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Chapter

Introduction

Bose-Einstein condensation (BEC) is a quantum statistics phenomenon which occurs in
a 3D system of bosons (particles with an integer spin) when the characteristic thermal
de Broglie wavelength of particles exceeds the mean interparticle separation. Under this
condition it is favorable for particles to occupy a single ground state, and below a critical
temperature the population of this state becomes macroscopic. This phenomenon has
been predicted as a result of the work of Bose [1] and Einstein [2,3] in the mid twenties.
Since that time, a number of phenomena have been considered as manifestations of
BEC: superfluidity in liquid helium [4], condensation of hypothetical Higgs particles,
BEC of pions [5] and so on. Bose-Einstein condensation in dilute gases has been
observed in 1995 in pioneering experiments with clouds of magnetically trapped alkali
atoms at JILA [6], MIT [7] and RICE [8].

Since then the field of ultracold quantum gases has developed from the point of proof
of principle to a mature field, and hundreds of BEC experiments with different atoms,
atom numbers, temperatures, interatomic interactions and trapping geometries have
been performed. In recent years, the investigation of quantum gases in low dimensional
trapping geometries has significantly attracted the attention of the physics research
community [9]. This growing interest is motivated, partially, by the current possibilities
that the extremely rapid progress in integrated atom optics [10,11] has opened for the
manipulation of Bose-Einstein condensed atoms. This development allows the study
of crucial problems associated with the strong modifications that the fundamental
properties of these quantum systems experience due to the reduced dimensionality. For
instance, a one dimensional (1D) Bose gas in the Tonks-Girardeau regime mimics a
system of noninteracting spinless fermions [12-14]. In 2D, the superfluidity emerges due
to the vortex binding-unbinding Berezinskii-Kosterlitz-Thouless phase transition [15—
17] recently observed [18].

For the study of the BEC low-dimensional physics, trapping configurations of dif-
ferent nature and topology have been proposed and used. For example, the 3D to 1D
crossover was explored by Gorlitz et al. [19] in an elongated Ioffe-Pritchard type dc
magnetic trap, the phase defects of a BEC were investigated in a quasi-2D trap based
on a 1D optical lattice [20] and, in atom chip experiments, dc current-carrying wires



8 Chapter 1: Introduction

are usually employed to confine atoms in highly anisotropic traps [11].

Since a few years, adiabatic potentials, resulting from a combination of dc and radio-
frequency (rf) magnetic fields, have become a very attractive and promising tool. This
anisotropic quasi two dimensional trap was proposed by O. Zobay and B. M. Garraway
[21] in 2001 and was experimentally realized in our lab by Y.Colombe et al. [22] in
2003. A possibility of performing evaporative cooling [23] in such traps and loading
them into a ring geometry [24] was also theoretically studied in our group.

The motivation of my Ph.D thesis was to reach quantum degeneracy in lower di-
mensions and to implement a ring trap [24] for the study of persistent currents [25]
and superfluid propagation phenomenons [26]. As a first step for that I could experi-
mentally demonstrate an evaporative cooling mechanism in rf dressed trap during my
Ph.D. The future goal of this experiment will be to reach degeneracy in this trap and
to implement a ring trap.

This manuscript will be organized as follows: In Chapter 2, I give a general overview
on the Bose-Einstein condensate experimental set up and then I will describe in more
detail the parts where I was personally involved during my thesis. For a more detailed
description of this experimental set up, I refer the reader to the previous dissertations
of Y. Colombe and O. Morizot [27,28].

In Chapter 3, I briefly explain the technique of loading the atoms into a rf dressed
trap starting from a static magnetic trap. This topic was also already discussed in the
previous dissertations of Y. Colombe and O. Morizot [27,28].

In his dissertation, O.Morizot discusses the issue of technical noise coming from
the rf components which was preventing him to go further in the direction of evapo-
rative cooling and reaching quantum degeneracy. In my thesis, we studied this topic
intensively, with different rf sources, which allowed us to fulfill the requirements on the
rf source quality. In Chapter 4, I discuss these requirements on the rf source used to
trap neutral atoms in rf-dressed potentials. We could very well reduce the technical
noise, by choosing proper rf components and fulfilling the rf requirements. The long
lifetimes and low heating rates reported in this chapter made ideal conditions to do an
evaporative cooling directly in the rf-based trap.

Chapter 5 is devoted to evaporative cooling performed in the rf-dressed trap. To
understand well the evaporation mechanism, we first made some spectroscopic mea-
surements in this trap. This is a natural way of determination of the dressing Rabi
frequency, and also gives a measurement of the temperature in the trap. We found
that one of the transition involving a two photon process was efficient to outcouple the
hotter atoms as compared to other transitions. We used this particular transition for
evaporation and could reduce the temperature and increase the phase space density,
which is the signature of evaporative cooling. The highest phase space density was
obtained as a compromise between a high initial number of atoms and an initial tem-
perature as low as possible. As a matter of fact, the transfer of the atoms between the
magnetic trap and the dressed trap is not adiabatic due to the low oscillation frequency
in the x direction. Despite the evidence for evaporative cooling, the degeneracy could
not be reached in this trap.

To increase the horizontal oscillation frequency, we decided to dress the quadrupo-



lar trap since horizontal oscillation frequencies are higher in this case. A method to
dress this trap is explained in 6. The role of the rf polarization is highlighted as it
becomes important in this configuration. Here we experimentally demonstrate the
loading scheme and show a way to improve the initial conditions. In future, the next
step will be to perform an evaporative cooling in the dressed Quadrupole down to
quantum degeneracy. This system will be very interesting to make a ring trap and to
see persistent currents by rotating the ring trap [24].
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Experimental set up

In this chapter, I briefly describe the apparatus which is used to produce a ¥Rb
Bose-Einstein condensate for our studies of ultracold atoms confined in rf-induced two
dimensional trapping potentials. This chapter is organized as follows: first I will give a
general overview on the Bose-Einstein condensate experimental set up and then I will
describe in more detail the parts where I was personally involved during my thesis,
namely, the procedure to arrange precisely the three coils of the trap and the spatial
filtering of the probe laser beam. For a more detailed description of the experimental set
up, I refer the reader to the previous dissertations of Y. Colombe and O. Morizot [27,28].

2.1 General Overview

Bose-Einstein condensation occurs when a macroscopic population of bosons occupy
the same quantum state at non-zero temperature. To reach quantum degeneracy we
need to cool the atoms to a very low temperature of order 100 nK. A Magneto-Optical
Trap (MOT) [29] is used for initial cooling and trapping to capture a large number
of atoms with a temperature range of 10 — 1000 uK. In a MOT, a combination of
laser beams and quadrupolar magnetic field simultaneously traps and cools the atoms.
Then, the pre-cooled atoms are transferred into a conservative magnetic trap, in our
case a loffe-Pritchard QUIC trap [30], for radio frequency evaporative cooling [31, 32]
until quantum degeneracy. These different stages in the experiment require different
vapor pressures. The 8"Rb MOT loading requires a higher rubidium vapor pressure
(1078 torr) to capture a large number of atoms, while evaporative cooling towards final
BEC creation in the QUIC trap requires ultra high vacuum of less than 107! torr to
maintain a long magnetic trap lifetime. The conflict between the two different pressure
ranges is solved with a double chamber separated by a tube of low vacuum conductance.
In our set-up the two chambers, namely the Upper MOT chamber (at 1078 torr) and
the Lower MOT chamber (at 107! torr) are vertically separated by 75cm. The two
chambers are connected via a small tube of length 120 mm with an internal diameter
of only 6 mm which maintains a pressure difference between the two chambers. The
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experimental set-up is shown in Figure 2.1.

N

Vapour-loaded

P~ 10° mbar
e
_ o 6 mm
pushing/guiding ——
beam tube

(far red-detuned)

Second MOT

P ~ 10" mbar K
T, ~ 608 *\;‘L
3

Figure 2.1: Scheme and picture of the vacuum chamber

2.1.1 Upper MOT

In the Upper MOT chamber the 8"Rb atoms are collected from a vapor in a standard
magneto-optical trap (MOT) by three retro-reflected beams (1/e*-diameter of 25 mm
each with a total power of 45 mW). This MOT acts as a reservoir for the second MOT
in the lower cell.
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2.1.2 Transfer of atoms into Lower MOT

The atoms are continuously transferred into the second cell by an original method
combining pushing and guiding the atoms [33]. The pushing beam has a power of
21mW and is detuned by 1.5GHz on the red side of the MOT 585, F = 2 «—°
P39, F' = 3 transition. It is focused 8 cm above the upper MOT to a waist of 220 um
such that its radius is 250 um at the upper MOT and 940 um at the lower MOT. In the
upper MOT region this beam induces a sufficiently large light shift (30 MHz) so that
atoms inside the beam no longer feel the MOT beams; the atoms are extracted from
the upper MOT with a radiation pressure about 25 times smaller than that of a typical
MOT. The advantage of this method is that the velocity of the atoms remains in the
capture range of the lower MOT (about 15m-s™!). Furthermore, the pushing beam
acts as a dipole trap which guides the atoms vertically inside the small diameter tube.
The depth of this guide is about 1.4 mK at the upper MOT for the F' = 2 state. Due to
the divergence of the guiding beam the radiation pressure as well as the dipole force at
the position of the lower trap are negligible. The fact that the atoms are guided while
pushed towards the lower cell renders the loading process very robust against small
changes in the parameters of the two MOTs. For detailed description of this pushing
and guiding beam I refer to appendix A of the previous dissertation by O. Morizot [2§]
and to the article [33].

2.1.3 Achieving BEC in the Lower chamber

The Lower MOT is set up with six independent laser beams with a 1/e*-diameter of
10 mm each for a total power of 45 mW. After 30s of loading into the lower MOT, the
atoms are cooled by molasses cooling, compressed and pumped into the F' = 2, mp = 2
state. They are then transferred into a loffe-Pritchard, cigar-shaped magnetic trap
(Figure 2.2). We achieve Bose-Einstein condensation after 30s of rf evaporative cooling
in this trap. The number of atoms is deduced from the optical density and the cloud size
measured by absorption imaging by sending a probe laser beam through the ultracold
atoms. The imaging system is explained in the section 2.5 of this chapter.

2.2 Magnetic QUIC trap

The coils producing the magnetic field in the Lower MOT are arranged in a quadrupole-
loffe configuration (QUIC) [30] (Figure 2.2). It consists of two identical quadrupole
coils and one Ioffe coil. A current I, through the quadrupole coils produces a spherical
quadrupole trap in the center of the two coils. The trap is converted into the QUIC
trap by turning on the current I; through the loffe coil. While increasing the current I;
the magnetic zero of the quadrupole is shifted towards the Ioffe coil and a second zero
appears in the magnetic field, resulting in a second quadrupole trap in the vicinity of
the Ioffe coil. When the current /; approaches I, the two spherical quadrupole traps
merge and a trap with non-zero magnetic minimum is formed. At the minimum of the
trapping potential the field of the Ioffe coil and the field of the quadrupole coils almost
cancel each other.
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Figure 2.2: Schematic representation of the QUIC trap (left). It is constituted of three
coils; two quadrupolar coils (big, face to face) and one so called Ioffe coil (small). This
coil is responsible for the presence of a non-zero local minimum of the magnetic field
located where the gradients created by the 3 coils along the Ioffe coil axis exactly cancel.
The currents in the quadrupole and in the Ioffe coil flow according to the direction of
the arrows. We label z-axis the axis of the loffe coil, y-axis the quadrupole axis and
z-axis the vertical direction pointing upwards. Photograph of the QUIC coils (right).
(The photograph shown here was taken in the previous configuration of our QUIC
coils arrangement. The dimensions shown in the picture are changed, In our current
configuration the quadrupolar coils are slightly more apart from each other compared
to the picture.)

The QUIC trap presents a non-zero magnetic minimum By,;,; this is compulsory
to avoid Majorana flips. The magnetic field produced by the QUIC coils at position
r(z,y, z) is expressed by

b 2 + 22 b b
Bucl) = (Busn + (2~ LT 0ty = Ly, (2= Layen 21)
The origin is taken at the center of the QUIC trap. x is the axis of the Ioffe coil,
z the vertical axis and y the second horizontal axis. The corresponding oscillation
frequencies are given by
Mb//
M

Nblz
Wor =\ B (2.3)

where p is the magnetic moment and M is the mass of the atoms.

(2.2)

Wy =

and, if b2 > b" B,

2.3 Procedure for optimal coils arrangement

In this section a description is given on the alignment of the magnetic QUIC coils with
respect to the ultra high vacuum chamber. This geometric arrangement is critical for
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having the same current in all three coils, which limits the effect of current fluctuations.
The aim of the following procedure is to have a QUIC with B, of about 2 G at 10 mm
from the Ioffe coil end. This 10 mm distance is chosen to avoid any contact between the
ultra cold atoms and the inner wall of the cell. The cell wall thickness has a width of
5mm, see Figure 2.3. To obtain these figures we have followed a step by step procedure.

Glass cell
thickness

Atoms in the =
QUIC trap

0]

<Amm-_><— Bmm—> 1
mm

X -
<

Figure 2.3: The 10 mm distance between the QUIC centre and the loffe coil is chosen to
avoid any contact between the ultracold atoms and the cell wall. For the measurements,
the origin of the z-axis is taken at the point O on the Ioffe coil.

Step 1: Compensation box for the measurements

All the measurements are done inside a magnetic field compensation box which
nullifies the Earth and stray magnetic fields. This compensation coils were made and
tested before starting the optimization.

Step 2: Matching the axis of magnetic coils

It is important to ensure that the center of the quadrupole field is placed on the axis
of the Toffe coil (the z-axis). In the following measurements the origin of the x-axis is
taken at the Ioffe coil. The axis of the magnetic coils is the locus of all the points in the
xrz plane where B, goes to zero. A magnetic longitudinal probe is mounted vertically
on a translation stage and it is translated along z to find the position zo(z) where B,
goes to zero for a particular value of x. This experiment is repeated for different values
of z and the graph zy(z) is plotted on Figure 2.4 (left) for different field configurations.

1. Toffe coil on, quadrupole coils off
2. loffe coil off, quadrupole coils on

3. Both loffe and quadrupole coils on



16 Chapter 2: Experimental set up

11,64 113 ‘
P B Quad
11,44 . o ® ° 1124 & ® |offe
. 4 ) A Quic b
11,2+ oo Lo
° L]
L[]
11,04 -:___.....__. | 11,1 i . i
~ 1084 e —~ 8
£ = 2
E 10,6+ m  loffe+Quad E 11,01 u .
° d 7 A B
N 1044 o N SN
10,21 10,91 . .
, | e |
* [}
100* . * ¢ A
' LR 2 10,8+
B PR R 2 4 LI ! []
9’8 T “ T T T T T T T T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
x (mm) X (mm)

Figure 2.4: Left: Mismatch between the loffe and quadrupolar coil axis. Right: Mis-
match corrected by raising the Ioffe coil by 1 mm. This measurement was done at a
current of 9 A through the coils.

It is clear from the graph that in this first try, the axis of loffe and Quad do not
match and are apart by a distance of 1.2mm. This was corrected by modifying the
mechanical mount to raise the Ioffe coil by 1 mm. The resulting field is shown on
Figure 2.4 (right). The axis of the Ioffe and Quad coils are now matched. The tilt in
this axis of about 1.7° with respect to the translation axis of the probe may be due
to a small mismatch between the axis of measurement of the magnetic field and the
translation axis of the magnetic probe.

Step 3: Finding the vertical position of the Ioffe coil axis using a horizontal probe
For the measurement of the magnetic field along the z-axis it is very important to
place the magnetic probe on the axis of the Ioffe coil. To find the position of the axis
of the loffe coil with the horizontal probe oriented along x, we pass current through
the Ioffe coil only and perform a magnetic field measurement of B, as a function of z.
We find a maximum which corresponds to the axis of the Ioffe coil, see Figure 2.5, due
to the term By, — % in Eq.(2.1). Once the axis is identified, we keep z constant and
measure B, as a function of x. We have noticed however that this magnetic center does
not correspond to the geometric center of the loffe coil. This may be due to improper

coil windings.

Step 4: Matching the gradients of loffe and Quad at the required distance

Once the axis is identified, we keep z = 0 constant and measure the magnetic field
produced by the Ioffe coil By, (x,0) along the z-axis as a function of x. For the QUIC
trap centre to be at 10 mm from the Ioffe coil we need that the magnetic gradient of the
loffe coil b;(z) and the quadrupole coils b;, (note that b, does not depend on ) cancel at
this point, b = —b;(zo). We fit the recorded data by a third order polynomial function
Br, = Ay + Ay o + Ay 2% + Ag 23. The gradient is the derivative of this polynomial
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Figure 2.5: B, v/s z is plotted to find the vertical position of the loffe coil axis. The
measurement was done at a current of 9 A through the Ioffe coil.

function b(z) = Ay +2A4sx+3A32% and is equal to -2.88 G/mm at 2y = 10 mm for 9 A.
Now the next step is to adjust the distance between the Quad coils in such a way that
we recover the opposite gradient for the quadrupole trap, b = —b}(xo) with the same
current. After this step, we have a total magnetic field By, extremum at the desired
distance from the Ioffe coil. This total magnetic field is given by By, = B, + By, the
sum of the magnetic fields due to quadrupole and Ioffe coils. We now have to adjust
the magnetic field value at this position.

Step 5: Achieving the desired B,

This is done by translating the Ioffe coil along the z-axis by monitoring the magnetic
field with the gaussmeter. This maintains the distance between the QUIC center and
the Toffe coil, imposed by the value of the gradient matching b;. After choosing an
optimum position for the Ioffe coil giving a minimum around 2 G, we plotted B, v/s
x and found B, to be 1.87 G, see Figure 2.6. We also recorded B, v/s z at the final
position and measured the gradient b’ = 241 G/cm, see Figure 2.7.

From the fittings, we know By, b and b”. Equations (2.2) and (2.3) give us the
expected oscillation frequencies v, = 20.1 Hz and v, = 225 Hz.

2.4 Measurement of the oscillation frequencies

The longitudinal and transverse oscillation frequencies of QUIC trap can be measured
respectively by dipolar and parametric excitation of the ultracold atoms. To do this
experiment we use an excitation coil of 7cm diameter and 20 loops made of a copper
wire of diameter 0.56 mm. This coil is mounted at a distance of 7.5cm from the
ultracold atoms along the Ioffe coil axis. To measure v, a sinusoidal signal of amplitude
Apmod = 10V, and frequency v,0q close to the theoretical value of v, = 20 Hz is applied
through the coil during t.,. = 3 s using a Stanford DDS synthesizer. The experiment is
repeated for various values of v,,,4 close to v, = 20 Hz per increment of 50 mHz. Each
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B, (G)
H -

Figure 2.6: B, v/s x is plotted and this shows the magnetic minimum By, = 1.87G
at a required distance of 10 mm from the loffe coil. The measurement was done at a
current of 9 A through the three coils.

B, (G)

3 4 5 6 7 8 9 10 11 12
Z (mm)

Figure 2.7: B, v/s z is plotted to obtained the gradient in the vertical direction at the
final position.

time the displacement dx of the cloud after 15ms of time of flight is recorded. We fit
the x values with a dispersion curve, from which v, = 20.175 Hz is deduced.

To measure v,, a sinusoidal signal of amplitude A,,,q = 4 V,, and frequency 04
is applied during t.,. = 1s, since v, > v, the experimental sequence is repeated by
an increment of step 2 Hz around the theoretical value of v,,,q = 2v,. The effect of
the modulation is observed on the expansion of the atomic cloud near to the resonance
after 15ms of time of flight. We observe a narrow Gaussian response centered at
Vmod = 402.48 Hz with a standard deviation o, , = 4.29Hz, from which we deduce
the value of v, = #2ed = 201 Hz (Figure 2.8). There is a discrepancy in the measured
values and the predicted value of v,. A discrepancy can arise in the measured value, if
we are in the non-harmonic regime of the QUIC trap. This can happen if the thermal
width of the atomic cloud given by v, /w, exceeds the characteristic size By, /b around
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Figure 2.8: Oscillation frequencies measured with the dipolar and parametric excita-
tions of the atoms. (a) Dipolar excitation: The movement of the atoms along the x
axis is excited at a frequency v,,,q. The displacement of the center of mass of the
cloud dx after a 20ms time of flight plotted for different values of v,,,q. We fit the
curve with a dispersion curve, from which we deduce the value of v, = 20.175Hz. (b)
Parametric excitation: The transverse breathing mode of the trapped atoms is excited
at a frequency vp.q. We plot the vertical radius at 1/e? of the cloud o, after 20 ms
of ballistic expansion for different values of v,,,q. We fit the curve with a Gaussian
centered at v,,q = 402.48 Hz with a standard deviation o,, , = 4.29Hz, from which
we deduce the value of v, = Vinod = 201.24 Hz.

d

the minimum at z = 0 where the trap is harmonic. We found that in our measurements
we were well inside the harmonic regime as the thermal width is less by a factor of 4.3
with respect to the characteristic size'. Thus a reason for this discrepancy is not well
understood.

2.5 Imaging system for the BEC experiment

In order to obtain high quality images of the atoms, we need a clean uniform probe
beam without any fringes. In the previous imaging system used in the experiment,
the cleaning of the probe beam was done using a pinhole of 20 pm diameter. But this
technique was not efficient enough to give us a clean probe beam, see Figure 2.9 (a).
We then implemented an optical fiber to couple the probe beam with an efficiency of
75% and used this beam for imaging. The use of an optical fiber allows to preserve
the beam quality up to the vacuum chamber, see Figure 2.9 (b).

In our case near to the resonance peak, thermal width v,/w, = 17 um, where v, is the thermal
velocity deduced from the time of flight measurement and By, /' = 78 um.
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(b)
Figure 2.9: (a) Probe beam after the pinhole. (b) Probe beam at the fiber output.

2.5.1 Optical fiber coupling

To achieve an efficient coupling, the beam waist at the input of the coupler should
be optimum. We use an OZ optics optical fiber for coupling. From the specifications
given in the OZ optics manual the optimum beam waist is in the range 300 — 500pum
for an efficient coupling. To have an astigmatic free and optimum size beam we used
a cylindrical lens (f = 200mm) and a telescope with two lenses of focal lengths f' =
150mm and f” = 75mm. The optical set up is sketched on Figure 2.10. Using this
shaped beam, we obtain a coupling efficiency of 75 % into the optical fiber, defined as
the ratio of the output intensity over the input intensity. The beam waist was analyzed
directly using a beam profiler. The distance between f; and fy is adjusted in such a
way that the beam waist at the input of the fiber is 300 mm.

f=200mm
Cylindrical £=150mm f'=75mm
lens Telescope ——

— |
200mm‘
[ ‘/
Optical
fibre

Beam waist at the entrance
of optical fibre=300micrometer

Figure 2.10: Schematic diagram of the optical fiber coupling set up.
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2.5.2 Imaging system

The beam at the output of the optical fiber was analyzed using a beam profiler. We
obtain a much better beam profile than with the former pinhole set up, as can be seen
on Figure 2.9 (b). For preserving the beam quality at the output of the fiber, the use
of an aspheric lens is essential. After using an aspheric lens (f; = 2.2mm) we get a
fringe free probe beam. After this lens we use an additional telescope with two lenses
of focal lengths fo = —30mm and f3; = 150 mm to have a 10 mm diameter collimated
beam, see Figure 2.11. This collimated beam is sent in the y-direction through the

Vacuum
Chamber

Shutter

Optical
fibre Telescope CC D

|

\

Aspheric; _ ! il 5

lens f2 30mm,f§i150mm Atomes f;=200mm

1;=2.2mm

I

|

I

.‘ |

| | I

E 130mm 1‘75mm: |

400mm 400mm

> -y direction

Figure 2.11: Imaging set up along the horizontal direction —y: The probe beam prop-
agating from the left to the right is first collimated to a 10 mm diameter beam by using
a telescope and then partially absorbed by the prepared atomic cloud whose shadow
is imaged on the CCD sensor by a biconvex lens, with a magnification «, = —1.

quartz cell and is partially absorbed in the areas where it encounters the atomic cloud.
The shadow of the atomic cloud is then imaged on the CCD sensor by an achromatic
biconvex lens with a magnification of 7, = —1. The number of atoms, the optical
density, the cloud size can be deduced from this absorption images recorded by the
CCD camera. This is well explained in the annex of Y. Colombe’s thesis [27].
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2.6 Experimental set up for producing the radiofre-
quency fields

In this section, I will explain the experimental set up used for generating the radio
frequency fields needed in the experiment. Radio frequency fields are used in our cold
atom experiments for different purposes like:

1. Evaporative cooling performed in a magnetic trap which relies on rf field coupling
between the different atomic magnetic states [34],

2. rf fields are used together with static fields for trapping ultracold atoms at a
temperature of a few uK in a very anisotropic trap [22],

3. and for the spectroscopic investigation and evaporative cooling of this magnetic
trap dressed with a rf field [35].

The schematic outline of the experimental set up for producing radio frequency fields
and various radio-frequency related components are shown in Figure 2.12.

VVacuum Chamber

z X 4
&
7/
/
Stanford  Quadrupole coils L= Coil
Synthe 2 1
10w ;
Switch Antn X ¢ . ﬁ j:ﬂtch 77777 v
R - i P.3/90° r);ab
25W  Switch RF
2 Att
Dquad At
, =
/ %ap Antn
4 |
|
Stanford \J
Synthe 1

Figure 2.12: Schematic outline of the radio-frequency set up used in the experiment
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2.6.1 Description of various radio-frequency related compo-
nents used in the experiment
The various radio-frequency related components used in this experiments are rf anten-

nas, rf synthesizers, rf attenuators, rf power amplifiers and switches.

Rf antennas We use 4 different rf antennas in this experiment. Characteristics and
purpose of these antennas are explained in the table 2.1.

Table 2.1: Characteristics and properties of the different antennas used in the experi-
ment.

rf No.of | Dimensions | Purpose Polarization Position
antenna | loops properties
Evap 8 Rectangular| evaporative Linearly polar- | 5cm  be-
antenna 7Tcmx9cm | cooling in the | ized rf oriented | low the
QUIC  trap | in the z direction | QUIC
down to BEC center
antenna 9 Circular loading  the | Linearly polar- | +1.5cm
X diameter atoms into a | ized rf oriented | from the
=3cm dressed QUIC | in the y direction | QUAD
trap center
antenna 9 Circular evaporative Linearly polar- | —1.5cm
Xy diameter cooling in the | ized rf oriented | from the
= 3cm dressed QUIC | in the y direction | QUAD
trap and rf center
spectroscopy
D Quad 9 Circular Production Linearly  polar- | 4.7cm
antenna diameter of a dressed | ized rf oriented in | from the
= 8cm quadrupole the z direction. | QUIC
trap This antenna is | center
used with ant.
X, antenna to
give a circular
polarization
along z

Rf synthesizers We use three DDS rf synthesizers in this experiment, the WW1072
synthesizer from Tabor electronics and two identical Stanford DS345.

1. Tabor1072
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Tabor 1072 is used for loading the atoms into a dressed QUIC trap. For per-
forming this experiment we operate the 1072 in the arbitrary FM mode. The
way to ‘talk’ to the instrument is by installing a software package called Arb
connection which is supplied with 1072. This provides a user interface with a
familiar windows interface, which allows the user to interact and control the 1072
directly. The 1072 is controlled from remote using a LAN interface. The required
arbitrary frequency sweep to load the atoms into a 2D trap is downloaded into
a separate and dedicated memory of the 1072 device. It can be programmed to
have a variable length (10 to 20,000 points) and has a separate and independent
sample clock control (9 digits,1 mS/s to 2 MS/s).

2. Stanford DS345

We use two identical Stanford DS345, Stanford 1 and Stanford 2 in this experi-
ment. Stanford 1 is used for evaporative cooling in the dressed QUIC trap and
for rf spectroscopic studies whereas Stanford 2 is used for evaporative cooling in
a magnetic trap down to BEC. For performing an evaporative cooling we oper-
ate the DS345 in FM mode and use the programmed logarithmically decreasing
ramp. For the detailed description of the computer controlled sequences refer to
chapter 2.4 (Le controle informatique des séquences)of Y. Colombe’s thesis [27].

Rf attenuators, rf amplifiers and rf switches In order to control the rf amplitude,
a programmable rf attenuator Mini circuits ZAS-3 is driven by an analog output channel
of a National Instrument PC card PCI- 6713. At the output of the attenuator, the
rf signal is amplified by a HD Communications Corp. class-AB amplifier HD19168.
Its gain is 40 dB and its noise figure is typically +7 dB according to the manufacturer
specifications. This 40 dB amplifier with attenuator is used for dressing the atoms in
the QUIC (connected to X; antenna in the —y direction). For dressing the QUAD we
need a circularly polarized rf so after attenuation we split and phase shift by 90 degrees
using a rf splitter/Phase shifter (Pulsar microwave QE-12-442B), one branch goes to
the antenna X; through the 40 dB amplifier and the second branch goes to the D Quad
antenna through another 44 dB amplifier. After the splitting and the phase shifting
stage we have two rf switches Mini circuit ZASWA-2-50DR on both the branches to
cut the rf whenever it is not needed. A rf switch is also used before the X, evaporation
antenna, see Figure 2.12.
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The trapping of ultra cold atoms into an anisotropic quasi two dimensional trap based
on rf induced adiabatic potentials was proposed by O.Zobay and B. M. Garraway [21]
in 2001 and experimentally realized in 2003 by Y. Colombe et al. [22] et al. This trap
relies on the rf coupling between the Zeeman sub levels in an inhomogeneous static
magnetic field. A static trapping magnetic field presenting a local minimum is used
together with a rf oscillating magnetic field. The rf field couples the Zeeman substates
|F,mp) and |F,m}) with mp = mp £ 1 at the positions where the rf wave is resonant.
This results in a dressing of the mp levels into adiabatic states whose energies depends
on position, as represented on Figure 3.1. This creates an adiabatic shell potential for
the atoms located on an iso magnetic surface surrounding the minimum of the static
magnetic field. The atoms gather at the bottom of this shell due to gravity. This
yields a quasi two dimensional trap for an ultra cold atomic vapor, with an oscillation
frequency much larger in the direction transverse to the shell than in the two other
directions.

In the following sections, I give a theoretical background for the adiabatic potentials
and then I describe the experimental procedure for loading atoms into this radio-
frequency trap. Finally, I present the oscillation frequency measurements and the
Stern-Gerlach technique used to measure the rf coupling strength.

3.1 Hamiltonian of the system

The 8Rb atoms are confined in a QUIC magnetic trap produced by an inhomogeneous
dc magnetic field Bqc(r), see Eq.(2.1). The atomic cloud trapped in this configuration
is anisotropic and cigar-shaped along x, which is the direction of the offset magnetic
field produced by the Ioffe coil. In the following, the axes in the lab frame will be



26 Chapter 3: Ultracold atoms confined in a rf dressed magnetic trap

Potentiels U/h (MHz)

z (um)

Figure 3.1: Plot along z of the adiabatic potentials for the five rf-dressed Zeeman
substates of ®Rb in °S} /s, F = 2 in the QUIC magnetic field, when gravity is taken
into account.

labeled by the lower case letters z, y and z. As already mentioned in chapter 2, the z
axis is in the vertical direction and y is the horizontal direction perpendicular to the
cigar axis. The direction of the DC magnetic field is not the same everywhere. One
thus defines X, Y and Z the axes of the local frame attached to the static magnetic
field, Z being the direction of the dc magnetic field and X the direction of polarisation
of the rf field, assumed to be always perpendicular to Z. This is justified in the QUIC
trap geometry, where the magnetic field at the position of the atoms belongs to the
x — z plane and the rf field is polarized along y.

The Larmor frequency of the atomic spin precession in the dc field is denoted
by wo(r) = grppBac(r)/h, where gp and pp are the Landé factor and the Bohr mag-
neton, respectively. The antenna X; produces a radio frequency field of frequency w;.
The total magnetic field experienced by the atoms consists of two terms

1. one coming from the inhomogeneous d.c magnetic field Bgc(r) = Bg.(r)éz of the

QUIC trap

2. a second term oscillating at the frequency wy, Bi(r,t) = By éx cos(w;t), respon-
sible for the adiabatic trapping potential.

By is the amplitude of the field whereas €x and € are unit polarization vectors. Using
these definitions and denoting by F the atomic angular momentum operator, the total
Hamiltonian of the atom-spin interaction Hr(r,t) is:

H%@J):gﬁ?FqB®@y+Bﬂnoy (3.1)

Since we assume that at every point r, X is perpendicular to Z, Eq.(3.1) takes the
form:

Hy(r,t) = wo(r)Fy + Vi(r, 1), (3.2)
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Vi(r,t) is defined by the expression

Vi(r,t) = 2Qq(r)Fx coswit (3.3)
— Ql(r)FX<eiw1t_|_e—iw1t)

and Q4 (r) = grupBo1/(2h) is the Rabi frequency of the rf field.

3.2 Spin evolution

Given Hrp(r,t), the dynamics of an atomic spin state |¢(r,t)) is governed by the
Schrodinger equation:

.0
iholo(r, 1)) = Hr(r,1)]6(r, ). (3.4)

In the frame rotating at the frequency wy, it yields:

[—8(r)Fz + RIVA(t) Ryt (r, 1)) (3.5)

i (e, )

with the detuning d(r) = w; —wp(r), the rotating frame operator Ry = exp(—iwtFy/h)
and the rotated state |¢(r,t)) = R!|¢(r,t)). The rotated interaction Hamiltonian
RIVi(t)R; is given by:

RIVl(t)Rl = 20 coswit(coswitFy — sinwtFy) (3.6)
= U(r)Fx + Q(r)Fx cos2wit — Qy(r) Fy sin 2w t.

We apply a rotating wave approximation on Eq.(3.6) and we neglect the terms oscil-
lating at frequency 2w;. Eq.(3.6) becomes:

RIVi(t)R, = Q,(r)Fy. (3.7)

We find the dynamics of |¢(r,t)) in Eq.(3.5) to be described by the time independent
Hamiltonian:

HA(I') = —5(I‘)FZ + QIFX- (38)

In the presence of the rf field, the eigenstates of the spin are tilted by an angle 6
from the Z axis (aligned with the static d.c.magnetic field Bgc(r) of the QUIC trap)
and precess around it at the angular frequency w; of the rf wave. The time independent
Hamiltonian of Eq.(3.8) can be rewritten in terms of §, which makes the Hamiltonian
more compact and powerful to understand the spin evolution in an analytical way:

Hy = Q(r)(cosFy +sinfFy) (3.9)
= Q(I‘)Fg

We have defined Q(r) = \/0(r)? + Q% and the flip angle 6 by

Q.
tanf = 0] with 6 € [0, 7]. (3.10)
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|:X Q,/1Q

Figure 3.2: At a given location r, 6 and €2y define the angle # by which F is rotated.
The spin (red arrow) therefore precesses around an axis given by Fy (blue arrow) at a
frequency ().

Fy = F.ey is then simply the projection of the spin on the direction ey = cosfey +
sinfey.

Graphically the spin evolution given by Eq.(3.8) is represented in Figure 3.2. At
each fixed position r, the spin Hamiltonian H,4 can be diagonalized. The eigenstates
are the spin states |m/.) of the rotated spin Fy. The energy of the m/. dressed state is
equal to

Upi (r) = mlphQ(r) (3.11)

= mhhy/0(r)? + Q2

The dressed states |m’) can be written in terms of bare states basis |mp) after the
10 F
application of a rotation operator |m/,) = e~ & |mp). For example for the extreme

state |2') = |m/, = 2), we can write:

12/) :%u+mwﬁm+%mmym%mm+wgm%m (3.12)
+ %sin@(l —cosf)| — 1) + i(l — C089)2\ —-2).

For the extreme cases of detuning, when § — Foo the dressed state |2') is equal to the
bare state £|2). The weight, i.e. the square of the amplitude, of each bare substate is
plotted as a function of the rf detuning ¢ in Figure 3.3 below.

3.3 Adiabatic Potentials

The energy and the eigenstates depends on position. If the atomic motion is slow
enough, the position-dependent energies can be seen as a potential for the atoms.
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Figure 3.3: Decomposition of the dressed state |2') in the bare |mpg) basis, for a F=2
hyperfine level. The weight over each bare sub state is plotted as a function of the rf
detuning 4, expressed in units of the Rabi frequency €2;.

Taking gravity into account, the total potential for the dressed state m/, reads:

Ui (r) = mipy/0(r)? +Qf + Mgz (3.13)

= mlF\/<hwl — gripB(r)) + QF + Mgz (3.14)

For the atoms in m/ = 2 dressed state, this potential presents a minimum at the
points where!

The locus of these points is the surface where the norm of the magnetic field has a
given value or equivalently, an iso-B surface of equation:

B(r) = fun
griB

(3.16)

We will see at section 3.6 that the transeverse confinement to the shell can be quite
strong. If, for instance, the d.c. magnetic trapping potential is harmonic, the iso-B
surfaces are ellipsoids. The atoms are thus forced to move onto an egg shell, their
motion being very limited in the direction orthogonal to the shell, see Figure 3.4. This
atomic bubble is not easily observable, because the atoms fall at the bottom of the shell
due to gravity. As the typical radius of the shell increases, the atomic cloud becomes
essentially two-dimensional. It is this property that will be used in our experiment for
creating a quasi-two dimensional trap.

1Strictly speaking, there will be a small shift in the z position due to gravity. The correction for z
is given by —%% ~ —1 pum which is negligible. Gravity essentially attracts the atoms to the bottom of
the iso-B surface.
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Figure 3.4: (a) Cut of the iso-B surfaces in our QUIC trap in the vertical plane zOz.
Two successive iso-B lines are separated by 0.5 G. The thick line represents schemati-
cally the atomic distribution of the atoms in the dressed trap in the presence of gravity.
(b) 3D scheme of the iso- B surface within which the atoms (thick red line) are trappped.

3.4 Adiabaticity condition

To describe the adiabatic potential the dressed atoms are trapped in, we made the
hypothesis that at each point r, the atoms stay in the eigenstate of H4. This is true
only if the motional coupling between dressed states, induced by the kinetic energy
term of the total Hamiltonian, is small enough. The adiabaticity condition states that
the variation rate 6 of the eigenstates of the spin Hamiltonian H4 must be very small
as compared to the level spacing {)(r) in the dressed basis:

0] < /02 + Q2. (3.17)

By differentiating Eq.(3.10), we can find

é:Qﬁ—Qﬁ

(3.18)
6% + 0
Substituting Eq.(3.18) into Eq.(3.17) we get
10 — Q0] < (82 + Q2)3/2, (3.19)

This criterion defines the condition under which the spin can follow the change in the
effective magnetic field adiabatically. If this condition is not satisfied, non-adiabatic
transitions are favored. Note that the adiabaticity criterion is more restrictive on
resonance (around ¢ = 0), where it simplifies to || < Q2.

This adiabaticity condition must be fulfilled both when a change in €2; occurs, for
example when the rf field is switched on in the loading stage, and when the detuning is
modified, either directly by the experimentalist or by atomic motion in the potential.
In this last case, residual motional coupling with a too low Rabi frequency induces
Landau-Zener transitions.



3.5 Loading atoms into the radio-frequency trap 31

3.5 Loading atoms into the radio-frequency trap

Ultra cold atoms or Bose-Einstein condensate are prepared in the QUIC trap in the
| + 2) bare state. We then switch off the evaporation rf and turn on the trapping rf
wave progressively from (2; = 0 to {2y within ¢,, = 2ms, at an initial negative detuning
9; from the QUIC trap bottom wiyin = g Bmin/h: 6 = Wi —wWmin < 0 (w; = 27 x 1 MHz
and wpy;, = 27 x 1.35 MHz). This ensures that the atoms follow adiabatically the state
|2), and, are transferred from the bare state |2) to the final dressed state |2'). The
rf frequency is then swept up to the desired value w;. Figure 3.5 shows the evolution
of the adiabatic potentials during the rf frequency sweep. The graphs are plotted at
constant rf coupling strength £+ = 180kHz, for rf frequencies (a) £ = 1MHz, (b) 1.3
MHz, (c) 1.5 MHz and (d) 2 MHz. Gravity is taken into account. When w; < win, the
atoms stay approximately at the centre of the QUIC trap and see a varying detuning 9.
With typical experimental parameters, the rate 4 is low enough to avoid non-adiabatic
transitions. When w; > wnin, the atoms follow the avoided crossing and see a constant
detuning § = 0. The adiabaticity criterion Eq.(3.19) is then fulfilled during the whole
loading stage. For the efficient loading of atoms to the dressed trap, we use a typical
ramp as shown in Figure 3.6. The rf frequency w; is ramped up from 1 MHz to a
final fixed frequency w; ranging from 2 to 10 MHz in 500 ms typically. The frequency
is ramped more slowly around 1.3 MHz, corresponding to the resonant frequency at
the center of the magnetic trap where adiabaticity of spin rotation is more difficult to
obtain.

The series of absorption images shown in Figure 3.7 illustrate the deformation of
the atomic cloud as it is transferred into the egg shell trap. Starting from the QUIC
trap, the cloud is translated along z when w; increases, and is deformed at the same
time: It is compressed in the z direction whereas it is relaxed along x and y.

3.6 Rf dressed trap oscillation frequencies

The oscillations of the atoms in the egg shell trap are not harmonic. However, for
small amplitude oscillations, an oscillation frequency can be defined in each direction
by making an harmonic approximation near the trap bottom. The oscillation frequency
in the strongly confined z-direction can be inferred from the Rabi frequency §2; and
the vertical gradient a(zg) of the static magnetic field in units of frequency, at position
zo. With these notations, the oscillation frequency in the z direction reads:

2h
w, = a(z) A, (3.20)
where «(z) is defined as
grip dB
= — ) 21
a(zp) Y de (20) (3.21)

In a QUIC trap, the radial gradient « is constant except in a small region of charac-
teristic size B, /b’ = 78 um around the minimum at z = 0. The transverse oscillation
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Figure 3.5: Ilustration of the trap loading stage : The energy diagram plotted at
constant rf coupling strength % = 180 kHz, for detunings (a) wi —wpin = —1.94 Q; kHz,
(b) -0.27$2; kHz (c) 0.83Q kHz and (d) 3.61 Q2 kHz. For negative detunings as in the
case of (a) and (b) atoms stay approximately at the centre of the QUIC trap. The
potential starts to get deformed as we cross the resonance and for positve detunings as
in the case of (¢) and (d) it presents an avoided crossing where the rf wave is resonant
with the adjacent |mp) Zeeman states. At these points, the degeneracy between the
dressed states is lifted by the rf coupling that seperates adjacent potentials by an
energy h€);. The atoms in the highest |2') dressed state (bold line) can be trapped in
the vicinity of this avoided crossing.

frequency can still be controlled using the Rabi frequency €2;. The horizontal frequen-
cies wp and wpy corresponding, respectively, to the x and y directions directly depend
on the local shape of the iso-B surface. In the yz plane, due to the axial symmetry of
the QUIC trap, the iso-B lines are circles and wps is merely the pendulum pulsation

/g
= ,/—. 3.22
Wh2 \Zo\ ( )

In the xz plane, the iso-B lines are very elongated due to the cigar shape of the QUIC
trap. wp; is much smaller than wy, and cannot be expressed analytically. Its order of
magnitude is given by approximating the iso-B lines by ellipses:

o = -1 (3.23)

’Z0|w_z
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Figure 3.6: Typical shape of a radio-frequency ramp applied to the ultracold atomic
sample. In the present example w; is increased from 1 to 8 MHz within 500 ms, after a
12 ms stage where the frequency is maintained at 1 MHz for adiabatic switching of the
rf source. At the end of the ramp, the rf frequency is maintained at its final value for
some holding time in the rf-based trap

Figure 3.7: Experimental pictures of a cloud of 10° atoms at 5puK trapped inside
(a) the QUIC and (b) the dressed trap for wy = 27 x 3MHz (vertical displacement
zp = —130 um) or (¢) for wy = 2w x 8 MHz (vertical displacement zy = —450 pm. The
dimensions of the pictures are 4.5x1.2mm. The frame is the same for all the pictures,
and the atomic cloud is shifted downwards when w; increases. Figure from Ref. [22].

where w, and w, are the oscillation frequencies in the bottom of the QUIC trap. As
|20| increases with wq, wp; and wpy may be controlled via wy and w, via €;; one can
find a set of parameters such that w; > wy1, wpe.
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3.6.1 Measurement of the transverse oscillation frequency w

We measure the oscillation frequency by displacing suddenly the atomic cloud in the
vertical direction and recording the oscillation in its centre of mass velocity. This is
done by the application of a rf ramp as shown in Figure 3.8. Atoms are first loaded into
the dressed trap and then we suddenly jump to a lower value of the final frequency, the
frequency jump being typically Aw; = 27 x 0.1 MHz. This initiates oscillations in the
vertical direction and from the damped sine fitting we deduce the vertical oscillation
frequency. The Figure 3.9 shown below gives the experimental results for measure-
ments done at 5 MHz final frequency and for output voltages of 400 mV,,, 200mV,,
and 50mV,, from the Tabor synthesizer. This gives w; = 27 x 545 Hz, 27 x 606.7 Hz
and 27 x 684 Hz respectively.

(Hz)

\Y)
RF
w
1

T T T T T T T T T T
0 100 200 300 400 500
t (ms)

Figure 3.8: (a) Typical shape of a radio-frequency ramp applied to the ultracold atomic
sample to initiate vertical oscillations. In the present example w; is increased from 1 to
8.1 MHz within 500 ms. At the end of the ramp, the rf frequency is suddenly changed
to a final value of 8 MHz. The centre of mass of the cloud is not located at the trap
bottom anymore, and vertical oscillations are initiated.

3.6.2 Measurement of the rf coupling strength (),

The Rabi frequency of the dressing field was calibrated using two different procedures
1. from the oscillation frequency measurement
2. from the Stern-Gerlach experiment.

These two procedures are explained in the following paragraphs.
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Figure 3.9: Oscillation of the centre of mass of the atomic cloud with time in millisec-
onds. A damped sine fitting is done and the oscillation frequency is deduced from the
fit. Measurements were done for three values of the rf amplitude before the rf ampli-
fier: (a) 400mV,,, (b) 200mV,, and (c) 50mV,, at same final frequency of 5 MHz. This
gives w) = 2m X 545 Hz, 27 x 606.7 Hz and 27 x 684 Hz respectively.

3.6.3 From an oscillation frequency measurement

In this method we make use of the relation between the vertical oscillation frequency
in the dressed trap and the Rabi frequency €; Eq.(3.20). By knowing the value of
the vertical oscillation frequency and of the magnetic field gradient (measured from
the vertical displacement of rf dressed trap) ; is deduced. For example, from the
measured values of w; = 27 x 545 Hz (from Figure 3.9) and the gradient i’ = 223 G/cm,
we deduce ; = 27 x 192kHz. However, a discrepancy between the measured value of
the oscillation frequency and the value given at Eq.(3.20) can arise if the oscillation is
not in the harmonic regime. To be inside the harmonic regime we need to satisfy two
criteria:

1. Az x % or equivalently Aw; < €, where Az is the shift of the position of the
atomic cloud during the sudden change of Aw; in the dressing rf frequency. This
frequency jump initiates the vertical oscillations. For deducing small values of
Q1 we should use smaller Awq, otherwise we will explore non-harmonic regime
and the error in the measured oscillation frequency — and thus in the deduced
value of €1 — can be large. In the present example shown in Figure 3.8 Aw; =
21 x 100 kHz, to be compared with the deduced value 2; = 27 x 192kHz.
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2. oy K %, where oy, = i\ / ’“fn—% is the thermal width of the atomic cloud in the
harmonic approximation. After simplifying the above inequality we get kT <
2R, where T is the initial temperature of the atomic cloud. This sets an upper
bound for the initial temperature of the atomic cloud for the oscillation frequency
measurements to be in the harmonic regime. For example, for % = 200kHz, Tj

should be much less than 20 uK.

For the measurements performed here, the first criterion is hardly matched. If the
Rabi frequency is less than estimated, the second criterion also is not very well fulfilled.
Simulations performed in the group showed that €2; can be overestimated by a factor
3 in our experiment.

3.6.4 From a Stern-Gerlach measurement

In this method we make use of the idea that |m/.) states can be decomposed in the
bare |mp) basis as discussed in section 3.2. To measure the mp state decomposition,
the rf field is turned on slowly at a fixed frequency w;, with ¢; < 0 (§; = —300kHz,
with a bottom frequency wyi, = 27 x 1.3MHz) to transfer? all the atoms from the
mp = 2 state to a single dressed state m = 2. The rf field is then suddenly turned
off to project the dressed state on to the bare |mp) states. The rf field is turned off
1ms before the static magnetic field. To make the mp states well separated we keep
the Ioffe bias field on 2ms more than the quadrupolar field. The atoms are accelerated
in the gradient produced by the Ioffe coil, which allows a separation of the magnetic
sublevels. ; can be calculated from the following formula, deduced from Eq.(3.10).

(3.24)

where P, and P, correspond to the population in mr = 2 and mpr = 1 states respec-
tively.

P, and P, are measured by absorption imaging (see Figure 3.10). € is computed
to be 200kHz for an output voltage of 400 mV,,, from the Tabor synthesizer.

3.7 Conclusions

In this chapter, I briefly explained the technique of loading the atoms into the rf
dressed trap starting from a static magnetic trap. I also presented two techniques to
measure the rf coupling strength. As we will see in chapter 5, however, the value of
the Rabi frequency deduced from these measurement is too large with respect to the
value deduced from spectroscopic measurements. As pointed out in section 3.6.3, the
frequency jump we used was too large with respect to the Rabi frequency. We believe

2§ is kept constant at —300 kHz throughout the experiment and €2; is ramped slowly enough during
ton to transfer all the atoms from mp = 2 state to a single dressed state mz = 2. t,, > % from the
adiabaticity condition Eq.(3.19). See also Ref. [28] page 70. In our case t,, = 12ms.
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Figure 3.10: This picture shows the populations in the bare mp states P, and P, after
a sudden switch off of rf and keeping the atoms in the gradient of the Ioffe coil for 2 ms.
This is an absorption picture taken after 5ms of time of flight

now that the spectroscopic method is more appropriate to measure correctly the Rabi
frequency of the rf dressing field.

Part of the work presented in this chapter was already done by the previous Ph.D
students Y. Colombe and O.Morizot. In his dissertation, O.Morizot explains the dif-
ficulties in transferring the atoms from the static magnetic trap to a dressed rf trap.
The main difficulty was the heating originated from excitations along the transverse
axis, either due to frequency noise of the synthesizer used in FM mode or to discrete
frequency steps when using a DDS synthesizer. Even after transfer, the life time in
the rf dressed trap (9.6s at best) was much less than the one in the static magnetic
trap (about 60s). This was the motivation for an intense study on the influence of
various rf sources on the ultracold atoms to understand and avoid the technical noise
coming from the rf components. This work is explained in the next chapter of this
manuscript.
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Chapter

Influence of the radio-frequency
source properties on rf-based atom
traps

This chapter is essentially based on our publication [36]. However, some notations were
modified, so that it will be consistent with the rest of the chapters. As discussed in
the conclusion of previous chapter, we decided to do a systematic study on the quality
required for the rf source used to trap neutral atoms in rf-dressed potentials. For rf-
based trapping, the requirements on the technical noise coming from the rf components
is stronger than in the case of evaporative cooling of an atomic sample. In the case
of evaporative cooling atoms are located away from the region of efficient coupling,
whereas in the rf-based trapping scheme the coldest atoms sit exactly at the point
where the rf field has the largest effect. The quality of the rf source is then much more
important in the latter case. Indeed, the cloud position is directly related to the value
of the rf field frequency, whereas the trap restoring force, or equivalently the oscillation
frequency v, in the harmonic approximation, is linked to the rf amplitude. As a result,
any amplitude noise, frequency noise or phase noise of the rf signal during the ramp or
the plateau leads to heating of the cold atomic cloud [22]. These considerations moti-
vated the detailed study done with different rf sources presented in this chapter. The
chapter is organized as follows: In sections 4.1.1 and 4.1.2, I give explicit expressions
for the heating of the cold atom sample for frequency or amplitude noise in the case of
rf-based trapping. Section 4.2 is devoted to experimental results, with a comparison
between different rf sources tested on our Bose-Einstein condensate experiment.

4.1 Requirements on the rf source for rf-based trap-
ping

The quality of the rf source is very important in the rf based traps. Indeed, the
cloud position is directly related to the value of the rf field frequency, whereas the trap
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restoring force, or equivalently the oscillation frequency in the harmonic approximation,
is linked to the rf amplitude. As a result, any amplitude noise, frequency noise or
phase noise of the rf signal during the ramp or the plateau leads to heating of the cold
atomic cloud. The atomic motion is pendulum-like in the horizontal directions, and
imposed by the rf interaction along the vertical z axis. This last direction is thus the
most sensitive to the rf field properties (frequency vy, amplitude Bg; or €y in units of
frequency) and we will therefore concentrate on the vertical motion in the following.
Along this direction, heating or atomic losses may arise from frequency or amplitude
noise, phase jumps or discrete frequency steps during the rf ramp.

4.1.1 Frequency noise: dipolar excitation heating

Fluctuations of the rf field amplitude €2; are responsible for parametric heating in the
vertical direction. Very generally, for atoms in a one dimensional harmonic trap with
a trapping frequency v, any effect producing a jitter in the trap position z results in
linear heating through dipolar excitation. The average energy of the cold atomic cloud
E increases linearly as [37]:

-1

E= ZMwiSz(yl) (4.1)
where w, = 27w, M is the atomic mass and S, is the one-sided Power Spectral Density
(PSD) of the position fluctuations dz, defined as the Fourier transform of the position
correlation function [37]

S.(v) = 4/Oood7' cos(2mvT){(0z(t) dz(t + 7)). (4.2)

In our 3D trap, the time variations of energy, F/, and temperature T, are related by
T = % In principle, E is the sum of three contributions of the type (4.1) for all three
directions. However, due to the difference in the oscillation frequencies, the vertical
heating is always much larger than the horizontal ones in this rf-based trap, and we
will neglect the minor contributions in the following. The vertical trap position z is a
function z = Z(v1) of the rf frequency v; = £-. As a result, S, is directly proportional
to Siel, the PSD of relative frequency noise of the rf source:

S.(v) = (”1%)2Srel(”)' (4.3)

The function Z depends on the geometry of the static magnetic field. In a quadrupolar
field, for instance, Z is linear with 14 and its derivative is a constant. From equations
(4.1) and (4.3), we infer that the linear heating rate is proportional to Sy(v,). To fix
orders of magnitude, within the static magnetic field of our Ioffe-Pritchard trap, v, may
be adjusted between 600 and 1500 Hz and the typical temperature of the cold rubidium
87 atoms ranges from 0.5 to 5 uK. For Bose-Einstein condensation experiments, a
linear temperature increase below 0.1 uK-s™! is desirable. This rate corresponds to

S.(v1) = 0.3nm - Hz~'/2 for an intermediate trap frequency of 1000 Hz and w; = 27 x
3 MHz, which in turn corresponds to a one-sided PSD of relative frequency fluctuations
of the rf source S,(v1) = 118dB-Hz 1.
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4.1.2 Amplitude noise: parametric heating

Fluctuations of the rf field amplitude §2; are responsible for parametric heating in the
vertical direction. As already stated at Eq.(3.20), the trapping frequency v, = w, /(27)
is inversely proportional to /€ [21]:

dzZ\"" [ Fh
=(— ) 4.4
= (dVl ) MQl ( )
Here, F' is the total atomic spin (F = 2 for rubidium 87 in its upper hyperfine state).
The atoms are assumed to be polarized in their extreme mp = F substate. Amplitude

noise then results in an exponential increase of the cloud temperature with a rate I'
given by

I =7%718,02v,) (4.5)

where S, is the PSD of the relative rf amplitude noise [37]. In order to perform
experiments with the BEC within a time scale of a few seconds, I' should not exceed
1072571 [38]. Again, for a typical oscillation frequency of 1000 Hz, this corresponds
to S, < —90dB-Hz™!. This requirement is rather easy to match and does not limit
the choice of the rf source, as -110dB-Hz ™! is commonly reached with commercial
synthesizers. However, particular care must be taken in the choice and installation of
the rf amplifier usually used after the source.

4.1.3 Phase jumps

Controlling the phase of the rf source is not a crucial point for evaporative cooling, but
becomes an issue in the case of rf-based traps, where it is associated with trap losses.
In the latter situation, the atomic spin is an eigenstate of Fj, see section 3.1. It follows
an effective magnetic field precessing at the rf frequency around the dc magnetic field,
with a precession angle 2714t and a nutation angle 6. A phase jump results in a sudden
change Ay in the precession angle, the atomic spin being then misaligned with the new
direction the effective field. Some of the atoms end up with a spin oriented incorrectly
and escape the trap.

The atomic loss after a phase jump Ay may be estimated in the following way.
As seen in chapter 3, Eq.(3.10), the nutation angle 6(r) is linked to rf frequency and
amplitude through tan(0) = Q;/(wo(r) — 2714). O(r) is position dependent, as is the
value of the dc magnetic field. After the phase jump, the new effective field makes an
angle ¢ with the former one, where sin(y/2) = sin(f) sin(Ag/2). At a given position,
the probability p(1) of keeping an atom in the new dressed state is then given by its
overlap with the initial spin eigenstate, p(¢) = [cos(¢//2)]*F". In the case of rubidium
87 in the F' = 2 hyperfine ground state, starting polarized in the mp = 2 dressed state,
p(¥) = cos®(¥/2). The fraction P(Ay) of the atoms remaining in the right state is
then an average of (p(¢)))y over the cloud size. For example, a phase jump of 1072 rad
will result at most in a loss of a fraction 10~ of the atoms in states other than mp = 2.

For a single phase jump, as illustrated experimentally in section 4.2, the phase jump
amplitude should then remain below 0.1rad for limiting the losses to 1%. However,
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even much smaller phase jumps should be avoided, if they are repeated. This is difficult
to achieve with an analog synthesizer over a wide frequency sweep. By contrast, Direct
Digital Synthesis (DDS) technology is well adapted to this requirement.

4.1.4 Frequency steps

The drawback of DDS technology is that, although the phase is continuous, the fre-
quency is increased in successive discrete steps 0v. A sudden change in the rf frequency
also results in atomic losses, through the same mechanism as for phase jumps. The
effective magnetic field rotates, at most, by the small angle 66 given by §6 = 2w o /€.
For a linear ramp with N steps over a frequency range Av = NJv, the fraction of
atoms remaining after the full ramp is of order [cos (66/2)]*"™. Given the expression

for 6, this reads:
AFN 2
cos T A ~1-— L (2mAr : (4.6)
N, 2N\

Thus, for the remaining fraction to be larger than 95%, the number of frequency steps
should be larger than Ny, where Ny, = 10F(2m Av/;)2. For example, for a 2 MHz
ramp with a typical rf amplitude of 70 kHz, it yields Ny, =16,000.

In addition to this loss effect, a sudden change in the rf frequency results in a
sudden shift of the position of the rf-dressed trap. This may cause dipolar heating of
the atoms, especially if this frequency change occurs every trap period. The frequency
steps should thus be as small as possible, a few tens Hz to a hundred Hz typically.

4.2 Results

In the following, we present three kinds of measurements performed with different rf
sources. First, we investigate the effect of a single phase jump at the end of the ramp on
the trapped atom number, for a fixed holding time. Second, the number of frequency
steps during the ramp is varied and the final number of atoms is recorded together
with the temperature. Finally, the holding time is varied to measure the lifetime and
the heating rate in the rf-based trap, for three different rf-sources. The atom number
and the temperature are measured after a ballistic expansion of 10 ms by absorption
imaging on a CCD camera. The temperature is deduced from the vertical size of the
cloud after expansion, as the initial size in the trap is smaller along z.

4.2.1 Phase jumps

The effect of a phase jump is tested in the following way. The rf frequency is swept
from 1 MHz to 3 MHz with the Stanford DS-345 DDS presented in section 2.6.1. The
1,500 points frequency ramp is non linear, with a slower zone around the resonance
crossing at 1.3 MHz in the spirit of the typical ramp depicted on Fig. 4.2. The rf
antenna is then switched to a second independent synthesizer, the Rohde & Schwartz
SML-01 described in section 2.6.1, maintained at a fixed frequency of 3 MHz for the
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full holding time (dashed line of Fig. 4.2). The phase difference is not controlled at the
switching, but is monitored for each experiment with an oscilloscope. The final atom
number is recorded after a 1s holding time. The results are presented on Fig. 4.1,
full circles. For the maximum phase jump, 7, 80% of the atoms are lost. This figure
depends on the atomic temperature, the losses being higher at lower temperature,
and is well reproduced by theory, as shown on Fig. 4.1, black line. The theoretical
curve is calculated for the experimental rf amplitude of 165 kHz by averaging the loss
probability over the positions of the atoms, as deduced from a thermal distribution
at the measured temperature of 4 uKK. The fact that the trap is able to hold two
of the five spin components of the F' = 2 hyperfine state is taken into account, by
using p(¢¥) = cos®(1/2) + 4cos®(1p/2) sin?(1)/2), see section 4.1.3 for the definition
of the probability p(¢). The overall amplitude is set to the initial atom number in
the magnetic trap before transfer into the rf-based trap, measured independently. We
find a very good agreement between the experimental results and the simple theory
developed above, with no adjustable parameter.
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Figure 4.1: Number of atoms remaining 1 s after switching between the two synthesizers
as a function of the phase jump. Experimental data, full circles, are compared to a
calculation, full line, with an rf amplitude of 165kHz and a temperature of 4 uk.

4.2.2 Frequency steps

As discussed in section 4.1.4, the transfer efficiency is expected to depend on the number
of frequency steps in the ramp, when a DDS device is used. To evaluate the number
of required steps, we repeated the following procedure, varying only the number of
frequency points in the arbitrary ramp. The atoms were cooled in the magnetic trap
down to 10 uK. After an adiabatic switching of the rf up to ; = 27 x 200 kHz in 12 ms,
the rf frequency was ramped from 1 MHz to 8 MHz in 88 ms to transfer the atoms in the
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rf-based trap. The number of transferred atoms and their temperature was recorded
after 1s in the trap. This time was short as compared to the lifetime in the rf-based
trap, which reached 25 s for this experiment. The arbitrary ramp is depicted on Fig. 4.2.
It consisted in a constant plateau of 12 ms followed by two connected cosine branches of
10 ms and 78 ms respectively, in order to cross the resonance at 1.25 MHz more slowly.
For these experiments, the sine-wave output of the Tabor Electronics DDS synthesizer
presented in section2.6.1 was used. The number of frequency points N was varied
between 500 and 20,000 which is the maximum value for this device. These frequency
lists were constructed by removing uniformly a fraction of the points of a reference
arbitrary ramp of 20,000 points. Only 88% of these points really contributed to the
frequency ramp, as 12% of them were used for maintaining a constant frequency for
the initial switching stage.

(MHz)

RF

v

0 20 40 60 80 100 120
t (ms)

Figure 4.2: Typical shape of a radio-frequency ramp applied to the ultracold atomic
sample. In the present example v, is increased from 1 to 8 MHz within 88 ms, after a
12 ms stage where the frequency is maintained at 1 MHz for adiabatic switching of the
rf source. At the end of the ramp, the rf frequency is maintained at its final value for
some holding time in the rf-based trap, dashed line.

The results for atom number and temperature are presented on Fig. 4.3 and 4.4
respectively. The initial atom number in the magnetic trap was measured to be
2.05 4+ 0.2 x 105 Two regimes are clearly identified. Below N =5,000, the number
of transferred atoms increases almost linearly with N. Above this value, more than
80% of the atoms are transferred into the rf-based trap, and the number of atoms de-
tected for N larger than 15,000 is even equal to the initial atom number. To compare
with the theory of section 4.1.4, the expected value of the transferred number given by
both the measured initial atom number and Eq.(4.6) is plotted together with the data,
dashed line. The number of frequency steps considered in the calculation is 0.88N, as
the initial points at constant frequency do not induce losses. The theory reproduces
well the overall behaviour, even if it slightly underestimates the transfer efficiency at
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Figure 4.3: Number of atoms remaining 1 s after the transfer ramp, as a function of the
number of frequency points in the arbitrary ramp. Circles: experimental data. Dashed
line: prediction of the model of Eq.(4.6).

large N. In particular, it predicts a transfer efficiency reaching 80% for N =7,000. The
transfer efficiency is expected to reach 93% for N =20,000, which is consistent with
the experiment within the uncertainty.
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Figure 4.4: Temperature of the transferred atoms, measured 1s after the end of the
transfer ramp, as a function of the number of frequency points in the arbitrary ramp.
The initial temperature in the magnetic trap was 10 uK. The solid line is a guide to
the eye.
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Below 5,000 points, the lack of frequency resolution in the ramp is also visible in the
temperature data, Fig. 4.4, as a clear temperature increase during the loading phase.
This is due to the excitation of the dipolar mode through sudden changes in the trap
position at each frequency change, as explained in section 4.1.4. For more than 5,000
frequency points, the temperature reaches the asymptotic value of 8 uK. This value is
smaller than the initial temperature in the magnetic trap. This was expected as the
geometric mean of the oscillation frequencies is much larger in the initial trap. The
transfer within 88 ms is not adiabatic in this respect, the expected temperature in the
rf-based trap being on the order of 2 uK for an adiabatic transfer.

4.2.3 Frequency noise

The heating rate in the dressed trap was measured with three different rf sources.
First, we used an Agilent 33250A analog synthesizer with an rf amplitude of 180 kHz
for both the frequency ramp and the final holding frequency. Such rf analog synthesizers
operated at fixed frequency exhibit very good relative frequency noise in most cases,
typically at the —180dB-Hz ! level or better. However, as mentioned by Y. Colombe
et al. [22] and confirmed by White et al. [39], the relative frequency noise increases by
a few decades when a large range frequency sweep is required, as the output frequency
then needs to be driven with an external analog voltage. The external voltage control
was provided by a PC analog board (NI 6713), such that the modulation depth was
+1MHz on a central frequency of 2 MHz. We obtained both a short lifetime, typically
400 ms at 1/e, and a strong linear heating, as shown on Fig. 4.5 full circles. The heating
rate is measured to be 5.0 uK -s~!. This rate, given the rf amplitude, corresponds to
a relative frequency noise of Sy = —100dB-Hz™! at the trap frequency of 600 Hz.
An independent measurement of the spectral width of the rf signal produced by the
Agilent synthesizer in the same conditions indeed gave the same value for the relative
frequency noise S,y = —100dB-Hz~!. This noise is quite high because the frequency
is varied with a large modulation depth (Af/f = 1) and the voltage noise of the NI
board is directly translated into frequency noise.

We also measured the lifetime and heating rate with the setup used for phase jump
characterisation, with the disadvantage however that the random phase jumps resulted
in a large dispersion in the atom number data. Nevertheless, within a precision limited
to 0.1 uK-s™! and 2s respectively, we observed no heating and a lifetime of order
4.5s [22]. These good results are linked to the excellent frequency stability of the
second device used at fixed frequency.

Finally, the lifetime and heating measurement was repeated with the Tabor Elec-
tronics WW1072 device mentioned previously. The loading ramp was the same as
described above, with 20,000 frequency points between 1 and 8 MHz, but with a total
duration of 500 ms. Typical results are presented on Fig. 4.5, open diamonds. The con-
trast with the Agilent data is very strong. With the Tabor device and an rf amplitude
of 200 kHz, the lifetime increased up to 32 s, a value comparable with the lifetime in the
static magnetic trap. A small linear heating rate of 824+ 5nK -s™! is still present in the
rf-based trap for this data set. No exponential parametric heating is measurable. The
residual heating rate is slightly larger than the one predicted from the Tabor device
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Figure 4.5: Comparison of heating of the atomic cloud in the bubble trap: Agilent
33250A synthesizer driven by NI board, full circles, or Tabor Electronics WW1072,
open diamonds, is used for producing the rf ramp and the final radio-frequency <.
Note that the horizontal scales differ by a factor 10 for the two data sets. We observe a
heating rate of 5.0 uK -s~! in the first case and 0.082 pK -s~! the second one, as given

by a linear fit, full lines. The lifetime reaches 32s in this situation.

specifications. At 8 MHz and for an oscillation frequency of 600 Hz, we expect a linear
heating rate of 17nK -s~!. This value is slightly smaller than 33nK -s~!, which is the
lowest observed heating rate with the Tabor device. For the calculation of the theoreti-
cal rate, v, was deduced from the oscillation frequency measurement, see section 3.6.1.
If the real oscillation frequency is larger by only 20%, as it is possible due to the non
harmonic shape of the potential, it could explain the discrepancy.

4.3 Conclusion

The requirements on the radiofrequency source may be divided into two parts, con-
cerning the ramping stage and the holding stage. Once the atoms are loaded in the
rf-based trap, heating and trap losses are avoided if the relative frequency noise and
the amplitude noise are below S,q(v1) = —118dB-Hz ! and S, < —90dB-Hz ! re-
spectively. This is relatively easy to meet, although care has to be taken on the choice
of low noise rf attenuators and amplifiers. The best results were obtained with the
Tabor Electronics device, with a typical heating rate of 0.082 uK-s=! and a lifetime
of up to 32s. Finally, the lifetime would be affected if the rf amplitude is below a few
tens of kHz, as Landau-Zener losses then occur at the avoided crossing [40].

For the initial frequency sweep, the use of DDS technology ensures phase continuity,
and losses or heating are limited if the number of frequency points is large enough, say,
10,000 at least for a few MHz ramp. In the loading stage, once the number of frequency
steps is sufficient, the heating will mostly be given by the non adiabatic deformation
of the trapping potential when the atoms are transferred from the magnetic to the
dressed trap. But as the value of the lowest oscillation frequency in the dressed trap
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is of the order of a few Hz, this heating is difficult to avoid. This prevented us from
transferring directly the Bose-Einstein condensate to the rf dressed trap. On the other
hand, cooling directly in the rf-based trap [23,41] is made possible by the long lifetimes
and the low heating rates reported here. We present an implementation of this strategy
in chapter 5 of this manuscript. In any case, these good performances make the rf-based
trap compatible with the confinement of Bose-Einstein condensates.
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Spectroscopy and evaporative
cooling in a rf-dressed trap

After trying to load the dressed trap with a BEC, we decided to go in another direction:
we first dress the atoms from a cold sample and then evaporate them. This technique
has been studied theoretically in our group [23] and shows that a weak additional rf
field can outcouple the dressed atoms at a given position in the adiabatic potential.
In order to understand well the evaporative cooling mechanism in the rf dressed trap
we performed here some spectroscopic measurements. They will give us an idea of
the different transitions involved when we irradiate a weak additional rf probe field
close to the rf dressed state level spacing. When the probe rf field is resonant with
the dressed state level spacing, transitions to an untrapped state are induced. This
results in trap losses, which are the signature of the resonances. Unlike for the case of
a static magnetic trap, not only one but multiple resonance frequencies are identified.
Two resonances were already discussed in [23] using a semi-classical approach, and the
third one is presented in section 5.1.5. Once these transitions have been identified,
we used them to evaporate the hotter atoms in the dressed trap, by applying a sweep
of an additional weak rf field close to the observed transitions. We found that the
evaporation is efficient for one of the transitions, inducing a temperature decrease and
an increase in the phase space density. In the following sections, I will give a theoretical
background for the predicted resonances and I will present the experimental procedure
and results.

5.1 Theory

5.1.1 Hamiltonian for the rf spectroscopy

The underlying idea of confining ultra cold atoms using rf adiabatic potentials is pre-
sented in detail in chapter 3 of this manuscript. Here, we will follow the approach of
Ref. [23]. Using the dressed trap Hamiltonian for the first rf field, we will derive a
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time independent Hamiltonian in the presence of the second rf field. This will explain
the transitions occurring, when the frequency of second rf field wy differs from the
dressing frequency w; by the frequency difference between the adiabatic eigenenergies
Q(r). Other transitions occur at a frequency ws equal to this level spacing and will
be described in section 5.1.5. More generally, beyond the rotating wave approximation
(RWA), the number of allowed transitions increases, with resonant frequencies of the
form wy = nw;y £ Q(r), n being an integer [35].

The Hamiltonian of the atom-spin interaction Hp(r,t) for the atoms trapped in a
static magnetic field By (r), together with a rf oscillating magnetic field By(r,t) was
given in Eq.(3.1). We now add a second rf field By(r,t), which is sent to probe the
resonances. The probe rf field By(r,t) is polarized along the same direction as Bi(r,t),
here the X = y direction. The new Hamiltonian contains an extra term for the second
rf and Eq.(3.1) can be modified as:

Hp(r,t) = 9F:BF.[BdC(r)+Bl(r,t)+Bz(r,t)] (5.1)

= wo(r)Fz + Vi(r,t) + Va(r,t) (5.2)
where By (r,t) = Byéx cos(wit) and Bo(r,t) = Bpe€x cos(wat). Bgy and By are the rf
amplitudes of rf fields at w; and wsq, respectively. We assume that the rf field is uniform

to the spatial extent of the atoms, which is experimentally the case.
Each coupling term V;(t) is given by the expression:

Vi(t) = QiFx (™" +e7™"), j=1,2 (5.3)

where Q; = grppBoj/(2h) is the Rabi frequency of the rf field of frequency w;.
Given Hrp(r,t), the dynamics of an atomic spin state |¢(r,t)) is governed by the
Schrédinger equation:

0
tho, 9(r, 1)) = Hr(r,t) |o(r, 1)) (5.4)

which in the frame rotating at the frequency w;, becomes:

i (e, 1)

where 0(r) = w; — wp(r) and wy(r) = grpppBa(r)/h.

The term —d(r)Fy + RIVi(t)R;, was already discussed in chapter 3. It gives rise
to the first RWA adiabatic Hamiltonian H(r) as given in Eq.(3.8). The second rf
interaction term RIV4(t)Ry is given by:

RIV4(t) Ry = 20, cos(wat ) (cos(wyt) Fx — sin(wit)Fy) (5.6)
= O [cos(wy + wa)t + cos(wy — wa)t] Fix — Qg [sin(wy — we)t + sin(wy + wo)t] Fy.

[~0(x)Fz + RIVi(t) Ry + RIVa(t) Ri] [, 1)) (5.5)

Let us consider the situation where the frequency ws is close to w; and w; is fast as
compared to the Bloch vectors dynamics. This condition can be written as |w; —wq| <
wy and wy > €y,6,8;. We can then apply the first rotating wave approximation to
Eq.(5.6) by neglecting the fast oscillating terms at the frequency w; + wo, and get:

H(r,t) = Ha(r) + Qa[cos(At)Fx + sin(At) Fy | (5.7)
where A = wy —wy and Hu(r) = Q(r)Fy (see Eq.(3.10) and Figure 3.2).
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5.1.2 Second rotating wave approximation

The Hamiltonian H(r,t) we derived in the Eq.(5.7) contains time dependent terms.
In order to make it time independent, we introduce a rotation at frequency |A|
around Fp and will apply a second rotating wave approximation. The Hamiltonian
in the Eq.(5.7) can be expressed through the rotation H'(t) = RaH(t)R), where
Ra = exp(i|AltFy/h). This transformation leads to the time-dependent Hamiltonian:

H(t) = —(A] —Q(r) — Qysinf cos At)Fy (5.8)
4+ Qy(cosfcos® At + esin® At)F g+ Qa(1 — £ cos 0) sin At cos AtFy

where F' g = F.e g is the projection of the atomic angular momentum in the direction
perpendicular to both ey and ey, and ¢ is the sign of A such that A = ¢|A|.

Now we apply a second rotating wave approximation, by averaging to zero the
terms oscillating at the frequency 2A and the oscillating term along Fy. This is valid
provided that ||A] — Q(r)] < |A| and 2y < |A]. We finally obtain from Eq.(5.8) the
time-independent effective Hamiltonian:

H'(r) = —(|A] — Q(r))Fy + %(1 +ecosf(r))FLg = Qa(r)Fy,, (5.9)
where
Qa(r) = \/(|A| —Q(r))? + %(1 +ecosf(r))? (5.10)
and
Fy, = cos(0a)Fy + sin(0a) F 1o (5.11)
Qo1 + £ cosb(r)]

with tan(fx) = — for 6 € [0, 7].

2(|Al = ©

The Hamiltonian 1£1| tklle Eq).(5.9) is equivalent to Eq.(3.10) with a coupling Qa(r)
dependent explicitly on the position via 6(r) and Q(r). Its eigenstates |mf)y are
doubly dressed states, making an angle 6, with the singly dressed eigenstates |m/z)g.
The vectorial representation of the spin in the presence of the second rf field is shown
in Figure 5.1. The spin of the atoms confined in the adiabatic potential is aligned along
Fy. It is flipped along Fj, in the presence of the second rf field, in a basis rotating
around Fy at frequency |Al.

The energy of the doubly dressed trap can be written after diagonalizing the Hamil-
tonian of Eq.(5.9) as En = mLhQa(r). Qa(r) describes the energy seperation be-
tween the doubly dressed states. The adiabatic potential for the doubly dressed states
|2”7) = |m/. = 2) and | — 2") are plotted as a function of the position z in the absence
(neglecting) of gravity in Figure 5.2. It is clear from this figure that the effect of the
second rf field is to truncate the adiabatic potential to a depth depending on the fre-
quency difference A. Note that the singly dressed state |2’) in which the atoms are
confined initially is matched to the doubly dressed state | — 2”) — not to |2").



52 Chapter 5: Spectroscopy and evaporative cooling in a rf-dressed trap

F
S/ prmmmm Fo
0 > Foa
I
’ 102, /Q2
Fle

Figure 5.1: In the presence of the second rf field and after applying a second RWA, the
spin (red arrow) precesses around an axis obtained when first, w; tilts Fz by 6 getting
Fy and then w, tilts Fy by 0a getting Fya.

5.1.3 Resonant coupling for the rf probe

As soon as |A| is larger than the minimum frequency spacing €2; between singly dressed
states, there will be points in space where the resonance condition Q(r) = |A| is
fulfilled. As a matter of fact, there are two positions r;(i = 1, 2) such that Q(r;) = |A|.
These positions correspond to a dressing angle 6(r1) = 6y and 6(ry) = 7 — 6y with
6y = arcsin %'. These two positions, called the inner resonance (IR) inside the trapping
surface and the outer resonance (OR) outside, are symmetrical with respect to the
center of the dressed trap, located on the iso-B surface wy(r) = w;. The effective
coupling of the second rf to the dressed spin is different at these two locations, and is
given by (1 + e cosfp] and 2[1 — £ cos ), respectively. At the bottom of the trap
¢ = %, the two resonances collapse into a single one, with an energy seperation €2,. All
the three points 0y, § = /2 and ™ — 6, are shown in Figure 5.2. Hence, the hotter
atoms are outcoupled through these two locations OR and IR for a fixed value of |A],

which sets the trap depth.

5.1.4 Trap depth

As already pointed out, the atoms are trapped in the state [2”) of the doubly dressed
trap. The trap depth AE can then be written as the energy difference in this state
between the resonance with the strongest coupling (for which the depth is smallest, see
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Figure 5.2: Adiabatic potential of the doubly dressed state |2”) in the absence of
gravity. The position 1, 2 and 3 corresponds to the different values of 6. The blue spot
indicates the atomic cloud sitting in the m/. = —2 doubly dressed state.

Figure 5.2) and the trap bottom ¢ = 7:

AE = mph (QA(res) Qa0 = g)> . (5.12)

In our case mp = —2, and using cosfy = /A2 — Q2 /|A|, we get:

92 <1+—\/A2_Q%> —\/(\A|—Ql)2+ﬂ—%

2 N 4

AE = —2h (5.13)

The trap depth goes to zero when the second rf is resonant with the level spacing at
the trap bottom, i.e. at |A| & Q; 1. We expect resonances that fully empty the dressed
trap at these locations, corresponding to wy = wy + 21 and wy = wy — 2y. Thus for two
values of the probe frequencies all the atoms are resonantly coupled out of the trap.

5.1.5 The low frequency resonance

As mentioned in the introduction of this chapter, direct transitions between dressed
states at a frequency of order wy ~ §2; can also occur. However, to described these
transitions theoretically, we need to consider a m-polarized coupling, that is a second
rf field polarized along the static magnetic field.

Let us consider the following Hamiltonian in the laboratory frame:

H(t) = wo(r)Fy + 291 Fx coswit + 2Q Fy cos wat. (5.14)

n reality, there is a small correction to this value. The first order correction gives |A| ~ Q;[1 +
(g—f)% 2%], with Qs < Q) as already stated for the RWA to be valid.
3



54  Chapter 5: Spectroscopy and evaporative cooling in a rf-dressed trap

It is identical to Hamiltonian Hr of Eq.(5.1) except the polarization of the second rf
field. Now, let us transform to the frame rotated by a time-dependent angle wit +
% sin wot, instead of wit. The idea is that the time derivative of the rotated state will
cancel the term 295 F; coswst in the Hamiltonian H. The Hamiltonian H' applying to
the rotated state reads:

20
H'(t) = —0(r)Fz+ 2Q; coswit cos (wlt + w_; sin Cdgt) Fx

202
— 20 coswqt sin <w1t + 22 Sinwgt) Iy . (5.15)
Wa

As before, 0(r) = w; — wp(r). Here we will use the fact that Qs < wy and develop the
sin and cos terms around wqt. Doing that and applying RWA to Hamiltonian (5.15)
allows us to drop terms rotating essentially at 2w;. It yields:

20)
H"(t) = —6(r)Fy + Q Fx — Qlw—; sin wat Fy . (5.16)

Using the usual notation Q(r) = \/Q% + §(r)? and the same Fy and Fy, spin operators,

we have:

200129
W

H'(t) = Q(r)Fp — sin wat Fy . (5.17)
This describes the direct coupling of dressed states with a field of amplitude 2€2; Q5 /ws
for a linear polarisation, that is with an effective coupling of ;s /wy. We can apply
a rotation at frequency ws around Fj and again RWA, neglecting the terms oscillating
at 2wy, which is valid if |wy — Q(r)| < wy and Qs < wo (already stated). One finally
has for the doubly dressed Hamiltonian:

Hdd = (Q(I‘) - wg)Fg +

Fy.. (5.18)

The resonance at wy = Q(r) appears naturally, as well as the coupling strength. The
doubly dressed Hamiltonian gives a new direction for the eigenstates, which make an
angle of 0y with Fy, where tanf, = % Note that the coupling at resonance
is even simpler, using wy = Q(r) = ;. The coupling at the dressed trap bottom is
directly §25.

5.1.6 Interpretation of the resonances in terms of photon
transfer

To give an enlightening interpretation in terms of photon transfer of the three transi-
tions at wy = wy £ Q(r) and wy = Q(r), we consider the case where atoms are coupled
far from the resonant region wy(r) ~ w; where the dressed trap has its minimum.
The limit we will focus on is: [6(r)] > Q, when the spin angle 6 is close to 0 or
w. In this limit, the level spacing between dressed states can be approximated by
Q(r) ~ [6(r)] = |wr1 — wo(r)|, and the coupling strength for the transitions around wy
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simplifies to 2, for the strongest coupling and 2,3 /(46%) for the weakest. This expres-
sion suggest that the strongest coupling arises from a one-photon transition whereas
the weakest concerns a three-photon transition. In the same spirit, the expression for
the coupling strength of the low frequency transition, €12 /ws, suggests a two-photon
transition, with one photon of frequency w; and one photon with frequency w,. Indeed,
we will discuss the three resonances in the light of the photon transfer represented in
the bare state basis in Figure 5.3. The coupling in the dressed state basis at frequency
+A or wy is shown on the right hand side in this figure.
We will discuss the three cases (a) we 2 wy, (b) we S wy and (¢) we &~ .
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Energy

Figure 5.3: The transitions induced by the second rf field, represented in the bare state
basis (left) or in the dressed state basis (right) for three different rf probe frequencies:
(a) when wy 2wy (b) we S wy and (c) direct transition at we & €.
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(a)

)] Zwl

This corresponds to the case where A > 0, or ¢ = +1. The resonance occurs at the
two points where wy = w;+(r). The outer resonance corresponds to the position
0y < 1, 5 < 0 (or equivalently w; < wp(r)) such that wy ~ w; + |w; — wp(r)| =
wo(r). As shown on the left of Figure 5.3(a), it is a direct one photon resonance,
a single rf photon being emitted at frequency ws ~ wp(r) and with a coupling
strength 5. Note that this is also the situation we would get in the absence of
the first dressing field.

On the contrary, for the inner resonance at position m— 6y ~ m, ¢ is positive such
that wy ~ wy+|wy —wp(r)| = 2w; —wp(r). We now have a three photon resonance,
thanks to the dressing field at w;. The resonance condition is wy(r) = 2w; — we,
two photons of frequency w; being emitted while a probe photon at ws is absorbed,
see Figure 5.3(a). This process has a much smaller coupling strength 0,03 /(452).

o)) Swl

In this case, A < 0 or ¢ = —1. The resonances occur at positions r such
that wy = w; — Q(r). For the OR with § large and negative, this simplifies
to wy >~ wy — |w; —wp(r)| = 2wy —wp(r), and now the outer resonance corresponds
to the three-photon process, with the smallest coupling 2,92 /(46%). On the other
hand, the inner resonance matches to the direct one-photon coupling at frequency
wy >~ wp(r) and coupling .

U)QNQl

This last case corresponds to coupling directly the dressed states at frequency
Q(r), their frequency separation. The two resonances, OR and IR, are again
present. In the bare state basis, the OR corresponds to the emission of two
photons at w; and w,, and the IR is also a two-photon process, but with emission
of wy and absorption of wsy, such that we have wy(r) = wy + wy. As it is a two
photon process, we expect a coupling strength of order Q58 /wo at both positions,
OR and IR, in contrast to the two previous cases.

Let us point out finally that the polarization of the rf probe has to be chosen ot (or
at least transverse to the static field) for the two first process, for which the transition
from m', to mlz — 1 is either direct or a three-photon process: —1 = —2 + 1. On the
contrary, it should be 7 for the third process, to have —1 +0 = —1. It means that the
last situation occurs with a probing rf field parallel to the static magnetic field.

5.2 Spectroscopy of the rf-dressed QUIC trap

In the previous theoretical section, we have shown that trapped dressed atoms can be
outcoupled with an additional rf field, at three different frequencies w,. As we will see
in this section, we have experimentally observed all the three transitions and were able
to deduce the Rabi frequency 2, of the first dressing field from the measurements.
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5.2.1 Experimental procedure

In this section I will explain the experimental details for performing the spectroscopy
in the rf dressed trap. The rf field is produced by the Tabor Electronics synthesizer,
see section 2.6.1. The dressed trap is loaded in 500 ms with a ramp of 20,000 frequency
points between 0.8 MHz and the final dressing frequency w;. This frequency is typically
a few MHz with a Rabi frequency € of order 50 kHz. At the end of this loading stage,
a second rf with a fixed frequency wy and Rabi frequency €2y is switched on for a
plateau of 2 seconds. The typical rf ramping scheme for these experiments is shown in
Figure 5.4 below. The dressing rf power is kept constant during the loading stage and
the plateau. The corresponding amplitude €2; is adjusted by attenuating the 2V, sine
output of the Tabor synthesizer. The rf attenuator is controlled from the computer
using a parameter 1 between 0 and 1, setting the relative rf amplitude: Q; = 7,4

0 T T T T T T T
0 200 400 600 800 1000 1200 1400
Time {ms)

Figure 5.4: Evolution of the dressing frequency w; (black line) and the probing fre-
quency wsy (red lines) with time, in the case where wy ~ w;.

At the end of the plateau, the atom number and the optical density are recorded
after a time of flight of 7 or 10 ms, as a function of wy. For performing the spectroscopy,
the probing rf frequency ws is scanned across the final value of the dressing rf frequency
wy, see the horizontal lines of Figure 5.4. We first expect to see two resonances when
the value of |A| becomes close to €21, or when the frequency ws itself is close to €.

The second rf is produced by a second Stanford Synthesizer, see section 2.6.1. In
order to fulfill the rotating wave approximation, the probing rf coupling strength (25 was
chosen to be around 0.3% of the dressing rf coupling strength €; for the spectroscopy
experiments. For a dressing coupling strength of 2; ~ 27 x 55 kHz we choose a probing
rf coupling strength Qy ~ 27 x 180 Hz?.

2The probing rf coupling strength 5 was not measured directly, but was estimated from the value
of 27 and the ratio of the rf powers at w; and wy measured just before the antenna. We use the fact
that the rf amplitude scales as the square root of the rf power.
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5.2.2 Results

We observed experimentally the three resonances predicted in the previous section.
Four different sets of spectroscopic data were collected by changing different parame-
ters, namely, the Rabi frequency €25 of the probing field, the Rabi frequency 2; of the
dressing field, and its frequency w.

varying (2, The first set of data shows the broadening of the resonances with a larger
probing field amplitude 25. The spectra are recorded around w; = 27rx 8 MHz at an
attenuation n = 0.5, for different probing rf amplitudes at the input of the antenna:
1V,,, 0.3V,, and 0.1 V,,. The data are plotted as a function of the frequency difference
A = wy —wq. In each case, we observe two resonances for A = £€);. This is compatible
with the previous results showing two resonances at wy = wy £ €2;. These resonances
correspond to the ones illustrated in Figure 5.3 (a) and (b).

It is clear from Figure 5.5 that the resonances are broadened for a larger probing
field amplitude. This is in agreement with the fact that the probe coupling is %(1 +
cos §), proportional to 2. The smallest probing rf amplitude 0.1V}, allows the most
accurate determination of Q(rg) at the bottom of the dressed trap, which is about
2nx50kHz. This gives a direct measurement of the dressing rf frequency for n = 0.5:
Q1 = 27 x 50kHz, and this result is independent from the initial cloud temperature.

We observe that the shape of the resonance peaks are not symmetric. We see
that the atom number (or the integrated optical density) drops down slowly as ws is
approaching the resonance from the side |A| > ;. When |A| = ©; we lose almost
all the atoms and for |A| < €; we go back to the initial atom number quickly. This
asymmetric behavior can be explained through the energy distribution at temperature
T. The resonance occurs at a position r such that |A| = Q(r). Hence, all the atoms with
an energy F > AF larger than the trap depth AE defined at Eq.(5.12) will escape the
trap. In the limit where Q0 < €2y, which is always the case here, this condition is simply
E > 2h|A| — 2h€;. While doing spectroscopy we start with |A| > Q; and then come
closer and closer to ;. For higher values of |A| only atoms in the higher energy levels
are coupled out of the trap. When we go closer to the resonance we outcouple more and
more atoms. And when |A| < €y we are below the bottom of the rf dressed trap and
we do not outcouple anymore, so we go back to the initial number of atom. Whatever
the energy distribution f(FE) in the trap, this explains the sharp edge at |A| = £8; and
the monotonic increase of the number of remaining atoms as |A| increases. The exact
lineshape depends on the detail of the energy distribution, and would be exponential
with a 1/e decay length Av = kgT/2h for a harmonic trap®. In the case of the
adiabatic potential, which becomes linear at large distances, the energy distribution
f(E) is modified, and so is the lineshape. An exponential fit of the wings of the spectra
should still give an estimate of the initial temperature of the atoms in the trap using
the relation kg7 ~ 2hAv. From Figure 5.5(d) the width of the fit gives Av ~ 130kHz
which corresponds to an initial temperature 7" ~ 12.5 uK. This is in good agreement

3The factor 2 comes from the fact that the atoms are in the m/, = 2 state of the adiabatic potential
(for the energy) and that we probe transitions with Amp = +1
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Figure 5.5: Spectroscopy of the dressed trap for n = 0.5 and for different values of
probing rf amplitudes given by: (a) 1V,,; (b) 0.3V,,; (¢) 0.1V,,. Note the different
horizontal scales. Inset of figure (¢): zoom around zero detuning. (d) An exponential
fitting done to figure (¢) in order to estimate the initial temperature of the atoms in the
dressed QUIC: the 1/e decay is 130 kHz, corresponding to a temperature of 12.5 uK.

with the temperature of 11 K deduced from the time of flight measurement. If the
actual shape of the trapping potential is taken into account, simulations done in the
group have shown indeed that the line width is slightly broadened.

Finally, the small asymmetry between the left wing and the right wing of the
resonance at wy £ €2y may be due to gravity. On the side A > 0, the stronger coupling
occurs for the OR. At the resonance point, the trap depth is also limited by gravity,
which favors the expulsion of atoms at larger values of A. On the opposite, if A < 0
the strongest resonance is the IR, which is more difficult to reach as the corresponding
resonant surface is situated above the trapped atoms. The atoms need an additional
energy MgAz to escape, and |A] cannot be so large as in the previous case. The
typical size of this effect is Mg/(2ha) = 0.07, and the expected asymmetry is thus
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Figure 5.6: A direct probing of the resonance at ws ~ 27 x50 kHz.

rather small.

low frequency spectrum In order to check the value of €2; obtained in the first set
of experiments, we tried to probe the resonance directly at wy ~ 27 x 50kHz. This
resonance correspond to the one predicted in Figure 5.3(c). A rf spectrum was recorded
at low probing frequency. Here again, all the atoms are coupled out of the dressed trap
for a frequency wy = 27 x 50 kHz, as shown on Figure 5.6. We thus recover exactly the
same value for €2;, the dressing Rabi frequency.

varying €); In our third experiment we observed the dependency of the resonance
frequency with the rf amplitude 2;. Spectra are recorded around w; = 27 x8 MHz for
different relative amplitudes n = 0.3, 0.5 and 0.75. The resonances on both sides of
the dressing frequency wy, are now shifted respectively by 30 kHz, 50 kHz and 75 kHz
from the dressing frequency, see figure 5.7. This is in agreement with resonances at
positions A = £Q; with Q; = 7,40, and Q0. = 271 X 100kHz at w; = 27 x 8 MHz.
This experimental measurement of €2 is direct and scales linearly with 7. These values
differ from the ones obtained by the other methods described in chapter 3. However,
the previous methods are indirect; the oscillation frequency method is affected by the
non harmonic character of the trap and by the temperature, and the Stern-Gerlach
method gives a measurement only around w; ~ wpi,. In addition, these methods do
not exhibit such a clear linear dependence with the amplitude. This is why we think
that the spectroscopic method is the most reliable one for measuring €2;.

varying w; The fourth experiment gives an indication that the Rabi frequency {2,
depends on the rf frequency w;. Spectra are recorded around w; = 27x6 MHz and
2rx3MHz at a probing rf amplitude = 0.2V,, and a relative amplitude = 0.5,
see Figure 5.8. The probe amplitude was increased to 0.2V}, to enhance the spectrum
visibility. The resonance is slightly shifted as compared to the 8 MHz case, as peaks are
present at about 60 kHz and 70 kHz respectively from the dressing frequency, instead of
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Figure 5.7: Spectroscopy of the dressed trap with a probing rf amplitude of 0.1V}, and
for different values of n: (a) : 7 = 0.3; (b) : n = 0.5; (¢) : n = 0.75. A resonance is
observed on both sides of the dressing frequency wy, at £30kHz in (a), £50kHz in (b)
and +75kHz in (¢). (b) is a zoom of Figure 5.5¢.

50 kHz previously. This is an indication that the Rabi frequency §2; depends on the rf
frequency w; and is larger at smaller frequency. We tried to understand the reason for
this dependency of 2; with w;. We first suspected that due to the displacement of the
atomic cloud when the dressing frequency w; increases, the atoms could enter a region
where the rf field varies in space. But this is not true since for a variation of w; from
9MHz to 3 MHz the atomic cloud displacement is ~ 600 wm, which is ~ 2—15th of the
radius of the rf antenna. For such a small displacement of the atomic cloud compared
to the radius of the rf antenna, the magnetic field change is negligible. Instead, we
suspect a frequency dependence of antenna response to be the cause for this change in
Ql with wi.
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Figure 5.8: Spectroscopy of the dressed trap, with a dressing frequency (a): w; =
21 x 8 MHz, (b): w; = 27 x 6 MHz and (¢): w; = 27 x 3 MHz. Figure (a) is identical
to Figure 5.7b. The relative amplitude 7 is 0.5 for all the three plots and the probing
rf amplitude is 0.1V}, for (a) and 0.2V, for (b) and (c). A resonance is observed at
+50kHz from the dressing frequency in plot (a), £60kHz in (b) and £70kHz in (c).

5.3 Evaporative cooling in the rf dressed trap

5.3.1 Principle

In this section we demonstrate rf induced evaporative cooling in the rf-dressed trap.
In the conservative magnetic QUIC trap we use forced evaporative cooling to reach
quantum degeneracy [34]. In rf-forced evaporative cooling, a resonant rf radiation
selects the most energetic atoms and transfers them from a trapped spin state to an
untrapped spin state. Once these rapid atoms are lost, the average energy of the
remaining atoms decreases after rethermalization through collisions. By this process
the phase space density increases and the temperature decreases, which is the signature
of evaporative cooling.
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Here, we implement this idea in the dressed trap, which means that we use two rf
frequencies: one at w; with a strong amplitude 2; to dress the atoms, and another one
at wy # wy with a much smaller amplitude €25 to induce spin flips of the dressed atoms,
as in the spectroscopy experiments. This cooling scheme was studied in our group by
C. Garrido Alzar et al. [23] and implemented in the group of J. Schmiedmayer [41] in
the case where the atoms are trapped away from the first rf resonance (w; < wp, and
d < 0 everywhere). In contrast to what was proposed and implemented before, we use
here mainly the low frequency transition.

5.3.2 Experimental procedure

According to the results from the previous section, the rf which was used to probe
the spectroscopy is now used to perform evaporative cooling. The three resonances
observed for different probe frequencies in the previous section can be used for this. The
efficiency of the evaporation process is not the same for each of the three resonances.
We found that the evaporative cooling is much more efficient by using an evaporation
rf ramp w, around €2y rather than around w; £ €. We believe that this is due to a
more symmetric out coupling around 2y, which involves on both sides (IR and OR) a
2 photon process with the same coupling €€ /ws.

In this section I will explain the experimental details for performing evaporative
cooling in our rf dressed trap. In order to remove dynamically the high energy atoms,
the second rf ws is swept from a given initial value down to a value slightly higher than
;. Thanks to the spectroscopy experiments, we know the value of ; = 27 x 50kHz
in our experimental conditions. The Stanford 2 synthesizer which was used for the
spectroscopy generates an evaporation linear rf ramp, from 600 kHz to 55 kHz typically,
for a duration of 4 s right after loading the atoms into the dressed trap. The rf amplitude
was optimized to 400mV,,, a value larger than the 100mV,, which was used for the
spectroscopy. The dressing and evaporation amplitudes were kept constant throughout
the evaporation ramp.* The temperature of the atoms was deduced from the width of
the atomic cloud along z after a time of flight for various values of the final evaporation
frequency. The number of atoms N for each final value of w, is estimated by taking
the mean value of N obtained during the time of flight (average over 7 to 8 pictures)
measurements. This is done to average shot to shot fluctuations in the atom number
of the order of £20%. In a harmonic trap, the phase space density ¢,sq at the trap
center is given by [42]:

h 3
¢p8d =N (kBT) erwywz- (519)

But in reality, in the z direction, depending on the temperature, the atoms may explore
the linear region more than the harmonic one. To which energy should we compare
the temperature? The atoms enter the linear region if the two terms Q% and d(r)?

4We also tried to reduce the evaporation amplitude at different rates during the evaporation ramp.
This was intended to make the evaporative cooling more efficient as the trap depth is reduced, to
avoid the resonance broadening and get closer to the trap bottom. However, we did not see any
improvement in the temperature nor in the phase space density.
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below the square root in the definition of {(r) of Eq.(3.10) are comparable, that is if
d(r) ~ Qp and Q ~ V2. The corresponding energy FEjy, with respect to the trap
bottom is

Ein =21 (Q — Q1) =2(vV/2-1)Q; ~0.83Q;. (5.20)

If we compare the initial temperature 7' =~ 5 uK to the typical energy 0.83A€2; above
which the trap is linear, we find 0.83% = 40kHz = 2 uK x kp/h, and we conclude that
the cloud is definitely entering the linear part at the beginning of the evaporation.

For a trap linear along z (with a potential energy 2hiaz) and harmonic along z and
y, the 1D density along z at temperature 7' is of the order of ny ~ N x 2ha/(kgT).
The phase space density can be estimated using this formula:

O\’ 2R\ N
¢psd ~ N <ij_T) wxwyﬁ 0.8 ﬁ (521)

However, this would be valid at the beginning of the evaporation only. To keep a single
formula, we decided to use Eq.(5.19) to calculate ¢psq during the whole evaporation
process. By this mean, we may underestimate a little bit the phase space density at
the beginning of the evaporative cooling.

5.3.3 Results

In this section, I present the experimental results of evaporative cooling in the rf dressed
trap. During an efficient evaporative cooling process, an increase in the phase space
density must occur. After transferring the atoms into the dressed QUIC, we applied
an rf evaporation ramp starting from 600 kHz to various final frequencies close to €2;.
The results are shown in Figure 5.9a. We see an increase in the phase space density by
a factor 8 with a final detuning of 20 kHz. When the detuning is smaller than 20 kHz,
we see a decrease in phase space density, which could be either due to fluctuations in
the atom numbers® or to the fact that we are too close to the bottom of the trap and
start to evaporate to coldest atoms.

We found that the initial conditions in the QUIC are very important to reach a low
temperature and a high phase space density. We tried with various initial conditions to
improve the final phase space density and temperature and found an optimum starting
point, see Figure 5.9 (b), (¢) and (d). These situations are explained in the following
paragraphs.

First, we started with an initial temperature of 11.6 uK and a phase space density
of 1.4 x10™* in the QUIC, see Figure 5.9 (b). After the transfer of the atoms into the
dressed QUIC, the phase space density decreases to 3.5 x107° and the temperature to
5.34 uK. We expect that the temperature decreases because of the trap deformation,
the dressed trap being much shallower that the QUIC trap. However, it should decrease
even more if the transfer is adiabatic, which is not the case since the phase space density
also decreases. This is due to the fact that the oscillation frequency in the = direction

5The signal becomes very small when the final frequency is very close to ;. With a very small
signal it is difficult to do a good fitting and estimate the number of atoms N. This leads to an
inaccuracy of the order of 20% on N.
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Figure 5.9: (a): Evolution of the atom number N, the temperature T" and the phase
space density (PSD) in the dressed trap as a function of the final frequency of the
evaporation ramp. The linear evaporation ramp starts at a frequency of 600 kHz. (b),
(¢) and (d): Evolution of the temperature, the phase space density and the number of
atoms during the different stages of loading for three different initial conditions in the
QUIC trap, see text.

is only a few Hz, which makes the adiabaticity condition w, < w? difficult to satisfy in
the x direction. From this new starting point, we applied an evaporation ramp from
600 kHz to 70 kHz and observed a final temperature of 1.45 uK and phase space density
of 6.85 x10~%. This configuration allows a net gain in phase space density between
the QUIC trap and the dressed trap, but with a modest final phase space density.

In a second sequence, we started with a colder sample at an initial temperature of
0.92 uK and a phase space density of 4.2x1072, see Figure 5.9 (c). After transfer into
the dressed trap, the phase space density drops down to 5x10~* and the temperature
slightly raises to 1.64 uK. Then we applied an evaporation ramp from 150 kHz to 65 kHz
and obtained a final temperature of 450 nK and phase space density of 5.5x1073. The
final phase space density is thus less than the initial one in the QUIC trap. However,
this final conditions are better than the previous case, and we could improve the final
situation by starting from a colder sample.
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Finally, we tried to start with an even colder sample, at an initial temperature of
412nK and a phase space density of 0.19, see Figure 5.9 (d). After the transfer to
the dressed trap, the phase space density drops down dramatically by two orders of
magnitude, to 1.29x1073, and the temperature increases to 1.02 pK. We then applied
an evaporation ramp from 150 kHz to 70 kHz and ended up with a final temperature of
900 nK and a phase space density of 1.82x1073, only slightly higher. In this condition,
the transfer really degrades the phase space density and the evaporative is not very
efficient, as the initial atom number is too low. Comparing these data with the previous
case, it is not recommended to start with a too cold sample — especially a BEC.

After analyzing the above three possible scenarios we can conclude that there is an
optimal intermediate initial temperature, neither too hot nor too cold as in the case of
Figure 5.9 (c) to reach the better final conditions.

The phase space density figures presented above were calculated from the tempera-
ture deduced from the time of flight measurements. We must note however that these
figures can be overestimated. As a matter of fact, the temperature is measured along
z, the same direction in which the evaporation takes place with the second rf field.
Depending on the relative time scales of evaporation and thermalization by elastic
collisions, the atomic cloud could be out of equilibrium, with effective temperatures
T,, T, > T.. In order to estimate this effect, we have to check the efficiency of evapo-
rative cooling using the parameter ey, defined as Nevap = kAB—];, where AFE is the trap
depth®. Efficient evaporation is possible when 7jevs, > 3, and the run-away regime even
requires 7evap > 5 in an harmonic trap. In practice, however, a very large 7evap leads to
very slow evaporation, so that 1ev., between 7 and 10 is a good compromise. In our case
this parameter 7oy, is of the order of 6 at the beginning and continuously decreases
down to 2.5 during evaporation. The decrease of 7eyap is an indication that the ther-
malization process is too slow in our cloud. Indeed, the initial density of ~ 10''cm™3
corresponds to &2 collisions per second, which leads to a long thermalization time.
Our typical 5s evaporation ramp is not slow enough as compared to this time, and an
out of equilibrium cloud is produced. This situation can be improved by increasing
the oscillation frequencies in the trap which will improve the initial density and the
collision rate.

5.4 Conclusion

We performed spectroscopic studies in the radio frequency dressed trap. We predicted
and observed three resonances, with different coupling strength, involving 1-, 2- and
3-photon processes. The dressing amplitude €2 is evaluated from the resonances and
found to increase linearly with the relative rf amplitude parameter 1. Using the knowl-
edge of the spectroscopy, we applied evaporative cooling to the rf dressed trap and
could see a reduction in the temperature together with a modest increase in the phase
space density. Even if the effect is likely less pronounced than naively deduced from
the temperature measurements along z, we believe that evaporative cooling indeed

6¢Atomes ultra-froids’ by J.Dalibard, Année 2006.
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takes place. However, it is not efficient enough to reach quantum degeneracy as our
starting conditions are not good enough. In particular, the initial density is too low.
One limitation in these experiment is the oscillation frequency in the x direction. As
we have only a few Hz along the x direction it is difficult to have an adiabatic transfer
of the atoms from the QUIC trap to the dressed QUIC trap. We observed a reduction
of the phase space density by at least a factor of ~ 4 while transferring the atoms from
the QUIC to the dressed QUIC. Increasing the oscillation frequency in the = direction
would reduce the time constant 7 &~ w; ! for the adiabaticity. This would help us to
fulfill the adiabaticity condition in the x direction. This would also help to increase
the evaporation dynamics as the collision rate would increase due to the increase in
the density. One solution to improve the situation of the evaporative cooling would
be to start from a quadrupolar trap instead of QUIC trap. The horizontal oscillation
frequencies are indeed larger in this case. As a starting point, we demonstrated the
loading of a dressed quadrupolar trap [43], which is presented in the next chapter.



|
Chapter

Ultra cold atoms confined in a
dressed quadrupole trap

The motivation of this study is the realization of a quasi-2D degenerate gas in situations
where a cylindrical symmetry in atom trapping is necessary. This particularly occurs
in the study of vortices generation [44] and dynamics either in the trapping geometry
of an oblate trap or in a toroidal trap [45]. The study of quantized circulation [45]
and related superfluid propagation phenomena [46] would particularly benefit of the
experimental realization of this circular geometry.

A quadrupole magnetic trap with the symmetry axis oriented in the vertical di-
rection constitutes a first step in the realization of an azimuthal symmetry trap. The
adjunction of a resonant rf can make this trap almost hermetic, the atoms being gath-
ered far from the zero magnetic field region. A region of low rf coupling is still present
and could induce atom losses; however, this region can be placed away from the center
of the atomic cloud, like in a TOP (Time Orbiting Potential) trap [47].

The question of loading a rf dressed quadrupole trap (DQ trap) from a reservoir of
atoms already stored in a loffe-Pritchard trap has been addressed in the thesis of of
O. Morizot [28,43]. Here, I will present results of loading the DQ trap directly from an
atomic vapor in a MOT. This would allow to apply evaporative cooling in the dressed
trap from the beginning, in a more favorable geometry where the horizontal oscillation
frequencies are larger than in the dressed QUIC. Since the quadrupolar trap at work
in our experimental set-up is oriented horizontally and hence not in the direction of
the gravitational field, the resulting geometry of the trap is not circular. For what
concerns the question of loading, this lack of circular geometry does not constitute an
important issue.

The chapter is organized as follows: I first explain the radio frequency polarization
effects in the quadrupole trap, then the loading schemes for dressing the quadrupolar
trap are presented and experimental results are discussed.
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6.1 Radio-frequency polarization effects in the trap

In this section I will explain the importance of rf polarization for dressing a quadrupolar
trap. Up to now, the effects of the rf polarization have been neglected. In the case of
the dressed QUIC trap described in chapter 3 and 5, the magnetic field at the position
of the atoms was essentially parallel to the z — z plane, having only a small component
in the y direction. With a rf source polarized along y, the coupling is then maximum
and the consequences of the small dependence of the coupling with position for off-plane
atoms were ignored. In a quadrupolar magnetic field however, the static magnetic field
takes all possible orientations which makes essential the role of the rf polarization. For
example, with a linear polarization along y the coupling vanishes along the y axis of the
quadrupolar field, resulting in holes in the dressed trap. This is explained in the thesis
of O. Morizot [28] and in Ref. [43]. In our case we start with an initial temperature of
~ 400 uK which leads to a continuous loss of atoms during the loading process, when
the dressing rf frequency w; is increased, as the atoms have enough energy to escape
through these holes. The presence of the holes reduces the lifetime of the dressed
atoms. Linearly polarized rf can work only if the initial temperature is low enough
such that the atoms are lying at the bottom of the bubble and don’t reach the holes at
the equator. Spontaneous evaporation of the more energetic atoms through the holes
was observed in the group in this situation [43].

To increase the life time in the dressed quadrupole trap, it is better to use a circu-
larly polarized rf (o, with respect to the quantization axis e,) which gives a maximum
coupling at the lowest point of the bubble trap where the static magnetic field is point-
ing downwards (towards —e,). The lowest point is a stable trapping location for the
atoms, due to gravity. The point of zero coupling sits at the top of the bubble, where
the direction of static magnetic field points upwards and where the atomic density is
minimum. In the equator we have half of the maximum coupling. This gives a bubble
with only one hole at the top which will be an ideal situation for our experiment. This
is the reason why we use to dress the quadrupole trap a circularly polarized o rf field,
with respect to the e, axis.

Let us now describe the static magnetic field. The magnetic field produced by the
quadrupole coils of axis y is given by

B.(r) =V (ze, + xe, — 2ye,) = By.(r)ez (6.1)

where V' is the magnetic field gradient in the z direction. One defines as X,Y and Z the
axis of the local frame attached to the static magnetic field. Z is the direction of the
static magnetic field taken as quantization axis. The atoms are attracted towards the
iso- B surface, which is a sphere contracted along the y axis, that is an ellipsoid given
by the equation ¢ = \/x? + 4y? + z2. ( is the “radius” of the bubble and is related to

wy through ¢ = . This is sketched in Figure 6.1. The distance to the vertical

grppb’
axis is defined as r = /22 + 4y?. Any point M (z,y, z) on the ellipsoid can be mapped
onto a point M’(x,2y, z) on the sphere of radius ¢ by a projection along y. Using the

spherical coordiantes one the sphere, any point on the iso-B surface can be written in
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terms of the angles # and ¢ where 6 and ¢ are the zenithal and azimuthal co-ordinates
of the point M’:

Figure 6.1: This figure shows a cut of the ellipsoid in the y — 2z plane. The ellipsoid is
contracted by a factor of 2 along the y axis. The radius of the ellipsoid along x and z
is given by ¢. The blue and red points at z = £/ represents the poles of the ellipsoids.

r = [{sinfcosp =rcosy (6.2)
2y = /{sinfsinp =rsingp .
z = [cosb. (6.4)
We can now write the circularly polarized o rf field By(r,t) as
Bi(r,t) = B_1e_(t) (6.5)
where
e_(t) = coswit e, —sinw;t e,,. (6.6)

Again, we assume that the rf field produced by the antennas is homogeneous on the
scale of the atomic cloud, with an amplitude B_;. Substituting Eq.(6.6) in Eq.(6.5),
we get

Bi(r,t) = B_j coswit e, — B_ysinwit e,. (6.7)

This field can be realized with two antennas of axis x and y and a phase shift of —7.
Now the unit vectors e, and e, can be expressed in terms of the unit vectors in the
local frame ey, ey and ez as follows:

e, = cospcosfex + cospsinfey + sinpey (6.8)

e, = —sinpcosfex —sinpsinfey + cospey. (6.9)
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Substituting Eq.(6.8) and Eq.(6.9) into Eq.(6.6) we get
e_(t) = cos(wit — ) cosbex + cos(wit — p)sinfey — sin(wit — ) ey. (6.10)

Now we can write the Hamiltonian of the system as

Hy(r,t) = gF;;BF.(BdC + By (r,1)). (6.11)

At every point r, Eq.(6.11) can be written as
Hp(r,t) = wo(r)Fz + V_q1(r,t) (6.12)
where V_;(r, ) is defined by the expression
Voi(r,t) =Q_1F.e_(t) (6.13)

B_
and Q_; = % is the Rabi frequency of the rf field.

We apply the same treatment as we did in the chapters 3 and 5 for the Hamilto-
nian Hr(r,t) to go to the frame rotating at the frequency w;. After a rotating wave
approximation, the interaction Hamiltonian Riv,l(r, t)R; is given by

RIV_y(r,t)R = Q_; (1 —cosh) |- cospFx + sin pFy] (6.14)

z T 2y
= Q,4(l—=)|——F — k. 1
1( €> [ r Xt r Y} (6.15)

We have removed the term in Fl, parallel to the static magnetic field, which does
not induce coupling between the spin states to first order. In the above expression
z = £/ indicates the two poles and z = 0 represents the equator. At any point of
fixed z on the ellipsoid, the coupling strength is equal to Q_; (1 — %) We see that
the coupling vanishes due to the term (1 — %) at the upper point z = +/¢ (minimum
coupling), and it gives a maximum rf coupling of 2Q2_; at the lower point z = —¢ where
the static dc magnetic field is pointing downwards. At the equator where z = 0, the rf
coupling strength becomes €2_; which is half its maximum value at the lower point. If
we would have used o circularly polarized rf wave for dressing the atoms, we would
have got a maximum coupling at the upper point (red point in Figure 6.1) which is
an unstable location for the atoms due to gravity, and a hole at the bottom of the
trapping shell.

To implement this experimentally, we use two rf antennas (kept orthogonal to
each other in x and y axis) and two rf amplifiers (10 W) after the 90 degree phase
shifter /power splitter (QE 01-412 Pulsar 1-10 MHz) as shown in Figure 2.12 to pro-
duce circularly polarized rf wave.

6.2 Loading Scheme

The quadrupole trap consists of two identical coils carrying opposite currents. This trap
clearly has a single center where the field is zero. This configuration cannot produce a
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BEC because atoms are lost from the trap due to Majorana spin flip transitions at low
B values near the trap center. Another consequence of the presence of this zero field
point is that it is not possible to dress the atoms from below the resonance as we did
in the QUIC trap (it would require a negative frequency). The usual loading method
doesn’t work in this case.

We use a different method to load the atoms into the dressed quadrupole trap. To
dress the atoms, we need a way to place them in a non zero magnetic field region.
We thus first load the atoms into a shifted MOT using a bias field in the z direction.
The atoms are then located 3mm away from the real zero of the quadrupolar trap.
The dressing is done after the molasses stage in the presence of a uniform z field for
optical pumping. To fix the position of the atomic cloud at this location rg (3 mm
away from the quadrupole center) the rf field is first ramped up to the pumping field.
After reaching this resonance both quadrupole trap field wy(ro, t) and rf field frequency
wi (t) are ramped together to maintain the atoms at the resonance location é(rg,t) = 0.
We fix the position of the atoms at resonance because this corresponds to a potential
minimum for the atoms. In the following section we give a detailed step by step
procedure of this loading scheme

1. the MOT is run in an offset vertical field of 2 G, done with a pair of Helmholtz coils
of axis z, such that the MOT is shifted 3 mm below the center of the quadrupole
trap.

Bias field = 2G

V

Figure 6.2: B, v/s z plot for a shifted MOT: O represents the MOT center and S
represents the MOT shifted by a distance of Az = 3mm in the z-direction after
switching on the shift coils to produce a vertical bias field of 2 G.

2. all the magnetic fields are switched off for the molasses (except the Earth mag-
netic field compensation).

3. a uniform field By, oriented along x is switched on for optical pumping, with
By, = 2G (it corresponds to a magnetic level spacing of 1.4 MHz in the F' = 2
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state). The energy is plotted versus z for the state mp = 2 in Figure 6.3. At this
stage, it is uniform.
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Figure 6.3: Energy v/s z plot in the upper dressed state mp = 2, for various steps of
the loading procedure.

4. the dressing rf field is then switched on at 800 kHz below the resonance with the
static field By,, and ramped up to the resonance (up to 1.4 MHz), see Figure 6.3.
The atoms are now dressed by the rf field, at the same position. This step has to
be done fast enough to avoid a displacement of the atomic cloud due to gravity.

5. the quadrupole field is then ramped together with the dressing rf frequency, in
order to keep the atomic position fixed (3 mm below the quadrupole center). For
this, we need to maintain the resonance condition w;(t) = wy(rop,?) at the same
position rog. This is shown in Figure 6.4 where the energy is plotted for various
values of the quadrupole field.

To maintain the resonance condition at all time ¢ during the loading ramp, the following

equation must hold:
hwl (t) = th(I'(), t) (616)

where wo(ro,t) = 2L B(ro, t) and B(rg,t) = \/BE, + (V'(t)Az)%. By, is the mag-
netic field in the z direction during the optical pumping, b'(t)Az is the field produced
by the quadrupolar coils at position (0,0, —Az), and ¥'(¢) is the quadrupole field gra-
dient in the z and z directions. b'(t) varies proportionally with the quadrupole trap
current Io(t), we can write 0'(t) = vIo(t). Now we can rewrite Eq.(6.16) as

wi(t) = @\/1 + (VA;—IQ@)Y (6.17)
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Figure 6.4: Plot of the energy in the extreme mprp = 2 dressed state versus z, for
increasing values of quadrupolar current: Ig =0, 0.3, 0.5 and 1 A. The slope becomes
steeper and steeper as the current through the quadrupole coils is increased. The
atomic position is maintained as Az = —3 mm throughout the quadrupolar ramp. The
effect of gravity is not represented in this plot.
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where v = 3.44G/cm/A, Az = 3mm and By, = 2G.

From the above formula we can deduce w; for a given value of I, so that we keep
the distance Az = 3 mm, all the time during the ramping stage. A typical ramp used to
load the atoms to the dressed quadrupole trap is shown and commented in Figure 6.5.
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Figure 6.5: Typical shape of a radio frequency ramp applied to the atomic sample. In
the present example w; /27 (dotted red line) is increased from 0.8 MHz to 7.36 MHz
within 5ms. wy is the total magnetic field in units of frequency at the position of the
atoms. The sequence is decomposed into 3 steps: step 1: a 0.5ms stage where the
frequency is maintained at 0.8 MHz for adiabatic switching of the rf source; step 2:
the rf frequency is ramped up to 1.4 MHz after the optical pumping stage (1.4 MHz
corresponds to the resonance set by the pumping field) in 1.5ms; step 3: once the
resonance is reached both the rf frequency and quadrupole field are ramped together
in 3ms up to 7.36 MHz, which corresponds to a current of 10 A in the quadrupolar
coils.

6.3 Experimental results

We applied the procedure described in the last section to successfully load atoms from
a molasses into a dressed quadrupole trap. Two absorption pictures of the DQ trap
after 5s of trapping, taken after a short time of flight of 4ms, with a final frequency
of wy/2m = 9.72MHz and a rf power of 25 W are shown in Figure 6.6.

We studied the influence of different parameters on the loading efficiency and the
lifetime in the DQ trap. The effect of reversing the polarization from o to o is shown
in Figure 6.6 (right). It is clear from these absorption images that is has a dramatic
effect on the loading efficiency. As the lifetime in the case of o polarized rf field is
very short, we rather compared the life time in the DQ trap using circularly polarized
o, rf field with life time obtained with a linearly polarized field, at a final frequency
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Figure 6.6: Left: absorption image of the DQ trap loaded using a o, polarized rf
field after 5s holding time, with a final rf frequency of 9.77 MHz and a rf power of
25 W. Right: DQ trap in the same conditions except the polarization of the rf field,
which is now ¢ polarized. The polarization is changed by interchanging the 0 and
90 degrees output of the rf phase shifter/power splitter. The time of flight is 4 ms for
both pictures.

of 9.72MHz and a rf power of 10 W. We found an improvement of the life time from
15s to 19s after using a o, circularly polarized rf field with respect to the linearly
polarized case.

The life time and the number of atoms in the DQ trap were also compared for
various values of the rf power up to a maximum power of 25 W, at the final frequency
of 9.72 MHz and using a linearly polarized rf field, see Figures 6.8 and 6.7. We found
that the life time increased continuously with the rf power, up to 19s at 25 W. However,
it seems to saturate at the maximum power of 25 W. The number of atoms measured
after 5s in the DQ trap increases linearly with the rf power (Figure 6.7). We don’t
see any saturation effect in this last case at the maximum power available in the
experiment.

These plots indicates that if we put more power by upgrading our 25 W rf amplifier,
it would be possible to increase the number of atoms in the DQ trap. We were also
limited by the rf power splitter/phase shifter as it cannot work efficiently above 10 MHz
(the maximum frequency was 10 MHz according to the specifications of the QE 01-412
Pulsar 1-10 MHz). This is the reason why most of the experiments were done at a final
frequency of 9.72 MHz. This prevented us to go to higher values of magnetic gradients
for the quadrupole where we could have compressed more and would have a larger
density.

We measured the temperature of the atoms in the DQ trap for various values of the
holding time by a time of flight experiment. We saw a reduction in the temperature by
increasing the holding time. At ¢ = 0, the initial temperature is 7" = 345 uK whereas
at t = 1s it drops down to T" = 285 uK for a linearly polarized rf field of frequency
9.72 MHz, at the maximum power of 25 W. This cooling effect is certainly due to a self
evaporation of the hotter atoms from the trap, through the holes at the equator of the
trapping ellipsoid. This issue will be addressed by using a circularly polarized field and
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Figure 6.7: Number of atoms remaining in the DQ trap after 5s of trapping, as a
function of the rf power. We see a linear increase in the number of atoms with the
rf power. This experiment was done at a final rf frequency of 9.72 MHz and with a
linearly polarized rf field.
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Figure 6.8: Life time in the DQ is plotted as a function of the rf power. We see an
increase in the life time and it gets saturated near to 25 W rf power. This experiment
was done at rf end frequency of 9.72 MHz and using a linearly polarized rf.
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replacing the phase shifter by a device allowing a larger rf frequency, as the radius of
the trapping surface could be larger and the evaporation less likely.

6.4 Conclusion

In conclusion, we demonstrated in this chapter a scheme for dressing cold atoms directly
in a quadrupole configuration, realizing a dressed quadrupole (DQ) trap. Atoms are
prevented to escape through low rf amplitude ‘holes’ by using a circularly polarized
rf field. This helped in improving the life time of atoms in the DQ trap. We also
showed a strong dependency in the life time and number of atoms in the DQ trap with
the rf power. It may be possible to increase the number of atoms by increasing the
rf power further by upgrading our amplifier, which seems to be very promising. In
future the next step will be to perform evaporative cooling in the DQ trap down to
quantum degeneracy. This system will be very interesting to make a ring trap and to
see persistent currents by rotating the ring trap [24].
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Chapter

Conclusions

The motivation of my Ph.D work was towards confining atomic Bose-Einstein conden-
sate (BEC) into a ring geometry. The ring trap is a simple situation of a multiply
connected space rendering the study of a persistent atomic current attractive [48].
The realization of this trap is based on a mechanism where radio frequency and optical
dipoles couplings contribute to the creation of a quasi-two dimensional BEC subse-
quently loaded into a ring trap. This route to a ring BEC has been theoretically
studied in the group of V. Lorent and H. Perrin [24].

As a first step towards the ring BEC we have prolonged the experimental investi-

gation of loading a rf dressed trap with a BEC.
On the overall this experience has not reached the quantum degeneracy in a flat rf
dressed trap. Several identified reasons have been examined : (i) heating of the atomic
cloud due to the technical noise coming from the rf source used to dress the atoms
and, (ii) heating coming from the non adiabatic deformation of the trapping potential
when the atoms are transferred from the static magnetic trap into rf dressed trap. We
did an intense study on the influence of various rf sources which is explained in our
paper [36]. We have improved the life time and reduced the heating rate after fulfilling
the rf requirements explained in the paper [36]. Still we failed in transferring the BEC
directly from a static magnetic trap to rf dressed trap. A heating mechanism comes
from the fact that periods of oscillations in the radial directions of the elongated rf
dressed trap are unavoidably longer than the typical duration of the trap loading. The
adiabaticity condition is never satisfied in this context. To overcome this difficulty it
has been decided to dress the atoms first and then to perform evaporative cooling in
a similar way it is made in a static magnetic trap. This has been theoretically studied
in the group and published in 2006 [23].

In the present thesis, a better understanding of the evaporative cooling in a rf
dressed trap has been made by a more extensive study in spectroscopy. It has been
found that unlike the situation of evaporative cooling by rf outcoupling inside a static
magnetic trap, a probe rf field nearly resonant with the energy spacing between rf
dressed states exhibits multiple resonant transitions. Evaporative cooling has been ex-
perimented by sweeping in frequency a second rf field close to the observed transitions.
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It has been found that evaporative cooling is efficient only with two photon transition.
With the present parameters of experiment the phase space density has increased by a
factor 8 only and quantum degeneracy is still far from reach. One way to render evapo-
rative cooling in a dressed trap more efficient in quantum degeneracy is to increase the
radial frequencies of the trap. This has been tested with a static quadrupole trap which
yields larger trap frequencies. The magnetic field of a quadrupole is oriented mainly
longitudinally in all directions. The polarization of the rf field becomes an important
parameter since the rf coupling will asymptotically vanish in some directions of space.
It has been found that a circular polarized o rf oriented in the vertical radial direction
of the quadrupole is a suitable choice. The loading of a rf dressed quadrupole trap is
also an issue. We have tested two mechanisms. The transfer of atoms from a dressed
loffe-Pritchard (QUIC) trap to a dressed quadrupole trap has the drawback of a fifty
percent loss of atoms due to a transient in a zero magnetic field. A scheme to load
directly the atomic cloud from a magneto optical trap to the rf dressed has been tested
and has been proved to be more efficient.

The immediate future of this experiment is to perform evaporative cooling in
the dressed quadrupole trap and possibly to reach quantum degeneracy. The radial
strength of the dressed trap will be reinforced by the help of a dipole potential obtained
produced by a red detuned laser piercing the centre of the magnetic quadrupole trap.

On the other hand the idea of combining a blue detuned optical standing wave in the
vertical direction to the rf dressed trap as proposed in [24] can be applied here to load
the atoms into a circular geometry. Thus the quadrupole geometry with a symmetry
axis oriented in the vertical direction is ideal for the realization of a isotropic quasi-2D
degenerate gas [49] or an atomic ring [24].

Once the atomic ring is created it could be stirred by an application of a periodic
perturbation [24,44,45]. This will initiate persistent currents in the atomic ring which
has been explored in some theoretical papers [50-53] and experimentally by [45]. In
a superconductor, persistent flow is electrical current without resistance: current in a
loop of superconducting wire will flow essentially forever. In a superfluid [54] such as
liquid helium below the lambda point, the frictionless flow allows persistent circulation
in a hollow toroid. Persistent flow of a BEC could be used to understand the funda-
mental relationship between superfluidity and Bose-Einstein condensation, especially
in one- and two-dimensional systems. For example, a strongly interacting 1D gas is
predicted to show superfluidity [55], although such a system does not Bose condense.
Superfluid flow of quantum gas in a ring geometry raises new interesting possibilities.
For example, with the addition of a quantum tunnel barrier, acting as a Josephson
junction, the analog of a superconducting quantum interference device (SQUID) could
be realized for a gas of atoms [56]. The UC Berkeley team has created a Bose-Einstein
condensate of rubidium atoms and nudged it into a circular racetrack 2 millimeters
across, creating a particle storage ring analogous to the accelerator storage rings of
high energy physics [57]. Apart from basic physics, however, the millimeter storage
rings could be used as sensitive gyroscopes to detect minute changes in rotation. If
a ring could be created with two BECs traveling in opposite directions, the quantum
interference pattern the two matter waves create would shift with rotation, allowing
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exquisitely sensitive detection of rotation for use in research or navigation systems for
satellites or aircraft. In the group of V.Lorent and Hélene Perrin future plan of study
include quantized circulation, which is seen in superfluids and superconductors.
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Résumé

Le refroidissement évaporatif d’'un nuage d’atomes de rubidium ultra froids a été étudié dans
le cadre d’un piégeage radio-fréquence dans un champ magnétique inhomogene de type loffe-
Pritchard. Contrairement a la situation rencontrée dans les pieges magnétiques statiques ou
une transition radio-fréquence a un photon est utilisée pour controéler la hauteur du piege, nous
montrons qu’une transition a plusieurs photons est nécessaire pour controler la hauteur d’un
piege habillé par un champ radio-fréquence. L’efficacité de I’évaporation n’est pas identique
pour toutes les transitions : une transition a deux photons s’est avérée la plus efficace par
rapport aux autres. Des résultats préliminaires de refroidissement évaporatif sont discutés.
La dégénérescence quantique, qui est le but poursuivi dans le refroidissement évaporatif, n’a
pas été atteinte : la tres grande anisotropie du piege rendant pratiquement impossible la ther-
malisation a l'intérieur du piege. La dégénérescence quantique dans un piege radio-fréquence
trés anisotrope pourrait étre satisfaite par la transformation adiabatique vers ce piege a partir
d’un condensat de Bose-Einstein produit dans un piege magnétique de type loffe-Pritchard.
Les expériences qui ont été réalisées dans ce sens ont été négatives : les fréquences latérales
du pieges radio-fréquences sont trop basses pour assurer une transformation adiabatique en
un temps raisonnable pour 'expérience. La fin de la these expose des résultats préliminaires
de piégeage d’atomes dans une configuration magnétique quadrupolaire, cette derniere con-
figuration conduisant a des fréquences d’oscillation de piege plus élevées dans les directions
latérales.

Mots clés : condensat de Bose-Einstein — gaz 2D — rubidium — atomes habillés — champ
radiofréquence — potentiels adiabatiques — spectroscopie — refroidissement par évaporation

Abstract

In this thesis, I describe the spectroscopic investigations and preliminary results of evaporative
cooling of rubidium atoms done on a magnetic trap dressed with a radiofrequency field. Unlike
the case of a static magnetic trap, where a single radiofrequency photon is used to outcouple
atoms we have demonstrated that a multiphoton transition is necessary. This transitions are
nearly resonant with the energy spacing of the radiofrequency dressed states. The evaporation
efficiency is not the same for all the observed transitions: the transition involving a two photon
process is more efficient compared to the others. Preliminary results of evaporative cooling in
a radiofrequency dressed trap are discussed. The quantum degeneracy is not reached as it is
difficult to reach thermalization due to the strong anisotropy in the trap. A way to render the
evaporative cooling more efficient is to increase the horizontal oscillation frequencies. Finally,
we discuss a method to load the atoms into a radiofrequency dressed quadrupole trap, leading
to large oscillation frequencies in the horizontal directions.

Key words : Bose-Einstein condensation — 2D gas — rubidium — dressed atoms — radiofre-
quency field — adiabatic potentials — spectroscopy — evaporative cooling



