cm, § = —2.7T", sg = 0.48.

From the restoring force, equation 2.33, we can find the corresponding harmonic

potential xz?/2. Then, by using the equipartition theorem we can deduce the temper-
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ature of the atomic cloud from its size:

1 1
If we evaluate the size by using, e.g., the Doppler temperature we find a cloud size of
a few tens of microns. However, this only holds true if the atoms are noninteracting.

Typical MOT sizes are on the order of one millimeter and can go up to a centimeter.

2.3.3 Radiation trapping

The main effect limiting densities in a MOT is radiation trapping, this will also lead to
increased MOT sizes compared to the one expected from the equipartition theorem. It
is a known and well-studied effect that was identified early in the development of the
MOT [18, 19]. In dense atom samples there is a chance that a scattered photon from
one atom is reabsorbed by a second atom. The light induced interaction is repulsive
due to the recoil being in opposite directions, see Fig. 2.6.

Figure 2.6: Schematic representation of radiation trapping. The rescattered photon that medi-
ates the repulsive interaction is depicted with a full wiggly line. Notice that the
momentum change of the atoms due to recoil is in opposite directions. Adapted
from [41].

The probability of absorption by the second atom is given by o /(4r?7) where o is
the absorption cross section and r is the inter-atomic distance. The scattering rate of
the first atom, assuming all beam are of the same intensity, is six times the scattering
rate from one beam:

I'sc =6 X gso = 3I'sg. (2.37)

The momentum change per photon is ik so the resulting force is given by

Freane = 3050 4"2 R (2.38)

rem

Since this force is repulsive and scales with o 1/ it is analogous to the Coulomb force
between same-species charges. The mapping is

2

T _ 3rsyolik. (2.39)

€0
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For alkali atoms for the effective charge of the atoms one finds ¢.;; = 107%e - 10~%¢
depending on the intensity of the trapping laser. Thus the system of neutral cold atoms
trapped in a MOT is analogous to a plasma confined in a harmonic potential. The
dependence on the intensity of the scattered radiation also means that the effective
charge is tunable opening up the possibility of a emulator of complex classical systems,
this will be further discussed in chapter 4.
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3 Experiment

In the course of my doctorate training two different MOT setups were built . Of course,
MOT setups tend to be similar and these two are not an exception, however due to
specifics in design they will be presented in this chapter. The first trap was built around
a glass cell with rubidium dispensers incorporated in the glass. This made the cell ex-
pendable and motivated the introduction of a more sustainable setup. Another reason
for building the second setup was to have more flexibility regarding future experi-
ments, for this reason a stainless steel chamber was chosen. Accordingly, the second
setup is centered around such a chamber.

3.1 The rubidium atom

First we will look at the properties of rubidium, the atom that we cool and trap, mostly
those relevant for its interaction with light.

Rubidium is a member of the alkali metal group with an electron configuration
[Kr] 5s'. The single electron in the outer shell means it has a simple level structure,
sometimes called hydrogen-like. The transition from the ground state to the first exited
states of all alkalies is in the visible or near infra-red region of the spectrum, meaning
that producing the light needed for laser cooling is relatively simple. This is espe-
cially true for rubidium, where we need 780 nm light. Incidentally, this is the same
wavelength that the compact disc (CD) format uses meaning that laser diodes at this
wavelength were and are mass-produced, meaning they are cheap to acquire. Addi-
tionally, rubidium has a melting point of 39.3 °C and it is easy to produce relatively
high vapor pressures by heating it at moderate temperatures.

The physical advantages along with the affordability make the rubidium the most
commonly used element in laser cooling experiments and are the reason why it was
chosen in our lab.

The lowest electronic state is 5°S; , where the first exited states are 5°P; 5 and 5°Pj»,
the transitions to these states are called the D, and D, respectively. The fine-structure
splitting between these two states is 7123 GHz, the D, transition is at 795 nm while the
D, that is used for cooling is at 780 nm. The total angular momentum F = I + J, is
found by including the nuclear spin, for the two isotopes of rubidium, ¥Rb and *"Rb,
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it is I=5/2 and 1=3/2, respectively. Different values of F will have different energies
due to the interaction I - J, the resulting splitting is called the hyperfine splitting. The
natural abundances of ®*Rb and ®"Rb are 72% and 28%, respectively. However, we
use ¥'Rb due to a more user-friendly hyperfine structure. More details on rubidium
properties can be found in [51].
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Figure 3.1: Level structure in 8'Rb relevant to further text. The cooling transition, 8'Rb the
15S1)9; F = 2) — |5P3); F' = 3), is marked with a full red line, two possi-
ble repumper transitions are also marked: with a dashed line the [55)/5; F' =
1) — [5P5)9; F' = 2) transition and with a dot-dashed line the |55, 5; FF = 1) —
5Py j9; F' = 2) transition. The transition |5P/9; F' = 3) — [5D59; F' = 4) is marked
with a dotted blue line. A laser coupling an exited state with a second exited state
is needed for our scheme to implement a synthetic magnetic field, more details in
chapter 4. The relevant hyperfine splittings are noted. Adapted from [51] and [52].

In Fig. 3.1 the level structure relevant to laser cooling of 87Rb is shown, also added
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is the 52D; /2 state, relevant to our work in synthetic magnetism. To cool down atoms
many absorption and emission cycles are necessary. This means that for a real atom
the transition used for cooling needs to be a closed one. In ®Rb the |55, 5; F = 2) —
|5P5/9; F' = 3) transition is used. For usual red detunings of a few I' the cooling laser
will be ~ 40T blue detuned from the |551,2; F = 2) — |5P;)5; F' = 2) transition. Al-
though this is considerable, there is small chance that the atom will be exited to the
|5P5/9; F' = 2) state. From there the atom can decay to the [5S3/,; F' = 1) state, which is
a dark state, and it will be lost from the cooling cycle. The chance of this happening is
~ 1/1000; since cycling happens at a rate of ~ I this means that very quickly all atoms
will be pumped into the dark state and will no longer be cooled or trapped. For this rea-
son a second laser is needed, the so-called repumper laser. It couples the [5S;/9; F' = 1)
state with any exited state that has a change of decaying into the |555/; F' = 2) state.
Two different realizations for the repumper laser have been used in our experiment,
one using the D, transition and the other the D,, shown in Fig. 3.1.
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3.2 The magneto-optical traps

As previously mentioned, two separate MOT systems were built in the course of my
studies and both will be detailed here.

3.2.1 First generation vacuum system

The first vacuum system, in which the work on synthetic magnetism was done, was
centered around a glass cell made by Technical Glass, which in the mean time became
part of Precision Glassblowing. It is a six-way cross with Rb sources built in, it is shown
in Fig. 3.2. The Rb dispensers require around 4 A of current flowing through them to
generate a Rb background pressure that is adequate for loading the MOT. Besides the
large six windows, there are additional three small windows that allow beam inputs
at an angle of 45° from the ones in the large windows. The windows were not anti-

reflection coated and typical losses at transmission through them were 10%.

Figure 3.2: Glass cell used for the first generation Rb MOT. The rubidium dispensers can be
seen in the longer glass tubes protruding towards the point of view. The connection
to the vacuum pump is to the top, but out of the frame.

The glass chamber was directly connected via a reduction flange to the ion pump,
Varian Vaclon Plus StarCell 55, a 50 L/s ion pump. The direct connection was needed
to obtain the desired vacuum since any tubing reduces the pumping rate. The vacuum
reached after baking at ~ 200° C for a few days was 3 x 10~® mbar deduced from the
ion pump current. For typical dispenser currents of 4 A no increase of the background

pressure was noticed.
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3.2.2 Second generation vacuum system

The second vacuum system was built around a stainless steel chamber from Kimball
Physics, a spherical octagon 8” in diameter (MCF800-ExtOct-G2C8A16). This cham-
ber was fitted with two 8” windows, eight 2.75” windows, and four 1.33” windows.
Two 1.33” ports were are fitted with extension nipples in which rubidium dispensers
were mounted, four dispensers in each nipple. The remaining twelve 1.33” ports were
closed with blanks for financial reasons. The windows were acquired from Torr Scien-
tific, made from the same 316LN stainless steel as the chamber, with glass seals made
from tantalum so as to be nonmagnetic, and with a broadband anti-reflection coating.
Although, despite this coating we experience a 10% intensity loss on transmission,
this is probably due to rubidium being deposited on the windows'. Two of the 8”
windows were not fitted directly on the chamber, rather on extension nipples and a
four-way cross so as to provide a means to mount the chamber and to connect the ion
pump (same pump as in the first generation). The pump axis is slightly misaligned
from the chamber axis due to a particular reduction flange. The chamber assemble
was mounted on an aluminum board that is elevated 15 cm from the optical table so as
to provide space for optics. A 3D render of the setup along with a real life photograph

can be seen in Fig. 3.3 while the technical drawings can be found in appendix C.

3.2.3 Anti-Helholtz coils

As mentioned in section 2.3.1, to create a quadrupole magnetic field needed to trap
atoms we use a pair of coils with current flowing in opposite directions in either one.
This coil configuration with the coil spacing equal to d = v/3r, where r is the coil radius,
produces a homogeneous gradient in a large volume, hence the name anti-Helmholtz
(AH) coils n analogy to the Helmholtz coils that produce a homogeneous field in a large
volume. For two different vacuum system two different coils needed to be wound.

In the first generation MOT a pair of air-cooled coils was wound. Their mounts can
be seen in Fig. 3.2. Each coil has 423 windings for a total length of 314 m. The two
coils were mounted with typical holders to the optical table, 9 cm apart, close to the
optimal distance that produces a near-homogeneous gradient in the largest volume.
The gradient produced is 13 G/cmA. As 13 G/cm is enough for a rubidium MOT, the
coils were usually run at 1 A, producing up to 40 W of heat. With current flowing
through them they heated up to ~ 70°C. Since this is a reasonable temperature and the
coils were not in direct contact with the glass cell, no active cooling was necessary. For

time-of-flight measurements (TOF) turning off the trapping potential is necessary, this

This could be remedied with a "cold finger", a metal part of the chamber is cooled to have rubidium
deposit on it. This will be applied in the future after baking the chamber again to remove current
deposits.
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Figure 3.3: Stainless steel chamber for the second generation Rb MOT. (a) angled perspective
with the upper breadboard removed, (b) side view. Red rectangular tubes are hold-
ers of the the bias coils. Cooling beams are shown in red, partially transparent,
while a probe beam is shown in blue, partially transparent. Red cylindrical pieces
under and on top of the chamber are the AH coils assembly. Renders provided by
Damir Altus (c) A photograph of the chamber.

preferably includes turning off the magnetic field. The relatively low current meant
that a simple solid state relay (SSR) could be used, namely model MPDCD3 from Cry-
dom. This SSR is optimized for digital control, meaning it requires very low control
signal current, meaning that it could be controlled directly by an digital output from
our data acquisition (DAQ) card. This was both a simple and a cost effective solution.
Switching times were measured to be ~ 1 ms. The on-or-off nature of SSRs means that
linear control of the current, and therefore the magnetic field gradient, is not possible,

however this was not needed in our experiment.
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Table 3.1: Comparison of MOT coils

Tinmer | IN turns | wire dimensions | resistance | P diss. @13G/cm
I generation | 5.5 cm 423 @ = 0.5 mm 17 Q 34 W
II generation | 10.5 cm 102 1 x 5 mm 0.62 Q2 248 W

In the second generation experiment the larger volume of the stainless steel cham-
ber required larger coils. A comparison between the two coil designs can be seen in
table 3.1. A rectangular cross section was chosen for the coils so as to increase the fill-
ing factor” of the coil which in turn decreases the coil size. However a similar filling
factor to the one achieved in the first generation coil of 0.7 was achieved due to the
(unpredictably) larger thickness of the Kapton insulation compared to the enamel on
the round wire used in the first generation coils. Since switching times are shorter
for coils that have less windings’ we chose to work with 80% of the highest current
that our DC power supply (Kepco ATE 15-25 M) can provide, 20 A, and then find the
number of windings needed to achieve a magnetic field gradient suitable for a MOT.
Each coil has 100 windings in four layers, 25 windings each layer. Between each layer
a thermo-conducting epoxy glue was applied in an attempt to improve heat conduc-
tion, however it was found that the epoxy does not hold well to the Kapton insulation
so the effect of the epoxy is uncertain. The high power dissipation of the coils means
that they have to be water cooled. For this purpose the coils are mounted on copper
mounts, visible as the pink part of the coil assembly in Fig. 3.3. The coil mounts were
designed to have water flowing trough them, however a water-tight seal could not be
achieved by our machine shop. As an alternative, copper tubes were soldered directly
to the mount which have water flowing trough them, this proved to be robust regard-
ing water leakage and adequate in terms of heat dissipation. The mounts also have a
gap to avoid eddy currents flowing through them when switching off the field.

The second generation coils are placed as close as the vacuum chamber allows them
to be to maximize the generated field gradient at a certain current, namely d=14.8 cm.
This is less than the optimal d=18.7 cm that would give the most spatially homoge-
neous gradient. However, the larger, optimal spacing would require a ~20% increase
in current to generate the same gradient. Since dissipated power scales as o ? and
the MOT is very robust to this kind of gradient inhomogeneity, the smaller spacing
was judged to be more suitable. With the spacing d=14.8 cm we achieve a magnetic
tield gradient of 0.665 G/cmA, for 20 A of current this gives 13.3 G/cm, enough for
standard MOT operation.

Zratio of the conductor to non-conductor cross section area, increasing it reduces the coil dimensions
and therefore reduces the needed current to achieve a desired field gradient

3The switching time is proportional to the inductance and current, 7 o< LI, the inductance increases
quadratically with the number of turns, L o< N2, while the needed current for a given field decreases
with the number of turns, I o« 1/N. Therefore the switching time is proportional to N, 7 « N, hence for
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Figure 3.4: Numerically calculated magnetic field produced by the coils, full blue line, and the
corresponding field gradient, dashed red line.

Figure 3.5: Equivalent scheme of the switching circuit. L1 and R3 are inductance and resistance
of the coil pair, respectively, V1 is the power supply, the rest of the components
comprise the switching circuit, Q1 is an array of two MOSFETs and D1 is an array
of three MOSFETs acting as a Zener diode.

The power supply that we use with the second generation coil (Kepco ATE 15-25
M) has the option of analogue control which allows us to remotely change the current
trough the coils and hence the field. However, the bandwidth is low so this is unsuit-
able for switching off the current quickly and a separate switch had to be implemented.
Since the current flowing through the second generation coils is considerably higher
than in the first generation the use of a SSR was not possible. Instead, we utilized the
design from [53]. It is schematically depicted in Fig. 3.5. An important component

shorter switching times a lower number of turns is better
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in the design is the Zener diode, D1. Without it the coil current would decay expo-
nentially, exp~*/(L/%), the decay being driven solely by the ohmic resistance of the coils
themselves, shown in Fig. 3.6(a). We can see that the switch-off time is ~ 30 ms, im-
practically high for cold atom experiments. To reduce the switch-off time we added
a Zener diode, marked as D1 in Fig. 3.5. By adding the Zener diode we introduce a
constant voltage drop and therefore constant power dissipation. A consequence of this
is almost a linear decay of the current, shown in 3.6(b).
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Figure 3.6: Current decay trough the coils after disconnecting them from the power supply:
(a) without the Zener diode D1, shown in Fig. 3.5 and (b) with the Zener diode
incorporated into the circuit.

One can see that by introducing the Zener diode we reduce the switching time
by a factor of ~10. However, the quickly decaying magnetic field can induce eddy
currents in metal components of the setup, and therefore the magnetic field can decay
significantly slower than the current trough the coils.

To measure the time dependence of the magnetic field we perform a type of spec-
troscopy to measure the Zeeman splitting of the |55} /o; F' = 2) — |5P39; I = 3) transi-
tion. Some time after we switch off the trap (both the trapping beams and the AH coils
from the power supply) we turn on a CW laser probe beam propagating perpendicular
to the AH coils axis, corresponding to the blue beam in Fig. 3.3; this beam then exerts
radiation pressure force upon the cloud. We keep the interaction time short, 0.5 ms,
to increase temporal resolution. After an additional 4 ms of free motion to increase
sensitivity we image the cloud which is now displaced from its original position. The
displacement is proportional to the force which is in turn proportional to absorption,
i.e. the imaginary part of the coherence, see equation 2.19. We then perform the same
TOF measurement for different frequencies of the probe laser to retrieve the line shape
of the transition. The polarization vector of the probe beam is also perpendicular to
the AH coils axis. We assume that the induced eddy currents generate a magnetic field
that is parallel to the AH coils axis, the z axis. With the polarization and magnetic field
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being perpendicular we have Amp = +1 transitions allowed. By calculating the Zee-
man shift of all mp states, adding them together we find that the resulting splitting of
the two peaks (corresponding to positive and negative mp states) will be 2.4 MHz/G.

We see an example of the displacement as a function of detuning measurement in
Fig. 3.7(a). By probing the cloud with the CW laser at different times after switching off
the trap we can measure the magnetic field as a function of time, shown in Fig. 3.7(b).
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Figure 3.7: (a) An example of the measurement of the Zeeman splitting measured 13 ms after
switching of the power supply from our AH coils. Propagation and polarization
vectors of the probe beam are perpendicular to the AH coils axis. The red curve is
the fitted sum of two Lorentzian peaks. (b) The measured splitting of the two peaks
versus time. By assuming that Amyr = =£1 transition are allowed we calculate the
magnetic field, shown on the right axis. The red curve is a fit to an exponential
decay.

It is clear from Fig. 3.7 that strong eddy currents are induced in the metal parts of
our system. The increase of the magnetic field in the first ~ 3 ms corresponds to the
current decay time measured, Fig. 3.6(b). The subsequent decay is exponential with a
decay constant 7 = (10.6 = 0.3) ms. Similar results were obtained with the polarization
vector parallel to the AH coil axis and with circular polarization. The magnitude of the
induced field and its slow decay is a problem in almost any experimental scenario be-
cause of the resulting Zeeman splitting. Since the bias coils were designed to produce
up to 3 G and their large size results in a large inductance it was concluded that the
large induced field could not be compensated either statically in a certain point in time
or dynamically following the decay pattern.

The largest and the most conductive metal part in our setup, the aluminum bread-
board on which the vacuum system is mounted, is suspected to carry most of the eddy
currents. The lower coil of the AH pair is mounted in the same plane as the breadboard
and very close, suitable for large mutual inductance with the coil. This was an unfor-
tunate oversight in the design. There is a plan to cut through the breadboard to have it
not complete a closed loop, however this was not yet implemented in the moment of

writing this thesis. In the meantime it was decided that the intermediate solution was
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to work with the AH field left on during TOF measurements. The field in the center of
the trap is zero and the spatial extent of the cloud is such that the field experienced by
the atoms should be < 1 G, a preferable alternative to the large fields produced by the
eddy currents.

3.2.4 Experimental control

Atom dynamics in a MOT happens on ps and ms time scales. This means that au-
tomation of the experiment is necessary. For this we utilize a DAQ card from National
Instruments, USB-6259. The card has 4 analog outputs and 128 digital ones. The out-
puts can be refreshed in 10 us intervals, this is adequately fast for our experiments. The
scheduling of the outputs is done on the card using the first in, first out (FIFO) method
from a buffer on the card itself assuring accurate timing for each TOF run.

The number of analog outputs is small, but proved sufficient so far. In the first
generation experiment the four outputs were used for frequency modulation of the
AOMs determining the detunings of the four beams implementing the SLF. The digital
outputs were used for amplitude modulation of the cooling beams’, i.e. switching off
and on, for switching of the magnetic field and for triggering the camera.

In the second generation experiment we use the analog outputs for control of the
cooling beams detuning, the repumper detuning (also using a double-pass AOM), con-
trol of the voltage across the AH coils and the detuning of an additional CW probe
beam. The detuning of the frequency comb is controlled by a DDS, see chapter 5.

The card and its outputs are controlled by a number of self-written Labview pro-
grams. The user interface can be seen in Fig. 3.8. Typically, the experimental proce-
dure would be to initialize program (d), set the range of a frequency to be scanned, the
number of points in this range and the number of repeats of the scan for later averag-
ing. For each point program (d) would then initialize program (c) or (e), depending on
which laser’s detuning we wanted to scan, and then initialize program (b) that would
perform TOF sequence’ a given number of times. The camera software captures an
image for each TOF. The images are later analyzed by Matlab code to extract data, e.g.
center of mass (CM), width, angle of the cloud or total fluorescence.

4Since the output of the digital outputs is the typical 5 V and amplitude modulation inputs of the
AOMs have a range of 0 — 1 V we use a simple voltage divider to reduce the voltage from 5V to 1V

5Typically the AH field and the cooling laser would turn off at time ¢ = 0, then a probe laser(s)
would turn on for a given period and after further free motion of the cloud, the cooling laser would
turn on causing fluorescence of the atoms in the cloud. At the same time as turning on the cooling laser
we trigger the camera. The cooling laser is turned off after the exposure time to avoid additional light
falling onto the pixels of the camera while they are being read. After few tens of ms the AH field and
cooling laser are turned on for a set time to load the trap.
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Figure 3.8: A snapshot of the computer screen that runs the experiment showing the software
used. (a) Camera software used to capture images, typically working in continuous
trigger mode i.e. the camera captures an image when triggered by the DAQ card (b)
TOF sequence parameters and execution, controls for timing of the various on/off
signals for control of the trapping light, repumper light, frequency comb light, CW
light, magnetic field, duration of all sequences, MOT loading time, etc. (c) Moni-
toring software of the frequency comb f;., lock, see chapter 5. (d) Control of AOM
frequencies and AH current control, i.e. analog outputs. (d) A scan program that
continuously changes either an AOM frequency or a DDS output frequency, and
then executes program (b). It performs this for a given number of points between
arbitrary values, i.e. different frequencies and repeats the scan a number of times.
(e) Control of the DDS output frequencies, primarily used to change the detuning
of the frequency comb, see chapter 5.

3.3 External cavity diode lasers

As mentioned before, rubidium is a popular choice element for laser cooling experi-
ments, one of the reasons being the availability of semiconductor laser diodes at 780 nm,
the wavelength of its cooling transition. All the lasers we use, with the notable excep-
tion of the Er:fiber pulsed laser which will be addressed in chapter 5, are external cav-
ity laser diodes (ECDLs). The operating principle of ECDLs will not be addressed here
since it is not a distinct feature of our experiment, there is ample literature available,
for instance [54]. In the first generation experiment four ECDLs were used, all in the
Littrow configuration, model DL 100 from Toptica. The purpose of extending the cavity
is to reduce the linewidth of the laser, the DL 100s achieve 1-2 MHz linewidth while
free-running measured by heterodyne beating with our frequency comb, more details
on this can be found in chapter 5.

The frequency of a laser is typically detected by some version of Doppler-free spec-
troscopy, in the case of the DL 100 we used saturation spectroscopy. This is probably
the most widely used spectroscopy technique in rubidium experiments as it provides
narrow Doppler-free peaks at the position of the hyperfine levels in rubidium. The de-

tails of this technique will not be revisited here, since again, ample literature is avail-
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able, for instance [55].

3.3.1 Laser stabilization

For achieving cooling a red detuning from a certain hyperfine transition is needed and
the laser needs to maintain this frequency for a long time, on the order of a day. The
same is true for lasers used for implementing our synthetic magnetism scheme, they
need to have a particular detuning from a hyperfine level and be stable for long periods
of time.

To stabilize the DL 100s used at the 780 nm transitions we use the simple dither
lock. We modulate the current at 5-10 kHz, and then demodulate the signal detected
on a photodiode with a phase sensitive detector to obtain an error signal. The error
signal is then fed into a PID controller that provides the necessary feedback to the piezo
voltage and the diode current to keep the laser frequency at the wanted peak. Both
the modulation, demodulating electronics and the PID are part of a Toptica module,
the LIR 110. A necessary drawback of this technique is that by modulating the laser
frequency we effectively increase its linewidth. However, the free-running linewidth
of the DL 100s is already larger than the modulation amplitude (1-2 MHz compared to
~100 kHz) so the influence of the modulation is not significant.

We attempted to reduce the effective linewidth by using an AC magnetic field in-
stead of the current modulation. We use a Maxwell coil to create a near-homogenous
field in a large volume. This coil is similar to a Helmholtz coil but has a significantly
smaller radius, thus requiring less space on the optical table. It's made up of tree
coils, two smaller ones, d=46 mm, at a distance of 53 mm from each other with 26
turns, and a larger central coil exactly in between the two smaller ones, d=60 mm,
33 turns. The wound coil can be seen in Fig. 3.9(b). This configuration produces a
near-homogeneous field along the length of the rubidium cell used, ~ 5cm. The coil
produces 100 G/A, so to modulate the magnetic field at an amplitude that produces
a ~200 kHz Zeeman frequency shift in rubidium we need a ~20 mA and 1.5 V (R =
7.6 ), this is higher than what the LIR 110 can give, because of this we use a commer-
cial audio amplifier. By using a A\/4 plate to obtain circular polarization of the pump
and probe the AC magnetic field produces a frequency modulation because of the Zee-
man shift that can them be used to obtain the signal in the same way as with current
modulation. A schematic representation of this setup is depicted in Fig. 3.9(a).

However, despite avoiding directly modulating the laser frequency the achieved
linewidths of the DL 100s are above 1 MHz. This is somewhat expected considering
the free-running linewidth is similar, and the bandwidth of the technique is low (few

tens of Hz) and thus provides no linewidth narrowing.
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Figure 3.9: (a) Schematic representation of the setup that we use for the dither lock. (b) The
real life optical part of the setup, the coil mount that also houses the rubidium cell
is white and in the center of the image. Abbreviation used in the image: PD - pho-
todiode, PBS - polarizing beam splitter, ND - neutral density filter, MOD - function
generator used for modulating the signal, the same signal is used to demodulate
the signal to obtain the error signal.

3.3.2 Stabilization of the }5P3 /2> — |5D5 /2> laser

As mentioned in section 3.1 in experiments in which we implement the synthetic Lorentz
force (SLF) we drive the |5P/5) — |5Ds) transition. Since this transition involves
two exited states one cannot use the standard saturation spectroscopy. To obtain an
appropriate signal to which to lock to we counter-propagate picked off beams from
the 776 nm (P ~ 500uW) laser and the 780 nm laser (P ~ 6mW) through a heated
STRb glass cell (=~ 60°C), where the 780 nm laser populates the |5P;/5; F' = 3) level. By
monitoring the 776 laser intensity we observe an absorption signal resulting from the
|5P3 12 B = 3> — |5P5 2 F" = 4> transition. This signal is mixed with the modulation
signal from the 780 nm laser to obtain a frequency locking error signal. Therefore, there
is no need to modulate the 776 nm laser frequency to stabilize it.

We can see the obtained absorption signal in Fig. 3.10. The obtained peaks are
prominent enough to produce a good error signal to which to lock to. The lifetime of
the [5D5,) state is 75, » = 246 ns giving a linewidth of I';p, , = 0.66 MHz [56]. The fit-
ted full width at half maximum (FWHM) of the |5Ps; F' = 3) — |5P50; F” = 4) tran-
sition to which we lock to is (15.6 £+ 0.1) MHz, this is because of the natural linewidth
of the intermediate state, I';p, o = 6.066)M Hz, and also power broadening because of
the considerable pump power (needed to have a considerable population in |5P;)2)).

Interesting to note is that the transitions that share the final exited state are over-
lapped when scanning the frequency of the 776 nm laser, i.e. there are no separate
absorption dips for different intermediate states. To understand this consider for ex-
ample the case shown in Fig. 3.10 when the 780 nm pump laser is locked to the
|5S3/2; F = 2) — |5P59; F' = 2) transition. The v = 0 velocity group is exited to the
|5.P5)2; F' = 2) state, the velocity group for which the Doppler effect compensates the -
157 MHz hyperfine splitting is exited to the |5.P;2; F/ = 1) state and the velocity group
for which the Doppler effect compensates the +267 MHz hyperfine splitting is exited
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Figure 3.10: Measured absorption signal for the }5P3 /2> — ‘5D5 /2> transition. We lock to the
largest peak, the ‘5P3 125 B = 3) — ‘5P5 12 B = 4) transition. The 780 nm laser
was locked to |5S5/9; F = 2) — |5P59; F' = 2) transition. Other peak have mul-
tiple transitions overlapped because they have the same two-photon energy, i.e.
the final state is the same. More details in text. The frequency scale was calibrated
using values of the hyperfine splittings found in [52].

to the |5.P52; F/ = 3) state. Now, when the 776 nm probe laser, propagating in the op-
posite direction, is on resonance |5P;5; F' = 2) — |5Ps); F” = 2) for velocity group
v = 0 it is blue detuned by § = 267 MHz from |5P3/2; ' = 2> — ‘5P5/2; " = 3> and
red detuned by § = —157 MHz from |5P;5; F' = 2) — |5Ps55; F” = 3). Since the 776
nm laser propagation vector is opposite of the 780 nm laser’s the detuning for ve-
locity groups exited to the |5P;2; F' = 1) and |5Ps2; F' = 3) will directly cancel the
hyperfine detuning, meaning that the probe laser will be in resonance with all three

transitions/velocity groups at the same time.

3.3.3 Polarization spectroscopy

Presented in chapter 5 is the way in which we stabilize our frequency comb. For this
purpose a very narrow CW laser was needed. As a simple solution was found in
polarization spectroscopy with the (at that time) newly acquired Moglabs ECDL, model
CEL002. Pioneered by Wieman and Hénsch [57], itis a sub-Doppler technique that give
a far better signal-to-noise ration than typical saturation spectroscopy.

Polarization spectroscopy uses a circularly polarized pump beam to induce aniso-
tropy in the medium, in this case rubidium vapor, that causes birefringence. A sche-
matic representation of the optics layout used for the spectroscopy is shown in Fig.
3.11. As a consequence the polarization plane of the linearly polarized probe beam

rotates. This is because the circularly polarized pump beam anisotropically saturates
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the medium; for a ot polarized pump the absorption of the o™ component of the probe
beam is decreased while the absorption of the o~ component of the probe beam is
increased. A difference in absorption is necessarily accompanied by a difference in

the refractive index for the two components, in accordance with the Kramers-Kronig

relation.
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Figure 3.11: Schematic representation of the experimental layout for polarization spectroscopy.
BPD - balanced photodiode, L1 and L2 - telescope to expand the beam to reduce
power broadening.

To detect the rotation of the polarization of the probe beam we use a detection
scheme that uses a polarizing beam splitter (PBS) cube and two detectors [58], conve-
niently provided as a balanced differential photodiode pair with the Moglabs controller,
DLC502. By subtracting the signals laser intensity noise is removed, further increas-
ing the signal-to-noise ratio. The probe beam polarization is chosen such that the two
polarization components are of the same intensity, giving a zero signal if there is no
anisotropy. The birefringence then creates a dispersion signal with the zero crossing at
the transition frequency, shown in Fig. 3.12(c) for the |55, /9; F' = 2) — [5P;)9; F' = 3)
transition. This signal is ideal for laser locking. It not only has the needed dispersive
shape, it is steeper than the usual error signal obtained from saturated spectroscopy
with the dither technique. Also, unlike saturation spectroscopy where the most promi-
nent features are crossovers, here the largest signal obtained are for closed transitions
which is practical for laser cooling.

Also convenient is the fact that no modulation of any kind is necessary to obtain the
dispersive signal. In practice this means that the possible feedback bandwidth is lim-
ited by the bandwidth of the servo controller used. Achieving sub-kilohertz linewidths
has recently been demonstrated using a servo controller with higher bandwidth than
the one we use [59].

In our setup, we achieve linewidths of ~ 60 kHz, based on heterodyne beating with
our frequency comb. The achieved linewidth is critical to the way in which we stabilize
our frequency comb. The same laser is used for laser cooling. After we amplify the
power of this laser with a tapered amplifier (TA), which we then use for cooling in the
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Figure 3.12: Polarization spectroscopy signals. (a) Photodiode signal of the = polarization
component. (b) Photodiode signal of the y polarization component. (c) The bal-
anced signal, difference of the signals (a) and (b) generating the dispersive sig-
nal suitable for laser locking. The z axis is the frequency difference form the
‘5S3 s B = 2> — ‘5P3 125 B = 3> transition. The spectra were calibrated using val-
ues of the hyperfine splittings found in [51]. The two prominent peaks left of the
cooling transition peaks are the usual crossovers that also appear in saturation
spectroscopy.

second generation experiment, the linewidth is increased to 200 kHz, still very much
suitable for laser cooling.

3.3.4 Cooling and trapping optics, imaging

To cool and trap atoms in three dimension we need six circularly polarized beams
crossing the center of the vacuum chamber, all red detuned. The red detuning in
the first generation was determined by the difference in frequencies that were used
to drive two acousto-optical modulators (AOMs). First, a double pass acousto-optical
modulator provided light for the saturation spectroscopy setup that was used for sta-
bilizing the cooling laser (Toptica, DL 100), the laser was then locked to the crossover
of transitions 557 /2; F' = 2) — [5P35; F' = 2,3), the most prominent peak in the satu-
ration spectroscopy spectrum which is detuned 133.3 MHz from the |55, /5; F' = 2) —
|5P5/; F' = 3) transition. The second single pass AOM was used for quickly turn-
ing off and on the input to the fiber, i.e. the cooling beams. The detuning was then

0 =—133.34+2fpp — fsp MHz, where fpp and fsp are the double pass and single pass
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AOM driving frequencies, respectively. With typical AOM driving frequencies 80-100
MHz this provided a wide range of possible detunings.

In the second generation setup a double pass AOM was again used to provide light
for the spectroscopy, now polarization spectroscopy, see section 3.3.3. Since here we
lock to the |551/2; F = 2) — |5P39; I’ = 3) transition we again need a double pass
AOM for reaching adequate detuning, which is now used for fast switching of the
cooling light, this setup is shown in Fig. 3.13.

In both generations of the experiment single mode, polarization maintaining (PM)
tibers are used for obtaining a clean Gaussian mode for the cooling and repumper
beams. From this point the setup in the two generations is the same, the second gener-
ation setup is shown in Fig. 3.13.

| saturation

| spectroscopy |
B FI BS 1 e em oo
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BS W2 MAAOM
double pass
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Figure 3.13: A simplified schematic of the experimental layout for cooling and trapping atoms
in the second generation setup. The two perpendicular MOT beams propagate in
the horizontal plane, the angled propagates vertically. Abbreviations used: FI -
Faraday isolator, AOM - acousto-optical modulator, BS - beam splitter, PBS - po-
larizing beam splitter, A\/2 - half-wave plate, \/4 - quarter-wave plate, TA - tapered
amplifier, CL - cylindrical lens, L - lens.

The cooling laser light fiber output is joined with the repumper light by a polarizing
beam splitter (PBS) cube. This PBS also serves the purpose of cleaning the polarizations
of the repumper and cooling light, this is needed because there is always a small drift
present in the polarization angle because of suboptimal coupling to the PM fiber. After

the PBS a lens is used to collimate the beams. By using two additional PBS cubes a
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total of three beams are obtained. These are directed through the center of the chamber,
after exiting the chamber are passed trough a quarter-wave plate (QWP), reflected of
a mirror and again passed through the QWP before entering the chamber again. The
two passes through the QWP change the polarization of the beam from ¢ to o~ or
vice versa. The three retro-reflected beams provide, along with the original three, the
total of six beams needed to cool and trap atoms. This setup is also sometimes called a
retro-reflected MOT.

In the second generation setup we use a homebuilt tapered amplifier (TA) chip
from Eagleyard Photonics to increase the available power, the design was based on [60].
The TA amplifies the input from Py = 22.7mW to a maximum output of 1 W, however
typically we use 100-200 mW as we do not need large atom numbers. After the TA there
is an cylindrical lens to correct for the large astigmatism of the chip output followed
by a tandem Faraday isolator (FI) providing 60 dB isolation. The tandem FI is needed
because the chip is extremely sensitive to back-reflections. About 20% of the output
from the TA reaches the atoms, this is because a lot of power is lost on the mentioned
double pass AOM used for fast switching, and because of low coupling efficiency into
the single mode fiber. Since the polarization spectroscopy we use to stabilize the laser
used for cooling uses light from a double-pass AOM, and since the cooling light passes
trough another double-pass AOM, the detuning will be given by § = 2fps — 2fra,
where fpg is the driving frequency for the AOM feeding the polarization spectroscopy,
and fr4 is the frequency driving the AOM providing the cooling light, see Fig. 3.13. As
mentioned before, the laser we use for cooling (Moglabs, model CEL002) is also used
as a reference for the frequency comb, see chapter 5. The TA was implemented in part
to have ample power from the heterodyne beat with the comb, and to generally be
flexible.

As explained before, atoms are efficient scatterers of near-detuned light - they flu-
oresce. The scatter photons can be captured by a camera to obtain an image of the
cloud density since scattered photons are proportional to the atom number, this is
called fluorescence imaging. We use a CMOS camera, IDS UI-3240CP-NIR which is
optimized for near-infrared imaging; it has a quantum efficiency of 60% at 780 nm. A
high quantum efficiency is important for fluorescence imaging Typically CCD sensors
have much lower sensitivities, however the drawback of the CMOS chip is the larger
readout noise. The main advantage of the camera was its low price. The camera was
equipped with a 18-108 mm macro objective MVL7000 from Thorlabs, usually we use a
magnification of M=0.33 x.

In the first generation experiment the imaging was done through the bottom win-
dow, see Fig. 3.2. As the glass cell was too close to the surface of the optical table to
tit a large objective, a mirror was placed underneath it. Imaging parallel to gravity
and perpendicular to the horizontal plane was useful when implementing the syn-
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thetic Lorentz force. The experiment could then be setup with beams propagating in
the horizontal plane and thus we could neglect gravity as explained in chapter 4.

In the second generation experiment imaging is done through a 2.75” window
whose axis is 90°C to the one the probe beam enters through, the one that is en face in
Fig. 3.3(b). This setup is optimal for measuring the forces on the cloud along the axis
of propagation of the probe beam(s), more details on these measurements are found in
chapter 5.
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4 Synthetic Lorentz force

In this chapter results on the implementation of the synthetic Lorentz force (SLF) and
its experimental demonstration are presented. Results on this topic have been pub-
lished in [26, 27, 28].

41 The scheme

The scheme that we use is based on the Doppler effect and radiation pressure. The
standard Doppler cooling force arises when a laser field is red detuned compared to
the atomic resonance frequency as described in section 2.2.1. As described before, due
to the Doppler effect, the atom has a greater probability for absorbing a photon when it
moves towards the light source. Absorption changes the atom’s momentum along the
laser propagation axis, whereas spontaneously emitted photons yield random kicks.
Cycles of absorption and emission result in a viscous damping force Fp ~ av for
small velocities [1]; this force is collinear with the velocity and is used to obtain optical
molasses.

Now, let us look at how to construct a laser-atom system (in the zy plane) where
the radiation pressure force is perpendicular to the velocity, e.g., where F;, depends on
v,. To achieve this via the Doppler effect we utilize the multilevel structure of atoms.
The simplest scheme is sketched in Fig. 4.1(b), where a three-level atom interacts with

two orthogonal laser beams linearly polarized along z. The laser driving the [0) — |1)
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Figure 4.1: The main idea for constructing the synthetic Lorentz force. (a) Beam geometry for
the SLF in the simplest three-level system. (b) The three levels in ®7Rb which can be
used for the SLFE. The force components (c) F, and (d) F; calculated as a function of
the atomic velocity.
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transition is red detuned, dp; < 0, whereas the laser driving the |0) — |1) transition
is on resonance, d;5 = 0. The absorption of photons |1) — |2), which results in Fy,
is the second step in the two-step, two-photon absorption process: [0) — [1) — |2).
The probability for the two-step absorption depends on the Doppler-shifted detuning
values 6¢1 — ko1v,; and ég1 — ko1v,, which provides the desired dependence of F;, on v,.
The maximum in F), is expected for atoms with velocity (v, = d1/ko1, vy, = 012/k12), i€,
when each of the two steps in the two photon process is resonant.

However, the force pattern shown in Fig. 4.1 is not symmetrical, i.e., an atom that
has a positive velocity in the x direction will feel no force. The solution to thisis toadd a
second pair of beams, symmetric in regards to the atom position to the first two beams.
For the second pair we cannot use same configuration of levels and detunings, the atom
has to somehow distinguish from which second-step beam to absorb photons from.
Two solutions for this are possible and both were realized experimentally, they are
shown in Figs. 4.2(a) and (b). These two realizations were used for different scenarios
for the observation of the SLF, each characterized with a completely different initial
velocity distribution of cold atoms and each suitable for emulation of different classical
systems.
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Figure 4.2: Two possible configurations of implementing synthetic magnetism to 87Rb atoms
with two pairs of laser beams. (a) A configuration that uses only two distinct exited
states. (b) A configuration that uses four distinct exited states.

The first scenario uses the beam configuration shown in Fig. 4.2(a) and is suitable
for the emulation of a single charged particle in a magnetic field, and its experimental
realization is presented in section 4.2. We first prepared a cloud with a given center-of-
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mass (CM) velocity, after which we measured trajectories of the CM of the atomic cloud
in the presence of the SLF for various initial CM velocities. The observed trajectories of
the CM of the atomic cloud can be interpreted as dynamics of a single charged particle
under the influence of the Lorentz force, suggesting approximately equal SLF for all
atoms in the cloud, due to the equal initial velocities.

The second scenario uses the beam configuration shown in Fig. 4.2(b) and is pre-
sented in section 4.3. The cold cloud is considered as an ensemble of particles with
a Maxwell-Boltzmann velocity distribution. The signature of the SLF is observed in
the shape of the expanding cloud, i.e., an asymmetric and tilted expanding cloud is
observed. Our system in this case, a dense atomic cloud released from a MOT, is anal-
ogous to an expanding single species plasma in a magnetic field, and also to an ex-
panding neutral gas in a rotating reference frame, i.e., under the influence of a Coriolis

force, for instance, an anticyclone.

4.1.1 Numerical analysis

The force can be calculated by using density matrices and the Ehrenfest theorem as
described in section 2.1.3. First we numerically solve the optical Bloch equations to
tind the stationary density matrix p for an atom with velocity v; the matrix elements
are p;; = pieit with dp;;/dt = 0, w;; is the frequency of the laser driving the transition.
In the calculation, the following parameters are used: the energies E; of the levels
participating in the interaction, (j = 1, ..., N), the Rabi frequencies (2;;, detuning values
0;j, the wave vectors k;; of the lasers, and the decay parameters of the excited states,
I';; is the decay rate via [j) — [:); the total width of the state |j) isI'; = >, T';;.

The force is given by equation 2.19, which generalized for multilevel atoms under
the influence of more than one monochromatic fields reads

=
L
=

i=1 j=i+1

+

The density matrix depends on the Doppler-shifted detuning values 4;; — k;; - v, this
provides the velocity dependence of the force.

It should be emphasized that this scheme for constructing a SLF presented here is
general and potentially applicable to various atomic species. Since we work with *7Rb
atoms in the calculations we use experimentally relevant atomic states and transitions.
The three-level system that can be used to experimentally realize the simplest scheme
is presented in Fig. 4.1(b). The transition wavelengths are \y; = 780 nm [51] and A5 =
776 nm [56]. The decay rate of the |5P3 /2> hyperfine states is yp = 27 x 6.1 MHz [51],
and I'p = 27 x 0.66 MHz for the |5D5/2> states [56]. The decay pattern is 75, = I'p,
Ty = 0,and Ty, = I'p [51, 56].
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In Figs. 4.1(c) and 4.1(d) we show the calculated F(v) for detuning values §y; =
—0.5I'p, 612 = 0, and Rabi frequencies €2y, = 0.12I'p, and 293 = 0.34I'p. As expected,
the maximum of the force F, occurs when v, = dp1/ko1 and v, = d12/k12 = 0. Interest-
ingly, F,(v,, v,) has the shape of a mountain ridge peaked at dg; + d12 — kop1v, — k120, =
0. This is a consequence of the fact that the intermediate state |1) is much broader
than state |2). For the two-step absorption to be effective, the Doppler-shifted detun-
ing of the first photon should roughly be |dy; — ko1v.| < I'i, and the total detuning
|001 + 612 — ko1vy — k12vy| < I's. Since I'; <« Ty, the velocities satisfying these inequal-
ities are close to the ridge line. The ridge can be shifted in the v,v, plane by changing
the detuning values. The scheme above illustrates the main idea towards constructing
the synthetic Lorentz force via the Doppler effect.

Note that the force in the z direction is also altered for atoms with velocities at the
ridge. The presence of the second-step transition |1) — |2) changes the populations of
all three levels, which affects the rate of the first-step transition |0) — |1) and hence F,.
It should be noted that deformations of the ridge can arise for larger Rabi frequencies
due to the Autler-Townes effect [61].

4.1.2 The Fokker-Planck equation

The calculated force is sufficient to analyze single-particle-like dynamics. However,
for experiments observing the expansion of the cloud the experimental results are in
the form of TOF images so for a direct comparison with numerics we need a prediction
of the shape of the cloud after a particular time under the influence of the SLE. Also,
further analysis will provide a deeper insight to our scheme. For sufficiently small
velocities the force is linear around zero, therefore a good approximation is to neglect
higher order terms considering the low atom velocities in a MOT. We Taylor expand

the force in velocity up to the linear term:

Fx F$ xrxr X xX
_ | Ty [Fee Qay) O (4.2a)
F, _F y0 | QYyz Qyy | | Vy |
_FI ] [ xrx 0 ] [ x_ O X X
el ] Vel Qoy| |7 (4.2b)
_Fyg_ I 0 Qyy | |y ] yz 0 Uy
=Fo+Fp(v) + Fsr(v). (4.2¢)

Here o;; = 0F;/0v; evaluated at v. = 0 (i,j € {z,y}). The third term Fg.(v) is
a general form of the synthetic Lorentz force with components perpendicular to the
velocity components: Fg; , = ayyvy, Fsry = o0, . The force on a standing atom is

F(, while the components of the standard Doppler force are Fp , = a,,v,, and Fp , =
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ay,vy. When oy, = —oy,, Fgy takes the form of the standard Lorentz force, Fg; =
v x B*, where B* = o, 2.

One can alternatively divide the second term in equation 4.2a into two terms, one
that has zero curl in velocity space, while the other is of the form of the standard
Lorentz force, and thus rotates:

-G L
Qyz Oy | |y ap  Qyy —arp 0 Uy
= Fpot(V) + FSL(V), (43)

where a,, = ap + ar and a,, = ap — ag. We again identify the second term Fg (v)
as the one responsible for the SLFE. The first term F,,.,(v) depends on both components
of the atom velocity, and includes the usual Doppler force through the a,, and a,,
diagonal terms. However, by dividing the second term in equation 4.2a in this way
we get V, x Fp;(v) = 0, this means we can calculate the corresponding potential in
velocity space from F,,; = —V,U(v,, v,), where V,, = v0/0v, + Vy;0/0v,. By having a
term that produces a potential in velocity space and one that rotates interpretations of
results can be clearer.

The expansion of the cloud in the presence of the SLF laser beams is calculated by
employing the Fokker-Planck equation [1]:

OP(x,v,t)
ot
where P(x,v,t) is the distribution of particles in the phase space, D is the diffusion

—1 D
+v-V,.P=—V, [(Fp+FsL)P|+ —V.P, (4.4)
m m

constant, approximately given by D ~ (hk)* 3", pj;I'j [1], where k ~ 27/780 nm™,
Vv = x0/0v, + y0/dv,. For forces Fp + Fg, (or F,,x + Fg;) linearized in velocity,
equation 4.2a, the Fokker-Planck equation is solved by the ansatz

4

1
P<xvyavm7vy7t> = PO €xXp <_ Z Eaz](t)nzn]> (45)

i,j=1

where (71, 72,13, 1m1) = (2,y,v,,vy). After inserting equation 4.5 in 4.4, one obtains ten
coupled ordinary differential equations (ODEs) for the functions a;;(t), ten because
a;; = aj; by construction. These coupled ODEs can be solved numerically and the
cloud density in space can be found by integrating P(z, y, v,, vy, t) over velocity space.
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4.2 Synthetic Lorentz force for an atomic cloud with a

center-of-mass velocity

In this section we show measurements of the dependence of the transverse radiation
pressure force (analogous to the transverse Hall deflection) on the velocity of a cold
atomic cloud by observing the centre-of-mass (CM) motion. The results in this section
were obtained with the configuration shown in Fig. 4.2(a). As explained in section
4.1, due to the Doppler effect and the perpendicular configuration of the laser beams,
both components of the radiation pressure force depend on both components of the
atomic velocity: F, = F,(v,,v,) and F, = F,(v,,v,). This gives us the opportunity to
design the detuning values of our lasers such that Fy is positive/negative for atoms
with negative/positive velocity component vx, and that the total force is zero for an
atom at rest: F(v = 0) = 0. These are the characteristics of the synthetic Lorentz force
that we experimentally demonstrated.

The design of the detuning values of the lasers is crucial in obtaining the desired
result. The beams driving the first step of the transition |0) — |1) are detuned by the
same magnitude, but with the opposite sign. The one towards the positive z-direction
is red-detuned ¢_, = —dyp; < 0, while the other is blue-detuned by d._ = d¢; > 0. Their
intensities are equal. Thus, if just these two lasers were present, the net force on atoms
(of any velocity) would be zero. However, the population of level |1) would depend on
the velocity v,, which implies that the rate of transitions |1) — |2) giving the transverse
force will depend on v,. The detuning values of the beams driving the second step of
the transition, |1) — |2) are denoted by ¢+ and ¢, for the beam propagating in the
positive and negative y direction, respectively. For now, let us set these values such
thato_, + 0, = 0 + 0y = A > 0, as indicated in Fig. 4.2(a).

The two-step two-photon transitions, where absorption of a |[1) — |2) photon fol-
lows absorption of a |0) — |1) photon with perpendicular momentum, yield the syn-
thetic Lorentz force via momentum transfer from photons to atoms. Given the fact
that we have two counterpropagating beams for each transition, we have four exci-
tation pathways for the two-step two-photon transition denoted by P(—,7), P(+,1),
P(—,]), and P(+,/), see Fig. 4.2(a). The arrows correspond to the direction of the
photon’s momentum, for example, P(—, /) denotes the pathway where absorption of
a photon traveling in the +x direction is followed by absorption of a photon in the —y
direction and so on. Since the detuning magnitudes of the first step are identical for
all pathways (|0_,| = ), the relevant quantity is the total detuning for the two-step
two-photon transitions. It is important to note that the total detuning A for pathways
P(—,]) and P(<,1), is much smaller in magnitude from detuning values of P(—,1)
and P(<, ). The last two are thus negligible in the setup of Fig. 4.2(a).

To understand the origin of the synthetic Lorentz force, we take into account the
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Doppler shift. For an atom moving along the z-axis with velocity v, (v, = 0), the
P(<+,1) pathway is detuned by A + k,v,, i.e., it is on resonance when v, = —A/k, <
0. Because photons from the second step of P(<—,1) impart momentum towards the
positive y-direction, there will be a positive force F), for atoms with negative v,. In
the same fashion, the P(—, ) pathway will be on resonance when v, = +A/k, > 0
yielding negative F), for positive v,.

4.2.1 The experimental protocol

The 3"Rb atoms were cooled and trapped in the first generation MOT setup, described
in chapter 3. The typical experimental starting point condition is a cloud 0.4 mm in
diameter, which contains about 10® atoms of 'Rb, at a temperature of ~ 50uK. The
four beams implementing the synthetic Lorentz force, arranged as in Fig. 4.2, are of
much smaller intensity than the MOT beams. Therefore, they are negligible when the
MOT beams are ON. For the experimental detection of the synthetic Lorentz force, we
turn the MOT beams OFF, as described in detail below.

We need to measure the transverse force F; in dependence of the velocity v, of
the atomic cloud. Thus, we must prepare a cloud with a given center of mass (CM)
velocity. For this purpose we use an additional pair of current coils' that produce
a bias magnetic field along the symmetry axis of the anti-Helmholtz coils, = in our
notation here. The bias field moves the center of the trap (the point where B = 0),
which displaces the cloud approximately 1 mm along the x-axis.

The measurement protocol is depicted in Fig. 4.3 and is as follows:

i We load the trap with the bias magnetic field on.

ii Att= —2 ms we reverse the bias magnetic field by reversing the current’, which
suddenly shifts the center of the trap. This introduces a force on the cloud due
to the MOT beams. During the next 2 ms the cloud accelerates along the z-axis

towards the new trap centre.

iii Next we turn off the MOT cooling laser and all real magnetic fields. This moment
corresponds to ¢t = 0 in our presentation. The system is now simplified because
Zeeman splitting of hyperfine levels is absent and the radiation force left, arising
solely from the lasers implementing the synthetic Lorentz force, is not spatially
dependent, it is only velocity-dependent.

'Each coil has 4 turns.

2This is done with two DC voltage outputs of different polarity and two solid state relays, same
model as used for switching the AH current, MPDCD3. The one that is initially on is switched off, and
after 10 us the second one is turned on, reversing the voltage and hence the current
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iv The cloud starts to expand because the trapping is absent, but it also moves in
the zy plane due to both the initial velocity, v, (¢ = 0), and the radiation pressure
force.

v After some delay time ¢, the cooling laser is suddenly turned on and the cloud is
imaged with the camera.

A-H field

cooling laser

bias B field -eerrrreereeferreereen i

camera exposure ”

t=-2 =0  motion under SLF t (ms)

Figure 4.3: The measurement protocol for measuring the SLF.

a

1 0 1 2 3 4
X (mm) X (mm)

Figure 4.4: Cloud images with the position of the CM marked with a red diamond, at (a) t = 0
and at (b) t = 4 ms. The cloud is moving in the positive = direction because of the
prior acceleration caused by the bias field, see text for details. It is also expanding
because of the thermal distribution of the atoms.

From each frame we calculate the clouds CM by assuming that the fluorescence is
proportional to the density. Examples of the images with the calculated CM indicated
are shown in Fig. 4.4. From the trajectory traversed by the CM of the cloud (z(t), y(t)),
we can find the force acting on the atoms. If we wish to image a cloud initially at rest we
skip steps (i) and (ii). For a given delay time ¢, we repeat the measurement protocol a
number of times (20 times in identical conditions), and subsequently average to obtain
z(t) and y(t). As previously mentioned, gravity is along the z-axis in our system; free
fall of atoms due to gravity does not affect the motion in the xy plane. It should be
stated that we perform these measurements first with [1) — |2) lasers OFF, and then
with these lasers ON, keeping all other parameters identical. The difference in the
path y(t), with lasers |1) — |2) ON and OFF, gives us the transverse motion due to the
synthetic Lorentz force.
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4.2.2 Results demonstrating the synthetic Lorentz force

The results of the experiment are illustrated in Fig. 4.5. We show the trajectory of the
cloud (z(t),y(t)), in the presence of the synthetic Lorentz force, for three initial veloc-
ities: v, = —0.3 m/s (squares), v, = 0 m/s (diamonds), and v, = 0.6 m/s (circles);
v, = 0 att = 0 in each run of the experiment. There is a difference in the magnitude of
the initial v, for the positive and negative velocity [circles and squares in Fig. 4.5(a)],
which is a result of our MOT retro-reflected geometry (see section 3.3.4), and the way
we accelerate the cloud in step (ii) of the protocol. In order to prepare a cloud with pos-
itive v,, the cloud is accelerated with the incoming MOT beam (coming from the laser
side of the setup), whereas acceleration in the opposite direction is performed with the
reflected beam which has smaller intensity. The reflected beam intensity is smaller due
to the losses, which are a result of the passage of the incoming beam through the dense
cloud (absorption), and partially due to reflection. Consequently, the negative initial

velocity is smaller than the positive velocity.

(2)

430

time (ms)

Figure 4.5: The trajectories of the CM of the atomic cloud in the presence of the synthetic
Lorentz force. (a) z(t), and (b) y(¢) for three different initial velocities, v, = 0.6
m/s > 0 (circles), v, = —0.3 m/s < 0 (squares), and v, = 0 m/s (diamonds); initial
component of vy = 0 in all measurements. Accelerating motion along y is the sig-
nature of the transverse force F}, which depends on v,. The lines are fitted to the
experimental data, linear fits for v, (t), and quadratic for v, (t).
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For the lasers implementing the synthetic Lorentz force, we use the following de-
tuning values: for the first step at 780 nm 6. = —d_, = 27 x 6 MHz, and for the second
step at 776 nm 6; = —27 x 3.5 MHz and 0, = 27 x 7.1 MHz. The two operational two-
step pathways are P(<, 1) and P(—, | ), whereas the other two are far from resonance.
The intensities of the beams used for Fig. 4.5 are Izg9 = 0.060 mW/cm? and I776 =
2.9 mW /cm?, giving Rabi frequencies Q759 = 27 x 1.2 MHz and Q776 = 27 x 0.94 MHz.

By inspection of Fig. 4.5, we see that the cloud travels along the z-axis by inertia,
whereas it accelerates along the y-axis due to the synthetic Lorentz force. The direction
of the force depends on the sign of the velocity v, (negative/positive v, gives posi-
tive/negative F))), and the force is zero for a cloud at rest. We observe an asymmetry in
the force F,, for the positive and negative velocity. In order to justify the exact choice of
the detuning values J; and J, and further investigate the observed asymmetry in the
measured synthetic Lorentz force, we perform measurements in a slightly simplified

configuration.

4.2.3 Further insight into the scheme

In order to inspect the force along the y direction arising from the two-step two-photon
resonances in more detail, we perform measurements in a slightly simplified configu-

ration, illustrated in Fig. 4.6.

(a)
YK
-
11)—|2)

-10 -5 0 5 10
6+ (MHz)
Figure 4.6: (a) The auxiliary configuration. Tree beams are used, one of the second-step beams
is omitted. (b) Frequency scan of the two-step two-photon resonance in the auxil-
iary configuration. The calculated (solid lines) and measured force F), as a function
of 0y for the excitation with just three beams as shown in (a). Measurements are
performed for the cloud with initial velocity zero. The plots show resonances for

three values of the detuning §.. = —d0_, = 27 x 4 MHz (circles), 6 MHz (squares)
and 8 MHz (diamonds).

We block the beam pointing towards the negative y-direction, and measure F aris-
ing from the remaining beam (propagating in the positive y-direction), which drives
the |1) — |2) transition. The force is measured for an atomic cloud with velocity zero,

as a function of the detuning ¢;, see Fig. 4.6. Measurements are done for three different
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detuning values of the first-step beams §. = —d_, = 27 x 4,6,8 MHz. The inten-
sities of the lasers driving the transitions are now I7gp = 0.043 mW/cm? and I776 =
4.8 mW/cm?, giving Rabi frequencies Q750 = 27 x 1.1 MHz and Q77 = 27 x 1.2 MHz.
The two maxima in Fig. 4.6 are profiles of the two-step two-photon resonances: the
peak in the vicinity of 1 = —J_, > 0 corresponds to the excitation pathway P(—,1),
and the peak close to 6; = —d. < 0 corresponds to P(<, 7).

Solid lines in Fig. 4.6 show the theoretically calculated profiles of F; as described
in section 4.1.1 while taking into account the laser linewidth that increases due to the
dithering of the laser frequency needed for the lock. The frequency at which we dither
the laser is 14 kHz, this means that the laser will complete many cycles during the rel-
evant interaction with the cloud and that the force can be calculated as a time average.
The linewidth was determined to be 27 x 1.5 MHz by fitting to the experimental pro-
files. All parameters are identical as in the experiment, except that the Rabi frequencies
are reduced by 20%. This partially arises from absorption which reduces the intensity
of the lasers across a dense atomic cloud [62].

It should be pointed out that the peaks in Fj(d;) are slightly displaced from the
values 6; = +£|0_,| towards §; = 0; for example, for |J_,| at 6 MHz, the maxima are at
5.3 MHz. Moreover, the FWHM of the peaks is larger than the linewidth of the state
|2), which is expected from the theory, see Fig. 4.1(d)’. This is explained by the fact
that laser linewidth is finite, as mentioned previously. The finite laser linewidth of
|0) — |1) lasers at 780 nm distorts the resonances as follows: the side of the peak closer
to 6; = 0 is lifted up in comparison the opposite side of the peak. This follows from
the fact that the two-step two-photon resonance is stronger when |J_,| is closer to zero,
which is evident from Fig. 4.6. The exact positions of the peaks at +5.3 MHz, explain
the chosen detuning values for the second step at 776 nm, which were used to obtain
Fig. 4.5: 0y = =27 x 3.5 MHz and §; = 27 x 7.1 MHz. They are chosen such that the
operational pathways are effectively equally detuned from the two-step two-photon
resonance: P(—, ) is detuned by 27 x (—5.3+7.1) MHZ = 27 x 1.8 MHZ, and P(+, )
is detuned by 27 x (+5.3 — 3.5) MHz = 27 x 1.8 MHz.

4.2.4 Discussion

Suppose that we repeat measurements corresponding to Fig. 4.6, but for an atomic
cloud with mean velocity v, different from zero. The results of such measurements
would be identical as for v, = 0, but the positions of the peaks would correspond to
the Doppler shifted detuning values J_, — kv, and 6. + kv,. Thus, because detuning

can be mapped to velocity space, Fig. 4.6 can be reinterpreted as measurements for a

3Fig. 4.6(b) corresponds to a vertical cut in velocity space for §; = J; = 0, the two pairs of beams
would form two perpendicular ridges in velocity space. The width of the cut through each ridge would
be the width of the second exited state, I'p = 27 x 0.66 MHz
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fixed value of 6. = —0_,, and for three different velocities v, < 0 (4 MHz), v, = 0 (6
MHz), and v, > 0 (8 MHz). This is sketched in Fig. 4.7, where we see that the two
peaks separate (approach) each other for v, > 0 (v, < 0, respectively).

We use Fig. 4.7 for a detailed explanation of the synthetic Lorentz force measured
in Fig. 4.5. In measurements shown in Fig. 4.5, we have §; < 0, which means that
the positive force F;, > 0 in Fig. 4.5 results from the left resonance peak in Fig. 4.7.
Likewise, because §; > 0 was used for Fig. 4.5, the negative force F,, < 0 results from
the right resonance peak in Fig. 4.7. The transverse force F,, measured in Fig. 4.5, can
be approximately identified with [F}(d+) — F,(d})].,, as illustrated in Fig. 4.7.

(a) ........ .

v, <0

5,0 3,

Figure 4.7: Interpretation of the synthetic Lorentz force from Figs. 4.2(a) and 4.5, via two-step
two-photon resonances presented in Fig. 4.6. Sketch of the resonant peaks that
would be obtained in the setup shown in Fig. 4.6 for three atomic velocities: (a)
vz < 0, (b) v, =0, and (c) v, > 0. Vertical dotted lines illustrate the values of the
detuning used for the lasers aligned on the y-axis in Fig. 4.1(a). Arrows denote the
direction of the force exerted by those lasers, and illustrate the way F; observed in
Fig. 4.5 arises as a function of velocity v,.

The choice of §; and §, in Fig. 4.5 is such that the strength of the forces arising from
the two peaks balance each other, giving F,, = 0 for v, = 0 [Fig. 4.7(b)]. Moreover,
0+ and 0, are on the slopes of the two peaks in Fig. 4.7(b) for an atom with v, =
0, where the maximal magnitude of AF,/Auv, is expected (detuning translates into

velocity space via Doppler effect). For an atom with v, < 0 [see Fig. 4.7(a)], the two
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peaks approach each other, yielding greater force from the left peak, which results in
F, > 0 for v, < 0, and the opposite for v, > 0 which yields F,, < 0 as shown in Fig.
4.7(¢).

It should be noted that while doing the experiment an opposite chronological order
was used to the order in which the figures are presented here. First scans such as the
one shown in Fig. 4.6 were performed from which we chose the detunings based on
criteria mentioned. This was also performed each day we ran the experiment due to
the small drifts of the lock point of the lasers and other systematic effects.

It should be pointed out that this scheme is inherently asymmetric. The intensity
of the resonance peaks shown in Fig. 4.7 decreases when they separate (for v, > 0),
in contrast to when they approach each other (for v, < 0). Thus, the net force along y
is larger for negative v,, than for the velocity of the same magnitude but with a pos-
itive sign. By using a scheme from Fig. 4.2(b), one can remedy the asymmetry in the
force, present in the three-level scheme, this will be presented in section 4.3. In ad-
dition, the initial density of the atomic cloud is not identical prior to acceleration in
the positive/negative direction due to the slight asymmetry of the displaced trapping
potential. This also affects the transverse force due to absorption and multiple scatter-
ing [62]. The inherent asymmetry in the force F,(v,) and in the initial density of the
cloud, is reflected in the asymmetry of the observed motion in Fig. 4.5 for v, < 0 and
v, > 0. Importantly, all of these details only quantitatively affect the results, but not
qualitatively.
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4.3 Synthetic Lorentz force in an expanding cold atomic
gas

In this chapter we present results obtained with the configuration shown in 4.2(b).
In this configuration each pair again drives two-step two-photon transitions between
three levels, from the same ground state but to different exited states. One pair of
perpendicular laser beams, depicted with arrows with solid color filling, drives the
|0) — |1) — |2) transition, while the other pair, marked with pattern filing, drives
the [0) — |1’) — |2') transition. Again, due to the Doppler effect and the geometry
of the laser beams, both components of the radiation pressure force depend on both
components of the atom velocity: F, = F,(v;,v,) and F, = F,(v,,v,). This gives us
the opportunity to choose the detuning values of our lasers such that the radiation
pressure force again mimics the Lorentz force.

In Fig. 4.8(a,b) we show the calculated force components F, and F), as a function of
atom velocities for the system and laser detunings used in the experiment. This force
pattern in velocity space can be separated in to two components, equation 4.3. The
resulting scalar potential, along with the rotating part of the force, is shown in Fig.
4.8(c). These two components will both influence the observed shape of the cloud. A
detailed explanation of the numerical calculations can be found in section 4.1.1 and
contributions of the two force components in velocity space are discussed later in this
section. In contrast to the previous experimental realization detailed in section 4.2
where three different levels were used, in this work we use five different levels. As
mentioned, using three different levels results in a similar force pattern in velocity
space, however the force is not symmetric, i.e., F}, has different magnitudes for positive
and negative v, of same magnitude. Using five levels avoids this problem resulting in
a better analogy with the Lorentz force and is adequate for experiments in which a
symmetrical initial velocity distribution is used. Additionally, the cloud can be made
rotationally asymmetric (elongated) enabling the observation of its rotation; this was

not possible with the previous scheme

4.3.1 Analysis of the shape of the cloud in the presence of the SLF

The starting point in the experiment is again a cold atom cloud of 37Rb atoms, as de-
tailed in chapter 3.

For the SLF we use the geometry sketched out in Fig. 4.2(b) where the zy plane is
the horizontal one. Beams propagating along the x direction drive the first step of our
two-step scheme, where for |0) — |1) we now use the |551/2; F' = 2) — [5P59; F' = 2)
transition and for [0) — [1') we use the |55,/5; F' = 2) — [5P3)9; [’ = 3) transition.
Beams propagating along the y direction drive the second step of the two-step exci-
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Figure 4.8: (a) The calculated force in the = and (b) y direction as a function of velocity. (c)
Resulting potential in velocity space when the rotating part of the force (shown
with white arrows) is excluded. The white contours show the calculated velocity
distribution after 1 ms of expansion.

tation, for |1) — [2) we use the |5Ps/9; [" = 2) — |5D;5,5; F" = 3) transition and for
1) — |2') we use the [5P39; [ = 3) — |5D52; F" = 4) transition.

As before, the four SLF beams are provided from the output of the two frequency
stabilized external cavity diode lasers (ECDLs) with nominal emission at 780 nm for the
tirst step and 776 nm for the second step, as explained in section 3.3. Using heterodyne
spectroscopy with an optical frequency comb, similar to the one shown in section 5.1,
a laser linewidth of 1 MHz is measured. All beams are passed through acousto-optic
modulators to obtain the desired frequencies.

Since one of the two-step two-photon pathways drives an open transition the pres-
ence of a repumper is necessary, for this we drive the |551/; F' = 1) — |5P5; F' = 1)
transition. Compared to normal MOT conditions the population in the |55, /o; F' = 1)
state will be substantial leading to an appreciable radiation pressure force from the
repumper beam. To avoid masking the observation of the SLF by introducing unac-
counted forces into the system we copropagate the repumper beam with the |55 /5; F' =
2) — [5P39; F' = 2) beam.

The same experimental protocol is used as in section 4.2 for a cloud with zero veloc-
ity, i.e., no bias magnetic field is used to accelerate the cloud prior to the trap shutdown.
Again, the SLF beams have no effect on the initial spatial and velocity distributions of
the cloud while the trapping beams are present since the force arising from their ab-
sorption is small compared to forces due to the trapping beams. We repeat the mea-
surement protocol 20 times in identical conditions, and subsequently average the TOF
images to obtain the density distribution of the cloud for a given 7.

Following detuning values are chosen in the experiment: the first step beams,
propagating along the x direction, are red detuned by dy; = dorr = —I'p/2, where
I'p = 27 x 6.1 MHz is the decay rate of the *"Rb 5Py, state [51]. The second step
beams, propagating along the y direction, are blue detuned. Their detuning values, 61,

and ¢;/o are chosen in such a way that the total two-photon detuning, A, for both two-
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photon two-step pathways is equal to A = —I'/2, where I'p = 27 x 0.66 MHz is the
decay rate of the *"Rb 5D, state [56]. Following this condition, 615 = o = 27 % 2.7
MHz. The repumper laser is on resonance.

The choice of those detuning values follows from a similar experimental protocol
used in section 4.2.3 in the same three beam configuration as in Fig. 4.6(a). Now,
however, instead of two prominent peaks only one is present since we use different
intermediate exited states. In this configuration not only does the CM move, there is
also a tilting of the cloud present that was not visible in the previous configuration due
to the rotationally symmetric shape of the cloud. In contrast, in this configuration the
cloud has an ellipsoid shape; it is elongated along the y axis due to the Doppler friction
force in the z direction that is a consequence of the red detuning of both the first step
beams. We perform a frequency scan with each of the second step beams; we find the
detuning at which the tilting angle is maximum, set the detuning in this way for both
second step beams and finally measure the angle with both beams interacting with the
cloud.

Intensities of the SLF beams are: [j; = 0.039 mW/cm?, Iy;r = 0.063 mW /cm?,
I15 =318 mW/cm?, and 1o = 0.063mW /cm 2. The intensity of the repumper beam is
Liepumper = 3.2 mW /cm?. Again, all beams are fiber coupled to PM fibers and polarized
in the z direction. For the reasons discussed earlier, the repumper beam is coupled
to the same fiber as the |0) — |1) beam. The offset in the force in the x direction,
coming from the repumper radiative force, is compensated with a lower intensity of
the |0) — |1) beam relative to a case in which the repumper would not be present. In
such a way we achieved that the total force on atoms with zero velocity is zero, i.e.,
F,(v =0) = 0. As a consequence the SLF will be of lower magnitude but will have the
same characteristics.

To be able to analyze the TOF experimental results, first we turn to numerical sim-
ulations of our system.

The force in velocity space is calculated as detailed in section 4.1.1. Again, the pro-
cedure assumes that the lasers are perfectly monochromatic. However, as mentioned
previously, there is a finite laser linewidth in the experiment that should be taken into
account. Considering that the spectral profile of diode lasers can be described by a
Gaussian in the frequency domain, we now introduce the laser linewidth in the simu-
lations in a somewhat simpler fashion, although equivalent to the way in which it was
introduced in section 4.2; we now convolve the force in velocity space with a Gaussian
whose FWHM corresponds to the measured laser linewidth, i.e., to 1 MHz. Calculated
resulting forces F, and F), as a function of atom velocities for relevant rubidium atomic
levels and laser parameters used in the experiment are shown in Fig. 4.8(a,b). The
repumper laser is also included in the calculations. It is obvious that the features in
velocity space are not as prominent as those shown in Figs. 4.1(c) and (d), this is a
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consequence of the laser linewidth being included in the calculations as mentioned.

One can see from Fig. 4.8(b) that the obtained force pattern has the wanted proper-
ties: F, is positive/negative for atoms with a negative/positive velocity component v,.
Positive F), arises as a result of driving the |0) — |1) — |2) transition, by the laser beam
pair marked with solid filling in Fig. 4.2(b). Due to the red detuned first step laser
driving the |0) — |1) transition, this two-step two-photon pathway is resonant only for
atoms with negative v,. The positive force in the +y direction is then a consequence of
the second step laser beam driving the |1) — |2) transition. In a completely analogous
way, a negative Fj arises as a result of driving |0) — [1') — |2) transition which is
resonant only for atoms with positive v,.

In Fig. 4.8(c) we present the calculated potential in velocity space; a consequence
of the first term on the right hand side in equation 4.3 as described in section 4.1.1.
Direction and magnitude of the F'g;(v) force is also shown, given by the white arrows.
Consider now how these two terms effect the atomic velocity distribution. We start
with a symmetric velocity distribution at ¢ = 0, which is a common initial condition
in a MOT. Shortly after ¢ = 0 the cloud will be reshaped in velocity space to a tilted
ellipsoid by the potential shown in Fig. 4.8(c). Simultaneously, the rotating part of
the force, F'g;(v) increases the distribution’s deflection angle while preserving its el-
lipsoidal shape. This reshaped velocity distribution will give rise to a reshaped spatial
distribution of the cloud, which can be detected in TOF measurements.

The expansion of the cloud in the presence of the SLF laser beams is calculated
by employing the Fokker-Planck equation, again, see section 4.1.1. The initial phase
space distribution of atoms P(x,y, v,, v,,t = 0), which is the input distribution for the
Fokker-Plank equation, is defined using measured experimental values. These were
determined by measuring the time evolution of the cloud’s thermal expansion in a
standard TOF measurement with no SLF beams present. The Fokker-Planck equation
is solved numerically for different expansion times, providing the phase space distri-
bution of atoms in the cloud for a given time. The calculated atomic density distribu-
tion is then subsequently compared to the TOF measurements.

In Fig. 4.9 we present measured (b,e,h) and calculated (c,f,i) atom density distribu-
tions after 7 = 4 ms of expansion time for three experimental configurations (a,d,g),
respectively.

The atomic system and laser parameters used in the calculations are identical to the
experimental ones, given above. The cooling laser detuning is —3.6I, providing a sym-
metrical Gaussian shaped density distribution of the cloud at t=0 ms whose standard
deviation (SD) is 0, = 0.25 mm and a velocity distribution whose SD is ¢, = 0.1 m/s.

In the configuration presented in Fig. 4.9(a) only the first step SLF beams, |0) — |1)
and |0) — |1’), are present. An ellipsoid shape of the cloud is measured elongated
along the y axis, Fig. 4.9(b). The simulated atom density distribution corresponding
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Figure 4.9: Atom density distributions after TOF of 4 ms for three different configurations,
(a,d,g). Corresponding experimental, (b,e,h), and numerical results, (c,f,i), are show
in the same row. (b,c) Density distribution with only the first step beams present.
(e,f,h,i) Density distributions with all four beams present, hence under the influence
of the SLE. Note that the two second step beams have switched places from (d) to
(g). The deflection angles of the major axes are indicated with full white lines. In
panels (f,i) a dashed line indicates what the deflection angle would be without the
SLF term in equation ??. See text for details

to this experimental geometry is shown in Fig. 4.9(c). As mentioned, the ellipsoid
shape is a result of a friction force in the z direction resulting from the red detuned
tirst step SLF beams. This measurement serves as a control, not only to make sure that
the ellipsoid shape of the cloud is due to the first step beams, but also to gauge the
reference angle of the ellipsoid. We find the deflection angle of the major axis by fitting
a 2D Gaussian to the density distribution.

By adding the second step SLF beams, |1) — |2) and |1") — |2’), our scheme of two
pairs of two-step two-photon transitions is fully realized, Fig. 4.9(d). The measured
atom density distribution is still ellipsoidal, but tilted by an angle ®=(—12 + 2)° rela-
tive to the y axis, Fig. 4.9(e). This angle is a unique signature of our scheme of atoms
interacting with the field of two pairs of perpendicular laser beams that drive two-step
two-photon transitions. The corresponding simulation of the atom density distribu-
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tion, is shown in Fig. 4.9(f). Good agreement between measured and calculated atom
density distribution is observed. The calculated angle, ®,,,,, = —11.6°, is within the un-
certainty of the measured angle. For the density distribution in Fig. 4.9(f), the «;; coef-
ficients are calculated to be (., Ay, Qe ) =(—3.4,0.79, —0.20, —0.10) x 10722 Ns/m,
giving ap = 0.50 x 10722 Ns/m. In order to distinguish between the two contributions
that produce the ®,,,, angle, i.e., the trapping potential and the SLF, arising from the
first and second term in equation 4.3, we calculate the density distribution without the
SLF contribution (g = 0). The obtained deflection angle ®,,,,,,(ag = 0) = —5.0° is sig-
nificantly smaller than the angle ®,,,,, = —11.6° and is indicated with a dashed line in
Fig. 4.9(f). This is expected based on the discussion presented in Section III, which con-
firms the observation of the synthetic Lorentz force in a measured cold cloud density
distribution shown in Fig. 4.9(e).

To recheck our experimental findings we switch the two second step SLF beams,
obtaining the configuration shown in Fig. 4.9(g). To ensure the same alignment only
the output of the fibers for the two beams are exchanged, whereas all holders, optics
and experimental parameters are left unchanged. The atom density distribution re-
mains ellipsoidal, but it is now tilted at an angle ®=(12 + 2)° relative to the y axis. The
corresponding calculated distribution shown in 4.9(i) confirms the experimental result
and conclusions analogous to the conclusions from the previous configuration can be
made.

Another thing to note is that the tilt angle of the cloud does not increase for larger
expansion times. This is due to the scalar potential, which would decrease the tilt
angle if the rotating part of the force was not present. The tilt angle therefore stops
increasing when the influences of these two terms on the tilt angle cancel each other.
The expansion of 7 = 4 ms was therefore chosen because of optimal signal quality,
since for smaller times the cloud is similar to the initial symmetric shape, while for
larger times the signal deteriorates due to heating and diffusion.

Considering that the cyclotron frequency does not depend on the velocity of the
charged particle, by analogy we expect that the deflection angle ® in our system does
not depend on the initial width of the Maxwell-Boltzmann velocity distribution of the
cold cloud, i.e., on the cloud temperature. In Fig. 4.10 we show the measured and
calculated deflection angle ® as a function of the SD of the velocity distribution, points
and line, respectively. As mentioned in section III, the SD of the initial velocity distribu-
tion, o,, is obtained from TOF measurements without the SLF beams. In the experiment
oy, i.e., the temperature of the cold atoms in the MOT is easily tuned by changing the
detuning of the cooling laser. The deflection angle is measured using the experimental
configuration shown in Fig. 4.9(d), with all other experimental parameters identical to
the ones used before. We can see that the measured and calculated angles agree well
with the expected behavior, i.e., the deflection angle does not depend on the width of
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the velocity distribution almost in the entire range. Deviation of the measured angle
from the calculated constant value at wider velocity distributions arises because there
is a considerable number of atoms with velocities that are beyond the velocity range in
which the approximation used in equation (1) is valid, and therefore the effect of the
SLF is less pronounced. For reference, see inset of Fig. 4.10 which shows the force in
the y direction, F),(v,, v, = 0). Within the shaded area, which is from v, = —0.15m/s to
v, = 0.15 m/s the difference between the calculated force (green curve) and the linear
approximation from equation (1) is below 4 %. However, for a cloud with o, = 0.15
m/s, already 32 % of the atoms have a velocity that is outside of the shaded area. For
increasing o, this fraction will be even larger which illustrates why the model and the
experimental results differ increasingly past o, ~ 0.15 m/s. The values of v, for which
F,(vz, v, = 0) has maximum absolute values are defined by the two-photon detuning
via the Doppler shift. For a larger two-photon detuning the maximum force values
would be further apart and so the velocity range in which the force is linear, and thus
the effective observation of the SLF is possible, could be made larger. A more com-
plicated model could be implemented that would take into account atoms with larger
velocities, as well as other effects present in the MOT such as radiation trapping.
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Figure 4.10: The deflection angle as a function of the SD of the velocity distribution, measured
(circles) and calculated (line). The inset shows the force in the y direction as a
function of the velocity in the x direction, F;(v;, v, = 0), the region |v,| < 0.15
m/s is shaded while the line shows the slope at v, = 0.

A visible difference between the experimental TOF distribution and the numeri-
cally predicted ones in Fig. 4.9 is the larger width of the experimentally observed dis-
tributions along the x axis, along which we effectively have optical molasses due to the
red detuning of the first step beams. This faster expansion is possibly a consequence
of radiation trapping and very similar to the effect observed in [20]. There the authors
also observed a much faster expansion of their cloud in the molasses stage than what
was predicted by the Fokker-Planck equation, and this was attributed to Coulomb-like
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forces caused by radiation trapping. There is also additional heating not accounted for
in the model, mostly due to the linewidths of the lasers which can also increase the
observed width of the cloud. However, these potential additions to our model are out
of scope for this thesis. The model presented here is simple yet powerful in the sense
that it explains and fully predicts the behavior of our system for sufficiently low atomic
temperatures that are typically achieved in MOT.
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5 Frequency comb cooling

In this chapter results on our experiments in which we study the interaction of an op-
tical frequency comb with a cloud of cold rubidium atoms are presented. Manuscripts
based on these results are either submitted for review or being prepared for submis-
sion at the time of writing this thesis. The corresponding manuscripts can be found in
appendix B.

Mode-locked lasers have been proposed [63] and developed [64, 65] in the early
days of laser physics. However, most of the focus in the later part of the 20th century
was on the time domain; mode locked lasers produce very short pulses that are a cre-
ated as a sum of the of the longitudinal modes which have a fixed phase relationship,
i.e., are "locked". At the turn of the century a paradigm shift happened' and the focus
was shifted to the frequency domain in which the pulse train of a mode-locked laser
generates a frequency comb: discrete, sharp lines that are regularly spaced [66].

A depiction of the time- and frequency-domain relationship is shown in Fig. 5.1,
the two are connected by the Fourier transform.

The optical frequency of the nth comb mode is given by:

fn = nfrep + fceoa (51)

where n is the comb mode number, f,., is the repetition frequency of the laser, f.,
is the carrier-to-envelope phase offset frequency. Since f,., and f.., are measurable
radio frequencies (RF), it follows that the FC provides a direct link between measurable
radio frequencies to optical frequencies; by measuring these two frequencies we can
determine the absolute frequency of all the comb modes (in terms of the primary cesium
frequency standard). This has enabled absolute measurements of optical frequency
standards [68, 69] and the unprecedented fractional accuracy and stability of optical
clocks [70] down to the 10~ '® level [71] will certainly lead to a redefinition of the second
in terms of an optical frequency in the near future.

Imostly enabled by the advent of the titanium-doped sapphire laser in the early 1990s
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Figure 5.1: In the time domain (a) a mode-locked laser produces a train of ultra-short pulses
(ps or fs) while in the frequency domain (b) it generates a frequency comb. The
phase between the carrier (solid, blue) and the envelope (dashed, gray) changes
from pulse to pulse by a fixed quantity, A¢, the relationship of this phase to the f..,
is indicated. Adapted from [67].

5.1 Stabilizing the comb

Generally, f,., and f.., depend on cavity length and dispersion in the cavity, which in
turn depends on pump power. In practice this means that both frequencies will change
over time due to temperature drifts and acoustic and current noise. For a FC to be an
useful experimental tool these frequencies need to be stabilized.

The most common use of the FC today is in absolute optical frequency measure-
ments. As mentioned, this stems from the fact that by stabilizing f,., and f.., we sta-
bilize the absolute frequencies of all the comb modes. This is usually achieved by mea-
suring these two frequencies, and phase locking them to stable frequency references.
While measuring f,., is straight forward and just requires a photodiode, measuring f..,
is experimentally complex and typically highly power consuming, requiring the well
established f-2f interferometry [67]. This interferometry technique includes generating
a octave-spanning spectrum by nonlinear pulse propagation through a highly nonlin-
ear photonic crystal fiber and subsequent frequency doubling of the low frequency part
of the spectrum; both processes are power consuming. To achieve the detection of f,.,
the nth mode is frequency doubled and interfered with its harmonic, the 2nth mode, on
the far side of the octave spanning spectrum: 2(n f,ep + feeo) — (20 frep + feeo) = feeo- SIM-
ilar interferometric techniques can be used but all include nonlinear, power consuming
processes (2f-3f, 3f-4f or other combinations [72, 73, 74]).
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Chapter 5. Frequency comb cooling

However, as stated in the introduction, we want to use the comb for laser cooling.
As described in section 2.2.1, Doppler cooling requires knowledge of the absolute po-
sition of the laser/comb mode interacting with the atomic transition only to the same
order as the width of the transition in question, that is, most important is the relative
position with respect to the atomic transition used for cooling [1].

In this section we detail how we stabilize a fiber based frequency comb to an ex-
ternal cavity diode laser (ECDL) which is stabilized to the cooling transition in *Rb,
1551 /2; F' = 2) — |5P3)9; F' = 3). This enables us to determine and stabilize the de-
tuning of a specific comb tooth relative to this transition which is needed for Doppler
cooling, as mentioned above. By stabilizing the relative position of a single comb tooth,
fn, in respect to the stabilized ECDL and simultaneously stabilizing f,., we indirectly
stabilize f,.,, i.e., the whole comb, evident from equation 5.1. However, the absolute
stability of the comb is then determined by the stability of the ECDL. We analyze and
discuss the absolute stability of the comb later in the text.

The femtosecond fiber laser used to produce the comb is an erbium doped fiber
laser’ [75] (Toptica FemtoFiber) whose primary emission is a 50 nm (FWHM) broad
spectrum centered around 1580 nm, with a repetition frequency f,., ~ 80.5 MHz, an
average power of F,,, ~ 230 mW, and a pulse length of 200 fs. This output is frequency
doubled on a PPLN crystal to obtain a spectrum centered around 780 nm (FWHM =
10 nm), the wavelength of the rubidium transition of interest with an average total
power of F,,, =~ 75 mW. Approximately 100 000 comb lines are contained under the
FC spectral envelope. The ECDL used (Moglabs CEL002) is stabilized to the wanted
rubidium line by polarization spectroscopy, as described in section 3.3.3. This locking
technique allows high bandwidth feedback and also avoids directly modulating the
laser frequency reducing the achievable linewidth. It is important to note that cold
atom experiments require the use of a stabilized laser relative to the cooling transition
which means that in laboratories performing these kinds of experiments a stabilized
CW laser is necessarily already set up. This makes our stabilizing scheme straightfor-
ward to implement in these setups.

We achieve the fixing of the optical frequency of a single comb mode by phase
locking the frequency comb to the stabilized ECDL, see right part of Fig. 5.2. A fraction
of the ECDL light (=~ 10 mW) and a fraction of the FC light (~ 1 mW) are copropagated
and directed first onto a grating (Thorlabs GR13-1208) to spatially filter the unwanted
comb modes to reduce background noise, and then onto a fast photodiode (Thorlabs
PDA10A-EC). The signal, fiq, is then fed through a series of filters (Mini Circuits
BLP-30+ and BLP-50+) and amplifiers (Mini Circuits ZFL-1000LN+), shown in Fig. 5.2.
Despite spatial filtering the beat signal contains beats with multiple comb modes, for

this reason the cut-off frequency of the filters is chosen to be fout—off < frep/2, this way

ZMode-locking is achieved by nonlinear polarization rotation, see reference for more details.
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Figure 5.2: Sketch of the experimental setup for fully stabilizing the comb using an ECDL ref-
erence. The left and right section of the image shows the scheme for stabilizing f,
and fpcqt, respectively. The DDS'’s in the left and right part of the figure are the
same unit. The spectrum after the grating is an illustration, in reality it does not
stretch to the visible part of the spectrum. The setup does not require an iris, the
spatial filtering is achieved due to the photodiode active area being small. PPLN:
periodically poled lithium niobate crystal, PD - photodiode, A/2 - half-wave plate,
DDS - direct digital synthesizer, OCXO - oven controlled crystal oscillator, ECDL -
external cavity diode laser, BS - beam splitter.

the beat with a single mode gets filtered trough. This amplified signal is then split,
with one part being used for monitoring the beat frequency. The beat signal is shown
in Fig. 5.3. The cutoff of the low pass filters is clearly visible in Fig. 5.3(a). For the beat
signal we achieve a 40 dB signal-to-noise ration with a measured FWHM of 60 kHz (1
kHz bandwidth), this width sets an upper limit on the width of both the comb and the
ECDL.

The other part of the filtered and amplified signal is sent to a 64-fold divider (RF
bay, FAS-64). The divider serves to increase the capture range of the lock which is
necessary due to limits on the feedback bandwidth characteristic to lasers based on Er-
doped fibers. The output signal from the divider is fed into an analog phase detector
(Mini Circuits ZRPD-1+) together with a reference signal supplied by a direct digital
synthesizer board (DDS, Novatech instruments, DDS9m). The output from the phase
detector is and passed through low pass filter (4 kHz cutoff) to obtain an error signal.
We then use a PI controller (Newport LB1005) to generate the feedback signal which
modulates the pump power in the cavity in order to keep the selected comb mode fixed
relative to the ECDL frequency, at a frequency difference fcq:.

To stabilize the repetition frequency we mix the detected and filtered (to reduce low
frequency noise, Mini Circuits BHP-50+) repetition rate with a reference signal from
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Figure 5.3: The beat signal of the FC and the CW reference laser. (a) A larger range showing
approximately the available scanning range, bandwidth was 30 kHz, sweep time 1
s. At very low frequencies the divider stop functioning normally, while at frequen-
cies > 30 MHz the roll-off because of the low-pass filters begins. (b) The beat signal
recorded with a 3 MHz range, the -3 dB width is indicated. Bandwidth was 1 kHz,
sweep time 10 s.

the same DDS generating the reference signal for the stabilization of the optical beat
frequency, see left part of Fig. 5.2. The error signal is generated with a phase detector
module that is installed into the laser controller (Toptica PHD 110), passed through a
second order low pass filter with a 800 Hz cutoff to filter out high frequency noise, and
then fed into a built-in PID controller (Toptica PID 110) which then controls the piezo
which changes the length of the cavity. This enables the stabilization of the repetition
frequency, f,ep, which together with stabilizing the position of a single comb tooth as
described earlier, stabilizes the whole comb.

5.1.1 Evaluation of the stability

The measured repetition frequency and optical beat frequency, f,., and fycq:, are shown
in Fig. 5.4(a) and (b) with the corresponding Allan deviations shown in panel (c). One
can see from the Allan deviations that the lock functions very well, going bellow the
mHz level at 10 s integration time for both f,., and fic.:. From this we can conclude
that the stability of the comb is limited not by the noise introduced by the locking
procedure, but rather by the stability of the ECDL reference laser, expected to be orders
of magnitude lower [59, 76].

The PI corners of the f,., and fi.q.: loops are set to 14 Hz and 300 Hz, respectively.
These values are deliberately chosen to be low, especially for the f,., loop, in order to
avoid transferring high frequency noise from the reference frequency onto the optical
spectrum. Any noise on the reference frequency for the loop that controls the repeti-
tion frequency transfers to the optical spectrum, multiplied by the mode number, n,

evident from equation 5.1. Since n is of the order of n &= 5 x 10° the influence on optical
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Figure 5.4: Measurement of the lock performance, frequency offset A f from the starting mea-
sured value of (a) frep and (b) fieq: frequencies while both feedback loops are en-
abled. (c) the corresponding Allan deviations.

frequencies is considerable. For this reason it is necessary to use a frequency reference
with very low phase noise. The DDS that we use to synthesize the reference frequency
is it self referenced to a oven controlled crystal oscillator (OCXO, Miteq PLD-1C-10-
475-15P), which is in turn phase locked to a rubidium frequency standard (Stanford
Research Systems FS725) with a 10 MHz output. The OCXO has an 475 MHz output
and acts here as a frequency multiplier that introduces very little phase noise. The DDS
than divides this clock frequency to the wanted ~ 80.5M Hz which is further filtered
(Mini Circuits BLP-100+) to remove remainders of the clock frequency and aliasing
frequencies. An alternative way would be to use the 10 MHz output of the Rb stan-
dard to reference the DDS which would then multiply this to the wanted ~ 80.5M H z,
however, this was found to expectedly introduce far more phase noise. Although the
resulting signal is very clean (stated phase noise of < —120 dBc at 10 kHz offset) the
intrinsic short term stability of the frequency comb is better. For this reason we set the
PI corner of the f,., loop low in order not to interfere with this intrinsic short term
stability, rather only correct for long term drifts which occur mostly because of tem-
perature variations. Since the two control loops are not orthogonal the PI corner of the
freat lOOP is also set low so as to not transfer high frequency noise to the other loop.
As mentioned previously, the absolute stability of the FC is expected to be limited
by the absolute stability of the ECDL reference laser. To evaluate this stability and to
demonstrate the abilities of our locking scheme we perform a heterodyne beat of the
stabilized FC with a separate ECDL laser. This laser is locked to a two-photon transi-
tion, *Rb, |55 /2; F = 2) — |[5D52; F' = 4) by a dither lock. To observe a peak to which
to lock to we detect 420 nm fluorescence with a photomultiplier tube in a rubidium
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cell heated and to ~ 110°C. The temperature of the cell is stabilized with a tempera-
ture controller (MPT-5000, Wavelength Electronics) controlling the current through the
heating wire. For the purpose of this measurement, the polarization spectroscopy cell
was also temperature stabilized to reduce the drift in frequency. This was done by
placing the cell in a acrylic glass case and heating it to ~ 60°C with a Peltier mod-
ule controlled with a temperature controller (MPT-2500, Wavelength Electronics). The
fluorescence spectra are shown in Fig. 5.5. Somewhat expectedly, the spectra of the
1551 /2; F' = 2) = |5D59; F' = 4) fluorescence, shown in Fig. 5.5(b), and the one photon
transition absorption to the same states, shown in Fig. 3.10, are almost identical, the
only difference being the observed width and a factor of two in the frequency scale
due to the number of photons in the process. A laser stabilized to this transition can
be used as a primary standard for length measurements due to the inherent absolute
stability of the transition, reported to be on the 107! level [77]. The measured beat
frequency is shown in Fig. 5.6(a) with the corresponding Allan deviation in Fig. 5.6(b).
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Figure 5.5: Fluorescence spectra of the two-photon transition in rubidium from the |55 ;)
state to the [5D5/, state. (a) A scan across all possible transitions for 85Rb and
87Rb. Notice that a Doppler broadened background is visible. (b) A scan across
the [55 /o; F' = 2) — [5D59; F' = 4 to 1) transitions. Notice that a Doppler broad-
ened background is visible. Also notice that the frequency scale is a factor of two
less than what they would be for a single photon transition. The level splitting used
for calibrating the spectra are found in [51, 78].

The measured Allan deviation determines the upper limit on the absolute stabil-
ity of our locking scheme which is on the order of tens of kilohertz. The measured
stability is expected from a DC locking technique such as the one used, polarization
spectroscopy. The fractional stability at 10 s integration time is below Af/f ~ 107!
which is excellent considering the simplicity of our setup, and more importantly more
than satisfactory for laser cooling. Further enhancement of the absolute stability could
be achieved by stabilizing the temperature of the AOM crystal that provides the light
for the polarization spectroscopy, see Fig. 3.13. The efficiency of an AOM varies signif-
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icantly with regards to temperature, hence any drift in the temperature of the crystal

would change the total power in the pump and probe beams in the polarization spec-

troscopy setup, changing the position of the zero crossing and thus the frequency of

the reference laser.
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Figure 5.6: Measurement of the absolute stability of our locking scheme by heterodyne beat-
ing our FC with a ECDL locked to a two-photon transition, ¥Rb, |55} jo; F = 2) —
|5D5/; F' = 4). (a) The measured frequency drift of the beat note. (b) The corre-
sponding Allan deviation.
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5.2 Laser cooling using a frequency comb

In this section we show results demonstrating sub-Doppler FC cooling of rubidium
atoms. As stated in the introduction, up until now only the two previously mentioned
recent experiments have reported FC cooling, and both of them achieve cooling to near
the Doppler temperature [34, 38]. We also demonstrate FC cooling and additionally
show that temperatures below the Doppler limit, i.e. sub-Doppler temperatures, can
be achieved by FC cooling. We demonstrate sub-Doppler cooling of Rb atoms to 55 K
on a single-photon transition at 780 nm, a transition typically used in CW laser cooling
experiments with an associated Doppler temperature of 146 ;K [51]. Also, as stated in

chapter 3, the results shown here were performed with the 2nd generation setup MOT.

5.2.1 Frequency comb radiation pressure force

Laser cooling relies on the radiation pressure force. Hence, in order to understand
the physical mechanisms that drive the FC cooling, one has to first understand the
force exerted on atoms when they are resonantly excited by the FC. We therefore start
our study by measuring the FC radiation pressure force on cold Rb atoms. The comb
centered at 780 nm drives the standard *'Rb |55, ,5) — |5P3/,) cooling transition. A
single linearly polarized beam is collimated and sent through an acousto-optic mod-
ulator (AOM) for fast on/off switching, and then directed to the center of the trap. A
total power of 18 mW was used with a beam FWHM of 2.7 mm, which gives trans-
lates to ~ 0.5 yW per comb mode. The measurement sequence starts with preparation
of a cold ¥ Rb cloud using the CW MOT setup (FC beam off). At t=0 we turn off the
MOT cooling beams, and switch on the FC beam. The weak repumper light is left on
continuously to optically pump the atoms out of the |55;,5; F = 1) ground state. It
propagates perpendicular to the FC, is arranged in a counter-propagating configura-
tion, and has no measurable mechanical effect. We let the FC to interact with the cold
cloud for 1 ms, and during this time the cloud center of mass (CM) accelerates along
the FC beam propagation axis (+z-direction) due to the FC radiation pressure force. At
t = 1 ms FC and repumper beams are switched off, and the cloud is left to freely move
and expand for 5 ms. At ¢ = 6 ms the CW cooling beams are turned on and the cloud
fluorescence is imaged with the camera to determine the cloud CM displacement in
the z direction, Azcy;. We then use Az, to calculate the acceleration of the cloud,
which, using the mass of a single Rb atom, finally gives the FC force. Averaging of 4
consecutive measurements is performed and shown in Fig. 2.23(b).

The FC force depends on the relative detuning of the comb lines with respect to
the hyperfine transitions. As the FC spectrum consists of identical, regularly spaced
comb lines, we describe the FC spectrum by the detuning ¢ of the n-th comb mode
from the |551/9; F' = 2) — |5P3)9; F' = 3) transition. Accordingly, the F'(0) scan in
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Figure 5.7: (a) Scheme of relevant 8'Rb energy levels and FC modes; (b) measured and (c) cal-
culated FC force as a function of detuning. The total force in (c), blue line, reflects
the interaction with three comb modes: n-th comb mode with the |55 9; F' = 2) —
|5P5)9; F' = 3) transition - green dashed line; (n — 3)-rd mode resonance with the
15S1)2; F = 2) — |[5P3/9; F' = 2) transition - orange dashed line; and (n — 5)-th
mode resonance with the |55 j9; F' = 2) — |5P;/5; I = 1) transition - red dashed
line.

Fig. 2.23(b,c) repeats every f,., =80.5 MHz. Two distinct peaks appear in one f,,
scan reflecting the interaction with three comb modes, as shown schematically in Fig.
5.7(a). The peak at 0 = 0 is due to n-th comb mode in resonance with the |55} o; F' =
2) — |5P5)9; F' = 3) transition, whereas the peak at 06 ~ —25.5 MHz is due to (n —
3)-rd mode in resonance with the [55)/5; F = 2) — |5P3)9; [’ = 2) transition, and
(n — 5)-th mode in resonance with the [5S;,2; F = 2) — |5P5); F' = 1) transition.
The contributions to the FC force coming from resonances with different comb modes
are expressed more clearly in the results of calculations of the FC force shown in Fig.
2.23(c), where contributions of relevant transitions are explicitly given. The calculated
FC force is obtained by numerically solving the Optical Bloch Equations describing the
excitation of six-level ' Rb atoms by the FC [79], and subsequently using the Ehrenfest
theorem.

The agreement between measured and calculated FC force in Fig. 5.7(b,c) is rea-
sonable, considering there are no free parameters in the model. Relative positions of
the two peaks are well reproduced, though there is a small but noticeable broadening
of the measured peaks, which we attribute to systematic effects such as stability of the
RF reference used to stabilize FC, Zeeman splitting due to the stray magnetic fields,

and Doppler broadening due to the photon-momentum transfer. It is worth noting
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that similar line broadening has also been observed in [34], whereas a detailed analysis
of all possible systematic sources of errors which affect line broadening and shifts in
FC spectroscopy can be found in [80]. The discrepancies in the magnitude of the mea-
sured and calculated force can be attributed to the approximations used in our model,
namely the neglecting of spatial variation of the beam profile. The largest force is mea-
sured when the n-th comb mode is resonant with the standard cooling transition for
87RD, i.e. the right peak in Fig. 2.23(b), for which Azcy, of 0.6 mm is obtained. During
1 ms of FC cooling time the atoms are accelerated with a constant acceleration of 110
m/s* and acquire velocity of 0.11 m/s. From the measured force, we calculate an on
resonance scattering rate of ., = 18600 s~! which is comparable to the scattering rate
calculated in the case of excitation by CW laser of intensity comparable to the intensity
of n-th comb mode. Measured FC scattering rate is nearly three times larger than the
value reported in Ref. [34] for a two-photon FC excitation, despite having the inten-
sity an order of magnitude smaller than in [34]. This clearly suggests that FC cooling
via one-photon excitation is viable, and could therefore be a preferable choice when
pursuing cooling of atoms and ions with a dipole allowed transitions in VUV spectral

region.
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Figure 5.8: (i) Temperature obtained by TOF spectroscopy after 1D FC cooling for lin L lin
configuration of the FC beams as a function of FC detuning. (ii) Corresponding TOF
data for 8-16 ms expansion times. The right most panel shows three TOF images
taken after 8 ms expansion time for a FC detuning that corresponds to the cloud’s
temperature that is (a), approximately equal to the initial temperature, (b), lowest
obtained, and (c), highest.

In order to employ the measured FC force to achieve FC cooling in one dimension,
we split the FC beam into two beams and send them counter-propagating to the center
of the trap where they are carefully overlapped. \/2 or A/4 waveplates are put in the
beam path prior to entering the MOT chamber, depending on the beam polarization
configuration to be studied: lin L lin, lin || lin or c*0~. The measurement sequence
for studying FC cooling starts by preparing a cold rubidium cloud in the MOT. At
t = 0 ms the cooling beams are switched off. The weak CW repumper laser is again
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left on. A quadrupole magnetic field with a gradient of 13 G/cm remains on during
the measurements as mentioned in section 3.2.3. Since the cloud is in the center of
the quadrupole field, the magnetic field is B ~ 0. Att¢ = 100 ps the FC beams are
turned on. The FC beams are on for a time ¢, (typically 3 ms), which we call the FC
cooling time, after which the FC beams are switched off, and the cloud is left to expand
freely for several ms before it is imaged with the camera. A series of time-of-flight
(TOF) images are taken in this way at different expansion times of up to 16 ms. We
then determine the cloud radius (which increases with expansion time) by fitting the
spatial distributions of the atoms in the cloud to a Gaussian function. The obtained
spatial width of the cloud as a function of the expansion time gives an accurate measure
of the cloud temperature by fitting to the expression o7 = 0§ + £L¢%, where t = 0

is the time when the MOT CW cooling laser is switched off. Long expansion times

are used in order to reduce any systematic effects related to FC action on the cloud

during the interaction time, as 3, > t2, where tror is the TOF time. A similar

experimental procedure for measuring Doppler and sub-Doppler temperatures was

used in [34, 81]. We repeat the measurement protocol 7 times for a given expansion

time, and subsequently average the results to obtain the temperature. Temperatures

obtained by TOF measurements as a function of § are shown in Fig. 5.8(a). Lin L lin

polarization of the FC beams was used. The intensity per comb mode in the FC beams

was 0.02 mW /cm?, initial cloud temperature ~ 2001K, and t. = 3 ms.

The measured temperatures approach the initial cloud temperature for large .
Fig. 5.8(a) shows a TOF image at 8 ms for 6 = —8 MHz where the measured width
along the z-axis is 20, = 2.88 mm. The lowest temperature is observed for § ~ —3
MHz, i.e. when there is a comb (n-th comb) detuned by ~ —3 MHz from the *"Rb
1551 /2; F' = 2) — |5P3)9; F' = 3) transition. The corresponding TOF image shown in
Fig. 5.8(b) shows 20, = 2.34 mm, and the temperature given by the slope in the inset is
(108+7) K. The highest temperature is obtained for § ~ 2 MHz, i.e. for a blue-detuned
comb, when the force induced by the counter-propagating FC beams accelerates the
atoms and causes additional heating. The corresponding TOF image shown in Fig.
5.8(c) shows 20, = 3.32 mm. One can clearly draw analogy here between FC and CW
laser cooling as a comb line red-detuned from the cooling transition is needed to obtain
cooling. The changes in the cloud temperature (along the z-axis) with the FC detuning
are accompanied with the increase of the temperature in the y-axis, i.e. perpendicular
to the FC cooling beams, due to the heating caused by spontaneous emission. The sig-
nature of this heating along the y-axis is evident in larger o, in Figs. 5.8(b,c) than in Fig.
5.8(a), since more efficient excitation (and consequently more spontaneous emission)
is obtained for these detunings.

We investigated FC cooling for different polarization configurations of the FC beams,

lin L lin, lin || lin and oo ~. For all three configurations we measure similar temper-
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ature dependencies on the FC detuning with comparable sub-Doppler temperatures
obtained. We verify these findings by performing the same measurements with two
counter-propagating CW beams (instead of FC beams), keeping all experimental pa-
rameters identical, with the two CW laser beams having a comparable intensity with
the intensity of the relevant comb mode. Particularly interesting are measurements for
the lin || lin polarization configuration, shown in Fig. 5.9, for which no sub-Doppler
cooling is expected, yet we observe it. The minimum temperatures reached are very
similar from which we can conclude that the same sub-Doppler mechanism is at play
for both FC and CW cooling.
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Figure 5.9: A comparison of cooling efficiency between (a) the FC with and without the re-
pumper on during the cooling stage and (b) a CW laser with and without the re-
pumper on. All measurements were performed for the lin || lin polarization config-
uration.

With respect to this, we attribute the sub-Doppler temperatures observed in FC
cooling to the same mechanisms that produce sub-Doppler temperatures when cooling
with CW lasers, described in section 2.2.2, in line with the interpretation that each comb
mode can be considered as a CW laser of appropriate intensity. These sub-Doppler
mechanisms arise from the multilevel structure of the atomic ground state in combi-
nation with the polarization gradient of the FC field and optical pumping. For the
case of the lin L lin FC beam polarizations, we conclude that the cooling mechanism
is analogous to the well known CW Sisyphus cooling [47]. Sub-Doppler cooling with
CW lasers for the lin || lin configuration can be found in early experimental [82] and
theoretical works [83] for the case of low CW laser intensities and small initial atomic
velocities. Also, since we leave the AH quadrapole field on, it is possible we observe
magnetically assisted sub-Doppler cooling, previously mentioned in section 2.2.2. As
mentioned, this was experimentally observed for the lin || lin configuration in [49],
however this mechanism should yield different sud-Doppler cooling efficiencies for

different polarization configurations, which is not the case in our experiment. Another
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possibility is that the polarization of the beams changes due to the presence of the AH
magnetic field due to Faraday rotation [84]. This could change the angle between the
two incoming cooling beams to a non-zero value, where then we would have the same
sub-Doppler mechanism as in the lin L lin case. Both of these possibilities are being
explored at the time of writing this thesis.
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Figure 5.10: (a) The decrease in cloud temperature due to FC cooling as a function of the cloud
initial temperature. Gray dashed line is a linear fit to the data. (b) The dependence
of the measured sub-Doppler temperature on the FC cooling time for cloud initial
temperature Ty = 120 pKand § = —3 MHz. The gray dashed line is an exponential
decay fitted to the data.

It is important to note that cooling down to sub-Doppler temperatures is obtained
despite the fact that when n-th comb mode is red-detuned by 3 MHz from *"Rb |55 /o; F'
2) — |5P39; I = 3) transition the (n — 3)-th comb it is simultaneously blue-detuned by
~ 22 MHz from 8"Rb |55 2; F = 2) — |5 Ps9; F' = 1, 2) transitions, see Fig. 5.7. Similar
sub-Doppler temperatures are observed in the analogous experiments performed with
CW beams, see Fig. 5.9. We observe a slight difference in the case where there is no
repumper present in the cooling stage of the experiment, this is due to the increased
pumping to the |55, /»; ' = 1) state caused by the mentioned (n — 3)-th comb, however
this is mitigated by the presence of the repumper. We conclude that blue-detuned comb
lines do not have a detrimental effect on the observed FC cooling, a fact that was not
immediately clear beforehand and that can rule out additional heating coming from
other blue-detuned comb lines.

Finally, lets look at the change of the cloud temperature due to FC cooling, AT,
as a function of the cloud initial temperature, 7, shown in Fig. 5.10(a). The trend is
linear, i.e., the temperature difference increases as the initial temperature increases. To

understand this we look at the difference in kinetic energy which is proportional to
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temperature

_ 2 2
AT x AR, = ™o 5 Acu)” _ mQ"v (5.2a)

2
= @ — mo,Acy,. (5.2b)

If we assume that, due to the Doppler effect bringing more atoms closer to resonance,
the reduction in the width of the velocity distribution is proportional to the initial
width, Ao, x o, we find that AT « o, x T}, in accordance with our measurements.
This also leads to the observed exponential decrease of the cloud temperature from the
initial value (obtained in the MOT phase) as FC cooling time is increased, as seen in Fig.
5.10(b). The steady state temperature at which the cooling rate is equal to the heating
rate is reached (at ¢, ~ 3 ms) at ~ 55,K. This is in agreement with the measurements
shown in Fig. 5.10(a), where AT approaches zero at Tj, ~ 50 pK. The lowest temper-
ature obtained in our FC cooling experiment is limited by the low intensity per comb
mode, and by the existence of stray magnetic fields in the center of the experimental
chamber.
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6 Conclusion

In conclusion, in this thesis we presented details of two different MOT setups that were
implemented in the Cold atom laboratory in the Institute of Physics in Zagreb. Results
obtained with these setups were presented in further chapters.

We have presented a scheme for creating synthetic Lorentz forces in cold classi-
cal atomic clouds, based on the Doppler effect and radiation pressure. The force is
a result of the interaction of atoms with the field of two pairs of perpendicular laser
beams which drive two-step two-photon transitions. We have demonstrated the syn-
thetic Lorentz force by observing the center-of-mass motion of a cold atomic cloud. By
comparing the results with numerical calculations we confirm the results and further
our understanding of the underlaying principles. The experiment was performed in
a classical cold atomic gas of rubidium, prepared in a MOT, where the heating due to
spontaneous emission does not prevent the observations.

Additionally, we observed a second signature of the SLF produced by our scheme.
This signature is imprinted in an tilted ellipsoidal shape atomic cloud, measured after
a given expansion time of the cloud. The experimental results show excellent agree-
ment with the simulations of the atom density distributions. Indeed, by simulating
the atom density distributions with and without the synthetic Lorentz force contri-
bution, we can determine the contribution of the synthetic Lorentz force in the mea-
sured deflection angle. The observed SLF has the form of the standard Lorentz force
Fg.(v) = v x B*, where B* = ay2 is the effective magnetic field. Our measure-
ment gives ap =0.50 x 107%* Ns/m which for an ®Rb ion would give an effective field
B*/e ~ 0.3 mT, or a cyclotron frequency of ap/m =0.35 kHz. As stated previously, our
scheme for introducing the SLF is necessarily accompanied by spontaneous emission.
This will lead to radiation trapping in dense atomic clouds and therefore to an effective
Coulomb force between atoms. This means that by introducing the SLF we, at the same
time, introduce an effective Coulomb force in to the system. Since the effective charge
as a result of radiation trapping is typically ¢.;; = 10~* e (see section 2.3.3) the effective
synthetic field scales to B.;; ~ 3 T. In addition, we showed that our relatively simple
model can be readily used for future experiments with synthetic fields in classical cold
atom systems. Our work reinforces the analogy between a cloud of cold atoms and

plasma-like systems, thus potentially opening a new direction of research based on the
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use of cold atoms as classical emulator of complex classical systems in which magnetic

tields play a significant role, such as a tokamak fusion reactor or a star.

Furthermore, we presented a scheme for fully stabilizing an Er-fiber laser frequency
comb without self-referencing by referencing it to a stabilized ECDL laser. We also
measured the performance of the scheme and evaluated the attained absolute stability.
The ECDL used is referenced to a rubidium transition at 780 nm so the same scheme
could be easily used to stabilize a Ti-Sapphire laser FC. The scheme is simple, cost
effective and power efficient. We emphasize that our scheme requires two orders of
magnitude less power (= 1 mW) than {-2f interferometry (= 100-200 mW) and achieves
an absolute fractional frequency stability on the order of Af/f ~ 107'°. Due to the
availability of CW lasers stabilized in this way in laboratories worldwide we expect
it can be used widely in experiments exploring FC Doppler cooling or other physical
phenomena involving FC-atom interaction.

Finally, we have studied FC cooling on a standard Rb MOT transition. By using
TOF spectroscopy, we have demonstrated that sub-Doppler temperatures can be ob-
tained in a 1D FC cooling geometry, for both linear and circular polarizations of the
FC beams. Sub-Doppler temperatures as low as 55 ;K have been obtained, primarily
limited by the low intensity per comb mode in the FC spectrum. The analogy between
FC (single comb line) and CW sub-Doppler laser cooling is verified by performing the
same measurements using a CW laser of appropriate intensity. We believe that in fu-
ture experiments the power per comb line can easily be increased by at least a few
orders of magnitude by reducing the spectral width of the comb used and increasing
the total power. Using high-intensity FCs could therefore lead to achieving tempera-
tures down to the recoil limit, thus opening the VUV spectral region to quantum optics
experiments and their applications.
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Synthetic Lorentz force in classical atomic gases via Doppler effect and radiation pressure
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We theoretically predict synthetic Lorentz force for classical (cold) atomic gases, which is based on the
Doppler effect and radiation pressure. A fairly spatially uniform and strong force can be constructed for gases
in macroscopic volumes of several cubic millimeters and more. This opens the possibility to mimic classical
charged gases in magnetic fields in cold-atom experiments.

DOI: 10.1103/PhysRevA.89.063415

The quest for synthetic magnetism in quantum degenerate
atomic gases is motivated by producing controllable quantum
emulators, which could mimic complex quantum systems such
as interacting electrons in magnetic fields [1]. An appealing
idea is to place the atomic gas in a specially tailored laser
field which, due to laser-atom interactions, acts as a synthetic
magnetic field for neutral atoms [2]. The mechanism is
based on the analogy between the Aharonov-Bohm phase
accumulated when a charged quantum particle undergoes
a closed loop in a magnetic field, and the Berry phase
accumulated when an atom adiabatically traverses a closed
loop in the tailored laser field [2,3].

Recent experiments in bulk Bose-Einstein condensates
(BECs) have produced synthetic magnetic fields by spatially
dependent optical coupling between the internal states of the
atoms [4,5]. Superfluid vortices [4] and the Hall effect [5]
were observed as signatures of synthetic magnetism in those
BECs. Synthetic magnetism in optical lattices is achieved
by engineering the complex tunneling parameter between
the lattice sites, which is experimentally accomplished by
different means [6,7]. Interestingly, even Dirac monopoles
were observed in a synthetic magnetic field produced by a
spinor BEC [8]. Synthetic magnetic fields for light (e.g., see
Ref. [9]) are also attractive. Recently they were observed
in deformed honeycomb photonic lattices [10]. Noninertial
effects were studied in rotating waveguide arrays [11].

However, classical (rather than quantum degenerate) cold
atomic gases have been circumvented in the quest for synthetic
magnetism, even though they could emulate in a controllable
fashion, and in tabletop experiments, versatile complex clas-
sical systems (e.g., see Refs. [12,13]); one desirable system
for tabletop emulation is the tokamak plasma. We emphasize
that here we consider classical atomic gases. This differs
from using quantum degenerate gases to mimic frustrated
classical magnetism in Ref. [12]. Laser forces on atoms in
classical gases can generally depend on atomic velocity [14]
and position [15]. A typical example is the Doppler cooling
force—a viscous damping force that cools a classical gas to
uK temperatures [14,15]. Here we demonstrate a scheme for
creating a synthetic Lorentz force via the Doppler effect and
radiation pressure, which is applicable for classical cold atomic
gases. The experimental realization of the scheme is proposed
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with 8’Rb atoms cooled in a magneto-optical trap (MOT). The
signature of the Lorentz force can be observed in the motion of
the center of mass (CM) and/or the shape of the atomic cloud.

Numerous schemes have been proposed to create synthetic
magnetic fields with ultracold atoms (see Refs. [1,2,16] for
reviews). In the approach based on the Berry phase [3], when
atoms move in space, they adiabatically follow the ground
state of the light-atom coupling (dressed state), which depends
on the spatial coordinates [2,3]. Their CM wave function
acquires a geometric (Berry) phase, which corresponds to the
gauge potentials [2]. The synthetic magnetic (and electric [17])
fields are derived from these gauge potentials [2]. In these
schemes spontaneous emission must be minimized to prevent
heating of the ultracold gas. For this reason, the dressed
(ground) state is often a superposition of quasidegenerate
ground states [3,18,19], i.e., the population of excited states is
negligible [18,19]. A semiclassical interpretation of geometric
gauge potentials, i.e., the connection with the Lorentz force,
was reported in Ref. [20].

Another avenue for creating artificial magnetic fields in
ultracold atomic gases is to rotate the system at some angular
frequency, which provides the synthetic Lorentz force in
the rotating frame [16]; the role of the Lorentz force is
played by the Coriolis force. This scheme is suitable for
rotationally invariant trapping potentials. However, the laser-
atom interaction avenue is more appealing since it does not
impose symmetries and produces synthetic magnetic fields in
the laboratory frame [2].

In classical atomic gases, any scheme for synthetic mag-
netism must be operational on atoms moving with fairly large
velocities (at least up to ~0.5 m/s). The Berry phase method
demanding adiabatic dynamics is therefore limited [2]. On
the other hand, schemes for classical gases do not need to
be limited by avoiding spontaneous emission. Next, classical
gases in a standard MOT are typically of millimeter size [15]
and the synthetic Lorentz force should therefore be large
in volumes of at least a few cubic millimeters. With these
guidelines in mind, it seems prosperous to seek for a scheme
using laser-atom interactions for creating synthetic Lorentz
forces, which would be specially designed for classical atomic
gases.

The scheme proposed here is based on the Doppler effect
and radiation pressure. The standard Doppler cooling force
arises when a laser field is red detuned compared to the
atomic resonance frequency as sketched in Fig. 1(a) [14,15].

©2014 American Physical Society
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FIG. 1. (Color online) Sketch of the main idea for constructing
the synthetic Lorentz force. (a) Illustration of the setup for the
standard Doppler cooling force (using two-level atoms). (b) The idea
for the synthetic Lorentz force in the simplest three-level system
that can be realized with 8’Rb atoms. The dashed line indicates that
two-step absorption of w;, + w,3 yields F,. The force components
(c) F, and (d) F, calculated as a function of the atomic velocity. See
text for details.

Due to the Doppler effect, the atom has a greater probability
for absorbing a photon when it moves towards the light
source. Absorption changes the atom’s momentum along
the laser propagation axis, whereas spontaneously emitted
photons yield random kicks. Cycles of absorption and emission
result in a viscous damping force Fp(v) & —av for small
velocities [15]; this force is collinear with the velocity and
is used to obtain optical molasses [15].

Our first objective is to construct a laser-atom system
(in the xy plane) where F) depends on v,. To achieve
this via Doppler effect we utilize the multilevel structure of
atoms. The simplest scheme is sketched in Fig. 1(b), where
a three-level atom interacts with two orthogonal laser beams
(linearly polarized along z). The laser w;, is red detuned,
812 = wi2 — (E; — E1)R™!' < 0, whereas w3 is on resonance,
873 = 0. The absorption of w,3 photons, which results in F, is
the second step in the two-step, two-photon absorption process:
[1) — |2) — |3). The probability for the two-step absorption
depends on the Doppler-shifted detuning values 8,2 — kjav,
and 873 — kp3v,, which provides the desired dependence of F),
on v,. The maximum in F) is expected for atoms with velocity
(vx = 612/ ki2,vy = 823/k23) i.e., when each of the two steps
is resonant.

The force can be calculated by using density matrices and
the Ehrenfest theorem as described in detail in Ref. [15]. First
we (numerically) solve the optical Bloch equations to find the
stationary density matrix ¢ for an atom with velocity v; the
matrix elements are p;; = oijei”ff’ = p}?i, and do;;/dt = 0;
w;j is the frequency of the laser driving the transition |i) — |j).
In the calculation, the following parameters are used [15]:
the energies E; of the levels participating in the interaction
(j =1,...,N), the Rabi frequencies €;;, detuning values §;;,
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the wave vectors K;; of the lasers, and the decay parameters of
the excited states (I"j; is the decay rate via | j) — |i); the total
width of state |j) is I'; = ZK] I'j;). The force is given by

F = (—V,H)=—Ti(pV,H), where H is the Hamiltonian
associated with the dipole interaction, and V, = Xd/dx +
yo/0 y [15 For plane (traveling) waves used here, F =

DD S j=i+1 ki; Im(0y;27;). The density matrlx depends
on the Doppler—shlfted detunmg values 6;; — K;; - v, which
provides the velocity dependence of the force [15].

It should be emphasized that the ideas for constructing
synthetic Lorentz forces presented here are general and poten-
tially applicable to various atomic species. For concreteness,
the ideas are presented for 8’Rb atoms using experimentally
relevant atomic states and transitions. The three-level system
that can be used to experimentally realize the simplest scheme
is presented in Fig. 1(b). The transition wavelengths are
A12 = 780 nm [21] and Ap3 = 776 nm [22]. The decay rate
of the |5P3/) hyperfine states is I'p = 27 x 6.1 MHz [21],
and I'p = 27 x0.66 MHz for |5Ds,,) states [22]; the decay
pattern is I'sp =T'p, I'33 =0, and Ty =Tp [21,22]. In
Figs. 1(c) and 1(d) we illustrate F(v) for detuning values
81p = —0.5T p, 623 = 0, and Rabi frequencies 2, = 0.12Tp,
and Q3 = 0.34I'p. As expected, the maximum of the force
F, occurs when v, = 812/ k12 and v, = 833/ k3. Interestingly,
Fy(v,,v,) has the shape of a mountain ridge peaked at 81, +
823 — ki2vy — kozvy, = 0. This is a consequence of the fact that
the intermediate state |2) is much broader than state |3). For
the two-step absorption to be effective, the Doppler-shifted
detuning of the first photon should roughly be |61, — kjpvx| <
'y, and the total detuning |82 + 623 — k1pvx — kp3vy| < I'z;
since ['; < I'», the velocities satisfying these inequalities are
close to the ridge line. The ridge can be shifted in the v, v, plane
by changing the detuning values. The scheme above illustrates
the main idea towards constructing the synthetic Lorentz force
via the Doppler effect.

Note that the force in the x direction is also altered for atoms
with velocities at the ridge. The presence of the second-step
transition |2) — |3) changes the populations of all three levels,
which affects the rate of the first-step transition [1) — |2) and
hence F,. It should be noted that deformations of the ridge
can arise for larger Rabi frequencies due to the Autler-Townes
effect [23].

In order to provide a general framework for our scheme we
Taylor expand the force in velocity up to the linear term:

Fo| | Fuwo Olyy 0 ||v, 0 Oy || vx
[Fy] B [Fyo} " [ 0 O‘)’y] [”)J " [“yx 0 ][“y]

=Fo + Fp(v) + Fsp(v). ey

Here o;; = 0F;/0v; evaluated at v =0 (i,j € {x,y}). This
form is often an excellent approximation for F(v) because of
the small velocities of cold atoms. The third term Fg; (V) is a
general form of the synthetic Lorentz force with components
perpendicular to the velocity components: Fsp , = oy vy,
Fs1,y = v, [24]. The force on a standing atom is Fo;
the components of the standard Doppler force are Fp , =
QyxVy, and Fp , = ayyv,. When a,, = —a,,, Fg. takes the
form of the standard Lorentz force, Fg;, = v x B*, where
B* = a,,2 [24].
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FIG. 2. (Color online) The five-level scheme. (a) The symmetric
configuration of lasers for creating the synthetic Lorentz force, and
(b) its realization with hyperfine 8’Rb levels. Density plots of (c) F,
and (d) F, as a function of velocity. Cross sections (e) F,(v,,0) and
F,(v,0) and (f) F\(0,v,) and F,(0,vy). See text for details.

Let us illustrate a few force patterns F(v) that can be
achieved with our scheme. Consider a system of five-level
atoms and two orthogonal pairs of counterpropagating beams
depicted in Fig. 2(a). This is simply a generalization of the
idea presented in Fig. 1 with a symmetric pair of two-step
arms such that Fy = 0. It can be experimentally realized by
using hyperfine levels of ®’Rb depicted in Fig. 2(b); the use

of a repumper laser is mandatory since the chosen five-level
50%

system is not closed: |5P3); F =2) —> |5810; F = 1) =
10) 25 5Py o F = 2) = |6) 5 5812 F =2) (this is

included in our calculations). The Rabi frequencies and
detuning values for the transitions are Q1, = Q13 = 0.11Tp,
and 8;, = 8;3 = —0.5T"p. The pairs of beams along x are red
detuned, while the pairs along y are blue detuned (by a smaller
magnitude): 825 = 834 = O.25Fp; 925 = 934 = 0.38Fp. The
repumper is on resonance with high intensity Qg = 1.77T p,
in a standing-wave configuration (it does not produce net force
on atoms). The decay pattern is given by I'y; = I'yg = 0.5T p,
F31 = Fp, F43 = FD, F53 = 0.2FD, F52 = 0.8FD, and F60 =
I's; = 0.5T p; the rest of I'j; = 0. In Figs. 2(c) and 2(d) we
show the force F(v). Atoms moving towards the left (right) will
experience F, > 0 (F, < 0, respectively). From Figs. 2(e) and
2(f) we see that the force depends linearly on the velocity v,

PHYSICAL REVIEW A 89, 063415 (2014)

(b) I F| (1022 N)
2.5
s 2
/ Q
- 15
R
EEE. =3) g |
Sipeay NG
N
: 0.5

FIG. 3. (Color online) The tripod configuration of the three two-
step excitations arms, and the obtained force. (a) Red solid arrows
depict first-step excitations (red detuned), and blue dotted arrows
depict second steps (blue detuned). Black dashed lines connect beams
that correspond to one arm; | F = 2) denotes the 55, hyperfine state,
|F’ =1,2,3) denote three 5P;), hyperfine states, and |F”" = 2,3,4)
denote three 5Ds,, hyperfine states. (b) Contour lines and length of
the arrows correspond to the magnitude of the force |F(v)|.

for velocities below ~0.7 m/s (which includes essentially all
atoms in a standard 8’Rb MOT [15]). The two ridges in F,
correspond to the pair of arms of the two-step absorption; their
position and shape was explained in Fig. 1(d). By changing the
detuning values, the ridges can be shifted in the v, v, plane,
which changes the parameters «;; and therefore the strength
of the synthetic Lorentz force.

It should be noted that because our approach is based on
the Doppler effect, it usually also yields the Doppler (cooling)
force Fp. If for some reason this is not wanted, dissipation can
be diminished (for example, by using one blue-detuned and
one red-detuned laser in the counterpropagating configuration
for the first-step excitation). Moreover, the synthetic force can
be made of the form vxB*: By using three arms of the two-step
scheme at 120° [Fig. 3(a)], one can obtain the force plotted in
Fig. 3(b). Two arms are identical as in Fig. 2(b), and the third
arm is |5S1/2;F = 2) b d |5P3/2;F = 1) d |5D5/2;F = 2)
The Rabi frequency of the first (second) step in all arms is
0.11Tp (0.77T p); the detuning values are —0.5"p (0.25Tp)
for the first (second) step. Clearly, the force rotates around
zero in the v, v, plane. Strictly, the force field is invariant
under rotation by 120°, however, for small velocities it is
effectively rotationally invariant. By fitting F(v) to Eq. (1)
we obtain o, = —ay, = 0.23x10™ 2N s/m,ie., B* = a1
The cyclotron frequency for 8’Rb atoms corresponding to our
forces is ay,/m ~ 1.6 kHz. It should be emphasized that,
because we are using hyperfine levels of 8’Rb, the scheme can
be achieved with two cw lasers at 780 and 776 nm by using
acoustic optical modulators (AOMs), i.e., it is experimentally
viable.

The prediction of the synthetic Lorentz force is made for
individual atoms, however, we should propose its signature in
the CM motion and/or shape of a cold atomic cloud containing
a huge number (say, ~10° [15]) of atoms. To this end we
propose a quench-type scenario(s). First, we assume that an
atomic cloud is present in the MOT, and cooled to mK-uK
temperatures. The laser fields driving the MOT have much
larger Rabi frequencies than lasers producing a synthetic
Lorentz force. The latter will slightly heat up the cloud, but
will not change its shape. Then, at ¢+ = 0, the MOT lasers
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and the magnetic field are suddenly turned off (it can be done
within less than 1 us, which is essentially instantaneous for this
system). After + = 0, the cloud starts moving in the presence
of the synthetic Lorentz and Doppler forces. We focus on
dynamics in the xy plane. Moreover, we assume that gravity
is in the z direction and does not influence observations. The
typical experimental observation time for the measurements
proposed here is 5-10 ms; an initially standing atom will
fall for 0.12-0.49 mm. The laser fields creating the synthetic
Lorentz forces can be made of a much larger diameter (on the
order of several cm). Since the dynamics in the xy plane is
independent of the dynamics in the z plane, we do not expect
a significant influence of gravity on our predictions below.

We will discuss two scenarios for the force plotted in Fig. 2.
First, if the cloud is given an initial velocity (v, = 0.15 m/s,
v, = 0), it will move along x due to inertia, but its CM will
also move in the negative y direction due to the synthetic
Lorentz force. After 10 ms the shift in y is ~0.2 mm, which
is observable in MOT experiments. The initial velocity can be
achieved by inducing oscillations of the cloud in the MOT trap
fort < 0 (e.g., see Ref. [25]).

Second, we discuss expansion of the cloud by employing
the Fokker-Planck equation [15]

IP(x,V,1 1 D
IPEND v p= 2y, (0 + Fs) P+ 2P,
at m m?

2)

Here, P(x,v,t) is the distribution of particles in the phase
space; D is the diffusion constant, approximately given by
D =~ (fik)? Zj p;iTj [15], where k ~ 27 /780 m !V, =
%d/dv, + §9/0v,. For forces Fp 4 Fg. linearized in velocity
(1), the Fokker-Planck equation is solved by the ansatz

4

1
PGy vevy.t) = Poexp 1 = > say@min ¢ (3)
ij=1

where (11,72,73,14) = (x,y,vx,vy); after inserting (3) in
Eq. (2), one obtains ten coupled ordinary differential equations
(ODEs) for the functions a;;(t), ten because a;; = a;; by
construction. These coupled ODE:s are solved numerically and
the results are plotted in Fig. 4 for the following parameters:
(s Oy s Oy, Oyy) = —(2.4,0.60,0.69,0.58)x 10722 N s/m,
and D/my, =31 m? s7%; the initial state is P =P,
exp{—(x/x0)2—(v/v0)2}, where xop=1 mm, and vp=0.25 m/s.

X X X

FIG. 4. (Color online) Dynamics of the shape of the cloud during
expansion in the presence of a synthetic Lorentz force Fg; (v) and/or
Doppler force Fp(v). The force corresponds to that from Fig. 2. (a)
Density of the cloud at r =0, (b) after 5 ms of expansion under
the action of Fp(v), and (c) after 5 ms expansion in the presence of
Fp(v) + Fg.(v). See text for details.
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Starting from a centrosymmetric cloud plotted in Fig. 4(a),
in the presence of solely the Doppler force, the cloud
expands asymmetrically [Fig. 4(b)] because |a. .| > |ay,|.
The signature of the synthetic Lorentz force is the rotation
of the asymmetric cloud in the xy plane during expansion
[see Fig. 4(c)]. The interpretation is simple: Particles moving
to the left (right) are pushed up (down), as can be inferred
from Fig. 2(d). There is another effect: The change in F)
for a given atomic velocity group also changes F, for that
group, as discussed above. For the parameters corresponding to
Figs. 2 and 4, besides the targeted «t,, < 0, we incidentally also
obtained o, < O (for small velocities) which also contributes
to rotation. Note that expansion in the rotationally symmetric
force field presented in Fig. 3 would cause the rotation of atoms
around the center, but this would not be visible in the density
(in the proposed scenario it is essential to have |or | 7# [oyy ).
By shining a red-detuned laser beam in the plane of such
a rotationally invariant but rotating cloud, one would have
different absorption in the part of the cloud moving towards
(away) from the laser beam due to the Doppler effect; this
seems to be one viable scheme to observe rotation of the cloud.

Before closing, let us discuss specific approximations that
we used here to simplify the calculation. First, we neglected the
absorption of the lasers in the cold atomic cloud. Absorption
changes the intensity of beams across the cloud, and therefore
introduces spatial dependence of the synthetic Lorentz force
(and not only the velocity dependence). This effect can be
reduced by using clouds with a lower density (say, 10° atoms
per cm?), or by using lasers with a higher intensity (closer
to saturation). The latter approach will also increase the
diffusion coefficient. Second, in our proposal we neglected
the Zeeman structure of the atomic levels. This simplification
is acceptable when the dynamics of the cloud does not occur
in a magnetic field (i.e., Zeeman splitting is absent), as in
the two scenarios described above. Next, the dipole moments
of different transitions used in the scheme will be generally
different (they also depend on the polarization of the light
used). The key goal one has to achieve is to have the same
Rabi frequencies for all first (second) steps in each arm, as in
our examples above. In experiments, this can be realized by
using light of different intensities in steps that have different
transition dipole moments. This could in principle be achieved
by balancing the forces arising from different arms. Finally, let
us note that the internal dynamics occurs on a much faster time
scale than CM motion; the bottleneck for internal dynamics is
the lifetime of the 5Ds,, state of 240 ns, whereas the typical
time scale for CM motion is 1 ms.

In conclusion, we have demonstrated a scheme for creating
synthetic Lorentz forces in cold classical atomic clouds, based
on the Doppler effect and radiation pressure. We envision that
following these ideas, one could design cold-gas experiments
to mimic classical charged gases in magnetic fields. One
desired classical system for emulation is the tokamak plasma.
A necessary (but not sufficient) step towards this goal is to have
a scheme for producing synthetic magnetic fields for classical
gases. The next step towards mimicking the tokamak plasma
would be to construct a toroidal synthetic magnetic field, which
is beyond the scope of this paper. Here we have predicted syn-
thetic Lorentz forces of magnitude F/v & 0.23x1072' N's/m
in macroscopic volumes of a few mm? and more. The maximal
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volume depends on the intensities of lasers; with standard
diode lasers one could achieve the synthetic Lorentz force in
at least 1 cm®. As a reference point we note that the obtained
force on a unit charge particle (of any mass) is produced by
a magnetic field of 1.5 mT. The cyclotron frequency (which
includes the particle mass) for ¥ Rb atoms corresponding to our
forces is F/(mv) =~ 1.6 kHz, which is large enough to see the
phenomena associated with the synthetic Lorentz force on the
time scale of the envisioned experiments. Even stronger forces
can be achieved for larger intensities of the lasers at the expense
of more heating and diffusion. We envision that our concept

PHYSICAL REVIEW A 89, 063415 (2014)

involving two-photon absorption could be applicable in other
systems, e.g., for suspended nanoparticles with a nonlinear
index of refraction where one laser beam would induce an
index change, and thus influence the force of another (say,
perpendicular) beam on the particle. The concept holds the
potential to be used for velocity selection in atomic beams.
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manuscript.

[1] I. Bloch, J. Dalibard, and S. Nascimbene, Nat. Phys. 8, 267
(2012).

[2] J. Dalibard, F. Gerbier, G. Juzeliunas, and P. C)hberg, Rev. Mod.
Phys. 83, 1523 (2011).

[3] R. Dum and M. Olshanii, Phys. Rev. Lett. 76, 1788 (1996).

[4] Y-J. Lin, R. L. Compton, K. Jiménez-Garcia, J. V. Porto, and
I. B. Spielman, Nature (London) 462, 628 (2009).

[5] L.J.Le Blanc, K. Jiménez-Garcia, R. A. Williams, M. C. Beeler,
A.R.Perry, W.D. Phillips, and I. B. Spielman, Proc. Natl. Acad.
Sci. USA 109, 10811 (2012).

[6] M. Aidelsburger, M. Atala, S. Nascimbene, S. Trotzky, Y.-A.
Chen, and I. Bloch, Phys. Rev. Lett. 107, 255301 (2011).

[7]1 J. Struck, C. élschléger, M. Weinberg, P. Hauke, J. Simonet,
A. Eckardt, M. Lewenstein, K. Sengstock, and P. Windpassinger,
Phys. Rev. Lett. 108, 225304 (2012).

[8] M. W. Ray, E. Ruokokoski, S. Kandel, M. Mottonen, and D. S.
Hall, Nature (London) 505, 657 (2014).

[9] L. Carusotto and C. Ciuti, Rev. Mod. Phys. 85, 299 (2013).

[10] M. C. Rechtsman, J. M. Zeuner, A. Tinnermann, S. Nolte,
M. Segev, and A. Szameit, Nat. Photon. 7, 153 (2012).

[11] S.Jia and J. W. Fleischer, Phys. Rev. A 79, 041804(R) (2009).

[12] J. Struck, Olschléiger, R. Le Targat, P. Soltan-Panahi,
A. Eckardt, M. Lewenstein, P. Windpassinger, and K. Sengstock,
Science 333, 996 (2011).

[13] Q. Baudouin, W. Guerin, and R. Kaiser, in Annual Review of
Cold Atoms and Molecules, edited by K. Madison, Y. Wang,
A. M. Rey, and K. Bongs (World Scientific, Singapore, 2014),
Vol. 2.

[14] S. Chu, L. Hollberg, J. E. Bjorkholm, A. Cable, and A. Ashkin,
Phys. Rev. Lett. 55, 48 (1985).

[15] H. J. Metcalf and P. Van Der Straten, Laser Cooling and
Trapping (Springer, New York, 1999).

[16] N. R. Cooper, Adv. Phys. 57, 539 (2008).

[17] Y. J. Lin, R. L. Compton, K. Jiménez-Garcia, W. D. Phillips,
J. V. Porto, and 1. B. Spielman, Nat. Phys. 7, 531 (2011).

[18] G. Juzeliunas and P. éhberg, Phys. Rev. Lett. 93, 033602 (2004).

[19] G. Juzeliunas, J. Ruseckas, P. Ohberg, and M. Fleischhauer,
Phys. Rev. A 73, 025602 (2006).

[20] M. Cheneau, S. P. Rath, T. Yefsah, K. J. Giinter, G. Juzeliunas,
and J. Dalibard, Europhys. Lett. 83, 60001 (2008).

[21] D. A. Steck, http://steck.us/alkalidata/rubidium87numbers.pdf

[22] D. Sheng, A. Perez Galvan, and L. A. Orozco, Phys. Rev. A 78,
062506 (2008).

[23] S. H. Autler and C. H. Townes, Phys. Rev. 100, 703 (1955).

[24] The definition of the synthetic Lorentz force in Eq. (1) is broader
than the form vxB*, but includes that standard form.

[25] X. Xu, Th. H. Loftus, M. J. Smith, J. L. Hall, A. Gallagher, and
J. Ye, Phys. Rev. A 66, 011401(R) (2002).

063415-5



SCIENTIFIC REPQRTS

Synthetic Lorentz Force by Using
- Radiation Pressure

Accepted: 24 July 2015 . N- Santi¢?, T. Dubéek?, D. Aumiler?, H. Buljan* & T. Ban?

Published: 02 September 2015 :
Synthetic magnetism in cold atomic gases opened the doors to many exciting novel physical systems
and phenomena. Ubiquitous are the methods used for the creation of synthetic magnetic fields. They
include rapidly rotating Bose-Einstein condensates employing the analogy between the Coriolis and
the Lorentz force, and laser-atom interactions employing the analogy between the Berry phase and
the Aharonov-Bohm phase. Interestingly, radiation pressure - being one of the most common forces
induced by light - has not yet been used for synthetic magnetism. We experimentally demonstrate
a synthetic Lorentz force, based on the radiation pressure and the Doppler effect, by observing the
centre-of-mass motion of a cold atomic cloud. The force is perpendicular to the velocity of the cold
atomic cloud, and zero for the cloud at rest. Our novel concept is straightforward to implement in a
large volume, for a broad range of velocities, and can be extended to different geometries.

Experiments on synthetic magnetic/gauge fields for neutral atoms'~!! have enabled realizations of the Hall
effect?, famous Hamiltonians such as the Harper”® and the Haldane Hamiltonian'?, intriguing topological
effects®!, and the observation of synthetic Dirac monopoles'!. There are a few recent reviews on this
promising theoretical and experimental progress in synthetic magnetic/gauge fields'*"'°. The first imple-
mentation of synthetic magnetism was in rapidly rotating Bose-Einstein condensates (BECs), employing
the analogy between the Lorentz force and the Coriolis force'. The methods based on laser-atom inter-
action employ the analogy between the Berry phase in atomic systems'®, and the Aharonov-Bohm phase
for charged particles'. The first of them was realized in the NIST group with spatially dependent Raman
optical coupling between internal hyperfine atomic states in bulk BECs®. Methods generating synthetic
magnetic fields in optical lattices engineer the complex tunnelling matrix elements between lattice sites>-
°. They include shaking of the optical latticeS, laser assisted tunnelling in optical superlattices realizing
staggered synthetic magnetic fields®, in tilted lattices realizing homogeneous fields”®, and an all-optical
scheme which enables flux rectification in optical superlattices®. Interestingly, radiation pressure has not
yet been used among the methods for synthetic magnetism, that is, to create the analogue of the Lorentz
force. Here we experimentally demonstrate the synthetic Lorentz force based on radiation pressure in
cold atomic gases. We measure the dependence of the transverse radiation pressure force (analogous to
the transverse Hall deflection) on the velocity of a cold atomic cloud by observing the centre-of-mass
(CM) motion. The observed force is perpendicular to the velocity, and zero for the atomic cloud at
rest. This concept based on radiation pressure, theoretically proposed in Ref. [17], is straightforward
to implement in a large volume (e.g., volumes 1 mm?3-1cm? are easily accessible)'?, is applicable for a
broad range of velocities, and can be extended to different geometries. The main reason for the absence
of radiation pressure from the previously used methods of synthetic magnetism is the associated heating
due to spontaneous emission. However, this is not an obstacle for atomic gases cooled and trapped in a
Magneto-Optical Trap (MOT), where our experiments are performed.

*Department of Physics, University of Zagreb, Bijenicka c. 32, 10000 Zagreb, Croatia. 2Institute of Physics,
Bijenicka c. 46, 10000 Zagreb, Croatia. Correspondence and requests for materials should be addressed to H.B.
(email: hbuljan@phy.hr) or T.B. (email: ticijana@ifs.hr)

SCIENTIFIC REPORTS | 5:13485 | DOI: 10.1038/srep13485 1



www.nature.com/scientificreports/

|0) I
A=) A=) P A=) N N )

Figure 1. The scheme used to obtain the synthetic Lorentz force via radiation pressure. It is based on
two-step two-photon transitions involving three atomic levels. (a) Two counter-propagating laser beams on
the x-axis (red arrows) drive the |0) — |1) transition, while the |1) — |2) transition is driven by two
counterpropagating beams on the y-axis (blue arrows). The transverse radiation pressure force arising from
the [1) — |2) transition F,, depends on the velocity v, as indicated. (b) Four possible excitation pathways
and a sketch of the detuning values: P(—, |) denotes absorption of a|0) — |1) photon going towards the
positive x-direction, followed by absorption of a|1) — |2) photon travelling towards the negative y-
direction, and so on. The total detuning value for P(—, |) and P(«, T) is A, whereas it is much larger in
magnitude for P(—, T) and P(«, |); the two latter pathways are thus negligible in this configuration. (c)
The Doppler shift provides F, as a function of v, as sketched in (a): pathway P(—, |) for an atom with
positive velocity v,= +A/k, (v,=0) is on resonance, providing negative F,. Likewise, P(«, T) is on
resonance for an atom with negative velocity v,= —A/k,, providing positive F,. See text for details.

Results

The basic idea. The idea behind our experiment is to drive two-step two-photon transitions between
three atomic levels, |[0) — |1) — |2), with mutually perpendicular laser beams as illustrated in Fig. 1.
Two counterpropagating laser beams aligned with the x-axis drive the |0) — |1) transition, whereas the
|1} — |2) transition is driven by counterpropagating beams aligned on the y-axis. Due to the Doppler
effect and the perpendicular configuration of the laser beams, both components of the radiation pressure
force depend on both components of the atomic velocity: F, = F, (v,, vy) and F,=F, (Vys vy ). This
gives us the opportunity to design the detuning values of our lasers such that F, is positive/negative for
atoms with negative/positive velocity component v,, and that the total force is zero for an atom at rest:
F(v = 0) = 0. These are the characteristics of the synthetic Lorentz force that we experimentally
demonstrate.

The design of the detuning values of the lasers is crucial in obtaining the desired result. The beams
driving the first step of the transition |0) — |1) are detuned by the same magnitude, but with the opposite
sign. The one towards the positive x-direction is red-detuned by §_= — §, < 0, while the other is
blue-detuned by 6. =¢, > 0. Their intensities are equal. Thus, if just these two lasers were present, the
net force on atoms (of any velocity) would be zero. However, the population of level |1} would depend
on the velocity v,, which implies that the rate of transitions |1) — |2} giving the transverse force will
depend on v,. The detuning values of the beams driving the second step of the transition, [1) — |2) are
denoted by ¢; and 4, for the beam propagating in the positive and negative y direction, respectively. For
now, let us set these values such that 6_, + 6, =0_ + ;= A >0, as indicated in Fig. 1(b).

The two-step two-photon transitions, where absorption of a|1) — |2) photon follows absorption of a
|0) — |1) photon with perpendicular momentum, yield the synthetic Lorentz force via momentum trans-
fer from photons to atoms. Given the fact that we have two counterpropagating beams for each transition,
we have four excitation pathways for the two-step two-photon transition, denoted by P(—, 1), P(«, 1),
P(—, |), and P(«, | ), see Fig. 1. The arrows correspond to the direction of the photon’s momentum, for
example, P(—, |) denotes the pathway where absorption of a photon travelling in the +x direction is
followed by absorption of a photon in the —y direction and so on. Since the detuning magnitudes of the
first step are identical for all pathways (|6_|=06._), the relevant quantity is the total detuning for the
two-step two-photon transitions. It is important to note that the total detuning A for pathways P(—, |)
and P(«, T), is much smaller in magnitude than the detuning values of P(—, T) and P(«, |). The last
two are thus negligible in the setup of Fig. 1.

To understand the origin of the synthetic Lorentz force, we take into account the Doppler shift. For
an atom moving along the x-axis with velocity v, (v,=0), the P(<—, T) pathway is detuned by A + kv,
i.e, it is on resonance when v,= —A/k,< 0. Because photons from the second step of P(«<—, T) impart

SCIENTIFIC REPORTS | 5:13485 | DOI: 10.1038/srep13485 2



www.nature.com/scientificreports/

momentum towards the positive y-direction, there will be a positive force F, for atoms with negative v,.
In the same fashion, the P(—, |) pathway will be on resonance when v,=+A/k,> 0 yielding negative
F, for positive v,.

The experiment. In the experiment, we use cold ¥Rb atoms. For the|0) — |1) transition we use the
D2 transition in ¥Rb: |5S, /o F= 2) — |5P, s F’ = 3) at 780nm". The easily accessible transition,
|5P5 )53 F' = 3) — [5D5 ) F” = 4) at 776nm™, is used for the second step [1) — |2). The linewidths
of the states are 27 x 6.1 MHz for the |5P3/2; F’ = 3)state', and 27 x 0.66 MHz for the |5D5/2; F" = 4)
state?.

The 3Rb atoms are cooled and trapped in a standard glass vapour cell magneto-optical trap (MOT),
arranged in a retro-reflected configuration. In this configuration, three orthogonal retro-reflected beams
are used to create the total of six beams needed for the MOT. A pair of anti-Helmholtz coils provides a
quadrupole magnetic field, which together with the laser beams creates a trapping potential (for example,
see Ref. [18]). Fluorescence imaging of the cloud is performed with a camera aligned along the z-axis.
In typical experimental conditions we obtain a cloud of 0.4mm in diameter, which contains about 108
atoms of ¥Rb, at a temperature of 50 uK (for details of the experimental setup see Methods). The four
beams implementing the synthetic Lorentz force, arranged as in Fig. 1, are of much smaller intensity
than the MOT beams. Therefore, they are negligible when the MOT beams are ON. For the experimen-
tal detection of the synthetic Lorentz force, we turn the MOT beams OFF, as described in detail below.

We need to measure the transverse force F, in dependence of the velocity v, of the atomic cloud. Thus,
we must prepare a cloud with a given centre of mass (CM) velocity. For this purpose we use an additional
pair of current coils that produce a bias magnetic field along the symmetry axis of the anti-Helmholtz
coils, x in our notation here. The bias field moves the centre of the trap (the point where B=0), which
displaces the cloud approximately 1 mm along the x-axis.

The measurement protocol is as follows. (i) We load the trap with the bias magnetic field on. (ii) At
t=—2ms we reverse the bias magnetic field by reversing the current, which suddenly shifts the centre
of the trap. This introduces a force on the cloud due to the MOT beams. During the next 2ms the cloud
accelerates along the x-axis towards the new trap centre. (iii) Next we turn off the MOT cooling laser
and all real magnetic fields. This moment corresponds to t=0 in our presentation. The system is now
simplified because Zeeman splitting of hyperfine levels is absent and the radiation force left, arising solely
from the lasers implementing the synthetic Lorentz force, is not spatially dependent (it is only
velocity-dependent). (iv) The cloud starts to expand because the trapping is absent, but it also moves in
the xy plane due to both the initial velocity, v,(t=0), and the radiation pressure force. (v) After some
delay time ¢, the cooling laser is suddenly turned on and the cloud is imaged with the camera. From the
trajectory traversed by the CM of the cloud (x(f), y(t)), we can find the force acting on the atoms. If we
wish to image a cloud initially at rest we skip steps (i) and (ii). For a given delay time ¢, we repeat the
measurement protocol 20 times in identical conditions, and subsequently average to obtain x(¢) and y(¢).
The gravity is along the z-axis in our system,; free fall of atoms due to gravity does not affect the motion
in the xy plane. It should be stated that we perform these measurements first with [1) — |2) lasers OFF,
and then with these lasers ON, keeping all other parameters identical. The difference in the path y(#),
with lasers |1) — |2) ON and OFF, gives us the transverse motion due to the synthetic Lorentz force.

The experimental proof of the synthetic Lorentz force by radiation pressure. The results of
the experiment are illustrated in Fig. 2. We show the trajectory of the cloud (x(t), y(t)), in the presence
of the synthetic Lorentz force, for three initial velocities: v,= —0.3 m/s (squares), v,=0m/s (diamonds),
and v,=0.6m/s (circles); v,= 0 at =0 in each run of the experiment. There is a difference in the mag-
nitude of the initial v, for the positive and negative velocity [circles and squares in Fig. 2(a)], which is a
result of our MOT retro-reflected geometry, and the way we accelerate the cloud in step (ii) of the pro-
tocol. In order to prepare a cloud with positive v,, the cloud is accelerated with the incoming MOT beam
(coming from the laser side of the setup), whereas acceleration in the opposite direction is performed
with the reflected beam which has smaller intensity. The reflected beam intensity is smaller due to the
losses, which are a result of the passage of the incoming beam through the dense cloud (absorption), and
partially due to reflection. Consequently, the negative initial velocity is smaller than the positive velocity.

For the lasers implementing the synthetic Lorentz force, we use the following detuning values: for the
first step at 780nm 6. = —6_, = 27 X 6 MHz, and for the second step at 776 nm ¢; = —27 x 3.5 MHz and
0, =27 x 7.1 MHz. The two operational two-step pathways are P(«—, T) and P(—, | ), whereas the other
two are far from resonance. The intensities of the beams used are I,50 = 0.060 mW/cm? and I, = 2.9 mW/
cm?, giving Rabi frequencies §2,50= 27 X 1.2 MHz and Q4= 27 x 0.94 MHz.

By inspection of Fig. 2, we see that the cloud travels along the x-axis by inertia, whereas it accelerates
along the y-axis due to the synthetic Lorentz force. The direction of the force depends on the sign of the
velocity v, (negative/positive v, gives positive/negative F,), and the force is zero for a cloud at rest. We
observe an asymmetry in the force F,, for the positive and negative velocity. In order to justify the exact
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Figure 2. The trajectories of the CM of the atomic cloud in the presence of the synthetic Lorentz
force. (a) x(t), and (b) y(t) for three different initial velocities, v,=0.6m/s >0 (circles), v,=—0.3m/s
<0 (squares), and v,= 0m/s (diamonds); initial component of v,= 0 in all measurements. Accelerating
motion along y is the signature of the transverse force F,, which depends on v,. The lines are fitted to the

experimental data, linear fits for v,(t), and quadratic for v,(¢).

choice of the detuning values 6; and ¢, and further investigate the observed asimmetry in the measured
synthetic Lorentz force, we perform measurements in a slightly simplified configuration.

Measurements in an auxiliary configuration. We inspect the force along the y direction arising
from the two-step two-photon resonances, by using a configuration with three laser beams illustrated in
Fig. 3. We block the beam pointing towards the negative y-direction, and measure F, arising from the
remaining beam (the positive y-direction), which drives the |[1) — |2) transition. The force is measured
for an atomic cloud with velocity zero, as a function of the detuning ¢, see Fig. 3. Measurements are
done for three different detuning values of the first-step 780nm beams §_= —6_ =27 x 4, 6, 8 MHz.
The intensities of the lasers driving the transitions are now I = 0.043 mW/cm? and ;4= 4.8 mW/cm?,
giving Rabi frequencies {2,5=27 x 1.1 MHz and Q,,,= 27 x 1.2 MHz. The two maxima in Fig. 3 are
profiles of the two-step two-photon resonances: the peak in the vicinity of 6;= —4_,> 0 corresponds to
the excitation pathway P(—, T), and the peak close to 6;= —6_ < 0 corresponds to P(+, T).

Solid lines in Fig. 3 show the theoretically calculated profiles of F, (see Methods for details of the
theoretical calculation). The agreement between theory and experiment is evident. All parameter values
used in the theoretical calculation are taken from the experiment, except that the Rabi frequencies are
reduced by 20%. This is reasonable because in the experiment, the absorption of laser beams across a
dense atomic cloud reduces their intensity?!.

It should be pointed out that the peaks in F/(6;) are slightly displaced from the values 6;==[0_|,
towards 6, =0. For example, for |6_| at 6 MHz, the maxima are at 5.3 MHz. Moreover, the FWHM of
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Figure 3. Frequency scan of the two-step two-photon resonance in the auxiliary configuration. The
calculated (solid lines) and measured force F, as a function of é; for the excitation with just three beams as
shown. Measurements are performed for the cloud with initial velocity zero. The plots show resonances for
three values of the detuning 6. = —6_, =27 x 4MHz (circles), 6 MHz (squares) and 8 MHz (diamonds).

the peaks is larger than the linewidth of the state |2). These two observations are a consequence of the laser
linewidth, which is larger than the linewidth of the state |2) = |5D, /2 F” = 4) (see Methods). The

finite linewidth of [0) — |1) lasers at 780nm distorts the peaks as follows: the side of the peak closer to
6;=0is lifted up in comparison the opposite side of the peak. This follows from the fact that the two-step
two-photon resonance is stronger when |6_| is closer to zero, which is evident from Fig. 3. The exact posi-
tions of the peaks at £5.3 MHz, explain the chosen detuning values for the second step at 776 nm, which
were used to obtain Fig. 2: 6;=—2m x 3.5MHz and 6, =27 x 7.1 MHz. They are chosen such that the
operational pathways are effectively equally detuned from the two-step two-photon resonance: P(—, |)
is detuned by 27 x (—5.3+7.1) MHZ =27 x 1.8 MHZ, and P(+, T) is detuned by 27 x (4+5.3 — 3.5)
MHZ =27 x 1.8 MHZ.

Discussion

Suppose that we repeat measurements corresponding to Fig. 3, but for an atomic cloud with mean veloc-
ity v, different from zero. The results of such measurements would be identical as for v,=0, but the
positions of the peaks would correspond to the Doppler shifted detuning values 6_, — kv, and 6_ + kv,.
Thus, because detuning can be mapped to velocity space, Fig. 3 can be reinterpreted as measurements
for a fixed value of 6, = —§_,, and for three different velocities v, < 0 (4 MHz), v,=0 (6 MHz), and v, > 0
(8 MHz). This is sketched in Fig. 4, where we see that the two peaks separate (approach) each other for
v,.>0 (v, <0, respectively).

We use Fig. 4 for a detailed explanation of the synthetic Lorentz force measured in Fig. 2. In meas-
urements shown in Fig. 2, we have 4, <0, which means that the positive force F,>0 in Fig. 2 results
from the left resonance peak in Fig. 4. Likewise, because 6, >0 was used for Fig. 2, the negative force
F,< 0 results from the right resonance peak in Fig. 4. The transverse force F, measured in Fig. 2, can be

approximately identified with [ F,(8;) — F,(8))] »as illustrated in Fig. 4.

The choice of 6; and 4, in Fig. 2 is such that the strength of the forces arising from the two peaks bal-
ance each other, giving F, = 0 for v, =0 [Fig. 4(b)]. Moreover, ¢; and 4, are on the slopes of the two peaks
in Fig. 4(b) for an atom with v, =0, where the maximal magnitude of AF,/Av, is expected (detuning
translates into velocity space via Doppler effect). For an atom with v, < 0 [see Fig. 4(a)], the two peaks
approach each other, yielding greater force from the left peak, which results in F,> 0 for v, <0, and the
opposite for v,> 0 which yields F, < 0 as shown in Fig. 4(c).

It should be pointed out that our scheme is inherently asymmetric. The intensity of the resonance
peaks shown in Fig. 4 decreases when they separate (for v, > 0), in contrast to when they approach each
other (for v, < 0). Thus, the net force along y is larger for negative v,, than for the velocity of the same
magnitude but with a positive sign. By using a scheme with four atomic levels'’, one could remedy the
asymmetry in the force, present in the three-level scheme. In addition, the initial density of the atomic
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Figure 4. Interpretation of the synthetic Lorentz force from Figs 1 and 2, via two-step two-photon
resonances presented in Fig. 3. Sketch of the resonant peaks that would be obtained in the setup shown

in Fig. 3 for three atomic velocities: (a) v, <0, (b) v,=0, and (c) v,> 0. Vertical dotted lines illustrate the
values of the detuning used for the lasers aligned on the y-axis in Fig. 1. Arrows denote the direction of the
force exerted by those lasers, and illustrate the way F, observed in Fig. 2 arises as a function of velocity v,.
See text for details.

cloud is not identical prior to acceleration in the positive/negative direction due to the slight asymmetry
of the displaced trapping potential. This also affects the transverse force due to absorption and multiple
scattering®'. The inherent asymmetry in the force F,(v,) and in the initial density of the cloud, is reflected
in the asymmetry of the observed motion in Fig. 2 for v, < 0 and v, > 0. Importantly, all of these details
only quantitatively affect the results, but not qualitatively.

Conclusion
The presented experiment, which demonstrates the synthetic Lorentz force by using radiation pressure,
is performed in a classical cold atomic gas, prepared in a MOT, where the heating due to spontane-
ous emission does not prevent the observations. The concept of a force is natural in our classical laser
cooled system!®. We would like to emphasize that our method is entirely different from the Berry phase
approach, where the connection with the Lorentz force can be made in a semiclassical approximation?2.
In the outlook, we foresee many intriguing novel experiments based on the presented method. First,
one could develop experiments using more sophisticated schemes, involving more atomic levels (see
Ref. [17]), to create a uniform synthetic magnetic field. Next, we plan to adjust our system for the obser-
vation of the predicted rotation of the cloud during expansion'’. One of the goals of this research is to
build up a toroidal trap for cold atoms with a toroidal synthetic magnetic field, which holds potential to
emulate the plasma in a tokamak. The proposed concept could be used for velocity selection of atomic
beams, or for developing a novel kind of mass spectrometer for neutral atoms. We believe that our
concept or an analogous scheme could be applicable in other systems, such as suspended nanoparticles.
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Methods

Experimental setup. The ¥Rb MOT is set up in the standard o+ o~ retro-reflected configuration,
with beam diameters of 2 cm. The trap is vapour loaded in a glass cell which facilitates fast switching of
the magnetic field. Cooling and repumper lasers are external cavity diode lasers (ECDL) delivering total
powers of 80 mW and 20 mW, respectively. The cooling laser is typically 27 x 24 MHz (4I") red-detuned
from the |55, ;3 F = 2) — |5P;,5; F' = 3) hyperfine transition. The repumper laser is in resonance with
the |58,/ F = 1) — |5P; )5 F’ = 2) hyperfine transition, thus keeping most of population in the |5S,, ;
F=2) ground level. The quadrupole magnetic field gradient is 13 G/cm. The number of atoms in the trap
is deduced by measuring the cloud fluorescence with a calibrated photodiode.

For the implementation of the synthetic Lorentz force two additional ECDL lasers were introduced
in the experiment: one at 780nm driving [5S, ,; F = 2) — |5P;,; F' = 3) transition, and other at
776 nm driving |5P, /5 F "'=13) — |5D, /5 F " = 4) transition. Each laser beam is split into two beams
which are sent on the rubidium cloud in counter-propagating configurations as shown in Fig. 1. Frequency
and intensity control is done separately for each of the four laser beams with acoustic-optical modulators
(AOM). After being frequency shifted, we couple the beams to single mode polarization maintaining
fibres, which ensures linear polarization (in the z-direction) and uniform intensity.

All lasers used in the experiment are frequency stabilized by using modulation transfer spectroscopy.
We modulate the laser diode current to modulate the laser frequency, which effectively increases the laser
linewidth. This additional broadening is taken into account in theoretical calculations. The linewidths
were checked by heterodyne beating of two stabilized lasers with similar locking parameters. For locking
the laser tuned at 776 nm, we counter-propagate picked off beams from the 776 nm laser and the 780 nm
laser through a heated *’Rb glass cell, where the 780nm laser populates the |5P; ; F' = 3) level. We
observe an absorption signal resulting from the [SP; ,; F/ = 3) — |5Ds,,; F” = 4) transition. This sig-
nal is mixed with the modulation signal from the 780 nm laser to obtain a frequency locking error signal.
Therefore, there is no need to modulate the 776 nm laser frequency to stabilize it.

Theoretical calculation of the radiation pressure force. To calculate the force plotted in Fig. 3,
we first solve the optical Bloch equations (OBEs) to find the density matrix p'&:

dp

n i~ A
dtm - _%[H> p]nm = VmP yp n=m,
dpnn TS
7 = _E[H’ p]nn + E I‘Wnpmm - Z Fm”pnn’
E,>E, E,<E, (1)

(0)

PN A (1
where n, m=0, 1, 2. The Hamiltonian H = H ~ + H W describes a three-level system interacting with

laser fields. H @ is represented by a diagonal matrix with elements Hég) =0 Hl(f ) = hwgy, and

Hz((z)) = h(wy + wy,)> whereas the interaction Hamiltonian is, in the dipole and the rotating wave
approximation'®,

. A hQ i (kX0 f— (kX f—

le H21 212 (ez (kX —wo t—6_t) ez( ko x—wot (Set)) ,

. B iy

H,, = H;; = — TBel(ky)’ Wil éyt), (2)

and zero otherwise. The linewidths, I';, =27 x 6.1 MHz, I',; =27 X 0.66 MHz, and the transition fre-
quencies, wy, =k, and w;,=k,c, where k,=27/780nm~" and k,=27/776nm"}, correspond to the
experiment; I';;=0; the coherences are ~; = %(I‘ﬁ +7T ]j), where T'; = 35, ';;. Because transition
|0) — |1} is driven with two lasers of different detuning values 6_ = —0_, there is no stationary solution,
and the level populations oscillate with the frequency |6_|~6MHz (the phase of these oscillations
depends on x, but this is not reflected in the force). The force on an atom is calculated by employing the
Ehrenfest theorem'®, and averaging over the oscillations: F',(6_, 6., 6;)=(—Tr [f)(‘)I:I /0yl )t. The average
over time (---) is justified because the oscillations at frequency |6_,] ~6 MHz are much faster than the
characteristic scale for measuring the force, 7, which is on the order of a few milliseconds.

The outlined procedure for calculating the force assumes that the lasers are perfectly monochromatic.
However, there is finite laser linewidth that should be taken into account to quantitatively describe the
two-step two-photon resonances in Fig. 3, i.e.,, F,(6;). The spectral profile of the diode laser can be
described by a Gaussian in the frequency domain, oc exp ((w — wo)?/ 202). In the experiment, the mod-
ulation transfer spectroscopy for laser locking is used, and the central laser frequency is modulated with
the amplitude d= 27 x 1 MHz and frequency n= 2 x 14kHz: &y(t) = wy+ dsinnt. Thus, the laser spec-
tral profile, over time-scales larger than 1/, is given by
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pond  pertd ex w— @)/ 20
p(w; wo) _ o™ L/L; p ( 0) / )d

(%)
wtd exp(—(w — @)’ /207%)

L —
8 - (252)

dwOv

(3)

where pj is the normalization factor.

The detuning values of 780nm lasers oscillate as follows: 5.=6.+4d sinnt and 5.=6_+d sinnt.
Note that 7 < |§|_, and at the same time 1/ is sufficiently smaller than 7. This means that we can
employ the separation of scales to take into account finite laser linewidth. We calculate the resulting force
F,(6;) on the cloud by averaging F; (0_, 6., 0) with the appropriate laser profile distribution in the
frequency domain:

F,(8)) = L’o P (s woy + 6_)F) (w0 — wop, w — wo, + 2[6_], 6;)dw. @

The width o was determined to be 27 x 1.5 MHz by fitting to the experimental profiles. The Rabi
frequencies used in the calculation are discussed in the Results Section.
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We implement a synthetic Lorentz force in a cold atomic gas released from a magneto-optical trap. The signature

of this is an angular deflection of a rotationally asymmetrical cloud. The effect is a consequence of thermal ex-

pansion of the cold atomic cloud under the influence of the applied synthetic Lorentz force. The synthetic Lorentz

force is based on radiation pressure and the Doppler effect, making it straightforward to implement. The intro-
duction of synthetic magnetism into our system, together with the fact that it is readily described by the Fokker—

Planck equation, makes it an excellent candidate to emulate numerous complex classical systems.
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1. INTRODUCTION

Radiation trapping in cold atomic gases is a known and well-
studied effect [1] which sets an upper limit on achievable atom
densities in a magneto-optical trap (MOT). The re-absorption of
scattered photons in dense atomic clouds gives rise to an effective
long-range repulsive force between atoms that scales as 1/72,
analogous to the Coulomb force between charges. Con-
sequently, it is possible to assign an effective (synthetic) charge
to the atoms [2], and tune its value by changing the intensity and
detuning of the scattered radiation. This also offers the possibility
of realizing a time-dependent synthetic charge, a regime not
accessible with real charges in electrodynamics.

The analogy between clouds of cold atoms and plasmas has
led to the observation of Coulomb explosion in expanding mo-
lasses [3], to the prediction of plasma-acoustic waves [4], and
many other plasma-like phenomena [5-9]. In addition, equa-
tions of equilibrium governing the atomic distribution in a
dense atomic cloud are similar to the equation of hydrostatic
equilibrium in stars, experimentally demonstrated in [10], with
the trapping force having replaced gravity. This led to the ob-
servation of self-sustained oscillations in a MOT [11], analo-
gous to oscillations in stars. Consequently, it is reasonable to
consider a dense cloud of cold atoms in a MOT as an ideal
classical emulator that could simulate complex classical systems,
for example a tokamak fusion reactor or astrophysical objects,
such as stars and globular clusters. However, since magnetism
plays a key role in the aforementioned systems, in order to
achieve this goal it is necessary to introduce synthetic magnet-
ism in the classical system of cold atoms in a MOT.

0740-3224/17/061264-06 Journal © 2017 Optical Society of America

Apart from our recent work [12], all up-to-date realizations of
synthetic magnetism involved ultra-cold, quantum degenerate
atomic gases: Bose—Einstein condensates (BECs) and Fermi de-
generated gases. Experiments implementing such systems hold
potential to be used as quantum emulators of strongly correlated
many-body systems. The introduction of synthetic magnetism to
these experiments has enabled realization of many interesting
phenomena, ranging from the Hall effect [13] to the experimental
realization of the Hofstadter Hamiltonian [14], and has initiated
a new and attractive research direction. For recent reviews see
[15,16]. Early realizations of synthetic magnetism in ultra-cold
atomic systems employed the analogy between the Coriolis force
and the Lorentz force by rotating the BEC [17,18]. More recent
experiments, both in bulk BECs [19] and optical lattices [20], use
laser—atom interactions and employ the analogy between the
Berry phase and the Aharonov—Bohm phase. However, methods
relying on the Berry phase analogy used in BECs are not appli-
cable for high atom velocities and large cloud volumes found in
a MOT.

We use a different method to introduce a synthetic Lorentz
force (SLF) to a classical system of cold atoms. It is based on
radiation pressure and the Doppler effect, and was introduced
theoretically in our recent paper [21]. Using radiation pressure
is necessarily accompanied by spontancous emission and radi-
ation trapping, which makes our method non-applicable to
quantum degenerate systems. However, atomic samples pre-
pared in a MOT, still classical and relatively hot to those in
BEG:s, are not significantly affected by the additional heating
introduced by spontaneous emission. Moreover, the radiation
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trapping which accompanies spontaneous emission is, as dis-
cussed above, the basis for the analogy between clouds of cold
atoms and classical systems of charged particles such as plasmas.

Two scenarios for the observation of the SLF were proposed
in [21], each characterized with a completely different initial
velocity distribution of cold atoms and each suitable for emu-
lation of different classical systems.

The first scenario is suitable for the emulation of a single
charged particle in a magnetic field, and was experimentally
demonstrated in our recent work [12]. We first prepared a
cloud with a given center-of-mass (CM) velocity, after which
we measured trajectories of the CM of the atomic cloud in
the presence of the SLF for various initial CM velocities.
The observed trajectories of the CM of the atomic cloud
can be interpreted as dynamics of a single charged particle
under the influence of the Lorentz force, suggesting approxi-
mately equal SLF for all atoms in the cloud, due to the equal
initial velocities.

The second scenario is experimentally demonstrated in this
work. The cold cloud is considered as an ensemble of particles
with a Maxwell-Boltzmann velocity distribution. The signa-
ture of the SLF is observed in the shape of the expanding cloud,
i.e., an asymmetric and tilted expanding cloud is observed. Our
system, a dense atomic cloud in a MOT, is analogous to an
expanding single species plasma in a magnetic field, also to
an expanding neutral gas in a rotating frame under the influ-
ence of a Coriolis force, for instance, an anticyclone. Just as
experiments with quantum degenerate gases benefited from
the introduction of synthetic magnetism, experiments mimick-
ing classical systems with electrical charges would benefit from
the introduction of a SLF in a dense cloud of cold atoms in a
MOT. Therefore, our work provides the final missing ingre-
dient needed for the realization of an emulator of complex
classical systems whose behavior cannot yet be understood
by use of computer simulations [22].

For the purpose of this work, we have upgraded the basic idea
presented in [12] and developed a modified experimental setup.
A SLF is implemented in the experiment by introducing two
pairs of perpendicular laser beams into a system of five-level
atoms. Each pair drives two-step two-photon transitions between
three levels, from the same ground state but to different exited
states, see Figs. 1(a) and 1(b). One pair of perpendicular laser
beams, depicted with arrows with solid color filling, drives
the |0) — |1) — |2) transition, while the other pair, marked
with pattern filling, drives the |0) — |1") — |2') transition.
Due to the Doppler effect and the geometry of the laser beams,
both components of the radiation pressure force depend on both
components of the atom velocity: F, = F,.(v,,7,) and
F, = F,(v,, v,). This gives us the opportunity to choose the
detuning values of our lasers such that the radiation pressure
force mimics the Lorentz force, e.g., Fy is positive/negative
for atoms with a negative/positive velocity component v, and
the total force is zero for an atom at rest F(v =0) = 0. In
Figs. 1(c) and 1(d) we show the calculated force components
F, and F, as a function of atom velocities for the system
and laser detunings used in the experiment. This force pattern
in velocity space can be separated in to two components, one that
results in a scalar potential in velocity space and the other that

Vol. 34, No. 6 / June 2017 / Journal of the Optical Society of America B 1265

(@) (b) 8Rb
|1')—>|2')®. -------- —=I12') —I5Dy:F'=4)
A==1?) A —————[5D3:F'=3)
Wi [1') —»|5Pyp;F'=3)
/ I Y —» JF'=
- 5 AINTElspar=2)
A (Vi I i
" 1)) 0) —»158,:F=2)
F, (xI02N)  F, (x10%N) U, (x10% Nms?)
4 2 0 -2 1050 -050 -10 -20
HE T T
£, |
- |
” |
1 1-1 1-1

0 0 0
vx (m/s) vx (m/s) vx (m/s)

Fig. 1. Scheme for obtaining the synthetic Lorentz force and the re-
sulting force patterns in velocity space. (a) The four beams responsible
for the SLF. They propagate in the xy plane (horizontal). The red beams
counterpropagating along the x-axis couple states |0) — |1)/|1") (solid/
dashed) while the two blue beams counterpropagating along the y-axis
couple states [1)/|1") — |2)/|2") (solid/dashed). (b) The hyperfine lev-
els used for the realization of the SLF. (c) The calculated force in the
x and (d) y direction as a function of velocity. (e) Resulting potential in
velocity space when the rotating part of the force (shown with white
arrows) is excluded. The white contours show the calculated velocity
distribution after 1 ms of expansion.

rotates and is responsible for the SLF. The resulting scalar po-
tential, along with the rotating part of the force, is shown in
Fig. 1(e). These two components will both influence the ob-
served shape of the cloud. A detailed explanation of the numeri-
cal calculations and of the contributions of the two force
components in velocity space is given in Section 3. In contrast
to the previous experimental realization [12] where three differ-
ent levels were used, in this work we use five different levels.
Using three different levels results in a similar force pattern in
velocity space; however, the force is not symmetric, i.e., Fy
has different magnitudes for positive and negative v, of the same
magnitude. Using five levels avoids this problem resulting in a
better analogy with the Lorentz force and is adequate for experi-
ments in which a symmetrical initial velocity distribution is used.

2. EXPERIMENT
The experiment is based on a Rb MOT. The cold cloud of

approximately 10® atoms is loaded from background vapor in
a glass cell. The MOT is arranged in a standard three-beam
retroreflected configuration which together with the anti-
Helmholtz produced quadrupole magnetic field create the trap-
ping potential.

For the SLF we use the geometry sketched out in Fig. 1(a)
where the xy plane is the horizontal one. Beams propagating
along the x direction drive the first step of our two-step
scheme, where for [0) — [1) we use the [5S;,,;F = 2)
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— |5P5)5; F' = 2) transition and for [0) — [1) we use the
[581/2; F = 2) = |5P3),; F' = 3) transition. Beams propa-
gating along the y direction drive the second step of the
two-step excitation, where for |1) = |2) we use the
|5P5/p; F' = 2) — |5Dsp; F'" = 3) transition and for [1') —
|2") we use the [5P55; F' = 3) — [5Ds 53 F"" = 4) transition.

The four SLF beams are provided from the output of two
frequency stabilized external cavity diode lasers (ECDLs) with
nominal emission at 780 nm for the first step and 776 nm for
the second step. The ECDL at 780 nm is stabilized using a
dither technique to a saturation spectroscopy signal obtained
from room temperature rubidium vapor. The ECDL at
776 nm is also stabilized using the dither technique to a
Doppler-free two-photon signal obtained from heated rubid-
ium vapor. Using heterodyne spectroscopy with an optical fre-
quency comb, a laser linewidth of 1 MHz is measured. All
beams are passed through acousto-optic modulators to obtain
the desired frequencies.

Since one of the two-step two-photon pathways drives an
open transition, the presence of a repumper is necessary. For
this we drive the |58 3 F = 1) — |5P5); F' = 1) transition.
Compared to normal MOT conditions the population in the
[581/2; F = 1) will be substantial leading to an appreciable ra-
diation pressure force from the repumper beam. To avoid
masking the observation of the SLF by introducing unac-
counted forces into the system we copropagate the repumper
beam with the [58;,5; F = 2) — |5P5)5; F' = 2) beam.

Fluorescent imaging is performed along the z-axis,
perpendicular to the xy plane in which the four beams driving
two two-step two-photon transitions propagate. Gravitational
force acts along the z-axis and therefore has no effect on atomic
motion in the xy plane. An experimental protocol that is typical
for time-of-flight measurements (TOF) is used, with the differ-
ence that all four SLF beams are present in the system through-
out the experiment cycle. It is important to note here that the
SLF beams have no effect on the initial spatial and velocity dis-
tributions of the cloud while the trapping beams are present
since the force arising from their absorption is small compared
to forces due to the trapping beams. The experiment cycle is as
follows: (i) we load the cloud, (ii) at # = 0 we switch off the
trapping beams and the quadrupole magnetic field and the
cloud evolves in the presence of the synthetic Lorentz and
Doppler forces induced by the SLF beams, (iii) after given ex-
pansion time 7 we turn on the trapping beams and image the
cloud fluorescence. We repeat the measurement protocol 20
times in identical conditions, and subsequently average to ob-
tain the density distribution of the cloud for a given 7.

The following detuning values are chosen in the experiment:
the first-step beams, propagating along the x direction, are
red detuned by Jy_; = g1 =-I'p/2, where I'p =
27 x 6.1 MHz is the decay rate of the ¥Rb5P;, state [23].
The second-step beams, propagating along the y direction,
are blue detuned. Their detuning values, §;_, and 6,/
are chosen in such a way that the total two-photon detuning,
A, for both two-photon two-step pathways is equal to
A = -I'p/2, where I'p = 27 x 0.66 MHz is the decay rate
of the ¥Rb5D; > state [24]. Following this condition,
01y = 01y = 2w x 2.7 MHz. The repumper laser is on
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resonance. The choice of those detuning values follows from
our recent theoretical paper [21], and is such that we achieve
the maximum deflection angle.

Intensities of the SLF beams are: 7,_,; = 0.039 mW /cm?,
Ty-1=0.063mW /cm?, [,_, =3.18 mW /cm?,and I/_, =
0.063 mW /cm?. The intensity of the repumper beam is
L iepumper = 3.2 mW/ cm?. All beams are fiber coupled and
polarized in the z direction. For the reasons discussed eatlier,
the repumper beam is coupled to the same fiber as the |0) —
[1) beam. The offset in the force in the x direction, coming
from the repumper radiative force, is compensated with a lower
intensity of the |0) — |1) beam relative to a case in which the
repumper would not be present. In such a way we achieved that
the total force on atoms with zero velocity is zero, i.e.,
F.(v=0) =0. As a consequence the SLF will be of lower
magnitude but will have the same characteristics.

3. NUMERICAL SIMULATIONS

To be able to analyze the TOF experimental results, first we
turn to numerical simulations of our system.

The force in velocity space is calculated by using the density
matrix formalism and applying the Ehrenfest theorem [25].
The procedure assumes that the lasers are perfectly monochro-
matic. However, there is a finite laser linewidth in the experi-
ment that should be taken into account. Considering that the
spectral profile of diode lasers can be described by a Gaussian in
the frequency domain, we introduce the laser linewidth in the
simulations by convolving the force in velocity space with a
Gaussian whose FWHM corresponds to the measured laser
linewidth, ie., to 1 MHz. Calculated resulting forces F,
and F, as a function of atom velocities for relevant rubidium
atomic levels and laser parameters used in the experiment are
shown in Figs. 1(c) and 1(d). The repumper laser is also in-
cluded in the calculations.

One can see from Fig. 1(d) that the obtained force pattern
has the wanted properties: F, is positive/negative for atoms
with a negative/positive velocity component v,. Positive F,
arises as a result of driving the |0) — |1) — |2) transition,
by the laser beam pair marked with solid filling in Fig. 1(a).
Due to the red-detuned first-step laser driving the |0) — |1)
transition, this two-step two-photon pathway is resonant only
for atoms with negative v,.. The positive force in the 4y direc-
tion is then a consequence of the second-step laser beam driving
the |1) — |2) transition. In a completely analogous way, a neg-
ative F, arises as a result of driving [0) — |1} — [2') transi-
tion, which is resonant only for atoms with positive v,.

For sufficiently small velocities the force is linear around
zero; therefore, a good approximation is to neglect higher-order
terms considering the low atom velocities in a MOT. We
Taylor expand the force in velocity up to the linear term:

Fx Fx0:| |:axx ax:||:yx:|
= [Poly[a @offel
{Fy ] [Fyo A Ay | [ Yy
The second term on the right-hand side can be divided into two

terms, one that has zero curl in velocity space, while the other
rotates:
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where a,, = ap + agand a,, = ap - ag. We identify the sec-
ond term Fg; () as the one responsible for the SLF. The first
term F . () depends on both components of the atom veloc-
ity, and includes the usual Doppler force through the a,, and
a,, diagonal terms. Since V, x F,(#) = 0 we can calculate
the corresponding potential in velocity space from
F,. = -V,U(v,,v)), where V, = 9,0/0v, + 9,0/0v,. It is
a two-dimensional angled valley-like potential of the form
Uvy, vy) = a2 /2 + apv.v, + a},),z/yz/Z. In Fig. 1(e), we
present the calculated potential, together with the direction
and magnitude of the F; () force, given by the white arrows.
Consider now how these two terms affect the atomic velocity
distribution. We start with a symmetric velocity distribution at
t = 0, which is a common initial condition in a MOT. Shortly
after t = 0 the cloud will be reshaped in velocity space to a
tilted ellipsoid by the potential shown in Fig. 1(e).
Simultaneously, the rotating part of the force, Fg; () increases
the distribution’s deflection angle while preserving its ellipsoidal
shape. This reshaped velocity distribution will give rise to a re-
shaped spatial distribution of the cloud, which can be detected
in TOF measurements.

The expansion of the cloud in the presence of the SLF laser
beams is calculated by employing the Fokker—Planck equa-
tion [25]. We take the linearized form of F(v) from
Eq. (1), this enables us to solve the Fokker—Planck equation
by using the ansatz from [21]. The coefficients a;; are evaluated
from the calculated force at » = 0. The initial phase space dis-
tribution of atoms P(x, y, v,, v,, ¢+ = 0), which is the input dis-
tribution for the Fokker—Plank equation, is defined using
measured experimental values. These were determined by
measuring the time evolution of the cloud’s thermal expansion
in a standard TOF measurement. The Fokker—Planck equation
is solved numerically for different expansion times, providing
the phase space distribution of atoms in the cloud for a given
time. The calculated atomic density distribution is then sub-
sequently compared to the TOF measurements.

4. SHAPE OF THE CLOUD IN THE PRESENCE
OF THE SLF

In Fig. 2 we present measured [Figs. 2(b), 2(¢), and 2(h)] and
calculated [Figs. 2(c), 2(f), and 2(i)] atom density distributions
after 7 = 4 ms of expansion time for three experimental con-
figurations [Figs. 2(a), 2(d), and 2(g), respectively].

The atomic system and laser parameters used in the calcu-
lations are identical to the experimental ones, given in
Section 2. The cooling laser detuning is -3.6I, providing a
symmetrical Gaussian-shaped density distribution of the cloud
at + = 0 ms whose standard deviation (SD) is 6, = 0.25 mm
and a velocity distribution whose SD is 6, = 0.1 m/s.

In the configuration presented in Fig. 2(a) only the first-step
SLF beams, |0) — |1) and |0) — |1}, are present. An ellipsoid
shape of the cloud is measured elongated along the y-axis,
Fig. 2(b). The simulated atom density distribution corresponding
to this experimental geometry is shown in Fig. 2(c). The ellipsoid
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shape is a result of a friction force in the x direction resulting from
the red-detuned first-step SLF beams. This measurement serves as
a control, not only to make sure that the ellipsoid shape of the
cloud is due to the first-step beams, but also to gauge the reference
angle of the ellipsoid. We find the deflection angle of the major
axis by fitting a 2D Gaussian to the density distribution.

By adding the second-step SLF beams, |1) — |2) and
[1') — |2'), our scheme of two pairs of two-step two-photon
transitions is fully realized, Fig. 2(d). The measured atom density
distribution is still ellipsoidal, but tilted by an angle ® =
(12 = 2)" relative to the y-axis, Fig. 2(e). This angle is a unique
signature of our scheme of atoms interacting with the field of two
pairs of perpendicular laser beams that drive two-step two-pho-
ton transitions. The corresponding simulation of the atom den-
sity distribution is shown in Fig. 2(f). Good agreement between
measured and calculated atom density distribution is observed.
The calculated angle, @, = -11.6°, is within the uncertainty
of the measured angle. For the density distribution in Fig. 2(f),
the a@;; coefficients are calculated to be (a,,, a,), @, @) =
(-3.4,0.79, -0.20, -0.10) x 1022 Ns/m, giving ap = 0.50x
1022 Ns/m. In order to distinguish between the two
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Fig. 2. Atom density distributions after TOF of 4 ms for three dif-
ferent configurations, (a, d, g). Corresponding experimental, (b, e, h),
and numerical results, (c, f, i), are show in the same row. (b, ¢) Density
distribution with only the first-step beams present. (e, f, h, i) Density
distributions with all four beams present, hence under the influence of
the SLF. Note that the two second-step beams have switched places
from (d) to (g). The deflection angles of the major axes are indicated
with full white lines. In panels (f) and (i) a dashed line indicates what
the deflection angle would be without the SLF term in Eq. (2). See text
for details.
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contributions that produce the @, angle, i.c., the trapping
potential and the SLF, arising from the first and second term
in Eq. (2), we calculate the density distribution without the
SLF contribution (az = 0). The obtained deflection angle
D, ,m(ap = 0) = -5.0° is significantly smaller than the angle
®,,» = -11.6° and is indicated with a dashed line in Fig. 2(f).
This is expected based on the discussion presented in Section 3,
which confirms the observation of the synthetic Lorentz force in
a measured cold cloud density distribution shown in Fig. 2(e).

To recheck our experimental findings we switch the two
second-step SLF beams, obtaining the configuration shown in
Fig. 2(g). To ensure the same alignment only the output of
the fibers for the two beams are exchanged, whereas all holders,
optics, and experimental parameters are left unchanged. The
atom density distribution remains ellipsoidal, but it is now tilted
at an angle ® = (12 £ 2)° relative to the y-axis. The corre-
sponding calculated distribution shown in Fig. 2(i) confirms
the experimental result and conclusions analogous to the conclu-
sions from the previous configuration can be made.

Another thing to note is that the tilt angle of the cloud does
not increase for larger expansion times. This is due to the scalar
potential, which would decrease the tilt angle if the rotating part
of the force was not present. The tilt angle therefore stops in-
creasing when the influences of these two terms on the tilt angle
cancel each other. The expansion of 7 =4 ms was therefore
chosen because of optimal signal quality, since for smaller times
the cloud is similar to the initial symmetric shape, while for larger
times the signal deteriorates due to heating and diffusion.

Considering that the cyclotron frequency does not depend
on the velocity of the charged particle, by analogy we expect
that the deflection angle @ in our system does not depend
on the initial width of the Maxwell-Boltzmann velocity distri-
bution of the cold cloud, i.e., on the cloud temperature. In
Fig. 3 we show the measured and calculated deflection angle
® as a function of the SD of the velocity distribution, points,
and line, respectively. As mentioned in Section 3, the SD of the
initial velocity distribution, 6,, is obtained from TOF measure-
ments without the SLF beams. In the experiment o,, i.e., the
temperature of the cold atoms in the MOT, is easily tuned by
changing the detuning of the cooling laser. The deflection angle
is measured using the experimental configuration shown in
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Fig. 3. Deflection angle as a function of the SD of the velocity dis-
tribution, measured (circles) and calculated (line). The inset shows the
force in the y direction as a function of the velocity in the x direction,
F,(vy, v, = 0), the region [v,| < 0.15 m/s is shaded while the line
shows the slope at v, = 0.
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Fig. 2(d), with all other experimental parameters identical to
the ones used before. We can see that the measured and calcu-
lated angles agree well with the expected behavior, i.e., the de-
flection angle does not depend on the width of the velocity
distribution almost in the entire range. Deviation of the mea-
sured angle from the calculated constant value at wider velocity
distributions arises because there is a considerable number of
atoms with velocities that are beyond the velocity range in
which the approximation used in Eq. (1) is valid, and therefore
the effect of the SLF is less pronounced. For reference, see the
inset of Fig. 3 which shows the force in the y direction,
F,(v, v, = 0). Within the shaded area, which is from v, =
-0.15 m/s to v, = 0.15 m/s the difference between the cal-
culated force (green curve) and the linear approximation from
Eq. (1) is below 4%. However, for a cloud with o, =
0.15 m/s, already 32% of the atoms have a velocity that is out-
side of the shaded area. For increasing o, this fraction will be
even larger, which illustrates why the model and the experimen-
tal results differ increasingly past 6, ~ 0.15 m/s. The values of
v, for which F (v,, v, = 0) has maximum absolute values are
defined by the two-photon detuning via the Doppler shift. For
a larger two-photon detuning the maximum force values would
be further apart and so the velocity range in which the force is
linear, and thus the effective observation of the SLF is possible,
could be made larger. A more complicated model could be
implemented that would take into account atoms with larger
velocities, as well as other effects present in the MOT, such as
radiation trapping. A visible difference between the experimen-
tal TOF distribution and the numerically predicted ones in
Fig. 2 is the larger width of the experimentally observed distri-
butions along the x-axis, along which we effectively have optical
molasses due to the red detuning of the first-step beams. This
faster expansion is possibly a consequence of radiation trapping
and very similar to the effect observed in [3]. There the authors
also observed a much faster expansion of their cloud in the mo-
lasses stage than what was predicted by the Fokker—Planck
equation, and this was attributed to Coulomb-like forces
caused by radiation trapping. There is also additional heating
not accounted for in the model, mostly due to the linewidths of
the lasers which can also increase the observed width of the
cloud. However, these potential additions to our model are
out of scope for this paper. The model presented here is simple
yet powerful in the sense that it explains and fully predicts the
behavior of our system for sufficiently low atomic temperatures

that are typically achieved in a MOT.

5. CONCLUSION

In conclusion, we have measured the synthetic Lorentz force in
an expanding cloud of cold rubidium atoms. The force is a re-
sult of the interaction of atoms with the field of two pairs of
perpendicular laser beams which drive two-step two-photon
transitions. The signature of the force given by our scheme
is imprinted in a tilted ellipsoidal-shaped atomic cloud, mea-
sured after a given expansion time of the cloud. The experimen-
tal results show excellent agreement with the simulations of the
atom density distributions. Indeed, by simulating the atom
density distributions with and without the synthetic Lorentz
force contribution, we can determine the contribution of
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the synthetic Lorentz force in the measured deflection angle.
The observed SLF has the form of the standard Lorentz
force Fg;(v) = v x B*, where B* = a% is the effective mag-
netic field. Our measurement gives ap = 0.50 x 1072> Ns/m,
which for an ®Rb ion would give an effective field B* /e~
0.3 mT, or a cyclotron frequency of ap/m = 0.35 kHz. As
stated previously, our scheme for introducing the SLF is nec-
essarily accompanied by spontaneous emission. This will lead
to radiation trapping in dense atomic clouds and therefore to an
effective Coulomb force between atoms. This means that by
introducing the SLF we, at the same time, introduce an effec-
tive Coulomb force in to the system. Since the effective charge
as a result of radiation trapping is typically ¢ 4 ~ 10~%¢ [2], the
effective synthetic field scales to B.g = 3T. In addition, we
showed that our relatively simple model can be readily used
for future experiments with synthetic fields in classical cold
atom systems. Our work reinforces the analogy between a cloud
of cold atoms and plasma-like systems, thus potentially opening
a new direction of research based on the use of cold atoms as a
classical emulator of complex classical systems in which mag-
netic fields play a significant role, such as a tokamak fusion
reactor or a star.
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Sub-Doppler cooling of atoms using an optical frequency comb
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We report on sub-Doppler cooling of rubidium atoms on a dipole-allowed transition at 780 nm by
using a frequency comb (FC). Temperatures as low as 55 K were measured in a one-dimensional FC
cooling geometry using time-of-flight spectroscopy. We attribute the sub-Doppler temperatures ob-
served in FC cooling to the same mechanisms that produce sub-Doppler temperatures when cooling
with continuous-wave lasers. Laser cooling with FCs could enable achieving sub-Doppler tempera-
tures for the atoms with dipole-allowed transitions in the vacuum ultraviolet. This can significantly
improve the precision of optical frequency standards, enable measurements of fundamental constants
with unprecedented accuracy, and open up the possibility to reach quantum degeneracy with atoms
that have optical transitions unreachable by continuous wave lasers such as hydrogen, deuterium

and antihydrogen.

PACS numbers: 37.10.De, 37.10.Vz, 32.30.Jc

Laser cooling and trapping brings atomic and molec-
ular physics to one of the most exciting frontiers in sci-
ence, with applications ranging from atom interferometry
[1] and optical frequency standards [2] to high precision
spectroscopy and ultracold chemistry [3, 4]. Regardless
of such a great importance, laser cooling techniques are
still limited to atoms with simple energy level structure
and closed transitions [5] accessible by current continuous
wave (CW) laser technology. Laser cooling of more com-
plex atomic species and molecules, or even simple atoms
with strong cycling transitions in the vacuum ultraviolet
(VUV) where generation of CW laser light is demanding,
still remains an experimental challenge.

The aforementioned problems can be approached by
using mode-locked femtosecond (fs) or picosecond (ps)
lasers with high pulse repetition rates which produce sta-
bilized optical frequency combs (FCs). Employing the
highly precise and regular comb spectrum has been pro-
posed for laser cooling of complex multilevel atoms and
molecules in an approach that essentially mimics the use
of multiple phase-coherent CW lasers [6]. Following the
same approach, simultaneous cooling of multiple atomic
species by FC is proposed in [7]. FC cooling on the Rb
two-photon transition at 778 nm has been demonstrated
recently [8], where cooling is achieved through a coherent
process in which multiple excitation pathways are excited
by different combinations of comb modes.

On the other hand, FCs provide high peak powers
needed for efficient frequency conversion via nonlinear
crystals [9] or high harmonic generation [10, 11], while si-
multaneously preserving long coherence times needed for
efficient laser cooling. These benefits have recently been
employed to open a new and promising route towards
laser cooling of species with strong cycling transitions in
the UV and VUV such as trapped magnesium ions [12].

The use of FCs has revolutionized high-resolution

spectroscopy, where FC-based spectrometers of unprece-
dented accuracy, resolution and sensitivity now operate

from the EUV [13] to the mid-IR [14] spectral range. A
similar impact on the field of quantum optics can be en-
visaged as well, where the use of FCs for laser cooling
could lead to significant advances in research focused to-
ward quantum technologies such as optical clocks, quan-
tum simulators, and quantum networks. Intriguing ap-
plications of FC cooling include: a) optical atomic clocks,
e.g. realization of FC cooling of trapped Al and He ions in
the VUV [12], or FC cooling of the radioisotope thorium-
229 ion (via multiple NIR sidebands) needed for the re-
alization of a nuclear transition based optical clock [15];
b) achieving quantum degeneracy for atoms with dipole-
allowed transitions in the VUV, e.g. hydrogen, deuterium
and antihydrogen atoms for precision tests of many-body
theory and of ultracold collisions, as well as for testing
charge, parity and time reversal symmetry and probing
physics beyond the standard model [6]; ¢) producing cold
samples of most prevalent atoms in organic chemistry,
e.g. hydrogen, carbon, oxygen and nitrogen to improve
understanding of their long-range interactions and chem-
ical bonding [6, 8]. For all the aforementioned FC cool-
ing applications, achieving sub-Doppler temperatures is
a great benefit, if not a necessity.

In this Letter we demonstrate sub-Doppler FC cool-
ing of rubidium atoms. Up to now only the two pre-
viously mentioned recent experiments have reported FC
cooling, and both of them achieve cooling to near the
Doppler temperature [8, 12]. Here we show that tem-
peratures below the Doppler limit, i.e. sub-Doppler tem-
peratures, can be achieved by FC cooling. We demon-
strate sub-Doppler cooling of Rb atoms to 55 uK on a
single-photon transition at 780 nm, a transition typically
used in CW laser cooling experiments with an associ-
ated Doppler temperature of 146 pK [16]. Achieving
sub-Doppler FC cooling presented in this work is an im-
portant step towards storing FC cooled atoms in shallow
optical potentials such as dipole traps, optical latices,
and finally towards achieving quantum degenerate gases



using FC light.

Our apparatus consists of a standard magneto-optical
trap (MOT) for 8"Rb atoms. A cold rubidium cloud is
loaded from background vapor in a stainless steal cham-
ber. The MOT is arranged in a standard three-beam
retro-reflected configuration based on CW lasers, which
together with the anti-Helmholtz produced quadrupole
magnetic field create the trapping potential. Fluores-
cence imaging of the cloud is performed with a camera
aligned along a horizontal axis. In typical experimental
conditions we obtain a cloud 1.4 mm in diameter, which
contains about 10® atoms of 8’Rb. By changing the de-
tuning of the CW MOT beams we are able to prepare
a cloud with temperatures in the range of 50-300 uK.
Such a cold cloud represents the initial sample for all our
measurements presented in this work.

The FC is generated by frequency doubling an Er:fiber
mode-locked laser (TOPTICA FFS) operating at a repe-
tition rate f,.,=80.5 MHz with an output power of about
230 mW, a central wavelength at 1580 nm. The FC spec-
trum used in the experiment is centered at 780 nm with
a bandwidth of about 10 nm and a total power of 65
mW after frequency doubling. Approximately 100 000
comb lines are contained under the FC spectral envelope.
The FC is stabilized to a CW reference laser (ECDL,
Moglabs CEL002) locked to the *"Rb [5S] 0; F = 2) —
|5P3)9; F' = 3) transition. The technical description of
the FC stabilization is outlined in the online supplemen-
tal information [17]. More details about the used stabi-
lization scheme can be found in [18].

Laser cooling relies on the radiation pressure force.
Hence, in order to understand the physical mechanisms
that drive the FC cooling, one has to first understand
the force exerted on atoms when they are resonantly
excited by the FC. We therefore start our study by
measuring the FC radiation pressure force on cold Rb
atoms. The comb centered at 780 nm drives the standard
8TRb [551/2) — [5P3)2) cooling transition. A single lin-
early polarized beam is collimated and sent through an
acousto-optic modulator (AOM) for fast on/off switch-
ing, and then directed to the center of the trap. To-
tal power of 18 mW was used with the beam FWHM
of 2.7 mm, which gives the FC power of about 0.5 yW
per comb mode. The measurement sequence starts with
preparation of a cold 8"Rb cloud using the CW MOT
setup (FC beam off). At t=0 we turn off the MOT cool-
ing beams, and switch on the FC beam. The weak re-
pumper light is left on continuously to optically pump the
atoms out of the |55 /9; F' = 1) ground state. It propa-
gates perpendicular to the FC, is arranged in a counter-
propagating configuration, and has no measurable me-
chanical effect. We let the FC to interact with the cold
cloud for 1 ms, and during this time the cloud center
of mass (CM) accelerates along the FC beam propaga-
tion axis (+az-direction) due to the FC radiation pres-
sure force. At t = 1 ms FC beam and repumper are

switched off, and the cloud is left to freely expand for 5
ms. At t = 6 ms the CW cooling beams are turned on
and the cloud fluorescence is imaged with the camera to
determine the cloud CM displacement in the z direction,
Axcyr. We then use Azco s to calculate the acceleration
of the cloud, which, using the mass of a single Rb atom,
finally gives the FC force. Averaging of 4 consecutive
measurements is performed and shown in Fig. 1(b).
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FIG. 1: (Color online) (a) Scheme of relevant ®'Rb energy
levels and FC modes; (b) measured and (c) calculated FC
force as a function of detuning. The total force in (c), blue
line, reflects the interaction with three comb modes: n-th
comb mode with the |5S,2; F = 2) — [5P;5;F' = 3)
transition - green dashed line; (n — 3)-rd mode resonance
with the |55),2; F = 2) — |5P3/2; F’ = 2) transition - or-
ange dashed line; and (n — 5)-th mode resonance with the
[5S51/2; F = 2) — |5P5/2; F' = 1) transition - red dashed line.

The FC force depends on the relative detuning of the
comb lines with respect to the hyperfine transitions. As
the FC spectrum consists of identical, regularly spaced
comb lines, we describe the FC spectrum by the detun-
ing ¢ of the n-th comb mode from the [55,/9; F' = 2) —
|5P; 93 I = 3) transition. Accordingly, the F'(d) scan in
Fig. 1(b,c) repeats every frp, =80.5 MHz. Two distinct
peaks appear in one f,¢, scan reflecting the interaction
with three comb modes, as shown schematically in Fig.
1(a). The peak at § = 0 is due to n-th comb mode in
resonance with the [55)/9; F = 2) — [5P3/5; " = 3)
transition, whereas the peak at § ~ —25.5 MHz is due
to (n — 3)-rd mode in resonance with the |55, ,9; F =
2) — |5P3/; F' = 2) transition, and (n — 5)-th mode
in resonance with the |55, /9; F' = 2) — [5P3)9; F' = 1)
transition. The contributions to the FC force coming
from resonances with different comb modes are expressed
more clearly in the results of calculations of the FC force
shown in Fig. 1(c), where contributions of relevant tran-
sitions are explicitly given. The calculated FC force is
obtained by numerically solving the Optical Bloch Equa-



tions describing the excitation of six-level " Rb atoms by
the FC [19], and subsequently using the Ehrenfest theo-
rem. More details on the FC force calculation are given
in the online supplemental information [17].

The agreement between measured and calculated FC
force in Fig. 1(b,c) is reasonable, considering there are no
free parameters in the model. Relative positions of the
two peaks are well reproduced, though there is a small
but noticeable broadening of the measured peaks, which
we attribute to systematic effects such as stability of the
rf reference used to stabilize FC, Zeeman splitting due to
the stray magnetic fields, and Doppler broadening due
to the photon-momentum transfer. It is worth noting
that similar line broadening has also been observed in
[8], whereas a detailed analysis of all possible systematic
source of errors which affect line broadening and shifts
in FC spectroscopy can be found in [20]. The discrep-
ancies in the magnitude of the measured and calculated
force can be attributed to the approximations used in our
model, namely the neglecting of spatial variation of the
beam profile, see [17]. The largest force is measured when
the n-th comb mode is resonant with the standard cool-
ing transition for 8’Rb, i.e. the right peak in Fig. 1(b),
for which Azcps of 0.6 mm is obtained. During 1 ms of
FC cooling time the atoms are accelerated with constant
acceleration of 110 m/s? and acquire velocity of 0.11 m/s.
From the measured force, we calculate an on resonance
scattering rate of vseqr = 18600 s~ 1, which is comparable
to the scattering rate calculated in the case of excitation
by CW laser of intensity comparable to the intensity of
n-th comb mode. Measured FC scattering rate is nearly
three times larger than the value reported in Ref. [g]
for a two-photon FC excitation, despite having the in-
tensity an order of magnitude smaller than in [8]. This
clearly suggests that FC cooling via one-photon excita-
tion is viable, and could therefore be a preferable choice
when pursuing cooling of atoms and ions with a dipole
allowed transitions in VUV spectral region.

In order to employ the measured FC force to achieve
FC cooling in one dimension, we split the FC beam into
two beams and send them counter-propagating to the
center of the trap where they are carefully overlapped.
A/2 or A\/4 waveplates are put in the beam path prior
to entering the MOT chamber, depending on the beam
polarization configuration to be studied: lin L lin, lin ||
lin or 070~ . The measurement sequence for studying
FC cooling starts by preparing a cold rubidium cloud in
the MOT. At t = 0 ms the cooling beams are switched
off. The weak CW repumper laser is again left on. A
quadrupole magnetic field with a gradient of 13 G/cm
remains on during the measurements. Since the cloud is
in the center of the quadrupole field, the magnetic field is
B~ 0. At t =100 us the FC beams are turned on. The
FC beams are on for a time t¢. (typically 3 ms), which
we call the FC cooling time, after which the FC beams
are switched off, and the cloud is left to expand freely for
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FIG. 2: (Color online) Temperature obtained by TOF spec-
troscopy after 1D FC cooling for lin L lin configuration of
the FC beams as a function of FC detuning. The right panel
shows three TOF images taken after 8 ms expansion time
for FC detuning that corresponds to the cloud’s temperature
that is (a), approximately equal to the initial temperature,
(b), lowest obtained, and (c), highest. Corresponding TOF
data for 8-16 ms expansion times are given in the inset.

several ms before it is imaged with the camera. A series
of time-of-flight (TOF) images are taken in this way at
different expansion times of up to 16 ms. We then deter-
mine the cloud radius (which increases with expansion
time) by fitting the spatial distributions of the atoms in
the cloud to a Gaussian. The obtained spatial width of
the cloud as a function of the expansion time gives an
accurate measure of the cloud temperature by fitting to
the expression o7 = o + £L¢2, where t = 0 is the time
when the MOT CW cooling laser is switched off. Long
expansion times are used in order to reduce any system-
atic effects related to FC action on the cloud during the
first 1 ms of expansion, as t%, > t2, where trop is the
TOF time. A similar experimental procedure for measur-
ing Doppler and sub-Doppler temperatures was used in
[8, 21]. We repeat the measurement protocol 7 times for
a given expansion time, and subsequently average the re-
sults to obtain the temperature. Temperatures obtained
by TOF measurements as a function of § are shown in
Fig. 2. Lin L lin polarization of the FC beams was used.
The intensity per comb mode in the FC beams was 0.02
mW /em?, initial cloud temperature ~ 200uK, and ¢, = 3
ms.

The measured temperatures approach the initial cloud
temperature for large §. Fig. 2(a) shows TOF image
at 8 ms for 6 = —8 MHz where the measured width
along the z-axis is 20, = 2.88 mm. The lowest tem-
perature is observed for § ~ —3 MHz, i.e. when there
is a comb (n-th comb) detuned by ~ —3 MHz from
the 8Rb |551/2; F = 2) — [5P5)9; F' = 3) transition.
The corresponding TOF image shown in Fig. 2(b) shows
20, = 2.34 mm, and the temperature given by the slope



in the inset is (108 + 7) pK. The highest temperature is
obtained for § ~ 2 MHz, i.e. for a blue-detuned comb,
when the force induced by the counter-propagating FC
beams accelerates the atoms and causes additional heat-
ing. The corresponding TOF image shown in Fig. 2(c)
shows 20, = 3.32 mm. One can clearly draw analogy here
between FC and CW laser cooling as a comb line red-
detuned from the cooling transition is needed to obtain
cooling. The changes in the cloud temperature (along the
x-axis) with the FC detuning are accompanied with the
increase of the temperature in the y-axis, i.e. perpendic-
ular to the FC cooling beams, due to the heating caused
by spontaneous emission. The signature of this heating
along the y-axis is evident in larger o, in Figs. 2(b,c)
than in Fig. 2(a), since more efficient excitation (and
consequently more spontaneous emission) is obtained for
these detunings.

We investigated FC cooling for different polarization
configurations of the FC beams, lin L lin, lin || lin and
oTo~. TFor all three configurations we measure simi-
lar temperature dependencies on the FC detuning with
comparable sub-Doppler temperatures obtained. We ver-
ify these findings by performing the same measurements
with two counter-propagating CW beams (instead of FC
beams), keeping all experimental parameters identical,
with the two CW laser beams having a comparable in-
tensity with the intensity of the relevant comb mode.
With respect to this, we attribute the sub-Doppler tem-
peratures observed in FC cooling to the same mecha-
nisms that produce sub-Doppler temperatures when cool-
ing with CW lasers, in line with the interpretation that
each comb mode can be considered as a CW laser of ap-
propriate intensity. These sub-Doppler mechanisms arise
from the multilevel structure of the atomic ground state
in combination with the polarization gradient of the FC
field and optical pumping. For the case of the lin L
lin FC beam polarizations, we conclude that the cooling
mechanism is analogous to the well known CW Sisyphus
cooling [22]. Sub-Doppler cooling with CW lasers for
the lin || lin configuration can be found in early experi-
mental [23] and theoretical works [24] for the case of low
CW laser intensities and small initial atomic velocities.
In this configuration, the AC Stark shift among ground
state levels differs only slightly, but the intensity of the
laser field varies considerably in space due to the inter-
ference of the two counter-propagating laser beams. The
cooling comes as a result of two effects: increased optical
pumping time near regions of low field intensity, and a
decreased momentum diffusion coefficient [24]. For weak
fields, as in our experiment, the optical pumping time
is two orders of magnitude larger than the 8"Rb excited
lifetime of 26.24 ns [16], which can result in significant
friction force for slow atoms [24].

It is important to note that cooling down to sub-
Doppler temperatures is obtained despite the fact that
when n-th comb mode is red-detuned by 3 MHz from
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87Rb 1551 /2; F' = 2) — [5P3)9; F' = 3) transition it is
simultaneously blue-detuned by ~ 22 MHz from "Rb
15S1/2; F = 2) — [5P3)5; F' = 1,2) transitions, see
Fig.1(b,c). Since similar sub-Doppler temperatures are
observed in the analogous experiments performed with
CW beams, we conclude that blue-detuned comb lines do
not have a detrimental effect on the observed FC cool-
ing, a fact that was not immediately clear beforehand and
that can rule out additional heating coming from other
blue-detuned comb lines.
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FIG. 3: (Color online) (a) The decrease in cloud temperature
due to FC cooling as a function of the cloud initial temper-
ature, and (b) the dependence of the measured sub-Doppler
temperature on the FC cooling time for cloud initial temper-
ature 7y = 120 pK and 6 = —3 MHz.

The cloud temperature decreases from the initial value
(obtained in the MOT phase) as FC cooling time is in-
creased, as seen in Fig. 3(b), and steady state temper-
ature (at t. = 3 ms) reaches about 55 pK. This is in
agreement with the measurements of the change of the
cloud temperature due to FC cooling, AT, as a function
of the cloud initial temperature, Ty, shown in Fig. 3(a),
where nearly linear dependency of AT on Tj is obtained,
with AT approaching zero at Ty ~ 50 uK. The low-
est temperature obtained in our FC cooling experiment
is limited by the low intensity per comb mode, and by
the existence of stray magnetic fields in the center of the
experimental chamber.

In conclusion, we have studied FC cooling on a stan-
dard Rb MOT transition. By using TOF spectroscopy,
we have demonstrated that sub-Doppler temperatures
can be obtained in a 1D FC cooling geometry, for both
linear and circular polarizations of the FC beams. Sub-
Doppler temperatures as low as 55 pK have been ob-
tained, primarily limited by the low intensity per comb
mode in the FC spectrum. The analogy between FC
(single comb line) and CW sub-Doppler laser cooling is
verified by performing the same measurements using a
CW laser of appropriate intensity. We believe that in
future experiments the power per comb line can easily
be increased by at least an order of magnitude. Using
high-intensity FCs could therefore lead to achieving tem-
peratures down to the recoil limit, thus opening the VUV
spectral region to quantum optics experiments and their
applications.
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We develop a scheme for full stabilization of a fiber based frequency comb that does not require traditional
self-referencing. The repetition frequency is locked to a stable microwave reference while the offset frequency
is indirectly stabilized by referencing the frequency comb to a continuous wave laser that is stabilized by
polarization spectroscopy in rubidium vapor. This makes our scheme simple to implement, especially in cold
atom experiments that necessarily have continuous wave laser stabilized to a high degree. It also requires
low laser power thus saving it for use in experiments, e.g. ones that explore frequency comb Doppler cooling,
electromagnetically induced transparency or coherent population transfer.

I. INTRODUCTION

Since its emergence almost 20 years ago the fully sta-
bilized frequency comb (FC) has revolutionized multiple
research arcas ranging from frequency metrology!? to
high resolution spectroscopy®?*. Recent advances’ have
allowed metrology of optical frequencies below the single-
hertz level. Aside from being a well established and in-
valuable tool in these areas, new avenues of research with
FCs are being explored, one of these being FC Doppler
cooling®®.

Laser cooling and trapping of atoms has, in its on way,
contributed to research in atomic physics. The most com-
mon implementation, the magneto-optical trap (MOT),
is the workhorse in many atomic physics laboratories
worldwide. However, the choice of atomic species for
laser cooling is limited. This is because not all atomic
species have suitable transitions for laser cooling”. An-
other obstacle is the lack of intense laser sources at short
wavelengths, namely in the UV. Such sources would en-
able laser cooling of, for instance, hydrogen and antihy-
drogen among other species®. Cooling and trapping these
species would be of great value for fundamental studies,
for instance tests of CPT symmetry”. Because continu-
ous wave (CW) lasers are not available in the UV due to
fundamental constraints'®, cooling with pulses has been
explored very early on in the history of laser cooling!!13
due to the relative ease by which higher harmonics that
stretch to the UV and further can be achieved. How-
ever, short optical pulses necessarily have large band-
width (wide spectrum), meaning that when interacting
with narrow atomic resonances or narrow velocity distri-
butions, most of the power will be wasted or misplaced
and the standard Doppler cooling scheme will be impos-
sible to implement. Instead of a continuous spectrum,
the hallmark of the FC is it’s comb spectrum, where the
power within a frequency range corresponding to the rep-
etition rate frequency concentrates into a single, narrow
peak (comb tooth). Thus, the FC offers, at the same
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time, the possibility of using a pulsed source, wasting less
power, and the ability to probe narrow velocity distribu-
tions opening the possibility to use the standard Doppler
cooling scheme. Thus, it would be of great interest to
first test this possibility on systems that are well known,
such as rubidium and an Er-fiber laser FC.

The most common use of the FC today is in abso-
lute optical frequency measurements. This stems from
the fact that the FC provides a direct link from easily
measurable radio frequencies to optical frequencies. The
optical frequency of the nth comb mode is given by:

fn :nfrep+fceov (1)

where n is the comb mode number, f,.., is the repeti-
tion frequency of the laser, f.e, is the carrier-to-envelope
phase offset frequency. By stabilizing frep and feeo the
absolute frequency of all the comb modes is defined. This
is usually achieved by measuring these two frequencies,
and phase locking them to stable frequency references.
While measuring fye, is straight forward and just re-
quires a photodiode, measuring f.., is experimentally
complex and highly power consuming, requiring the well
established f-2f interferometry'# or similar interferomet-
ric techniques (2f-3f, 3f-4f or other combinations!®17).
However, Doppler cooling requires knowledge of the ab-
solute position of the laser/comb tooth interacting with
the atomic transition only to the same order as the width
of the transition in question, that is, most important is
the relative position with respect to the atomic transition
used for cooling”.

In this work we demonstrate stabilization of a fiber
based frequency comb to an external cavity diode laser
(ECDL) which is stabilized to the cooling transition in
87Rb, |5S1/2; F' = 2) — [5P;)9; F' = 3). This enables
us to determine and stabilize the detuning of a specific
comb tooth relative to this transition which is needed for
Doppler cooling, as discussed above. By stabilizing the
relative position of a single comb tooth, f,, in respect to
the stabilized ECDL and simultaneously stabilizing f,¢p
we indirectly stabilize f.c,, i.e., the whole comb, evident
from eq. (1). However, the absolute stability of the comb
is then determined by the stability of the ECDL. We



analyze and discuss the absolute stability of the comb
later in the text.

Il. STABILIZATION SETUP

The femtosecond fiber laser used to produce the comb
is an erbium doped fiber laser (Toptica FemtoFiber)
whose primary emission is a ~130 nm (FWHM) broad
spectrum centered around 1570 nm, with a repetition
frequency frep, ~ 80.5 MHz, and an average power of
Povg ~ 230 mW. This output is frequency doubled on
a PPLN crystal to obtain a spectrum centered around
780 nm (FWHM = 10 nm), the wavelength of the ru-
bidium transition of interest with an average power of
P,yg =~ 75 mW. The ECDL used (Moglabs CEL002) is
stabilized to the wanted rubidium line by polarization
spectroscopy'®1°.  This locking technique allows high
bandwidth feedback and also avoids directly modulating
the laser frequency reducing the achievable linewidth. It
is important to note that cold atom experiments require
the use of a stabilized laser relative to the cooling tran-
sition which means that in laboratories performing these
kinds of experiments a stabilized CW laser is necessar-
ily already set up. This makes our stabilizing scheme
straightforward to implement in these setups.

We achieve the fixing of the optical frequency of a sin-
gle comb mode by phase locking the frequency comb to
the stabilized ECDL, see lower part of Fig. 1. A fraction
of the ECDL light (=~ 10 mW) and a fraction of the FC
light (= 1 mW) are copropagated and directed first onto
a grating (Thorlabs GR13-1208) to spatially filter the
unwanted comb modes to reduce background noise, and
then onto a fast photodiode (Thorlabs PDA10A-EC).
The signal, fpeqt, is then fed through a series of filters
(Mini Circuits BLP-30+ and BLP-50+) and amplifiers
(Mini Circuits ZFL-1000LN+), shown in Fig. 1. Despite
spatial filtering the beat signal contains beats with mul-
tiple comb modes, for this reason the cut-off frequency of
the filters is chosen to be feut—orf < frep/2, this way the
beat with a single mode gets filtered trough. This am-
plified signal is then split, with one part being used for
monitoring the beat frequency. The beat signal is shown
in the inset of Fig. 1, we achieve a 40 dB signal-to-noise
with a measured FWHM of 60 kHz (100 Hz bandwidth)
sets an upper limit on the width of both the comb and
the ECDL.

The other part of the filtered and amplified signal is
sent to a 64-fold divider (RF bay, FAS-64). The divider
serves to increase the capture range of the lock which is
necessary due to limits on the feedback bandwidth char-
acteristic to lasers based on Er-doped fibers. The out-
put signal from the divider is fed into an analog phase
detector (Mini Circuits ZRPD-1+) together with a refer-
ence signal supplied by a direct digital synthesizer board
(DDS, Novatech instruments, DDS9m). The output from
the phase detector is and passed through low pass filter
(4 kHz cutoff) to obtain an error signal. We then use a
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FIG. 1. Sketch of the experimental setup for fully stabilizing
the comb using an ECDL. The upper and lower section of
the image shows the scheme for stabilizing frep and foeat,
respectively. The DDS’s in the upper and lower part of the
figure are the same unit. The spectrum after the grating is
an illustration, in reality it does not stretch to the visible
part of the spectrum. The setup does not require an iris,
the spatial filtering is achieved due to the photodiode active
area being small. PPLN: periodically poled lithium niobate
crystal, PD - photodiode, A/2 - half-wave plate, DDS - direct
digital synthesizer, OCXO - oven controlled crystal oscillator,
ECDL - external cavity diode laser, BS - beam splitter.

PI controller (Newport LB1005) to generate the feedback
signal which modulates the pump power in the cavity in
order to keep the selected comb mode fixed relative to
the ECDL frequency, at a frequency difference fpeqt-

To stabilize the repetition frequency we mix the de-
tected and filtered (to reduce low frequency noise, Mini
Circuits BHP-504) repetition rate with a reference signal
from the same DDS generating the reference signal for the
stabilization of the optical beat frequency, see upper part
of Fig. 1. The error signal is generated with a modular
phase detector that is installed into the laser controller
(Toptica PHD 110), passed through a second order low
pass filter with a 800 Hz cutoff to filter out high fre-
quency noise, and then fed into a built-in PID controller
(Toptica PID 110) which then controls the piezo which
changes the length of the cavity. This enables the stabi-



lization of the repetition frequency, frep, which together
with stabilizing the position of a single comb tooth as
described earlier, stabilizes the whole comb.

I1l. STABILITY EVALUATION AND DISCUSSION

The measured repetition frequency and optical beat
frequency, frep and fpeqt, are shown in Fig. 2(a) with the
corresponding Allan deviations shown in panel (b). One
can see from the Allan deviations that the lock functions
very well going bellow the mHz level at 10 s integration
time. From this we can conclude that the stability of the
comb is limited not by the noise introduced by the locking
procedure, but rather by the stability of the ECDL refer-
ence laser, expected to be orders of magnitude lower!%20.
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FIG. 2. Measurement of the lock performance (a) measured
frep and frear frequencies while both feedback loops are en-
abled. (b) the corresponding Allan deviations.

The PI corners of the fre, and fieqr loops are set to
14 Hz and 300 Hz, respectively. These values are delib-
erately chosen to be low, especially for the f,., loop, in
order to avoid transferring high frequency noise from the
reference frequency onto the optical spectrum. Any noise

on the reference frequency for the loop that controls the
repetition frequency transfers to the optical spectrum,
multiplied by the mode number, n, evident from eq. (1).
Since n is on the order of n ~ 5 x 10° the influence on op-
tical frequencies is considerable. For this reason it is nec-
essary to use a frequency reference with very low phase
noise. The DDS that we use to synthesize the reference
frequency is it self referenced to a oven controlled crystal
oscillator (OCXO, Miteq PLD-1C-10-475-15P), which is
in turn phase locked to a rubidium frequency standard
(Stanford Research Systems FS725) with a 10 MHz out-
put. The OCXO has an 475 MHz output and acts here
as a frequency multiplier that introduces very little phase
noise. The DDS than divides this clock frequency to
the wanted ~ 80.5M Hz which is further filtered (Mini
Circuits BLP-100+4) to remove remainders of the clock
frequency and aliasing frequencies. An alternative way
would be to use the 10 MHz output of the Rb standard
to reference the DDS which would then multiply this to
the wanted ~ 80.5M H z, however, this was found to ex-
pectedly introduce far more phase noise. Although the
resulting signal is very clean (stated phase noise of |-120
dBc at 10 kHz offset) the intrinsic short term stability
of the frequency comb is better. For this reason we set
the PI corner of the f,, loop low in order not to inter-
fere with this intrinsic short term stability, rather only
correct for long term drifts which occur mostly because
of temperature variations. Since the two control loops
are not orthogonal the PI corner of the fyeq: loop is also
set low so as to not transfer high frequency noise to the
other loop.

As mentioned previously, the absolute stability of the
FC is expected to be limited by the absolute stability of
the ECDL reference laser. To evaluate this stability and
to demonstrate the abilities of our locking scheme we per-
form a heterodyne beat of the stabilized FC with a sep-
arate ECDL laser. This laser is locked to a two-photon
transition, *"Rb, |55 2; F = 2) — [5D5,9; F' = 4) by a
dither lock. To observe a peak to which to lock to we
detect 420 nm fluorescence with a photomultiplier tube
in a rubidium cell heated and to =~ 110°C. The tempera-
ture of the cell is stabilized with a temperature controller
(MPT-5000, Wavelength Electronics) controlling the cur-
rent through the heating wire. For the purpose of this
measurement, the polarization spectroscopy cell was also
temperature stabilized to reduce the drift in frequency.
This was done by placing the cell in a acrylic glass case
and heating it to &~ 60°C with a Peltier module controlled
with a temperature controller (MPT-2500, Wavelength
Flectronics). A laser stabilized to this transition can be
used as a primary standard for length measurements due
to the inherent absolute stability of the transition, re-
ported to be on the 107! level?!. The measured beat
frequency is shown in Fig. 3(a) with the corresponding
Allan deviation in Fig. 3(b).

The measured Allan deviation determines the upper
limit on the absolute stability of our locking scheme
which is on the order of tens of kilohertz. The measured
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FIG. 3. Measurement of the absolute stability of our locking
scheme by heterodyne beating our FC with a ECDL locked to
a two-photon transition, 8°Rb, |5S1/2; F =2) — |5D5/0; F' =
4). (a) The measured frequency drift of the beat note. (b)
The corresponding Allan deviation

stability is expected from a DC locking technique such as
the one used, polarization spectroscopy. The fractional
stability at 10 s integration time is below Af/f ~ 107!
which is excellent considering the simplicity of our setup,
and more importantly more than satisfactory for laser
cooling. Further enhancement of the absolute stability
could be achieved by stabilizing the temperature of the
AOM crystal that provides the light for the polarization
spectroscopy. The efficiency of an AOM varies signifi-
cantly with regards to temperature, hence any drift in the
temperature of the crystal would change the total power
in the pump and probe beams in the polarization spec-
troscopy setup, changing the position of the zero crossing
and thus the frequency of the reference laser.

IV. CONCLUSION

We presented a scheme for fully stabilizing a Er-fiber
laser frequency comb without self-referencing by refer-
encing it to a stabilized ECDL laser. We also measured
the performance of the scheme and the evaluated the at-
tained absolute stability. The ECDL used is referenced

to a rubidium transition at 780 nm so the same scheme
could be easily used to stabilize a Ti-Sapphire laser FC.
The scheme is simple, cost effective and power efficient.
We emphasize that our scheme two orders of magnitude
less power (~ 1 mW) than {-2f interferometry (= 100-200
mW) and achieves a absolute fractional frequency stabil-
ity below Af/f a~ 10711, Due to the availability of CW
laser stabilized in this way in laboratories worldwide we
expect it will be used widely in experiments exploring FC
Doppler cooling or other physical phenomena involving
FC-atom interaction.
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