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Abstract

Mediated interactions are of broad interest in physics, ranging from high energy to condensed matter
physics, and recently in systems of ultracold atoms [1-5]. All four fundamental interactions in the
standard model have a bosonic mediators, which are elementary particles. In condensed matter and
ultracold atoms, interactions are mediated by low energy excitations of the system which can be either
of bosons or fermions and can change the ground state of the system and its phase.

In a metal, electrons can exchange phonons (excitations of vibration modes of the surrounding
crystal) resulting in an attractive mediated interaction. At low temperatures this interaction leads
to the formation of cooper pairs of electrons and BCS superconductivity. Electrons can also play the
role of mediators, as two impurity ions in the crystal can exchange a fermion-hole excitation of the
surrounding Fermi sea of electrons, leading to a long range Ruderman—Kittel-Kasuya—Yosida (RKKY)
interaction [6-8]. Which was observed in solid state systems with spectroscopy measurements of the
ion impurities [9]. RKKY interactions are of interest in other systems such as graphene, quantum
dots and ultracold atoms. RKKY interaction can be intuitively understood - A boson immersed in a
Fermi sea induces a perturbation to the fermion density that oscillates with a typical length inversely
proportional to the Fermi wave-number &y, known as Friedel oscillations [10]. When another boson
interacts with the deformed Fermi sea, interaction is mediated between the bosons.

Ultracold atoms are a platform for measuring mediated interactions, the high degree of control in
these systems allows for a direct measurement, and control over the number of impurities, controlling
the strength of interaction is possible with a Feshbach resonance. In a mean field approximation, the
effect of mediated interaction is clear and can be measured with spectroscopy. There is an increasing
interest in mediated interactions as a way of generating long range interaction between atoms, which
can be used in different configurations to observe interesting phases and extending the Bose-Hubbard
model [2].

We report on the first measurement of RKKY-like magnetic interaction between bosonic atoms
in a Bose-Einstein Condensate which is mediated by virtual excitations of a quantum degenerate
gas of fermionic atoms. Our observations were done using precision spectroscopy of the bosonic clock
transition. We measured frequency shifts caused by interactions in our Bose-Fermi mixture and isolated
the contribution of fermion mediated interaction. We measured an increase of spin-spin interaction
between bosons by more than 40% in the presence of fermions. This result is in good agreement

with theory and another recent mechanical measurement of a spinless analog of RKKY [4]. We also



measured an increase in the decoherence rate in the presence of fermions, another indication of mediated
interaction.

Mediated interaction can lead to the future study of magnetic phase transitions and will allow for
exploration of the physics of magnetic impurities in metals, such as the Kondo effect, using ultracold
atomic gasses. Our method is general and can be used to measure other types of mediated interaction
or close to a Feshbach resonance where the interaction diverges.

In the second part of this thesis, I describe a novel method for measuring interactions in a cold
atomic cloud with unbalanced dynamic decoupling scheme. It is a general method that uses MW
pulses to decouple the system from the environment and reduce noise while accumulating a phase due
to inter species interactions between atoms. These interactions are of particular importance in polaron
physics [11-14], where a minority of atoms in one state are strongly interacting with a majority of
atoms in another state. Each minority atom is dressed by interacting with the other atoms, and it can
be regarded as a quasi-particle with a finite lifetime known as polaron. Our method can also be used
for spin squeezing, as it twists the Bloch sphere due to the interactions. We measure a scattering length
difference between different states for three atomic transitions with high accuracy and high signal to
noise ratio. Two of the transitions are magnetic sensitive, showing the strength of the method in

overcoming strong magnetic noises.
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Chapter 1

Introduction

Experiments with ultracold atoms have become a fundamental tool in physics research. The first
experimental realizations in 1995 of Bose-Einstein condensation (BEC) in dilute atomic gases [15,16]
marked the beginning of a very rapid development in this field. Ultracold dilute gas clouds provide a
controlled and isolated environment to explore many-body physics phenomena, such as: bosonic and
fermionic superfluids [17,18], quantum phase transitions [19], supersolids [20—-22], anti-ferromagnetism
[23], many-body localization [24-26] and much more.

Experimentally these systems are attractive to work with, since atoms can be manipulated by
lasers and magnetic fields with high precision. These tools are used to control the state of the system
and reach interesting and non trivial quantum many-body states. A direct measurement of local
properties that are not easily accessible in other many-body systems can be achieved by imaging the
atoms momentum and position density. Tuning atomic interactions with Feshbach resonances [27, 28|
is another powerful tool that allows experimentalists to challenge many-body theories and explore
systems with long range correlations and strong interactions where theory is not available.

There is an ongoing effort in the cold atoms community to simulate condensed matter systems
with ultracold fermions, some main examples are - artificial graphene with cold atoms [29], Haldane
model [30], direct observation of anti-feromagnetic order on a microscopic level [23] and transport
measurements of a bad metal [31]. Looking at these systems on the single atom level, using a quantum
gas microscope [32-34], is another step in achieving a true quantum simulator, as proposed by Richard
Feynman in the 1980s [35].

Interactions play a crucial role in these systems, as they change the physics from a single particle
picture to a many-body problem. Ultracold atoms interact via Van der Waals potential, which is
proportional to %6 (where r is the distance between two atoms). In the ultracold regime, due to the
low momenta and long wavelength of the atoms, only s-wave scattering is significant and the potential
is well approximated by a contact potential ,Vy g (7) TjO g6 (r) where g is the interaction strength.
When an atom scattered from many atoms around it, it gains a phase that is proportional to the
density of atoms n, similar to light passing through a dielectric material. This phase is related to a

mean field energy shift 6E,,; = gn, it changes when atoms are in different internal states |1), |2)



and causes density dependent frequency shifts for atomic transitions A fio = % (6E7(3} — 6ES}), here
h is the Planck constant. While these shifts have an undesirable effect on atomic clocks that causes
systematic errors in frequency [36-38], measuring them tells us about interactions in the system, and
for strong interactions they can be used for spin squeezing [39].

My PhD work is centered around measuring these mean field frequency shifts in two different sys-
tems, a quantum degenerate mixture of bosons and fermions and a condensed Bose gas with imbalanced
populations. In the first experiment (see chapter 3) we measured a mean field shift that stems form
a spin-spin fermion mediated interaction between bosons, analogous to RKKY interaction in solids.
Our experiment is similar to the first observations of such interaction in the 1950s and 1960s [9],
where spectroscopic measurements of impurities in a crystal showed a dependence on the number of
impurities. An observation that was later explained theoretically by Ruderman, Kittel, Kasuya and
Yosida [6-8]. In our system we were able to change the number of bosons and measure frequency shifts
with and without fermions, thus isolating the shift caused by mediated interaction. This interaction
has a long range ( decays as %3) and it can be tuned using a Feshbach resonance, which can make it an
exciting new tool in ultracold atoms experiments. Several theoretical proposals to observe interesting
phases of matter using mediated interactions have been suggested [2,3,40].

In a second experiment we used a novel unbalanced dynamic decoupling scheme to measure a specific
term in the frequency shift that is sensitive to population imbalance and inter-states interaction. Our
method could be relevant for polaron physics as it allows to measure inter-states interactions with high
precision and long coherence time. A polaron is a quasi-particle that emerges when a small number
of atoms interacts strongly with a large reservoir of atoms, the minority atoms get dressed and form
polarons. Originally suggested by Frohlich [41] for an electron moving in a solid state crystal, but
recently observed in ultracold gasses in different settings [11-14] (Bose polaron, Fermi polaron etc.).

The sensitivity of the frequency shift to population imbalance generates an on axis twist in the Bloch
sphere, which has been used for spin squeezing. While those measurements used strong interaction to
get a spin squeezed state, we can use the long coherence time that is gained from dynamic decoupling
to achieve that in the weak interaction regime.

In chapter 2 I describe our experimental setup, focusing on more recent improvements that allowed
us to produce a quantum degenerate Bose-Fermi mixture, and explaining our spectroscopic techniques
that were later used in the experiments. The main part of the thesis is a detailed description of our
theoretical framework and experimental results for measuring fermion mediated interactions (chapter
3) and twisting the Bloch sphere with dynamic decoupling (chapter 4). I conclude in chapter 5 and

propose some further research that can be done on these projects.



Chapter 2

Experimental Setup

Figure 2.1: Schematic view of our experimental apparatus. Vacuum pumps (1-4) connected to three
vacuum cells, - 2D MOT chamber (5), 3D MOT chamber (7) and science cell (8). The cells are
connected with differential pumping tubes and a gate valve (6).

A detailed description of our experimental setup can be found in previous thesis in our group [42,43],
I present here a short description and focus on the main advances in our setup over of the past two
years, which allowed us to measure fermion mediated interaction in a Bose-Fermi mixture and perform
dynamic decoupling using microwave (MW) pulses.

Our apparatus is built of three vacuum cells, a 2D-MOT (Magneto Optical Trap) cell connected
to a 3D-MOT cell which is connected by an L shaped tube to a small glass cell (Science cell), the
connections between the cells have a differential pumping section that allows for UHV in the 3D-MOT
(~ 10719 torr) and Science cell (< 107! torr). A gate valve is placed between the 2D and 3D MOT
cells which allows opening of the 2D MOT cell for changing dispensers.

The 2D-MOT cell is used to capture rubidium and potassium from vapor and cool it in two

directions, and produces a beam of low velocity atoms moving towards the 3D MOT. Where we trap



and cool the atoms in all directions, we then compress the MOT and cool the atoms using Sisyphus
cooling. After a short pulse of optical pumping to the stretched states of each atom, which are
magnetically trappable, we turn on a quadrupole magnetic trap (~ 180 G/em). Using 15 pairs of coils
we move the magnetic potential electronically and transport the atoms adiabatically to the Science
cell.

In the Science cell we trap the atoms in a strong quadrupole trap (~ 300 G/em), which is then
transformed into a quadrupole-Toffe-configuration trap (QUIC) by turning on the current in another
smaller coil. In this trap, which has a bias magnetic field of ~ 4.6 G, we perform forced RF evaporation
from a few hundred pK to ~ 1 uK in 38 Sec. The potassium atoms are not effected by the RF due to
their lower Zeeman splitting by a factor of ~ 2.25, thus they are not removed by the evaporation and
have to thermalize with the rubidium atoms to get colder (sympathetic cooling). At the end of this
evaporation process the atoms are transferred to a crossed dipole trap, generated from a high power
Nd:YAG laser (Mephisto 42W, at 1064 nm wavelength).

After a final stage of evaporation we have a Bose-Einstein condensate (BEC) of ~ 5x10° 37 Rb atoms
in at thermal contact with a degenerate Fermi gas (DFG) of ~ 1.4 x 10° °K atoms in an harmonic
trap of frequencies wy , , = 2w x (1 27,39,111) (wy ., = 27 x ( 29,49, 182)) for bosons (fermions) at a
temperature of ~ 90 nK (T/T, ~ 0.55 and T/T; ~ 0.35, where T, is the critical temperature of the
BEC and T is the Fermi temperature of the DFG).

2.1 A quantum degenerate Bose-Fermi mixture

To get a quantum degenerate Bose-Fermi mixture we use forced evaporation a QUIC trap and a dipole
trap. In the QUIC trap the evaporation is performed by an RF radiation that transfers the hottest
rubidium atoms from a trapped state (u > 0) to an anti trapped state (¢ < 0) and thus removing
them from the trap. After 2-3 collisions the atoms re-thermalize and get to a colder temperature. The
potassium atoms are cooled by sympathetic cooling.

In the past our sympathetic cooling wasn’t efficient enough and our potassium atoms would not
cool down below ~ 100uK, due to a Ramsauer-Townsend minimum [44]) in the rubidium-potassium
collision cross section and the short lifetime we had in the optically plugged magnetic trap due to
magnetic noises in the 0-400 kHz range. Once we had a QUIC trap, our heating rate was lower and
the lifetime was much longer which allowed a longer and more efficient evaporation. However, at some
point we get similar number rubidium and potassium atoms and then sympathetic cooling is no longer
efficient and we have to move the atoms adiabatically to a dipole trap where we evaporate by lowering
the trapping potential depth for both species, thus potassium atoms are lost as well which allows us
to continue cooling the mixture.

We get to quantum degeneracy after 38s evaporation in the QUIC trap and 5s evaporation in the
dipole trap, which is probably a little longer than we could optimally but is more robust. We get
a few 10°rubidium and potassium atoms, with an almost pure BEC and T—I; ~ 0.25 — 0.35. While

the transition to a BEC is easily observed by looking at the momentum distribution of the rubidium
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atoms as it changes from a Gaussian profile to an inverted parabola, the transition to a DFG is more
subtle in a harmonic trap and effects mostly the edges of the momentum distribution. The momentum
distribution for a thermal classical Boltzmann gas in a 3D harmonic trap is :

N »?
np)=-—— -5z TFBT
(2rmKpT)>/*

for a degenerate Fermi gas:

1 [(KzT\*? o

After expanding for time t, and integrating in one dimension the optical density is:

cs K T 2 7i7£
OD (z,y) = Zo m 3B ) Liy <36 207 203
20/(1+w2t2) (1 4w2e2) T

. . . . . . . 1/3
where o, is the absorption cross section, w; is the trapping frequency in axis i, @ = (wWywyw.) / , T

is the temperature, m the atomic mass, N is the number of atoms, o; = Ifnﬁg (1 + w?tz), and 3 is the

fugacity. Lis(z) = > poy Z—k is the Polylogarithm function. The differences between the distributions
are small and are mostly seen around the tails of the distribution, we have to average azimuthaly
over the image and fit to see a difference between the Gaussian and polylog profiles. We can also use
the measured temperatures atom number and trap frequencies to estimate % (Ep = hw (6N)1/3).
Our results show a clear indication of Fermi degeneracy in both methods, and their comparison is
reasonable considering the accuracy of measuring number of atoms. We also measure the temperature
of the bosons (the thermal part) and see that it is comparable to the temperature we get from the

fermions.
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Figure 2.2: Quantum Degenerate Bose-Fermi Mixture - (a) Image of a BEC after 20 ms time of flight,
showing a high OD, anisotropic shape and bi-modal distribution in the column density (top panel). (b)
Image of fermions after 12 ms time of flight (left panel) The fermions image shows a larger momentum
distribution compared to the BEC and lower OD. After azimuthal averaging we can compare polylog
fit to a Gaussian (right panel) and show it is indeed a degenerate Fermi gas. From the fit we get

% ; = 0.29 £ 0.01 in good agreement with a calculation from number of atoms, trap frequencies,
it
and temperature Tl = 0.3 £+ 0.05.
Fleale

2.2 Microwave and RF spectroscopy

To detect mean field frequency shift we use RF and microwave (MW) spectroscopy for potassium
and rubidium respectively. We generate frequency from several homemade and commercially available
frequency generators, all are locked to an atomic clock signal at 10 MHz to get long term stability. Our
RF antenna is composed of two loops with a 5 ¢m diameter in Helmholtz configuration with ~ 5 cm
distance from each side of the atoms. Our MW antenna is a horn antenna with a gain of ~ 12dB , both
signals are amplified to ~ 10 Watt before the antennas. We use frequency sweeps to get the atoms
to the absolute ground state after loading them to the dipole trap from the magnetic trap, rubidium
is in state|F = 1,my = 1) and potassium is in state |F = ,my = —3), where F is the total angular
momentum and my is the spin projection on a quantization axis.

To detect population transfer in rubidium we use a normalized detection scheme , we take two
consecutive images with a short repump pulse between them to get all atoms to F = 2 manifold. In

the first image only atoms in F' = 2 are imaged, and in the second image we image all of atoms, from

No
N1+Na

populations in different spin states we use a Stern Gerlach (SG) measurement where we release the

the 2 images we get P = (where Ny o is the number of atoms in F' = 1,2 manifolds). To detect
atoms from the trap and let them expand with a magnetic field gradient so each states appears in a
different position in the image.

Our MW spectroscopy is done on the hyperfine levels of rubidium at 6.834 GH z, we use magnetic
sensitive ( |1,1) — |2,2),and |1,1) — |2,0)) and magnetic insensitive transitions (|1,0) — |2,0), clock
transition). With one MW pulse we perform Rabi pulse length scan and frequency scans (Figure 2.3)

12
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Figure 2.3: Rabi Spectroscopy - (a) Rabi Spectrum for |1,1) — |2,0) transition with a pulse length of
98 1S . The spectrum is power broadened and has a the shape of sinc?(x) function with a width of
~ 5 kHz , the pulse is a squared pulse. The displayed frequency is the detuning from the |1,0) — |2,0)
transition at 6.834682 GHz. (b) Rabi oscillations on the clock transition |1,0) <> |2,0), the atoms start
at |2,0) and oscillate between the 2 states with a Rabi frequency of ~ 5 kHz, an almost full contrast
shows we have all the atoms in a single spin state.

to calibrate our pulse length and frequency and detect magnetic field fluctuations over time. With
two pulses separated by a Ramsey time tp we perform Ramsey time scans to detect frequency shifts
(Figure 2.4) on the clock transition. In a Ramsey time scan we usually use a detuning of 150 Hz

compared to the transition frequency at zero magnetic field.
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™
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Figure 2.4: Ramsey Spectroscopy - Evolution of the population in the |2, 0) while scanning the Ramsey
time between 2 pulses on the clock transition with a constant detuning. (a) For a thermal cloud at
a temperature of ~ 0.6 puK, decay time is ~ 0.5 sec. (b) For a pure BEC, decay time is ~ 20 ms.
Decay of the signal a BEC is much faster, indicating the main source of decoherence is inhomogeneous
density frequency shifts in a BEC. We use this type of measurement with/without fermions and for
different boson densities to measure boson-fermion frequency shifts and mediated interactions.

We use Ramsey spectroscopy on magnetic sensitive transitions to detect 50 Hz noise in our lab.

For this measurement we synchronize our pulses to the 50 Hz signal from the power grid in our lab.
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We then perform a Ramsey sequence with constant Ramsey time and scan the phase of the second
pulse. We change the time delay between the 50 Hz signal and the MW pulses (figure 2.5 )and get
a phase shift that is related to the amplitude of the 50 Hz signal ¢ = (u2 — p11) Bso, here d¢ is the
peak to peak phase shift over our time delay scan, y; o are the magnetic moments of the atomic states
and Bsg is the peal to peak magnetic noise at 50 Hz. We get 0.89 mG peak to peak amplitude of the
magnetic field at 50 Hz, we do not detect any other significant noise frequencies in our measurements.

10 15 20 25 30
Delay Time from 50Hz Sync (ms)

Figure 2.5: 50 Hz Noise - Ramsey phase scan with Ramsey time of 0.8ms, magnetic sensitive transition
[1,1) — |2,0). Changing the delay time between our |Ramsey pulses and 50 Hz square pulse we get
from the electricity network in our lab. We measure a phase shift that is proportional to the magnetic
field noise at 50 Hz as seen by the atoms. We get 0.89 mG peak to peak amplitude of the magnetic
field at 50 Hz, with no major components at multiples of 50 Hz.

We use RF spectroscopy to transfer potassium to its ground state. To measure spin states of
potassium we release the atoms from the trap and apply a strong magnetic field gradient to separate
the states during time of flight (a Stern Gerlach measurement), using RF field we can drive transitions
from |%, —%> > }%, —+—%> and follow the clouds position in the image (Figure 2.6). Rf pulses are part of
our future plan to use a scheme interleaved dynamic decoupling on rubidium and potassium together

to measure mediated interaction (see more detail in summary and outlook).

Time

Figure 2.6: RF Rabi Oscillation - Fermions images after time of flight in a constant magnetic gradient
(Stern Gerlach) for different RF pulse lengths. The atoms start at the bottom of the image (state

2,—3)) and gradually move to the top of the image (state|3,2)) through different superposition of

207 2
spin states. Time difference between 2 consecutive images is 10 uS. The cloud size and position are

used to identify pure spin states.
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For a long time we have suspected we have RF noise in our lab in the range of 10 — 1000 kH z.
To measure it we start our rubidium atoms in state|l,1) in the dipole trap and wait in a constant
magnetic field B for time tj,q ~ 2s and perform a Stern Gerlach measurement to see if some of the
atoms transferred to a different spin state due to RF noise in our lab. By scanning the magnetic field
and hold times we could measure the spectrum and strength of our RF noise (Figure 2.7). To find the
source of the noise we tried measuring it with a magnetic coils in different places in the lab, we found
that the noise is caused mostly by switching power supplys that create noise to the electrical ground
in our lab. This noise is radiated on the atoms by the trap coils, to avoid it we had to physically
disconnect the coils from the ground by relays, as IGBTs and MOSfets can let noise at RF frequencies
pass. Our future plan is to change all the power supplies to linear ones that have much less ground

noise.

My = 1
~4--m =0
08} mf=1 08f
Sos6f ' § 06
g ¢! E
o bt g
g 04 1 4o m =1
& * l,*\ 4-m=0
AV i -1
i i 4 m;
LAY A it ]
v A0 g ». R
e AL F I AN YO/ U VS S —
e RV LR YL YTV R T IO S . '
: : : 0 0.2 04 06 08 1
0.4 0.6 0.8 1 Coil Current (A)

Coil Current (A)

(a) (b)

Figure 2.7: RF Noise Spectrum - Population of rubidium atoms after 2s holding time in different
magnetic fields, controlled by the current in pair of Helmholtz coils. Atoms start at a state my = 1,
RF noise transfers them to other states. (a) In our first measurement the noise was very wideband,
and we get a mixed states in currents up to 0.45 A (~ 500 kHz ). (b) After disconnecting the trap
coils from the ground with relays, and changing some power supplies in the lab, we reduce the noise in
most frequencies and only several peaks of noise at specific frequencies remained. We could not find a
specific source for those frequencies.
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2.2.1 Dynamic decoupling

Dynamic decoupling is a well known method for decoupling a system from its environment and conserv-
ing its state for long times. It applies to classical and quantum systems, and has been demonstrated
in NMR [45-47], spins in solids [48,49], trapped ions [50-54] and ultracold atoms [55,56] (and can
also be done with a simple hourglass!). In a quantum 2-level system, the simplest form of dynamic
decoupling is adding a 7 pulse in the middle of the Ramsey sequence - Han echo [57]. The sequence is
a /2 pulse - wait time Ty~ 7 pulse - wait time Ty, - /2 pulse. Each state gets a phase according
to its energy FEj 2, and because of flipping the states with a 7 pulse, both states get the same phase
(global phase) and coherence is conserved. This holds true as long the phase gained on both arms of
the echo is equal, it can be different if the environment or system changes during the sequence.
The evolution of the state between the 7/2 pulses is :

1 1 . . x putse 1 . .
72 (1) + |2)) M \ﬁ (efz%Tmm 1) + efz%Tarm |2>) P_1>se ﬁ (e%%Tam |2) + e—z%Tmm ‘1>>
1 .
Ty o= i(F4T)Tarm (1) 4 |2))

V2

it is clear that the state only gets a global phase as long as Ej 2 are constant during the sequence.
This sequence cancels Zeeman energy shifts (due to magnetic field) or light shifts if they are the same
in both arms of the echo, but it also cancels any density shift that is the same in both arms. We
perform an unbalanced dynamic decoupling scheme (see section 4.1) to cancel all quasi-static noises
and accumulate a phase due to frequency shifts that depend on density difference between the states.

To perform dynamic decoupling we use a home built MW frequency source that generates a signal
in the range 6.8-7.2 GHz, it is locked to a 10 MHz rubidium clock frequency standard (SRS FS725).
Our source has digital control over its phase, which allows for an accurate scan of the phase of the last
pulse in the sequence and changing the phase of the 7 pulses to avoid control errors.

With dynamic decoupling we are able to increase our coherence time for the clock transition from
~ 15 ms to ~ 100 ms (figure 2.8) . We have successfully used up to 72 echo pulses on magnetic
sensitive hyperfine transitions to achieve a long coherence time of ~ 100 ms in the presence of strong
50 Hz noise (peak to peak ~ 1 mG), where a Ramsey measurement loses coherence after a short time
(< 1ms).

When using many echo pulses, it is important to avoid errors in the pulses itself as they will
accumulate over time and lead to decoherence. There are many schemes to optimize coherence time
and avoid errors [58,59], in our measurements (chapter 4)we use an XY8 sequence, each block has 8
pulse, ordered as: X Y X Y'Y X Y X, here X(Y) means a m pulse around the X (Y) axis in the
Bloch sphere, there is a phase shift of 90° between the two.
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Figure 2.8: Coherence in Dynamic Decoupling - Fringe contrast after dynamic decoupling sequence for
three transitions with a constant arm time and increasing number of pulses.|1,0) — |2,0) tranisition
with arm time 7" = 3 ms (red) |1,1) — |2, 0)tranisition with arm time 7' = 0.42 ms (blue), and|1,1) —
[2,2) tranisition with arm time 7' = 0.35 ms (black). Contrast from fit to Ramsey measurement of
|1,0) — |2,0) transition is plotted for comparison (purple). The coherence is kept high for long times
for all transition, it is perserved even in the presence of strong 50 Hz magnetic noise for the magnetic
sensitive transitions (blue, black).
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Chapter 3

Observation of Spin-Spin Fermion
Mediated Interaction between
Ultracold Bosons

This chapter details the main experimental result of this work [5]. We used MW Ramsey spectroscopy
to detect frequency shifts related to mean field interactions in a quantum degenerate Bose-Fermi
mixture. We measured these shifts as a function of boson density, with and without fermions, and dis-
tinguished three main contributions - boson-boson interactions, boson-fermion interaction and fermion-
mediated interaction. Our results show a clear sign of spin-spin fermion mediated interaction between
the bosons, in the frequency shift and decoherence rate of the Ramsey signal. We also measured the

boson-fermion frequency shift for the first time, which can be used to calibrate inter-atomic potentials.

3.1 Theoretical Background

The effect of mediated interactions in cold atoms can be calculated in several ways - linear response
theory, 2nd order perturbation [1,2] and path integrals [60]. It was proposed as a new approach to create
long range interactions similar to systems of polar molecules or highly magnetic atoms. Following [2],
a 2nd order perturbation theory for RKKY interaction in an ultracold Bose-Fermi mixture of atoms
is presented, along with mean field frequency shifts due to mediated interaction in this mixture in a
3D harmonic trap.

Interactions in an ultracold boson-fermion mixture are manifested by elastic collisions. In a system
of a condensed Bose gas (87 Rb) and spin polarized degenerate Fermi gas (*°K), the collisions between
the bosons and fermions lead to an effective long-range interaction between the bosons, analogous to
Ruderman—Kittel-Kasuya—Yosida (RKKY) interaction in solids [6-8].

Consider a system of two bosonic 8" Rb atoms immersed in a polarized degenerate Fermi gas of
0K at T = 0, the non-interacting state of the system is |g) = [V (k1,k2)) ® |¥pre) with energy
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2 (K3 +k3)
2mB

E, =
number and Fermi energy. The spin polarized fermions do not interact between themselves at low

+ %Npsp , k1,2 are the bosons momenta ,m; - boson mass , Ng,cp are the fermion

temperature due to Pauli exclusion principle, however, they can collide with one of the bosons, creating
a particle-hole excitation of the Fermi gas which can propagate and interact with the second boson.
This process gives rise to an effective potential between the bosons.

The boson-fermion (rubidium-potassium) and boson-boson (rubidium-rubidium) collisions are de-

scribed by a contact interaction Hamiltonians:

Hor = gy / g} ()b ()

fran =% [ o)) o)

4mh?

1 1 . .
+ Wk)v Job = app, aps (apy) is the boson-fermion (boson-boson) s-wave

mMRb

MRy

where g,y = 2nh%aps (

scattering length and 1/1;[ (1/1}) are the boson (fermion) creation operators. The effective Hamiltonian

describing the mediated interaction is:

H= Y gk k) Z<g|HB(FE|€><1[§BF|g> (g (k1. k)l
{1z k] kg le) ©

The sum over {ki, ko, ki, k5} is when the fermions are in their ground state |¥ppg), and the sum
over states |e) is when the fermions are in an excited state. In the case of light fermions - m; < my,
here my (my)is the fermion (boson) mass, one can integrate out the fermionic degrees of freedom and
get a boson-boson potential. After calculating the sums (for details see [2]) the effective interaction

and potential are:

H' = % / d* {r1, r} B (r) ] (r2)V (11 = 1) Wy (ra) s (1)

2m gk sin (2kp R) — 2kp R - cos (2kp R)
7T3h2 (2kFR)4

VI(R) =—¢

kp = 7v2mhF5F is the Fermi momentum and £ is a dimensionless factor that was calculated to be 1 [1]or
73 [2]. This potential is shown in figure 3.1 and is identical to the RKKY interaction in solids. It is
a long range potential o« R~3 for R >> k;l, and oscillates at 2kgr. This oscillation results from an
oscillation in the fermion density caused by the presence of the boson, known as Friedel oscillations [10].

In our experiment the mixture is held in a 3D harmonic trap at sub-micro Kelvin temperature.
We use a mean field approximation to calculate the energy shift caused by the mediated interaction.

The mediated interaction is characterized by an effective mediated boson-boson coupling gmeq =
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Figure 3.1: Fermion Mediated Boson-Boson Interaction - Mediated interaction potential in units of
Fermi energy, R is the distance between bosons.

[ d*RV (R) , and an effective scattering length a,,eq

2
nh? e — & (metmy)

1/3

_ 2 2
Gmed = ST (67°ny) " ajy

1
The scattering length is proportional to ny and to —agf , thus it is always attractive. For two bosons
in different spin states (e.g. 1,l) the interaction will be gj, o gys - gy which can be repulsive
or attractive, depending on the signs of the boson-fermion interaction g, g5 . In the mean field

. . . - . - 2 - .

approximation, the energy shift due to interactions will be Ey, = %nbabb - boson-boson interaction
. . . 2 . .

, Epy = 2mh? (m%, + m%:) npay - boson-fermion interaction, and Ey, = 47’;72 NpGmed - Termion-mediated

interaction.

There are three main issues concerning this interaction in our system :

1. The mass ratio is not large - in our setup we only have % ~ 2, but because our bosons are in

a BEC with a chemical potential of ~ 65 nK and the relevant fermions for this interaction have
energy close to the Fermi energy ~ 260nk , the change in fermion energy Ae is larger than the
change in boson energy Ae¢,. For a momentum change ¢ , smaller than the Fermi momentum k¢

,the energy change ratio is Aey/Aey ~ n’%% > 1.

2. The long range nature of the potential means that all partial waves should be taken into ac-
count in the scattering process. Due to the low energy of the condensate we assume that the
main contribution will be from the s-wave collisions, since the de-Broglie wavelength \;5 of the

bosons is much longer than the potential range ~ (QkF)_l, with our parameters 2kpAgp ~ 15 .
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More generally, any change in the frequency shift that is not linear can also be detected in our

measurement.

3. Our Fermi gas is not at zero temperature. This means that the Friedel oscillations should be
averaged out to some extent. However, since we are looking at the average mean field effect of

RKKY interaction we are insensitive to that.

Direct mean field calculation of mediated interaction

I present here another way to calculate this interaction in the mean field approximation, which is a
more simple perturbative approach that gives the same result.
The chemical potential of a BEC and a DFG in a mixture at zero temperature is:

th?
— —+ , = — 4
My = GobTp + GofNf, Hf 2my Jofnp
. 2 1/3 . 1 2mf 3/2
using ky = (67r nf) we can turn the second equation to get ny = & ( 3 (g —gbfnb)) ,

plugging it into the above equation we get:

3/2
1 2mf
o = govns + s g3 | (g = gogmn)

assuming the boson fermion interaction is a small perturbation to the Fermi gas chemical potential
) 93/2,,3/2 o0
(% < 1) we can use Taylor expansion to get py ~ gppny + gbf&%szu/ (1 - %%)
At the lowest order approximation we can use the unperturbed fermion chemical potential which

L O (L

is just the Fermi energy u(} =FEp= i Tto get :
1 m 1/3
My = GopTp + gbfn?v - ﬁhﬁf (67T2n?f) gffnb

From this result we can understand the effect of fermions on the BEC, the first term is the boson-boson
interaction, the second term is the direct boson-fermion interaction and the third term is the fermion-
mediated interaction. It is proportional to gff, n}/ % and np just like we got in the more elaborate

calculation. We can now recognize that:
1
Imed = —35 5 79 (6772nf

which exactly what we got before for £ = 1.
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Mean field frequency shift

To measure the effect of mediated interaction we look at the frequency shift of the 37 Rb hyperfine
transition. These energy levels are shifted due to interactions, the effect of the mediated interaction
between the bosons should cause an additional shift on-top of the boson-boson and boson-fermion
frequency shifts. There are three main parameters that change these effects: fermion density, boson
density and the bare boson-fermion scattering length a,s (can be tuned using a Feshbach resonance
[61]). In the following I estimate the frequency shift for different boson densities at zero magnetic
field for the transition |F =1,my = 0) — |F = 2,ms = 0) (clock transition). This transition has no
first-order Zeeman shift at low magnetic fields and therefore is insensitive to magnetic noises. The
mean-field shift of the transition frequency between two hyper-fine states of the bosons in a BEC :
1 1

h h
Af = Qm—b (abb2 — abbl) ny+h <7nf + ﬂ”bb> (abf2 — abfl) ny +2m7b (amed2 — amedl) ny (3.1)

Afbb Afbf Afm,ed

Qbb,;, bt Umed, are the boson-boson, boson-fermion and mediated interaction scattering length of the
two hyper-fine states respectively.

The frequency shift between two hyper-fine levels includes three contributions - boson-boson inter-
action A fy, boson-fermion interaction A fyy and mediated interaction A fpeq. Afpy and Afpeq are
proportional to boson density, while A fy; is independent of it. A fy,eq can be controlled by changing
the boson density or the boson-fermion scattering length using a Feshbach resonance (changing the
/3

)

fermion density is less favorable as A f,,cq is only proportional to n} . To distinguish between the

three contributions, we measure frequency shift for different boson densities, with and without fermions.

With only bosons present, we measure A fy;,, the change in frequency per boson density(%)b is a

measure of boson-boson interaction. When we add fermions, we get a constant term Afy; that does

not depend on boson density and Af,,.q, which causes change in frequency that is proportional to

dAf
dnyp

boson density. A change in the slope( ) ; (measurement with bosons and fermions) compared to
b+

((ﬁ{ ) , (measurement with bosons only) is a clear indication of fermion mediated interactions between
bosons in our mixture.

To estimate the frequency shift one must know the scattering lengths ayy, , apr, and apy, — asy, , We
used previously known values for ap,, — app, = 2.47 ap [37] and apr, = —185 ag [61] and estimated
apg, ~ apf, — 5.1 ag ,where agis Bohr radius. We calculated the frequency shift for different boson
densities that are similar to what we get in the experiment (Figure 3.2). In a mean field approximation
the interactions between bosons can be described by a an effective spin-spin Hamiltonian:

J h
Hepp= 5 (0:©0:) + 5 (0:©1 +1®0%)

2

where J = % is the boson-boson coupling and h = % and AE; = 47r% (abb, + Amed; ) o+

27h? (W% + m%)) aps;ns is the energy shift of the state |i).
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Figure 3.2: Mean-Field Frequency Shift - Frequency shift for the rubidium |1,0) — |2,0) transition
at zero magnetic field for different boson densities, fermion density is set at 7.5 x 10'2em ™2 with
fermion mediated interaction (blue) and without (red). The constant shift between the lines is the
boson-fermion frequency shift Afyr , the change in gradient % is due to mediated interaction.

We can also calculate the frequency shift close to a boson-fermion Feshbach resonance, although
mean field approximation and perturbation theory may not be valid with strong interactions. The
frequency shift increases as the resonance is only relevant to one of the states. To estimate it I used
the zero magnetic field scattering length for state |2,2) and changed the magnetic field of state |1, 1)
according to apy, = apg (1 - BA—igo)’ apg is the zero magnetic field scattering length, By the Feshbach
resonance magnetic field and AB its width. At this moment it is not possible to get to a Feshbach

resonance in our system but it is a promising future prospect, both experimentally and theoretically.
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Figure 3.3: Mean-Field Frequency Shift Close to a Feshbach Resonance - Frequency shift for the
rubidium |1,1) — |2,2) transition near a boson-fermion Feshbach resonance with fermion mediated
interaction (blue) and without (red). Fermion and boson densities are constant. The shift is can reach
a few kHz and more.

3.2 Experimental Results

In our experiment, a BEC of ~ 5x10° 87 Rb atoms was in thermal contact with a DFG of ~ 1.4x10% K
atoms in a crossed dipole trap of frequencies wy , , = 27 X (27,39,111) (wg .. = 27 x ( 29,49,182))
for bosons (fermions) at a temperature of ~ 90 nK (T'/T. ~ 0.55 and T/T; ~ 0.35). The fermions
are spin polarized in state|F' = 9/2,my = —9/2). The mass ratio in our system is~ 2. However, since
the fermions involved in the process are close to the Fermi energy (E; ~ Kp - 260 nK) and the BEC
has a chemical potential of ~ K - 65 nK, the change in fermion energy Ae; is larger than the change
in boson energy Ae¢,. For a momentum change ¢ , smaller than the Fermi momentum k¢ ,the energy
change ratio is Aey/Aey ~ %% > 1.

We used microwave spectroscopy to measure the|F'=1,my =0) = |1) <> |[F =2,m; =0) = |2)
hyperfine clock transition frequency in 87 Rb with and without‘°K atoms. The clock transition fre-
quency shift includes three contributions - boson-boson interaction A fp;,, boson-fermion interaction
Afyr and mediated interaction A fr,cq (see eq. 3.1).

A fop and A fy,cq are proportional to boson density, while A fy, ¢ is independent of it. To distinguish
between the three contributions, we measured frequency shifts for different boson densities, with and
without fermions. With only bosons present, we measured A fy,, the change in frequency per boson
density(%)b which is a direct measure of boson-boson interaction. When we added fermions, we
measured a constant term Af,s that does not depend on boson density, and A fy,cq, which causes

change in frequency that is proportional to boson density. A change in the slope (fﬁ{ )b ; (mea-
+

surement with bosons and fermions) compared to(%) (measurement with bosons only) is a clear
b

indication of fermion mediated interactions between bosons in our mixture.

The clock transition states are first-order magnetic insensitive at zero magnetic field and thus also
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Figure 3.4: Ramsey spectroscopy - 'Rb F = 2 population vs. Ramsey time measured at different
boson densities for (a) bosons only and (b) a mixture of bosons and fermions. Data points are averaged
for different boson densities to avoid cluttering (one standard deviation errors are comparable to marker
size). The solid lines are the result of a single 2D fit to all data points (see eq. 3.2 in the text). We

measured a boson density shift of (ﬂh = 12.8 £2.25% £ 27595 x 104 Hz/cm? for bosons (a) and

dnb

(dAf)b = 18.5 4 2.5%%at £ 2,255 x 104 Hz/cm? for the boson-fermion mixture (b), this change is a
+

dnh
clear effect of spin-spin mediated interaction. The signal decays when increasing boson density in both
cases, and to a larger extent when fermions are present, another indication of mediated interactions.

have the same electronic triplet and singlet components when colliding with another atom. This renders
the difference in scattering lengths ayr, — apy, between these two states small as compared with other
transitions [62,63] and thus decreases the mediated interaction shift Af,,.q and the boson-fermion
shift A fpy.

Following a Ramsey experiment of variable duration tg, we released the atoms from the dipole
trap. After a long time-of-flight (20 ms for the bosons and 12 ms for the fermions) we used absorption
imaging to measure P = N5 /Ny, the boson population in state |2), and the BEC chemical potential
and the fermion fugacity, which we used to determine boson and fermion densities in each run. We
controlled the boson density during state preparation, by transferring a pre-determined fraction of®” Rb
atoms to state |2), and removing this fraction from the trap using a resonant laser pulse. Measurements
without fermions were performed in an identical fashion to obtain similar boson densities, expelling
the fermions at the end of preparation stage, immediately before the Ramsey measurement.

Our results are shown in Figure 3.4. Red (Blue) filled circles show the measured populations
without (with) fermions. Solid lines are the result of a maximum likelihood fit to the data using the
fit function:

P(np, tg) = Ae 9" cos ((6 + gnp)tr) + C. (3.2)

Here, A is the contrast, g. is decoherence rate per boson density, § is detuning between the MW
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driving field and the transition,g = % is the boson density frequency shift, and C'is a constant term
to account for a finite population in state |2). Previous works have shown different decay parameters for
Ramsey coherence [64,65], calculated for a thermal cloud of cold atoms and without collisions, while we
use a BEC where the main source of decoherence are inhomogeneous density related frequency shifts.
We extracted three frequency shifts from the fits. The boson density shift in the absence of fermions,
A frp, the mean-field shift due to direct boson-fermions collisions, A fy¢, and the boson density shift
which was mediated by the presence of fermions, A f,,cq-

The measured frequencies and decay rates are shown in Figure 3.5. Red (Blue) lines show the
result from our fit function (eq. (2)) without (with) fermions. Filled circles show frequencies taken
from a fit function P(tg) = Ae T'r cos (2m ftg) + C to averaged data for different densities. Here, A
is the contrast, I' is decay rate, f is oscillation frequency, and C' is a constant term to account for a
finite population in state |2) .

Since the light shifts, local-oscillator detuning and Zeeman shifts are independent of the presence
of fermions, the difference in frequency between measurements with and without fermions is a result
of boson-fermion density shift 6p4 f — 05 = Afpy. Our frequency measurements (Figure 3.5 (a)) show a
constant shift with respect to boson density from which we calculate a boson-fermion scattering length
difference apf, —apf, = —4.66+0.265% +2.20%% ao where a is Bohr radius (statistical errors reported
are of one standard deviation). To the best of our knowledge, the scattering length for 8" Rb —40 K
collisions is only previously known from Feshbach spectroscopy measurement [61]. Our measured value
is a correction to the low-energy elastic approximation [62,63] and can be used to calibrate inter atomic
potential calculations.

When measuring without fermions, ¢ is a direct measurement of %}fl’. We measure a shift that
corresponds with app, — app, = —1.67 £ 0.295%% + 0.35%%% ag, in agreement with previously measured
values [36,38] (after taking into account a factor of 2 for BEC statistics [66] and uncertainties in atom
numbers).

When adding fermions we measure a change in the slope(iiAT{ by a factor n = 1.41 £ 0.065%¢ +
0.17%%% compared to a our measurement without fermions, which is a clear indication of spin-spin
mediated interactions. Our measurements were done in a randomized fashion, interlacing different

boson densities with/without fermions. Any systematic errors we have regarding our estimation of

boson densities is common in both measurements. The slope ration = (Cﬁz{> bif / ((ﬁz{)b =1+ %
+

only depends weakly on the fermion density (n — 1 o When using our measured values for
apf, —aps, and a previously known value for ayr, = —185+7 ag [61] we calculate the expected mediated
interaction shift and find ¢ = 1.28 + 0.13%%%* 4+ 0.35°%%, in good agreement with £ = 1 theory [1] and a
recent mechanical measurement [4].

The measured decay rates are shown in Figure 3.5 (b). Our coherence time is limited by inho-
mogeneous density shifts in the BEC, previous Ramsey measurements with thermal clouds and at
lower densities have shown longer coherence times (> 0.5s). Our results show (Figure 3.5 (b)) a clear
dependence of the decay rate on the boson density. When adding the fermions the decay is faster and

it also increases more rapidly with boson density by a factor of 2.5 + 0.4. For a BEC immersed in a
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Figure 3.5: Frequency shift (a) and decay rate (b) for different boson densities for bosons only (red) and
and a mixture of bosons and fermions (blue). The lines are extracted from a 2D fit to all data points
(shaded area denotes one standard deviation), the filled circles are extracted from fits to averaged data
for different boson densities. A dashed black line is shown in (a) parallel to red line and crosses the blue
line at zero density. (a) A constant frequency shift between the two lines (i.e. independent of boson
density) is a measure of boson-fermion interaction with ayf, — apy, = —4.66 £ 0.265'*" + 2.205%° q¢. A
change in the slope by a factor n = 1.41 4 0.06%%% +-0.17°¥% is a clear effect of fermion mediated inter-
action. Both of these effects are insensitive to any systematic error that is common to measurements
with /without fermions (i.e. light shift, magnetic field fluctuations and errors in estimating the boson
density). (b) The decay rate increases with boson density in both cases (with/without fermions), while
the increase is faster when fermions are present. Indicating mediated interactions.

homogeneous cloud of fermions, the coherence decay should not be affected by direct collisions with
the fermions. However, fermion mediated interactions should affect the decay as it changes the effec-
tive scattering length between the bosons in an in-homogeneous manner. We also note that, besides
inhomogeneous density broadening, the spin-dependent coupling of bosonic superposition to a bath of
fermions is expected to lead to increased decoherence, as an intrinsic aspect of mediated interactions.
The change in the derivative of the decay rate with respect to boson density is another indication
of mediated interactions in the mixture, as was seen in early observations of RKKY interactions in
solids [9].
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Chapter 4

Twisting the Bloch Sphere with

Unbalanced Dynamic Decoupling

This chapter details our recent measurements of interactions in a BEC, using an unbalanced dynamic
decoupling scheme with MW pulses. We measure a mean field interaction that is due to inter-states
collisions. Our dynamic decoupling scheme keeps the coherence in the BEC for long times in the
presence of inhomogeneous density shifts and strong magnetic noises. Unlike other similar schemes, we
do not need to add another modulation to measure the interactions, as the differences in populations
creates a phase shift which is automatically modulated in the dynamic decoupling sequence. We
measure scattering length differences for three MW transitions, two of them are sensitive to magnetic
noise. Our results can be used to observe polaron physics, to generate spin squeezing and to calibrate

atomic interaction potentials.

4.1 Theoretical Background

Interactions play a primary role in ultracold gases, from the cooling process to changing the ground
state of the system and driving quantum phase transitions. In the cold collision regime interaction
strength is parameterized by an s-wave scattering length a;;, where |i) ,|j) are two internal states of the
interacting atoms (i.e. Zeeman states or hyperfine levels). Our knowledge of these interactions comes
from spectroscopic measurements [36,66,67], position of Feshbach resonances [61,68] and thermalization
experiments [69,70], which are then taken into account in detailed calculations of inter-atomic potentials
[71]. While most of these methods are relevant for atoms in the same states, we present a dynamic
decoupling method that enhances the contribution of interactions of atoms in different states (i # j).

Dynamic decoupling (DD) is a well established method to control a quantum state of a system and
preserve its coherence for long times, it has been demonstrated in NMR, ultracold atoms, trapped ions
and nitrogen vacancy centers in diamonds among other systems. It aims to decouple the system from

its environment system by applying a set of spin rotations. By doing that it also decouples it from
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most spin dependent signal one might be interested in. To generate a signal, one can modulate the
system itself synchronously with the DD scheme [50,53], in a similar fashion to how a lock-in amplifier
operates. However this modulation can generate noises that are in phase with the DD scheme, and
require some control of the signal you are interested in.

We present a method for measuring interactions in ultracold gases in a noisy environment with a
long coherence time and increased sensitivity to inter-states interactions. Our measurements are based
on an unbalanced dynamic decoupling scheme that accumulates the effect of inter-states interactions
between two internal states ultracold atoms without adding any modulation besides the DD itself.
Precise knowledge of inter-states interaction parameters is important for interactions with impurities
in the system (i.e. polarons) [11-14], spinor BECs [72] and magnons [73]. It can also be used to
calibrate theoretical models of inter-atomic potentials [71,74].

We use a Bose-Einstein condensate (BEC) of ultracold 3’Rb atoms in states |1) = |F = 1,my,)
and |2) = |F = 2,my,), where F' is the total spin of the atom andmy, , is the spin projection on the
magnetic field axis. In the mean field approximation the two levels have energy shifts:

4drh?

0E, = (o111 + Q2a12n2),

(4.1)

4 2
SE, = wh

(a22a22m2 + 12a12M71)

here, ny o are the densities in the different states, a;; are the s-wave scattering lengths, m is the
atoms mass, /i is the reduced Planck constant and c;; are correlation factors to account for Bose
statistics. When the atoms are in a coherent superposition during the interrogation time, o;; = 2 for
a thermal cloud and «;; = 1 for a BEC [66]. The energy difference between the two states in a BEC

is:
2 h?

5E2 - 5E1 = (((LQQ — an)(ng + nl) + (022 + a1 — 2(112)(77,2 — ’fll)) (42)

Our DD scheme takes advantage of the fact that the first term is proportional to the total density
n = ni + ng while the second one is proportional to the density difference én = ny — ny. A typical
Ramsey experiment starts with the atoms in state |1) and then a 7/2 pulse transfers the atoms to
the state % (J]1) +12)). During the interrogation time the population in the two states is equal,
which makes the second term cancel out and the phase between the two state depends only on the
total density. However, we can start with a non-zero density difference by applying a pulse with
polar angle § which transfers the atoms to the state cos § [1) + sin £ |2), here the density difference is
2 g — cos? g) = —ncosf. After time T we apply a second pulse of 7 — 6 to convert the
phase difference between the two states to population P = NlijQ,

state. In our unbalanced DD scheme (Figure4.1 (a)) we apply a number of echo pulses N, between the

om=n (sin

where N 5 is the occupation of that

two Ramsey pulses of § and 7 — 6, with alternating phase of 0°,90° to rotate the state around X,Y
axis in the Bloch sphere. Rotating the Bloch vector this way cancels out noises in the control pulses
and also makes the vector spend equal times in the upper and lower halves of the Bloch sphere in any

block of XY XY rotations. This makes any phase accumulated due to population imbalance during
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the pulses nullify for finite pulse times.
This scheme cancels out the total density term and other external noises, which allows for a longer
coherence time and increases sensitivity to density difference. The state of each atom evolves according

to :

M = e%(ﬂ'—g)(ﬂm cos ¢+oy sin ¢) (e%ﬁoz((glg—gu)cosz 2 +(g22—g12) sin? %)nT

20y

i . ; i . N./2 .
" eﬁaz((g22—912)0052 2 +(g12—g11) sin® g>n'2Te§am‘rr eﬁaz((glz—gn)cos2 2+ (g22—g12) sin? g)nT) e/ e%ame

(4.3)

here o; are the Pauli matrices, g;; = %aij, and ¢ is the phase of the last pulse (sets the axis of

rotation for that operation).

The population at the end of this sequence is given by:
11, . 5 ogn
P:Z 2sin” 6§ cos qﬁ—TNeTcosﬂ +cos20 + 3|, (4.4)

where and dg = % (a11 + a2z — 2a12) is the interaction shift. This results in a twisted Bloch sphere
(Figure4.1 (b)) , where the upper hemisphere rotates in one direction and the lower hemisphere rotates
in the opposite direction due to the interaction dgon. This method can be used for spin squeezing,
similar to [39], due to the long coherence time in our scheme we can generate a spin squeezed state
even with weak interactions. It is also relevant for polaron physics, where a minority of atoms in state
|1) interact strongly with with a majority of atoms in state |2). The strong interaction acts to dress
the minority atoms and and they act as quasi-particles, known as polarons. The lifetime and energy
of polarons have been observed recently in several mixtures, Bose mixture [12], Fermi mixture [13, 14]
and a Bose-Fermi mixture [11]. Our method can be used to increase coherence in these measurements,
which will increase the spectroscopic resolution. It can also be useful to see how the system changes
when going for a minority of atoms in one state (polarons) to equal superposition, which is achieved

be scanning 6 in our scheme.
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Figure 4.1: Unbalanced dynamic decoupling scheme - (a) An initial pulse of angle 6, followed by a set of
N, echo pulses around X,Y axis, separated by time 27", with a final pulse of angle 7—6 and phase ¢. The
initial pulse creates a superposition cos g |1)+sin g |2), with density difference on = n (sin2 g — cos? g),
where n is the total density. (b) calculated population P in state |2) after the sequence, while changing
the phase and length of the final pulse, ¢ and 6 respectively. Due to mean field interactions the phase

difference between the states after the sequence is % (a11 + ag2 — 2a12) onN.T, where aq1, as2, aio

are the s wave scattering lengths between the states.

4.2 Experimental Results

In our system we trap a BEC of ~ 5 x 10° 8"Rb atoms in an harmonic trap with trapping frequencies
of (wyz,wyw,) = 2m x (31,37,109) Hz. We use MW radiation with 6.834 GHz frequency to drive
transition between different hyperfine levels, |F'=1,m; =0) <> |F =2,m; = 0) clock transition or
|F=1,m; =1) <> |F =2,m; = 0) magnetic sensitive transition, in a magnetic field of 2.067 G. We
perform an unbalanced dynamic decoupling scheme as follows, we start with all atoms in the state |1)
and apply a MW pulse to rotate the vector around the x axis with a polar angle § = Qt,, in the Bloch
sphere, where () is the Rabi frequency of our MW radiation and ?, is the pulse length. We let the
state evolve for a time T and apply a MW = pulse to invert populations. After another holding time
of 2T we apply a —= pulse, and after another hold time T we apply a final pulse to rotate the vector
with a polar angle m — # and phase ¢ relative to the first pulse. The X,Y echo pulses can be repeated
many times to accumulate more phase and increase sensitivity, we use up to 72 pulses.

At the end of the sequence we release the cloud from the trap and let it expand for 20 ms. We take
two images with imaging light resonant with F = 2 — F’ = 3 transition. In the first image we count
only the atoms in the state |2) and after a short repump pulse to transfer all atoms from F =1 to the

F' = 2 manifold, we count all the atoms in the second image. We measure the Thomas-Fermi radius
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of the cloud in the second image to calculate the chemical potential and density of the BEC.

In figure 4.2 (a-d) we show the result of our measurement on the clock transition for 6 echoes with
arm time 7' = 3 ms, as we change the values of § and ¢. The coherence is high, as no significant decay
is seen in a balanced dynamical decoupling (Figure 4.2 (a)). When we change 6 the contrast decreases,
as expected from eq. 4.4, we see clear fringes in all cases (Figure 4.2 (b-d)) with excellent agreement
with a fit to C cos (¢ + A¢) + B, here C is the contrast, ¢ is the phase of our last pulse, A¢ is the
phase shift, and B is the bias. The phase shift is visible in all measurements, and we can see it is linear
with respect to on (Figure 4.2 (e)). We can also fit all the data to a 2D fit according to eq. 4.4 and
see a twisted Bloch sphere (Figure 4.2 (f)).

Figure 4.2: Experimental results for |1,0) <> |2, 0) transition after 16 echo pulses with arm time 7' = 3
ms. Measured population P while scanning the phase of the last pulse (a-d) for different 6 (initial
density difference o cosf), showing clear fringes, dotted lines are fits to the data. The fringes are
phase shifted, due to interactions and density difference dn. The phase is proportional to on (e), as
can be seen from a linear fit (dotted line). A 2D fit to all data (following eq. 4.4) shows a twisted
bloch sphere (f).

We repeated this measurement for different times T;,; = 2N.T with different arm times T and
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difference (Figure 4.3). From a linear fit we get (a1 + ass — 2a12)1’0%2’0 = 1.10 + 0.02 ag (statistical

number of echoes N.. The frequency shift we measure Af =

grows linearly with the density

error of one standard deviation), an accurate measurement of this scattering length difference. Using
calculated values for a;; = 94.69 £ 0.12 ag [74] and previously measured ass — a1; = —1.67 £ 0.29 ag
in our setup (see chapter 3) , we can get a;o = 93.30 + 0.16 a¢ and % = —0.66 + 0.19
which is insensitive to systematic errors in estimating density. Our measurement time is limited by
inelastic collisions of atoms in state |F' = 2, my = 0), transferring them to states |F' = 2,my = —1) and

|F = Q,mf = 1>

sn (10" em®)

Figure 4.3: Frequency shift due to interactions - The measured frequency shift Af = 5 ﬂAch’ - from

many measurements of unbalanced dynamic decoupling with different number of echo pulses and arm
times. Color scale indicates the total time of each measurement. A linear fit to the data (black line,
with one standard deviation in gray) gives a scattering length difference of (a11 + ass — 26‘12)1,0%2,0 =
1.10 + 0.02 ag, showing the high accuracy that can be acheived in this method.

Our dynamic decoupling scheme can be used to cancel external noises that are slower than our
pulse rate 1/T. To test it we perform the same measurement on two magnetic sensitive transitions,
[F=1,m;=1) & |[F=2,m;=0) and |F=1,my; =1) + |F =2,m; =2) with a magnetic field
sensitivity of 0.7 kHz/mG and 2.1 kHz/mG respectively. Using Ramsey spectroscopy synchronized to
the 50 Hz signal of the electricity grid in our lab we measured the magnetic noise at 50 Hz to be of
0.89 mG peak to peak. To cancel this noise we use dynamic decoupling with shorter arm time T of
0.35 — 0.42 ms with the magnetic sensitive transitions. Our results for these transitions (Figure4.4)
show long coherence times and a phase shift that is proportional to the density difference dn.
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Figure 4.4: Experimental results for |1,1) < |2,0) transition after 56 echo pulses with arm time
T = 0.42 ms. Measured population P while scanning the phase of the last pulse (a-d) for different 0
(initial density difference  cos 6), showing clear fringes. The short arm time T is needed to keep a high
coherence in the presence of strong magnetic noises. The fringes are phase shifted, due to interactions
and density difference dn. The phase is proportional to dn (e), as can be seen from a linear fit (dotted
line). A 2D fit to all data (following eq. 4.4) shows a twisted bloch sphere (f).
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Figure 4.5: Experimental results for |1,1) < |2,2) transition after 48 echo pulses with arm time
T = 0.35 ms. Measured population P while scanning the phase of the last pulse (a-d) for different
population imbalance — cos , showing clear fringes. The short arm time T is needed to keep a high
coherence in the presence of strong magnetic noises, we use many pulses to accumulate enough phase
shift. The fringes are phase shifted, due to interactions and density difference dn. The phase is
proportional to dn (e), as can be seen from a linear fit (dotted line). A 2D fit to all data (following eq.
4.4) shows a twisted Bloch sphere (f).
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Figure 4.6: Frequency shift due to interactions in magnetic transitions - The measured frequency shift
A f from many measurements of unbalanced dynamic decoupling with different number of echo pulses
and arm times for |1,1) <> |2,0)(a) and |1,1) <+ |2,2) (b) . Color scale indicates the total time of each
measurement. A linear fit to the data (black line, with one standard deviation in gray) gives a scattering
length difference of (a) (0,11 + ago — 2&12)1’1H2’0 = 0.69 £ 0.02 a¢ and (b) (CL11 + o2 — 2@12>1’14272 =
—0.20 £ 0.04 ag showing the high signal to noise that can be acheived in this method even in the
presence of strong magnetic noise.

Similarly to our experiments on the the clock transition, we repeated these measurements for dif-
ferent times Tj,; with different arm times T and number of echoes N., and measured a frequency
shift Af that grows linearly with the density difference (Figure 4.6). From a linear fit we get
(a11 + agz — 2a21); 1,5 = 0.69£0.02 aq for the [1,1) « |2,0) transition, and (a11 + az2 — 2a21); | 5o =
—0.20 £ 0.04 ap for the |1,1) +> |2,2) transition, showing good signal to noise even in a noisy environ-

ment.

Our measurements demonstrate a novel method for measuring interactions in ultracold atoms,
which can be relevant for other systems where dynamic decoupling is a common method , such as
NV centers in diamonds or NMR experiments. Our accuracy is comparable to other measurement
on another clock transition |1,—1) > |2,1) [66,67], and extend it to magnetic sensitive transitions.
The imbalanced populations interactions generate a phase shift that is accumulated in the sequence
without having to externally perturb system, as done in other dynamic decoupling schemes [52, 53].
This type of interactions are of great interest in polaron physics, and can be used to increase signal to

noise in ultracold atoms experiments studying this phenomena.
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Chapter 5

Summary and Outlook

We have measured mean field interactions with high precision in two different cases with different
methods. Our measurement of spin-spin fermion mediated interaction is a first observation of this
kind of interaction in ultracold atomic gases. It is a long range interaction that can be tuned with
Feshbach resonance, these features are rather unique and can lead to new and interesting physics. Our
observations are consistent with a predicted mean field effect of this interaction, and to another recent
measurement of a in cold atoms [4] that observed a mechanical effect caused by fermion mediated
interactions. Our observation of a change in decay rate when adding the fermions is an indication
of the effect of mediated interactions on coherence in our mixture. To make it more quantitative we
need a better theory, that takes into account inhomogeneous shifts in our mixture, perhaps solving a
coupled Gross-Pitaevski equation, similar to [67].

To observe a stronger effect we can use another transition where the change in boson-fermion
interaction are larger which will lead to a larger effect of mediated interaction. Such transitions are
usually magnetic sensitive since their electron triplet and singlet spin components are different (in
clock transitions they are equal), which requires significantly decreasing the magnetic noise in our lab,
or working with dynamic decoupling scheme to measure this effect.

We have recently begun experimenting with an interleaved dynamic decoupling scheme (figure
5.1 (a)), where we use echo pulses to flip the populations of the bosons and increase coherence, and
synchronously flip the spin of the fermions surrounding them. In this manner, the boson-fermion inter-

action before the echo pulse is different from after the echo pulse and a phase shift is created due to this

L bf _ obf bf _ bf h d d d d
change -8 = (ot ) (o], o8l) — (off, = ath) ) me w2, ((e5" = o) = (a? = o) T

Adyy Abmed
From our calculations, the frequency shift in this scheme should be of a few 10s of Hz. Our preliminary

results (figure 5.1 (b)) have shown a shift but are not stable and consistent yet.
To measure an effect beyond mean field, we should increase the interactions by going close to a
Feshbach resonance, where a perturbative theory is not applicable and a more advanced theory is

needed, which makes it a more interesting problem for experimentalist to work on. While theoretical
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Figure 5.1: Interleaved Dynamic Decoupling - (a) The pulse scheme used, MW pulses flips the popu-
lations of the bosons between states |1,1) and |2,2) . RF pulses change the population of the fermions
from [}) =9/2,-9/2) < |1) = |9/2,49/2), where the scattering length ays is different. (b) Experi-
mental results for 12 echo pulses with total time 9.6 ms and a phase shift of A¢p = —40.08+6.7 between
the red curve (no RF pulses) and the blue curve (with RF pulses) which amounts to a frequency shift
of —34.8 Hz . The dynamic decoupling preserves a full coherence even though there is a strong 50 Hz
noise, as described in chapter 2.

suggestions [2, 3] focused on using this interaction to reach new phases of matter in a lattice or a
bi-layer configuration, even in a simple configuration in a harmonic trap , we don’t have a clear idea
of how it will look like.

Our measurement of interactions in a BEC using unbalanced dynamic decoupling shows a novel
method to isolate a specific term in the interactions between two states of a BEC, without adding
another external modulation besides the dynamic decoupling pulses. We have used it to measure
this interaction term with high accuracy and long coherence time with a weak interaction. We have
measured interaction shift of a few Hz between magnetic sensitive states, overcoming a magnetic noise
of a few kHz, demonstrating the ability to overcome external noises and isolate a specific interaction
term with this method.

It can also be useful when the interactions are strong. Using this method in that regime, experiments
of spin squeezing, such as [39], can achieve longer coherence times with a stronger on-axis twist
of the Bloch sphere, and higher spin squeezing. Polaron physics also becomes relevant close to a
Feshbach resonance [11-14], as it deals with the energy and lifetime of a minority of atoms in a
strongly interacting environment. Other systems where dynamic decoupling is intensively used, such
as NV centers and NMR, can also be interesting to look at with this method.

There is a possibility to combine these two measurements and measure mediated interactions with
unbalanced dynamic decoupling. This is an interesting prospect, as the dynamic decoupling cancels any
boson-fermion interaction, so any change in interactions when adding the fermions can be attributed to
mediated interactions. We have tried to measure it in our lab already with no indication of mediated
interaction yet, however , we do not have any prediction on the scale of this shifts and if they are

detectable in our system.
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Our current efforts are towards getting our mixture close to the Feshbach resonance, where beyond
mean field physics can be observed and dynamic decoupling can be a useful tool since it cancels out

external noises, and magnetic noises should be dominant in that region.
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Observation of Optomechanical Strain in a Cold Atomic Cloud

Noam Matzliah, Hagai Edri, Asif Sinay, Roee Ozeri, and Nir Davidson
Department of Physics of Complex Systems, Weizmann Institute of Science, Rehovot 7610001, Israel
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We report the observation of optomechanical strain applied to thermal and quantum degenerate 8’Rb
atomic clouds when illuminated by an intense, far detuned homogeneous laser beam. In this regime the
atomic cloud acts as a lens that focuses the laser beam. As a backaction, the atoms experience a force
opposite to the beam deflection, which depends on the atomic cloud density profile. We experimentally
demonstrate the basic features of this force, distinguishing it from the well-established scattering and dipole
forces. The observed strain saturates, ultimately limiting the momentum impulse that can be transferred to
the atoms. This optomechanical force may effectively induce interparticle interactions, which can be

optically tuned.

DOI: 10.1103/PhysRevLett.119.163201

Light-matter interactions are at the core of cold atom
physics. A laser beam illuminating atoms close to atomic
resonance frequency will apply a scattering force on them,
and an inhomogeneous laser beam far from resonance will
mainly apply an optical dipole force [1]. An intense, far
detuned homogeneous laser beam does not exert a signifi-
cant force on a single atom, though when applied on
inhomogeneous atomic clouds, it will. This was pointed
out [2] while studying lensing by cold atomic clouds in the
context of nondestructive imaging.

The atom’s electric polarizability makes atomic clouds
behave as refractive media with an index locally dependent
on the cloud density. An atomic cloud thus behaves as a
lens that can focus or defocus the laser beam. The atoms
recoil in the opposite direction to the beam deflection due to
momentum conservation. In solid lenses, this optomechan-
ical force causes a small amount of stress with negligible
strain, due to their rigidity. An atomic lens, however,
deforms, making the force on the atoms observable by
imaging their strain. We refer to this optomechanical force
as electrostriction, since it resembles shape changes of
materials under the application of a static electric field.
Electrostriction can be viewed as an optically induced force
between atoms, since the force each atom experiences
depends on the local density of the other atoms.

Optomechanical forces are applied in experiments on
refractive matter mainly by optical tweezers, pioneered by
[3], using structured light. Less commonly, such forces can
be applied by homogeneous light using angular momentum
conversion due to the material birefringence [4], or using
structured refractive material shapes [5]. Optomechanical
forces implemented by such techniques are used for
optically translating and rotating small objects. By applying
electrostriction on cold atoms we gain access to the
effect of optical strain—an aspect in optomechanics not
directly studied yet in spite of its importance in current
research [6].

0031-9007/17/119(16)/163201(5)
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Interactions between cold atoms can appear naturally or
be externally induced and tuned. Tuning is mostly done
using a magnetic Feshbach resonance, which was used to
demonstrate many important physical effects such as Bose-
Einstein condensate (BEC) collapse and explosion [7],
Feshbach molecules [8,9], BEC-BCS crossover in strongly
interacting degenerate fermions [10—12], and Fermi super-
fluidity [13—16]. Interactions are also tuned by optical
Feshbach resonance [17], optical cavities [18], or radio
frequency Feshbach resonance [19]. Interactions can be
induced by shining a laser beam on the atoms and creating a
feedback mechanism to their response by an externally
pumped cavity or a half cavity [20-25]. The electrostriction
force reported here is a new kind of induced force between
atoms, and may be useful in cold atoms and quantum
degenerate atom experiments.

In this Letter we analyze and measure for the first time
the optomechanical strain induced in a cold atomic cloud
by a homogeneous laser beam far detuned from atomic
resonance. We shine the beam on the cloud and directly
observe the resulting strain after time of flight by absorp-
tion imaging. We show that this is a new kind of light-
induced force acting on cold atoms. A saturation of the
strain is observed, which depends only on the ratio between
the momentum impulse applied to the atomic cloud and the
initial momentum distribution width of the cloud. Possible
implications for this new force are suggested, and, in
particular, light-induced interaction tuning.

With respect to laser light far from resonance, an
inhomogeneous atomic cloud behaves as a lens [2], as
predicted by the optical Bloch equations. When a plane
wave passes through the cloud, it acquires a position-
dependent phase ¢(r). If the phase is small, the Poynting
vector direction changes [26] by an angle |V | ¢|/k; , where
V| is the gradient along the two directions perpendicular
to the laser beam propagation direction, and k;, the
wave number of the beam. As a backaction, the atomic

© 2017 American Physical Society
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momentum changes in the opposite direction. The momen-
tum change of the atoms is associated with the electro-
striction force, which takes the form [27]

- th IV, n -
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where ny is an arbitrarily chosen constant density that fixes
the arbitrariness in defining a potential up to a constant, I,
the width of the atomic transition, A, the detuning of the
laser, 1, its intensity, I, the 8’Rb saturation intensity, and 7,
the local density of atoms.

This force acts only in the directions transverse to
the beam propagation and is derived from a potential in
the transverse directions that scale logarithmically with the
density. It is a collective force in the sense that it acts only
on atoms consisting of an inhomogeneous atomic cloud.
The laser induces interactions between the atoms and the
resulting force is independent of the number of atoms. The
force scales as I/A, similar to the dipole force, and unlike
other light-induced interactions predicted before [31-33],
which are second order in atom-light coupling. For convex
clouds it is repulsive for red detuned laser A < 0, and
attractive for blue detuned laser A > 0, opposite to the
dipole force. Similar to the dipole force, changing the
polarization has a small effect of coupling different atomic
states, which effectively changes /.

In the experiment we typically trap 10° 8’Rb atoms in the
|F = 1,mp = 1) ground state of the 52}, manifold at a
temperature of 7 = 400 nK. Our crossed dipole trap has
typical trap frequencies of w, = w, =27 x 45 Hz and
@, = 27 x 190 Hz. The atomic cloud, when illuminated
by a red detuned laser beam with A = —100 GHz, is
optically equivalent to a graded index lens of Gaussian
profile e~/ (202)/(20)~2*/(20%) 1tg peak refractive index is
s = 1.0000093 and its widths are o, = 6, = 22 ym, and
o, =5.2 ym. To generate the electrostriction force we
use a A = 780 nm laser, 50-200 GHz detuned from the
|F =2) > |F' = 3) transition. The beam is coupled to a
polarization maintaining single mode fiber and ejects with a
waist of 1.1 mm. Under these parameters, the dipole force
associated with the laser beam itself is suppressed by 1073
compared to the electrostriction force, and the scattering
probability is only a few percent. The dipole force that the
light focused by the atoms exerts on the atoms is negligible.
The electrostriction beam is shone from the ¥ direction (see
Fig. 1). The atomic cloud is optically extended (¢ > 1), so
a simple refractive media treatment is adequate. It is dilute
(nk=3 = 0.25), so dipole-dipole interatomic interactions
[34,35] do not affect our experiment. To measure the force
we apply a short pulse of duration 7, right after releasing
the cloud, and image the momentum distribution after a
long expansion time [18 ms, Figs. 1(a)-1(c)] by absorption
imaging along the Z direction. Since the force is
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FIG. 1. Strain measurements. Absorption image of a thermal
cloud after long expansion times with (b) and without (a) an
electrostriction pulse. The cloud aspect ratio changes from unity
to 2.1. We used a laser beam shone along the y axis with intensity
8 x 10> mW/cm?, detuning 47 GHz and pulsed for 0.5 ms. (c) A
BEC after an electrostriction pulse and long expansion time. Even
for a strong impulse and large aspect ratio the BEC remains partly
condensed, showing a bimodal distribution in the axial direction
(d). (e) Oscillations in the cloud size along one transverse
direction (axial direction shown in inset) induced by an electro-
striction pulse as a function of a variable waiting time in the trap
after applying the pulse. A pure transverse breathing mode is
observed, fitting to a decaying oscillation (solid line) of twice the
trap frequency.

anisotropic, the cloud expands more in the transverse
directions and gains an aspect ratio (AR) larger than unity.
If the atoms do not move during the pulse (impulse
approximation, 7, < o~ ') we can calculate the atomic
cloud size o along the transverse (L) and axial (]])
directions after time of flight. For a cloud with initial
temperature 7 and after expansion time ¢,

om0

6” \/ 1 + a)”tz (2)
ma)”

After a long expansion time the aspect ratio ¢, /o) of the
cloud reaches an asymptotic value,

Ar T 1 2 o5\ 2
AR? =1+ =1+(2)., (@3
N <kBT SA T, w””) * <agl> G)

where of = (hl\/m/\/kgT)(T/8A)(I/I\)w 7, is the
momentum distribution width of the electrostriction
impulse, and %! = \/mkgT, the width of the initial cloud
thermal momentum distribution.

The above derivation relies on the impulse approxima-
tion. In order to check its validity, we numerically solved
the dynamics of the atomic cloud when applying electro-
striction on it using a phase-space simulation. The simu-
lation results coincide with our analytic predictions for all
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FIG. 2. Scaling of strain with detuning A. A thermal cloud AR
after an electrostriction pulse and free expansion, red circles (blue
crosses), correspond to a red (blue) detuned electrostriction laser.
Fits to the data (solid lines) indicate a scaling of the force as 1/A¢,
with a = 1.09(5) [a = 1.05(9)] for the red (blue) detuned electro-
striction laser. A prediction (dashed line) based on a force that
scales as 1/A? is shown as well. The error in a corresponds to a
95% confidence level. We used a cloud with a temperature of 1.1yK
and a laser with intensity 1.1 x 10* mW/cm?, pulsed for 0.5 ms.

measurements presented here, confirming the impulse
approximation. Further theoretical considerations regard-
ing the above derivation are detailed in [27].

Performing this experiment we observe that the electro-
striction pulse neither changes the cloud size along the
longitudinal direction nor the center of mass [Figs. 1(a)
and 1(b)]. This indicates that our experiment suffers no
significant scattering and demonstrates the transverse
nature of the optomechanical strain. This is more dramati-
cally demonstrated performing the same measurement on a
BEC. In this case [Fig. 1(c)] the usually fragile bimodal
distribution typical of a BEC along the axial direction is
unaffected by the strong momentum impulse in the trans-
verse directions. Similar results for pure condensates prove
that the force acting on the atoms is different from that
predicted in [33]. We nevertheless emphasize that our
predictions in Egs. (2) and (3) do not hold for a BEC,
for which the equation has to be modified.

Applying an electrostriction pulse in situ generates a
breathing mode oscillation, only in the transverse direc-
tions. This can be observed by letting the cloud evolve in
the trap for some variable time, and imaging it after release
[Fig. 1(e)]. The results in Fig. 1 did not depend on the laser
polarization, in accordance with our theory. This observa-
tion also indicates that the interactions we induce between
atoms are not dipole-dipole interactions.

We perform strain measurements after short electro-
striction pulses for a large range of detunings
|A| <200 GHz. The results (Fig. 2) are consistent with
a 1/A rather than a 1/A? scaling. This agrees with our
prediction in Eq. (1) and rules out the scattering force and
the forces in [32,33], which scale as 1/ AZ?, as a source of
the strain observed. Imaging the cloud a short time after
the electrostriction impulse we observe the effect of the
detuning’s sign as well [27].

To qualitatively compare our observations to the theo-
retical prediction [Eq. (2)], we carefully calibrate our

experimental parameters. In particular, we measured the
spontaneous Raman transition rate between the |F = 1)
and |F = 2) hyperfine states due to the electrostriction
laser. The measured rate was in accordance with the rate
calculated [27] using the Kramers-Heizenberg equation
[28,36], given the independently directly measured laser
intensity and detuning values, and the atomic parameters
[37]. After calibration, the observed effect is roughly
2.5 times weaker than expected. As we currently do not
have an explanation for this discrepancy, we scale our
predictions by this factor when comparing results to theory
throughout this paper (Figs. 2—4).

We further investigated the dependence of the electro-
striction force on the cloud parameters: total number of
atoms N and cloud size. We measured the aspect ratio, N,
and the cloud size, while applying the same strain pulse on
the cloud (Fig. 3 and inset). As seen, the measured AR is
independent of N, as expected from Eq. (1). On the other
hand, the effect shows a strong dependence on the atomic
cloud size. Decreasing the cloud size makes the cloud a
stronger lens, causing the beam to focus stronger and
impart more momentum on the atoms.

The dipole force might, in principle, cause dependence
on the cloud size if the laser beam deviates from a plane
wave, suffering intensity profile changes on length scales
comparable with the cloud size. In order to avoid such
situations, we work with a beam size about 100 times
greater than our cloud size. We avoid speckles using a
single mode fiber with a collimator and no other optical
elements before the vacuum cell. We verified the absence of
spatial sharp intensity changes by direct imaging of the
beam. The strain we observed did not change after a
slight misalignment of the beam, suggesting that indeed
no significant local gradients appear. This shows that the

AR? -1

18 20 22 24 26 28
Cloud size (pum)
FIG. 3. Strain for clouds of different sizes. Measured cloud
aspect ratio after an electrostriction pulse and free expansion for
different cloud sizes (circles), and the theoretical prediction (line,
scaled strain). All data points correspond to thermal clouds
besides the first one, which includes a small condensed fraction.
Smaller clouds consist of fewer atoms, but the AR,, (normalized
AR [27]) is independent of the number of atoms as can be seen in

the inset. We used a laser with intensity 7.4 x 10> mW /cm? and
detuning 73 GHz, pulsed for 0.25 ms.
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observed cloud size dependence is not due to a dipole force
of the electrostriction beam.

In order to verify the linearity of the electrostriction force
strength with intensity /, we measured the strain as a function
of growing optical power and different pulse durations and
detunings. As seen in Figs. 4(a) and 4(b), linearity is indeed
evident for low intensities. However, a clear saturation of the
strain [Figs. 4(a)—4(c)] occurs at high intensities, for various
electrostriction pulse durations and detunings. We measured
the dependence of saturation on the cloud temperature as
well (not shown in Fig. 4), and found it appears to depend on
the impulse applied to the atomic cloud /7,/(TA). This is
evident from the collapse of all data on a single curve as in
Fig. 4. We note that the results presented in Figs. 2 and 3
were performed for unsaturated strain.

The saturation of the effect stems neither from changes in
the internal state of the atoms nor from expansion of the
cloud during the pulse. Our pulses are considerably short
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FIG. 4. Strain saturation with electrostriction laser intensity 7,
detuning A and pulse duration 7,. (a) Saturation with laser
intensity / for dlfferent pulse duratlons 7, (left graph). After
scaling the results by r (right) they collapse to a single curve.
(b) Saturation with laser intensity / for different detunings A (left
graph). After scaling the results by A? (right) they collapse to a
single curve. (c) When plotted as a function of the momentum
impulse o, all measurements collapse together. The laser
intensity is changed between 0 — 9 x 10> mW /cm?, the detuning
A between (—167) — (+152) GHz, and the pulse duration 7,
between 0.1 and 0.6 ms. o% is the width of the thermal
momentum distribution prior to the electrostriction impulse.

(up to 1 ms) compared with the trap oscillation period of
typically 20 ms and the scattering rate of 20 Hz. We verified
that there are no changes in the cloud density and internal
state by imaging the cloud at short times and measuring the
number of atoms in the |F = 1) hyperfine state. The only
evident change is the momentum distribution of the atoms,
which should not affect the strain via our theory. As is clear
from Fig. 4(c), saturation occurs when the atoms have
accelerated to a momentum roughly equal to their initial
thermal velocity spread, 6% = o',

The observation that lensing saturates close to 6% = o'
is reminiscent of a classical version of Einstein’s recoiling-
slit gedankenexperiment [38,39]. In this experiment an
interference pattern of light that passed scatterers (slits) is
dephased when the momentum imparted to the scatterers
by the photons separates the scatterers in momentum space
giving away the which-path information. In our experi-
ment, lensing occurs due to coherent interference of light
passing through different parts of the cloud. In an analogy
to the above gedankenexperiment, the cloud would there-
fore cease to behave as a coherent lens after accumulating a
momentum impulse 6% comparable to their initial momen-
tum distribution o%f.

The bound on the electrostriction momentum given to the
atomic cloud may prevent application of electrostriction for
long times. For short times, the optomechanical strain has
some interesting features of potentially practical importance
(details in [27]). An electrostriction laser beam applied to a
BEC can effectively modify the interparticle interaction
strength at the mean-field level, mimicking the effect of a
Feshbach resonance, without really changing the scattering
length. Interaction tuning was used before [40] for short
times using an optical Feshbach resonance. A BEC with
attractive effective interactions induced by an electrostriction
laser is unstable to spatial density modulations seeded by
initial noise in the density profile of the cloud, as in nonlinear
optical fibers [41]. An atomic cloud with repulsive effective
interactions works to smoothen out spatial density modu-
lations. This can serve as an explanation to the unexplained
red-blue asymmetry in [24]. The electrostriction potential
[Eqg. (1)] serves as a logarithmic nonlinearity, and thus a
BEC under illumination can support stable solitons in any
dimension [42], a nontrivial feature [43,44]. Finally, a
thermal atomic cloud can be self-trapped by its own strain,
resembling a bright soliton [45] in the transverse directions,
incoherent and with arbitrary shape and size.

In summary, we report the observation of optomechanical
strain applied to 8’Rb thermal and condensed atoms when
illuminated by an intense, far detuned homogeneous laser
beam. We experimentally demonstrate the basic features of
electrostriction, distinguishing it from the well-established
scattering and dipole forces, and proving that it is a new type
of force acting on cold atoms. By the observed electro-
striction characteristics, we point out that this force is distinct
from theoretically predicted light-induced forces such as
those discussed in [31-33] or collective forces measured in
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[46,47]. The experimental results are in qualitative agree-
ment with our theory. Electrostriction has the potential to be
an important tool in cold atom experiments as it effectively
induces interparticle interactions, which can be optically
tuned.
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