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Abstract

Today it is common knowledge that a two level system can exhibit the famous Rabi
oscillations when a resonant pulse, which couples the 2 levels, is applied. Since the
discovery of this phenomena, there has been much advancement in this direction. Starting
from the Ramsey sequence, which utilize the subtle control of the Rabi pulse over the
population of each level, and onto much more complicated processes, often elegantly
described by the Bloch sphere.

By replacing one of the two levels with an energy continuum, a more complicated
scheme must be considered, and Rabi oscillations are rather unattainable. This kind of
system can be found in ionization processes in which a bound electron state is coupled
to free electron continuum. Another scenario, and more relevant to this story, is the case
of molecule formation out of individual free atoms. The latter contain a vastly growing
subdomain called Feshbach molecules.

Due to the ultra low temperatures achieved in a cold atoms apparatus these days, it is
possible to rather easily utilize the advantages of Feshbach theory of collisional resonances.
It predicts the existence of inter-channels resonances which allows us to form weakly bound
molecules out of free atoms. The highlight of this phenomena is that we can tweak the
binding energy using an external magnetic field.

In this work, we will describe a phenomena in which an oscillatory drive is applied on
a continuum -+ bound level system, and oscillations in the population do appear, however
it is different by nature from the famous Rabi oscillations. The phenomena is called
Stiickelberg oscillations, and it is a non-adiabatic effect, related to the pulse envelop, so
far only observed in ionization processes by ultra short pulses [1]. The theory for this

process has been suggested in [2], and we set to our selves to realize it on out ultra



cold atoms system. The experimental results shown here shed light on the behavior of
such systems under an oscillatory drive, and are crucial for better understanding of many

similar processes.
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1 Introduction

Oscillatory drive to a quantum system is one of the most frequently used procedures.
It has a role in uncountable number of fields, such as atomic and molecular physics [3—
8], quantum computing |9, 10|, ultra-fast processes |1, 11], and many others. Although
quantum physics has been around for more than a century, and oscillatory drive for longer
than that, the properties of such an interaction are still being investigated and there is
still much to learn.

With the ability to cool atoms into the quantum degeneracy regime, where the De-
Broglie wavelength becomes of the order of the inter-particle distance, came the opportu-
nity for exploring the behavior of systems that were previously unaccessible [12]. This has
opened the gate for a veriety of experiments, some of them on the well known two-level
system.

This breakthrough has also led to great advancement in the field of atomic and molec-
ular physics. It can be shown [13] that the interaction between two particles in the limit
of ultra-cold temperatures can be universally described by a single parameter, the scat-
tering length. The scattering length can be intuitively understood as a measure of the
interaction strength between the two particles. The truly remarkable effect is that in
some conditions, the scattering length can diverge. This is referred to as a "Feshbach
resonance”". This is caused due to coupling between 2 different spin channels, and it
can usually be tuned using an external magnetic field. In the area of positive scattering
length a weakly bound molecular state exists, called a "Feshbach molecule". One vastly
used technique of producing such molecules is by applying a magnetic modulation at RF
frequencies. This was first demonstrated in [3]. In this paper, Rabi like oscillations were

presented for the population of the molecular state as a function of the pulse duration.



However, more recent theoretical treatments |2, 14] have shown that under the param-
eters Wieman et al. have been using, such Rabi like oscillations should not appear. This
thesis brings new data that sheds light on this many years conundrum. We will also give
first experimental evidence to a new type of a coherent process in the field of molecule

production out of ultra cold thermal gas, as suggested in [2].



2 Theoretical background

2.1 Two-level system

In order to get a better understanding of the phenomena described in this work, we must
first start with a simple model. That is the quantum system that has 2 energy states,
and up to a certain approximation, it is decoupled from any other state. Thus we can

describe a general wave function as a superposition of those 2 states

) = cqlg) + cele)
We'll set the ground state energy to be zero, and so the Hamiltonian of the system is

R 0 0
Hbare =
0 hwo

where hwy is the energy difference between the two levels. We consider an oscillatory
drive which couples the 2 levels such that the total Hamiltonian is 7:[tot = ﬁbare + 7:1080 ,

where
Hose = 7 cos(wrt)

and d.4cos(wt) is the matrix element for the coupling Hamiltonian, and wy, is the angular
frequency of the oscillatory coupling.
By solving the Schrédinger equation, under the initial condition of ¢,(t = 0) = 1, we

get the probability of finding a system in the excited state:

(O = (&) sin?(24t)



where () = dTg is the famous Rabi frequency, Qr = /|Q2|? + 02 is known as the generalized
Rabi frequency, and 6 = wy — wy is the frequency detuning of the driving field relative to

the energy difference.

In this solution we can see that the system oscillates between the ground state and
the excited state at a frequency 2—7’3 Another important term is a "7 pulse”, in which a
particle undergoes half a Rabi-cycle (thus the name), and so if that particle began in the
ground state, it will move with absolute certainty to the excited state. However, this is
true only if the driving field frequency matches exactly to the transition frequency (i.e
d = 0). In case of non-zero detuning, the probability of being in the excited state after
half a cycle is

P = —Azsin® (50 + 07)
()
7r

The probability will be at its maximum when 7 = , and as a function of the
/92 +62
R

detuning, the maximal probability will have a Sinc square shape with a FWHM of 2Qg.

Rabi first used this technique for measuring particle transition frequencies. It can be
seen that in order to pin down the frequency more precisely, it is in our best interest
to decrease (1r. However, the constraint of Qr ~ T when 6 — 0 dictates that we
should increase 7, the time that the particle spends in the interaction zone. Experimental
complexities which stems from this requirement ultimately limit the level of precision that
can be achieved.

As a way of tackling this obstacle, Rabi’s student, Norman Ramsey came with a dif-
ferent approach, which utilizes Rabi’s theory, and brings greater precision by introducing

two separate interaction zones.

What Ramsey suggested was applying two "7/2 pulse" with a time gap T between
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them. Similarly to the "7 pulse", the " /2 pulse" is when the atom undergoes a quarter of
a Rabi cycle during the time in which the field is on. It therefore goes into a superposition
of both the ground and the excited state. It then accumulates a phase for each state

AEg+th ¢

E
Zgthwp _;9/e
= and e t

R

according to the bare Hamiltonian e~ , after which the second "7 /2
pulse" interferes the two states and we get again oscillations in the excited state population
due to the different evolution pace of each state. [15].

In this approach, the probability of finding an atom in the excited state for small

detuning (i.e 6 < Qg) is

P. = cos® (L)

and the precision now goes like the time 7', but here, it is the time between the pulses,
in which the interaction is off. Experimentally, this is much easier to control, and greater
precision can be obtained.

This is essentially a new kind of an interferometer, in which the 2 pathways are the 2
quantum states of the atom, and the bare energy time evolution during the gap between
the pulses is where the phase accumulation occurs. Each "m/2 pulse" acts as a beam
splitter for the wave function.

Another way of looking at this system is in the dressed basis. This is the eigen basis of

the Hamiltonian. Once solving in that basis, one can see that there is a shift in energies

110r2
2 9

AE = which is also referred to as the AC-Stark shift. As we shall see, this plays a
crucial part in our phenomena.

All that is described above mostly apply for the ideal case of a two level system. In
any experimental apparatus, there are non-ideal effects that must be taken into account.

Rabi and Ramsey sequences are usually performed on an ensemble of atoms, what leads

to broadnings and decoherence mechanisms. Most of them relate to the fact that different



atoms have different Rabi frequencies. This can be caused by velocities distribution, the
width of the 2 levels and more.

Since the discovery of the Rabi and Ramsey sequences, there have been innumerous
of experiments and theories which carried their names due to the unique characteristics

in each of them.

2.2 Discrete level coupled to a continuum

The previous section describes the case of a system with 2 discrete energy levels (and
nothing more) containing a single particle. This is of course an approximation of any
system we can find in the world around us. Even if we take a system and look at a
subspace of 2 energy levels, ignoring all the others, still no experimental apparatus can
generate a system of 2 truly discrete energy levels. On top of all the technical difficulties,
there will always be some probability of spontaneous decay from the excited state into the
ground state. This introduce a finite width to the energy levels which cause the damping
of the oscillations to the steady state solution.

In addition, these experiments are usually performed on an ensemble of atoms, which
leads to broadenings and decoherence mechanisms. For example, different atoms have
different velocities, causing the known Doppler broadening. Collisions between the atoms
add random phase shifts to their wave function. These effects and others cause decoher-
ence of the system and the decay of oscillations.

The finite width and the ensemble effects generate a distribution of Rabi frequencies.
Thus any observable, such as the excited state population, must be averaged over this
distribution. This may have destructive influence on the ability to observe the Rabi cycle,

but when examined, the parameters must be taken with relative perspective. As in every



damped oscillator, as long as the damping typical time scale is larger than the time period
of the oscillations, they can still be observed.

Here, the damping typical time scale goes as ~ é where op represent the energy
width caused by the inherent level width and the energy distribution of atoms due to
broadenings. With ultra cold atoms, and the inner-atomic states acting as the effective
two level system, the damping time scale can be rather easily made long enough for
observing many oscillations.

In this work we will discuss a similar case in which there is one (nearly) discrete
level, and an energy continuum distanced from that level. The story here becomes more
complicated since we must take into account the coupling of all the possible states within
the continuum with the discrete level. We will focus on the widely investigated system of
molecule formation out of ultra cold atom gas. The molecular state is a discrete bound
state (in the center of mass motion frame) by nature since the 2 atoms are bound to one
another. And the two-body continuum is an ensemble of free atoms, with a Maxwell-
Boltzmann distribution of the relative motion. The width of the continuum is ~ kgT’,
where kg is the Boltzmann constant and 7' is the temperature of the system.

In this scenario, the typical width of the continuum found in experimental systems to
date is too large and overdamping demolishes the chance of observing Rabi oscillations.
Of course once Rabi sequence is unattainable, there’s no point of talking about Ramsey
sequence. The phenomena described in this thesis unravel a different oscillatory behavior,
driven by a different mechanism, and of great importance to the field of molecular and

atomic physics.



2.3 Feshbach molecules

When analyzing the scenario of two atoms collision, it is convenient to work in the center
of mass coordinate system with the center of mass location Roy = % and the
relative distance ¥ = 77 — r3. Due to the interaction between the atoms, there is a
potential energy which varies as a function of 7, and can possess molecular bound states.
Since generally the interaction depends on the specific spin state in which the atoms enter
the collision, there are different potential energy curves for each of those states as can
be seen in Fig. 1. The potential energy curve that corresponds to the initial spin state
of the two free atoms is referred to as the open channel, and the one for some other
spin state is the closed channel. There can be various scenarios for different systems, but
they can all be described that way. With that in mind, it is clear that the background
potential energy for free atoms, and the bound states’ energy levels are generally different
from one potential curve to another, depending on their joint spin state. Consider two
atoms approaching each other (starting from 77— 0o) with a certain spin state (the open
channel) and a total entrance energy F;,. Now, if another spin state is coupled to the
open channel, and has a bound energy level with energy E. that is equal to E;, then
the coupling becomes resonant, and the atoms can change their spin state, jump to the
resonant bound level, and form a Feshbach molecule.

The highlight of this domain is the following: if one (or both) of the potentials has a
non zero (non equal) total spin, it (they) can often be tuned by an external magnetic field
due to the Zeeman effect. This allows the adjustment of energy levels, both bound and
continuum. This is a remarkable method that allows us to achieve a Feshbach resonance
more easily, as they are somewhat rare to be found in natural systems. For example, we

can tune the closed channel curve until one of the bound energy levels coincides with the
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Fig. 1. Energy scheme for the 2 atoms’ system (Fig. 1 in ref. [13]). The black curve
Vig(R,) is the potential energy as a function of the distance between the atoms, for 2 free
atoms in some initial joint spin state. They approach each other with a total energy Ej,.
The red curve is the potential energy V.(R,) for the closed channel that corresponds to
a different spin state. A resonance will occur when one of the bound energy levels E,
resonantly couples to the entrance energy E;,.

free atoms entrance energy E;,. It is also possible to tune the bound levels’ energies such
that there will be an energy difference between E. and Ej;,. The transition can then be
stimulated by an external electromagnetic pulse at the correct frequency.

As in every 2-body system, the angular momentum part of the effective potential
energy is repulsive and becomes larger as [ increases. So it can be shown that for ultra-
cold bosons, with £ — 0, the collision is mostly determined by S-wave (I = 0) scattering

and can be described by a single parameter, the scattering length a. a is essentially a



measure for the interaction strength between the atoms, with positive scattering length
meaning attractive interaction and negative meaning repulsive. When the bound level
resonantly couples to the entrance level, the scattering length diverges. It can be shown
[13] that the binding energy of 2 atoms close to the resonance can be approximated as
a function of the scattering length F, = —mh—;. It can be easily understood that varying
one of the potentials (e.g by changing the magnetic field) affects the interaction between 2
atoms, and therefore affects the scattering length. In this case the dependence of a in the

magnetic field is a(B) = ap,(1 with a;, being the background scattering length at

A
o B—Bo)
B — oo (i.e far from resonance), By the resonance magnetic field, and A is the resonance
width [13]. Therefore, as described before, by changing the DC magnetic field, one can

tune the binding energy. This is illustrated in Fig. 2.

2.4 Threshold in Feshbach molecule association

Besides being the heart of a whole new sub-domain in physics, Feshbach theory introduces
a remarkable molecule production method that enables us to isolate various quantum
effects with unprecedented control. Feshbach molecules are also interesting since they
are weakly bound creatures with a much larger spatial extent than the free atoms they
were created from. There are several experimentally demonstrated methods of producing
Feshbach molecules. The 2 most common methods are Feshbach ramps and oscillatory
fields [13].

Feshbach ramps method involves sweeping the magnetic field across the Feshbach res-
onance. The resonant interaction crossed during this procedure produces molecules with
relatively high efficiency, in some cases up to 80% [16]. This method has the disadvantage

of unwanted heating effect. In ref. [3] they report of 8 Rb heated by a factor of 250 (a
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Fig. 2. Properties of a Feshbach resonance (Fig. 2 in ref. [13]). (a) Scattering length
as a function of the external magnetic field. A clear resonance can be seen where the
scattering length diverges. (b) Feshbach molecule energy as a function of the magnetic
field. The molecule exists where the scattering length is positive. At the resonance the
energy coincide with the continuum.
few K during the field sweep.

The relevant method for our experiment is the second one, in which the magnetic field
is set such that there is a weakly bound molecular level with energy —FE,, with &2 = 0

the zero kinetic energy of the thermal gas. Next, a modulation of the magnetic field is

applied such that
B(t) = Bge + b sin(wt)

Since the magnetic field couples the 2 channels of the 2-atoms system, the modulation can
stimulate molecule production. This method has been first demonstrated experimentally

in |3], and breached the way to a new method of producing Feshbach molecules while

11



avoiding a few limiting properties of the Feshbach ramps method. The production of
molecules is optimal when the modulation frequency w is in proximity to the energy
difference between the molecular level and the maximal population of the free atoms
according to the Maxwell-Boltzmann distribution, i.e when Aw ~ FEj. The exact value is
still being investigated by us together with a group of theoreticians, but we know that it
is around that value up to a shift of ~ kgT.

In ref. [3] one interesting figure shows the behavior of the molecular conversion effi-
ciency (Pycg of just MCE) as a function of the pulse duration. This is essentially the
same feature discussed in sections 3.1 and 3.2. In this paper they present an oscillatory
behavior with a frequency that is very close to the binding energy of their system. A
theoretical paper published 2 years later claims that in the range of parameters used by
Wieman et al. oscillations are smeared out due to decoherence. This, together with the
similarity between the oscillations’ frequency and the binding energy, caused the results
shown in [3] to remain ambiguous to this day. In the next section we will review a new
theoretical treatment which sheds light on the behavior of such a system, and will be the

theory we set to ourselves to validate.

2.5 Coherence in Feshbach molecule association

Now we get to the heart of this thesis. As described in section 3.1 and 3.2, any finite width
of each of the 2 levels will cause decoherence effects. In the case of molecule production
out of ultra cold thermal gas, the width of the continuum is usually too large so coherency
is significantly lost and oscillations cannot be observed. In this section we will dive into
the details of this system and describe why Rabi sequence fails. Moreover, we will show

a different protocol, called Stiickelberg oscillations, which can bring coherence back into
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the system. The model we will describe here was suggested in a theoretical paper [2].
For the treatment of this scenario we will consider a Hamiltonian H = Hy+n(r, t)cos(wt)
where 7(r,t) = 19O (ro—7r)x(t), w/2m is the modulation frequency and x(t) is the modula-
tion time dependent amplitude (pulse envelope), and ©(r) is a step function. The unper-
turbed Hamiltonian Hy has one molecular bound level |¢;) and thermal states |e) with a
Maxwell-Boltzmann distribution. Our general wave function is 1)) = > Ca(t)e’i%t la),
where |«) are the eigenstates of Hy . Plugging this into to the time dependent Schrodinger

equation gives the set of equations for the coefficients:

zhath(t) = be(t)Cb(t) + f d€FbE(t)€ e(t)

hO,CL(t) = Tap(t)e " Cy () + [ deT oo (£)ei T4 Cl (1)

Where I'y5 = cos(wt) (a|n(r,t)|5). These equations are solved numerically in Ref. [2]
for 8 Rb atoms and then averaged over Maxwell Boltzmann distribution for the initial

ensemble of states |¢). We are interested in the MCE, which is the percentage of molecules

produced out of the free atoms in the trap prior to applying the pulse, i.e Pycrp = 2%;” =

NOJGONf, where Ny is the number of atoms prior to the pulse, Ny the number of atoms after

the pulse, and N,, the number of molecules after the pulse. As can be seen in Fig. 3,
for large modulation amplitude (m0/n), oscillations in the MCE can be observed, whereas
for small amplitude, the system exhibits a monotonic increase of MCE as a function
of the modulation duration. The threshold amplitude needed for observing significant
oscillations is ne ~ 24/ =2 where A = P [ deLp— “g: —, P [ stands for the principle
integral and Wy = Ty /(nocos(wt)).

To understand more intuitively the condition for observing oscillations, we can think

of the diagram presented in Fig. 4. Free atoms obey Maxwell Boltzmann distribution
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Fig. 3. MCE as a function of pulse plateau duration as presented in Fig. 1 in ref. [2].

and are represented by the shaded area. The dashed blue line marks a single energy level
out of the free atoms continuum, and the red line is the molecular state in the dressed
basis, so its energy in the beginning of the pulse becomes —FEj, + hw, with = being the
RF modulation frequency, chosen to be slightly higher than the dissociation frequency.
The oscillatory drive causes an AC Stark shift, so the bound level is shifted downwards
by a magnitude proportional to the modulation amplitude squared (this relation will be
derived in section 4.2.4). In this diagram one can see the pulse’s envelope x(¢) in the form
of the molecular state shift.

Now we get to the most important feature of this process. In order for this protocol
to work, it must be non adiabatic, i.e the rise and fall time of the pulse need to be
shorter compared to the typical timescale of the system, which in this case is RBLT This
non-adiabatic change of the Hamiltonian causes the initial wave packet, composed of the
thermal distribution, to project itself onto the new Hamiltonian eigen states, and so a pair

of free atoms form a superposition of the free state and the molecular state as the pulse is
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turned on. Once the amplitude gets to its maximal value it remains there for a duration 7.
During this stage the superposition accumulate phase in the 2 different channels (dashed
red and green). As the pulse is turned off, that superposition is projected back onto the
decoupled free and molecular states. This is essentially an interferometer in which the
beginning and end of the pulse act as the beam-splitter.

Due to the Maxwell-Boltzmann distribution of the thermal gas, the interference for all
the initial atom-pair states |e) must be accounted for, and different oscillation frequencies
are averaged out. So this brings clarity to the condition of the threshold amplitude. In
order to observe significant oscillations in the MCE, the thermal states’ energy must be far
from the molecular channel compared to the width of the continuum kg7T. We can think
of a case in which the shift takes the molecular level somewhere inside the continuum. In
that case, there are thermal states above and beneath the bound state, so they can have
opposite phase and effectively cancel each other’s oscillations.

If we examine the adiabatic limit of this process, we know that a pair of atoms,
originating from the thermal gas, will always stay in the ground state. So as the pulse
is turned on, and the coupling appears, the atoms will go into the molecular level as it
traverse their initial kinetic energy. They will stay in that state until the turn off of the
pulse, where they will dissociate back into free atoms. Basically, since the efficiency of
this molecule production method depends on other parameters, such as the density, some
atoms may not go into the molecular state, but the important thing to notice is that no

superposition is created in this process, and there will not be any chance of oscillations.
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Fig. 4. Energy scheme during the RF pulse. The shaded area denotes the thermal
distribution of the free atom and the red line represents the bound level energy plus the
hw. The dashed green and purple lines represent the two pathways the atoms can take. If
the energy shift for the bound state exceeds the thermal distribution width, interference
can be observed (Fig. 1 in ref. [2]).
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3 Experiment

3.1 Experimental apparatus
3.1.1 Ultra cold atoms system

For successfully conducting this experiment we must have atoms at low temperatures.
Therefore it is optimal to work with an ultra-cold atoms system. A brief description of it
is given here along with a schematic diagram of the system in Fig. 5. Detailed explanation
can be found in Ref [17]. Our cooling process is composed out of several steps. "Li atoms
travel in a collimated beam towards a glass chamber through a Zeeman slower. We then
use magneto-optical trap to catch the atoms in a ~ 3mm cloud at a temperature of
~ 1mK. Next we use a 1064nm YAG laser to form a crossed beam dipole trap, in which
we catch ~ 3-10? atoms at a temperature of ~ 1uK. This temperature is achieved using
evaporive cooling, during that stage the bias magnetic field is changed in several steps to
~ 880Gauss (during which it crosses a Feshbach resonance at 845G). In this field the

binding energy is of the order of a few MHz.

3.1.2 RF pulse generator

The key process of our experiment is the production of molecules. We perform this by
applying a magnetic field modulation at the frequency equal to the binding energy of the
Feshbach molecules. Of course this quantity depends on the initial kinetic energy of a
pair of atoms, and so it obeys the same distribution. We apply this modulation by a coil
which creates a magnetic field in the same direction as the existing magnetic field bias
[See Fig. 6].

As shown in section 3.5, a crucial condition for observing oscillations is to apply this
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Fig. 5. Cold atoms system layout (Fig 1.1 in ref. [17]).

modulation with a high enough amplitude. The association frequency in our experiment
is in the RF regime (i.e the order of a few MHz), for which the coil’s impedance Z; = iwL
prevents high amplitude currents from running through it. In order to solve this problem,
we have connected a capacitor in series to the coil. This leads to the coil being the inductor

of an LC circuit. Since the capacitor impedance is Z¢o = % there is a resonance frequency

fr=2=_1
r 27 2ny/ LC

in which the impedance of the coil and the capacitor cancel out and
the maximum current amplitude 1,,,, = % is achieved, where V} is the voltage amplitude
provided by the power supplier and R is the total DC resistance of the circuit. Since we
need a high current to pass through our circuit, a normal voltage amplifier would not
suffice. Instead, we use a MOSFET switching circuit to provide the alternating current
to the antenna. In Fig. 6 it is possible to see a schematic drawing of that circuit with an
IXRFD630 RF MOSFET driver in the heart of it. A power supplier is connected to the
driver providing a constant voltage of 15V. An arbitrary function generator provides a

square signal which alternately opens the MOSFET’s gate at the desired frequency. The

output of the driver is connected to the LC circuit which filters out only the resonance
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frequency, to which we set the square signal’s frequency in order to obtain maximal

current. We therefore get a high amplitude sine wave signal at the antenna with the

desired frequency.

o
Power supplier (VCC) — IXRFD630 C A
MOSFET —| —
Arbitrary function driver r;z,
generator /‘ﬂ
(Input) - )

Fig. 6. Schematic description of the RF antenna circuit.

current(A)

12 13 14
frequency (MHz)

Fig. 7. Resonant behavior of the LC circuit. A Lorentzian fit (solid line) is made to the
entire data set and in agreement with the measurements within about 1MHz around the

resonance. The other data points probably indicate of current that is filtered out from
the LC circuit.

In order to characterize the behavior of the circuit, we measured the current drawn

by it from the power supplier for different input frequencies [See Fig. 7|. This data is
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for a different antenna than the one we used in the experiment, but it demonstrate the
behavior of the circuit very well for this section. A clear resonant behavior can be seen
around 12.75 MHz. We obtain a 3A peak to peak current at resonance and a quality
factor of () = 1—(} = % = 40 which is considered to be relatively high for an RLC circuit
at RF frequencies. We can also approximate L by a simple coil’s inductance formula and
extract C from fy = #ﬁ And since @ is also equal to %\/g we can see that R = 5()
which is in agreement with the maximal current we obtain for a voltage of 15V.

Once it has been established that this circuit is indeed able to apply high amplitude
magnetic field modulation at RF frequencies, we went a step further and duplicated it in
order to have higher guaranty that the required shift of the molecular level is obtained.
The second antenna is placed on the opposite side of the vacuum chamber, in a Helmholtz
configuration. Since we cannot measure the magnetic field with an external sensor at the
position of the atoms (inside the vacuum chamber), we tested the addition of the second
antenna in a few different methods.

The first was to measure the modulation amplitude above the chamber. By using
a field lines diagram, one could easily be convinced that the total amplitude above the
chamber should be reduced once the Helmholtz configuration is applied. This is counter
intuitive since the total amplitude at the location of the atoms is increased. We used a
simple pickup antenna connected to a scope, so once alternating current runs through the
antennas, induced field is created in the pickup antenna and we can observe a modulation
on the scope with the same frequency and with an amplitude proportional to the amplitude
of the original pulse. Table 1 shows the amplitude voltage on the pickup antenna for
both connection configurations, Helmholtz and anti-Helmholtz. For each configuration

the amplitude was measured when only the first antenna was operating, same with the
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second antenna, and finally when both antennas were operating. It can be seen that
for the Helmholtz configuration (as classified in retrospective) the amplitude is decreased
when both antennas are operating, where for anti-Helmholtz the amplitudes are added
up. This was the first validation that the second antenna does improve the signal. The
second, more important validation will be laid out in section 4.2.4 after we describe a few

other experimental procedures.

Table 1: Pick-up antenna amplitude - above the chamber.

\ Antenna 1 \ Antenna 2 \ Both antennas
125V 88V 20.7V

Anti-Helmholtz

Helmholtz 10V 8V 7.1V

3.2 Experimental procedures
3.2.1 Number of atoms measurement

In each experimental sequence, we first load the atoms into the crossed dipole trap, after
which the evaporation step is performed. During the evaporation, the bias magnetic
field is turned on, and with several steps raised to its final value in which weakly bound
Feshbach molecular state exists. Next, once desired temperature and density are achieved,
the RF pulse is applied onto the atoms, by which molecules are formed. After the pulse
is turned off we measure the number of free atoms left in the trap by absorption imaging.

A plain wave resonant with the free atoms is projected onto the atoms. The cloud

shape in the plain perpendicular to the imaging laser propagation direction is a two
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dimensional Gaussian. Therefore, in order to extract the number of atoms we use a single
axis Gaussian fit, performed after an integration of the image with respect to the other
axis. This measurement gives us the number of atoms in the trap up to a constant factor.
The exact number of atoms is not relevant since we are only interested in the oscillatory
behavior of the number of atoms as a function of pulse duration. The imaging is sensitive
only to the atoms since the molecules are detuned 4MHz (O'Fﬁ) away from the resonance
and the bandwidth of the laser is lower than the energy separation of the bound level
from the free atoms. In addition, a waiting time is introduced to allow all molecules to
decay from the trap.

For this experiment, the measurable quantity we desire is the MCE. For extracting
that, we calculate MCE(1) = NO_N—](\)[(T), where N is the number of atoms in the trap, and

7 is the pulse duration. This formula is the number of molecules produced divided by the

initial number of atoms in the trap prior to applying the pulse.

3.2.2 Temperature measurement

A key parameter in this phenomena is the ensemble’s temperature. It determines the
typical time scale which sets the condition for non-adiabaticity. It also directly relates to
the oscillations’ frequency and contrast as described in the theoretical background. We
therefore would like to independently measure the temperature since it would provide
additional confirmation for the validity of the theory.

In our ultra-cold atoms system, we capture an atomic cloud in such densities that
essentially it behaves like an ideal gas with a Maxwell Boltzmann temperature distribu-
tion. The atoms are distributed in a 3 dimensional Gaussian shape which is elongated

along one axis (the optical trap laser propagation axis). Once the evaporation sequence is
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complete, the trap is turned off, after which we wait for a certain amount of time before
taking an absorption image to extract the atoms’ distribution. It is easy to show that
with an initial Gaussian spatial distribution, the expansion of the thermal cloud remains
Gaussian, with a width that grows with time as 07 = 03 +52¢2, when o2 is the Gaussian
variance, T' is the temperature, and kp is the Boltzmann constant.

In order to extract the temperature of the system, a series of measurements, in which
the time between the turn-off of the trap and the imaging time, i.e the time of flight (TOF),
is varied. By ploting o7 as a function of t* and applying a linear fit, the temperature can
be extracted from the slope. An example of such sequence is presented in Fig. 8 with the
typical temperature we achieve in our system, i.e T~ 2uK.

T=1.96+023[uK]

1
nn n ne non
0.04 0.08 0.08

Fig. 8. An example of a temperature measurement. The line is a linear fit for o2 as a

function of the time of flight squared.

3.2.3 Resonance field calibration

The Feshbach molecule binding energy is well known for different scattering lengths [18,

19]. In our system we apply our DC magnetic field by running high currents in 2 coils
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surrounding the trap, but we can only know the magnetic field the atoms feel up to
some precision. In order to more accurately determine the field strength, we perform a
resonance measurement. As described in the theoretical background, the Feshbach binding
energy depends on the scattering length which can be tuned by the magnetic field. In this
experiment we get the atoms to their final temperature and then set the magnetic field
to some value. Next we apply an RF pulse of ~ 1ms at a frequency which corresponds
to the binding energy at the set field. We repeat this procedure while changing the bias
magnetic field at the time of the pulse from one run to another. When the binding energy
E,, defined by the magnetic field matches the pulse frequency, the efficiency of molecule
production is optimized. However, there are two important broadnings to this calibration
method. The first, as mentioned earlier, is the thermal distribution of the free atoms from
which the molecule is formed. The second is the fact that the current that creates the bias
magnetic field in our lab is stabilized to a precision of ~ 5-107° (STD). Therefore, the
line we’re expecting is a convolution of a Maxwell-Boltzmann distribution at temperature
T, with a Gaussian distribution with ¢ ~ 50mG. In most measurements we make, with
a temperature 7' ~ 1.5uK, the MB distribution has a width of kBTT ~ 30kHz. The
magnetic field instability in this case swallow the thermal distribution, so it can be taken
as a delta function without any noticeable difference from the precise function. So we can
determine the exact magnetic field by applying a Gaussian fit to the data and extracting
the center. Fig. 9 shows an example of such an experiment. A clear resonance can be

seen at ~ 874.77G with a contrast of ~ 35%.
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Fig. 9. Number of free atoms left in the trap after applying a 1ms pulse at a frequency
of 12.8MHz as a function of the DC magnetic field. The solid line is a Gaussian fit to the
data.

3.2.4 Shift in resonance due to field modulation

In order to observe interference we need to be able to shift the bound energy level by
more than the temperature, which is ~ 1puK. The pulse intensity is determined by
the magnetic field modulation amplitude b, so the magnetic field the atoms experience is
B(t) = By+bsin(wt). As mentioned before, the binding energy depends on the scattering
length as E, = —mh—; and in turn, the scattering length depends on the external magnetic
field as a(B) = apg(1 — B_LBO), therefore by applying the pulse we simultaneously also
modulate the required frequency for transition. With a simple derivation, it is possible

to show that the effective resonance field is shifted due to this modulation.

First, we will write the scattering length during the pulse:
a(B) = ayy(1 ~ 5y tremen)

(B—Byp)+b sin(wt)

In our experiment the following is usually satisfied b < (B — By) < A, so we can simplify
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the expression around b = 0 to be

apg A . .
a(B) = —5"5 |1 - B_bBO sm(wt)} = a. [1 — BCEBO sin(wt)

where a, = — Ba f’fgo is the scattering length for vanishing modulation amplitude, and

Ey(B,) is the binding energy that’s corresponds to the pulse frequency, i.e E, = hw, for

b = 0. Substituting this in the energy gives us

E(t) _ h? 1

- 2 2
maz [1— BcEBo sin(wt)]

If we expand this expression for 3 b 5 < 1 we get

2
E(t) = —mL; [1 + QBCEBO sin(wt) + 3 (ﬁ) sinZ(wt)}

And finally, averaging over time result in

(B(t) ~ — 15 {1 o (BCEB())Q]

So we can see that the binding energy addressed during the pulse, will effectively shift
towards higher values and depends quadratically in the modulation amplitude. However,
it is important to remember that when calibrating the magnetic field, we do not scan the
frequency, but the DC magnetic field. The pulse frequency f = 7 remain constant in
our system and therefore, the optimal point in which we produce the maximal number of
molecules is when the binding energy corresponds to that frequency, i.e when (E(t)) = hw.
And so the DC magnetic field in which we will find the resonance will shift as well. We

can substitute that constraint in the equation and extract the detected resonance field

B2 from it:
_ 12 (Bl By) s(_ b Y
w = (abgA)g {1 ta (Bélet—B()) }
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We keep in mind that we work in the area of B < By where there is a weakly bound

Feshbach molecule, so after some algebra we get

2
etect __ :! 3 b

2
A) o, .
where A2 = % is the distance of the resonance field from the Feshbach resonance

for vanishing modulation. In our system Ap ~ 10G and the modulation amplitude b ~ 2G
2
SO (Ai) can be treated as a small parameter and it is possible to expand the expression
B

up to second order

2
detect __ 3 b __ Rbare 3 b2
Bc”—Bo—AB[l—z(E)}—Bc +ias

So we see that in the range of parameters used in our lab, there is a quadratic shift in the
resonance field detected, as we increase the modulation amplitude.

Since we cannot directly measure the magnetic field modulation amplitude at the
atoms’ location, we must use alternative approaches. Our best indication of the amplitude
is through the current the VCC supplier supplies. As described in section 4.1.2, the drive
from the supplier is on during half duty cycle, so the current shown on its display is half
of the current amplitude in the circuit. For each voltage combination, we turned the pulse
on and wrote down the current on each supplier. We considered the atoms to be in the
center of a symmetric Helmholtz configuration, so the contribution to the field per Amper
of each coil is the same, allowing us to add up these numbers to a total current, and the
latter is the parameter shown on the horizontal axis of the graph.

Fig. 10 shows the resonance field measured for different modulation amplitudes. These
measurements were taken in 3 different days, each day with at least 4 points. The magnetic
field in our lab is stabilized along the duration of a specific day, but it can have systematic

shift between different days due to the turn off and on of the power suppliers. In order
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to compensate for this shift, we performed a quadratic fit for the data of each day and
subtracted the bias field for zero modulation amplitude, as determined by the fit. The
results were then combined into one data set after which the final fit was performed.

From the fit, together with the theory shown earlier in this section, we could extract the
conversion parameter between the current provided by the suppliers to the field generated
in the atoms’ location. according to a relation of b = aliu We got a = 0.55% From a
geometric point of view, calculating the same coefficient for the 2 coils we use to generate
the pulse, we get a = 0.73%. Therefor, it seems that ~ 25% of the current does not flow
through the antennas, which is within reasonable behavior.

We can also see that we achieve a total shift of > 180mG in the resonance magnetic
field, which is, in our area of interest, equivalent to ~ 100K Hz. The shift is more than 3
times our temperature, meaning that we can reach the amplitudes required for observing

oscillations.

00 02 04 06 08 10 12
current (A)

Fig. 10. Resonance DC magnetic field Bj as a function of the modulation amplitude b as
measured at pulse frequency f = 4.02M Hz. The solid line is a quadratic fit of the data.
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3.2.5 Pulse rise time

Another key feature of Stiickelberg oscillations is non-adiabaticity. The coupling Hamilto-
nian is governed by the RF pulse, therefor its turn on and off time scale is the parameter
that determines the existence of adiabaticity in the system. This time scale is compared
to the time scale of the bare hamiltonian, which is determined by the energy width of the
thermal gas, i.e Tpgre = kBLT For T'= 1.5uK we get Tpare = 32uS.

We wanted to confirm we meet the condition for non-adiabaticity, so we measured the
pulse shape to extract from it the rise and fall time. We did that by placing a pickup
antenna near one of the antennas and recording the induced signal in it. This was sufficient
since for this purpose we are not interested in the amplitude of the signal, but only the
time behavior of it. We’'ve come to learn that producing the RF pulse, carries with it some
minor noise at other frequencies, mostly higher harmonics of the carrier frequency. These
frequencies have negligible coupling so we filtered them out in order to extract the time
scale of the pulse. Fig. 11 shows the pulse’s envelope with an exponential fit (according
to the easily derived and known thoery of an RLC circuit). The time scales for the turn
on (off) of the pulse is 4.42us (4.53us), so we can see that this is an order of magnitude

shorter than the time scale of the system 7y,,., therefor non-adiabaticity is satisfied.

3.3 Results
3.3.1 Observation of oscillations

In section 4.1 and 4.2 we have shown that indeed we meet the conditions for observing
oscillations. Therefore the next step was to go ahead and measure them. To give ourselves

the best chances for success, we used parameters in the edge of our reach that bring out
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Fig. 11. Pulse amplitude (envelope) after moving-average smoothing. Orange (yellow)
line is the analytical solutions for the turn on (off) of a resonantly driven RLC circuit.
Exponent time scales are extracted from the fit and presented above.

the largest contrast and highest frequency. As seen in section 3.5, this means that we
aimed for the lowest temperature and largest modulation amplitude we could achieve.
The bias magnetic field in the lab is stabilized at ~ 884G +40mG, but it may fluctuate
from one day to another, due to the turn off and on of the power supplier. Therefore we
must calibrate the bias magnetic field in the beginning of each day. However, there is
importance to the modulation amplitude used for this calibration since it can shift the
resonance. In order to get the desired effect, in which the maximal shift is obtained
with optimal molecule production in the beginning and end of the pulse, the resonance is
calibrated for low modulation amplitude (optimally for zero amplitude), which in our case

is 3V VCC for each RF generator circuit. Lower voltage is not possible due to operation
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limitations posed by the MOSFET driver. However, Fig. 10 shows that the resonance
for zero voltage is only a few mG away from the resonance for 3V, which is an order of
magnitude lower than the bias field stability, and therefor irrelevant.

In each run, ~ 25000 atoms were loaded into a trap, and the bias magnetic field is
set to the low field resonance. Once this is done, an RF pulse at 4.02M Hz is applied
onto the atoms. In order to get the maximal shift, the voltage for each circuit is set to be
10V. The oscillations are of the MCE as a function of the pulse duration, and so this is
the parameter that is varied from one run to another. The resolution of this parameter
is of 2us. Whenever the pulse duration does not divide with this quantity, it is rounded
downwards by the control system. After the pulse ends, the number of free atoms left
in the trap is measured as described in section 4.2.1. The molecules produced in this
sequence are still in the trap at the time of measurement, however due to the large energy
separation, we are blind to them and they do not absorb the imaging laser. We measured
this for pulses duration of 2 to 82 us with an averaging of 8 runs per data point. The

results are shown in Fig. 12.
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Fig. 12. Experimental data (blue) at the best conditions for observing oscillations. An
approximated model from [2] was drawn together with the data (red) with parameters
chosen visually in a tailor made program.
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It is possible to see a deep minimum in the number of atoms right in the beginning
of the graph. This minimum corresponds to the first maximum in (figure of theory)
which describes the behavior of the MCE. It is also clear to see that there is a revival in
the number of atoms later on in the graph. This is an important feature that sets the

difference from any other incoherent molecule production procedure.

3.3.2 Monotonic decay

In order to further convince ourselves in the validity of this result, we decided to examine
a different scenario. We kept the modulation amplitude and frequency the same, while
ramping up the bias magnetic field to its high-amplitude resonance value. The result can
be seen in Fig. 13, which shows a monotonic decrease in the number of free atoms left in

the trap, this of course means a monotonic increase in the MCE.
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Fig. 13. Number of atoms left at the end of the trap as a function of pulse duration
for bias magnetic field set as the high amplitude resonance. A monotonic decay in the
number of atoms can is obsereved.
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This can be understood by the same model used for explaining the oscillations and
is described in Fig. 14. By ramping up the DC magnetic field, we decrease the binding
energy, setting the bound level energy to a higher value (due to its negative sign). Since
the pulse frequency remains the same, in the beginning of the pulse, there is no coupling
between the free atoms and the bound level. As the pulse envelope rises, the shift takes
the bound level into the major part of the continuum and the coupling appears. Since we
took the bias field to be the resonant field for high amplitude, the result is that during
the majority of the pulse, the bound level is coupled to the continuum and molecules are
being produced. Therefore there is no interferometer and the longer the pulse lasts, the
more molecules are being produced. The results shown here do carry some noise, but
the main difference from the results in section 4.3.1 is that here it is clear that there is
no revival in the number of atoms lefts in the trap at the end of the sequence, Only a

monotonic decay.

E
A
Eb + hw
0 t
H_/
Molecule
production

Fig. 14. Energy diagram for the high bias field scenerio. The molecular state at the
beginning and end of the pulse is decoupled from most of the continuum. As the pulse
amplitude approach its maximum value, the coupling occur and molecules are produced.
As the pulse duration is extended, more molecules are produced, but in a non coherent
manner since the molecular level is embedded within the continuum.
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3.4 Experiment - Theory comparison

The graphs in Ref. [2| are made for a different system of % Rb atoms, so we could not
compare our results directly with their model. Even if their model was done on " Li, still
we would have to operate with the parameters similar enough to the ones used in the
theory. We do conduct a collaboration with the same theoretical team these days for an

"within reach" approach that

upcoming paper, but for this thesis we will show a more
allows us to evaluate the agreement of the experiment with the proposed theory.

The model we used is equation 6 in Ref. [2], which is an approximated solution of the
MCE as a function of the pulse duration. We did not use explicitly all the parameters
in that solution, rather simplified them further to a few general parameters, some with
a somewhat intuitive meaning. However, our main interest is that the behavior of the
function fits our data.

Fig. 12 shows that data of section 4.3.1 together with the model function for parameters
we set manually. The parameters were set to these values after varying them by hand in
a tailored program within a large range, visually determining a combination that fits best
to our data. Two parameters are very much worth mentioning. One is the temperature,
which for this model line was found best to fit at 7' = 1.5pK. It is important to mention
here that since this is not a formal fitting procedure, we could have probably go to
temperatures within £0.2uK from that value, but any further than that and the model
did not fit the data any more. The number 1.5 was conveniently chosen since we know
that this is the temperature in our system, but the remarkable this here that this is also
more or less that parameter that fits best to our data.

Same can be said about the maximal shift of the molecular level during the pulse. The

parameter used for the model line was A = 107 kHz which is very close to the actual
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value measured independently, as described in section 4.2.4 to be 112 kH z.

We can see amazing agreement between the experimental data and the theory. This
might be the strongest evidence for the validity of this model, and despite being only
an approximated solution of the MCE, it allows great optimism for further research and

accurately comparing the theory with the experiment.
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4 Conclusions and outlook

We have successfully managed to produce a system that can put to test the theory sug-
gested in [2]. Within our results, we see evidence of coherency, that according to a few
theoretical analyzes is far from trivial. Moreover, the remarkable correspondence be-
tween the obtain data of oscillations and the model increases our understanding of similar
quantum systems, specifically to the field of cold atoms and molecules.

Having said that, the results shown in this thesis are still merely the opening shot to
a wide range of research possibilities. This phenomenon contains many parameters, e.g
temperature, binding energy, pulse amplitude and frequency, and many more. These pa-
rameters and their influence can be explored and bring greater knowledge of the behavior
of systems that contain a combination of discrete and continuous states.

Also, these days we are collaborating with a group of theoreticians in order to find
more rigorous agreement between theory and experiment. Even though the outlines of
both systems is rather similar, still there are many differences that must be reconcile in
order to complete our understanding of the process at hand. These include the pulse form,
different energy and temperature scale, and more. We see great promise in this process
and expect to publish in the very near future.

Finally, this work brings additional clarity to the process of molecule formation, which
had some vagueness around the ability to achieve coherence. It shows that by following
a different protocol, Stiickelberg oscillations can be seen, in the same system where the
Rabi sequence fails. We believe this would open the path for much research to come in

the field of atomic and molecular physics.
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