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Abstract

This thesis describes all work on developing Ramsey Interferometry at the atom
chip region, including building the IQ-Modulator microwave system, the imaging
system, and quantum-state control using microwave fields. Ramsey Interferometry in
the atom chip region during the atoms’ free fall between the |2,0 > and |1,0 > states
has an approximate coherent time of 4ms. Also, we work towards the development
of Ramsey Interferometry in the MOT chamber to image the laser beam, which we
developed Evaporation Cooling to minimize the effects of the magnetic gradient in
the environment, built a new imaging system, and strategies (i.e., two cloud imaging

in one picture) to collect data, and performed Ramsey Interferometry.



Chapter 1

Introduction

This introductory chapter describes the short-term objectives of this experimental
research project and its long-term motivation, summarizes my work, and provides

guidelines for reading or using this thesis.

1.1 Motivation

The primary objective of my research project is to develop and implement a non-
invasive method for imaging a laser beam and eventually an electron beam. People
may be curious why we need a new way to image a laser beam. Lasers are “visible,”
so why not just look at them or point a camera at them? In many routine situations,
conventional detectors are the right tool, but they have limits in certain practical
situations. In particular, high-power beams can permanently damage the optics,
filters, or pixels of a sensor. Additionally, placing any sensor directly in the beam
blocks the laser light, which is unacceptable if the beam must continue downstream
to perform useful work. Our approach is to image the beam using a cloud of atoms
— i.e., a cold-atom ”"dust” — that can non-invasively probe it without absorbing or
stopping it. Of course, setting up a weak pick-off beam is an easier way to probe,
but it usually adds extra noise to the measurement. More specifically, our approach

measures the spectroscopic shift of atomic energy levels induced by the laser’s electric
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Figure 1.1: This figure illustrates the two-level scenario in which atoms interact with
a laser beam. The microwave is used for coupling the two states |1 > and |2 > in the
atoms.

field and can be extended to measure the electric field of an electron beam.

Moving on to the real experiment, the biggest question is: how can we utilize
atoms in reality? In the lab, we put rubidium atoms into the vacuum chamber, where
they exist as a thermal gas. We use a magneto-optical trap (MOT) to trap and cool
the atoms in a small region — people can really see the atom cloud in the apparatus!
Then the atoms can either be well prepared for the experiment in the MOT chamber
or transported to the atom chip region. Naturally, atoms can have different states
representing the same energy. We apply a magnetic field to separate the states and
distinguish them. For a more straightforward interpretation, imagine that you open
Google Maps and, once you enter a destination, it shows several routes to that place.
At this point, there will be energy or frequency differences between the states, and by
applying a frequency with the proper value and intensity, we can enable two states
to communicate. Then, if we allow a laser beam to pass through the atomic clouds,
the two states will experience energy shifts (i.e., the AC Stark shift). In other words,
we can gain information about the laser beam (or electron beam) by measuring how

much the states shift (Figure 1.1).
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Figure 1.2: This figure illustrates the two-level scenario in which atoms interact with
an electron beam. The microwave is used to couple the two states |1 > and |2 > in
the atoms, and then two lasers (or three lasers) are used to excite the atoms to the
Rydberg state for electric- or magnetic-field sensing.

In the real experiment, Ramsey Interferometry, which involves two brief microwave
pulses applied to the atoms, is very helpful for measuring small, temporary energy-
level shifts. If we do Ramsey Interferometry without a laser beam, the result will be
an oscillating signal between two states, whereas with a laser beam, the signal will
have a phase shift relative to the original Ramsey signal. By measuring the phase
shift, we can indirectly know how much energy shift there is. Currently, most of
my work focuses on imaging a laser beam in the MOT chamber and on developing
Ramsey interferometry on the atom chip.

Ultimately, our final goal is to use a similar technique to image an electron beam,
optimally a single electron. However, we need photons to excite the atoms from
ground states to the Rydberg state, which is more sensitive to the electric field (Figure
1.2). The related sensing techniques can be used to enhance particle detection of

electrons, protons, and muons at Jefferson Lab [1] [2] [3].



1.2 Overall Structure

This thesis is organized in the following manner: Chapter 2 reviews the theoret-
ical concepts used in the experiment and also provides general numerical calculations
used in designing the experiment. Chapter 3 covers the experimental apparatus and
introduces the hardware systems and instruments we use during the experiment, pro-
viding a general sense of how the experiment is conducted. Chapter 4 describes
the main experimental results, including diagrams, plots, and related data analysis.
Chapter 5 concludes by providing an outlook for future research directions based on

the work.



Chapter 2

Theory

This chapter reviews the basic physics underlying the measurement and imaging
of the electric field of a laser beam. Sections 2.1, 2.2, and 2.3 review the basic
physics of the formulas for the AC Stark shifts in a two-level atom and the scattering
rate for a laser. Section 2.4 calculates the expected AC Stark Shifts and associated
laser scattering rate for the proposed experiment. Finally, sections 2.5, 2.6, and
2.7 review the microwave state manipulation techniques of adiabatic rapid passage,
Ramsey interferometry, and Spin Echo. To ensure unit consistency, all frequencies

are expressed as angular frequencies.

2.1 Brief Introduction of Rb 87 Hyperfine Struc-
ture

Rubidium is in the group of alkali atoms, which have one valence electron. The
hyperfine structure of Rb-87 is defined by the L, S, J, and F quantum numbers, with
IL—-S| < J<L+Sand|J—1I| <F <J+1I. Thenuclear angular momentum
number(I) of Rb-87 is I = 3, the electron spin angular momentum number (S) is
S = %, and the electron orbital angular momentum number (L) is determined by
which orbit the outer electron is at. In our experiment, we focus on the D2 line on

the 55% “ SP% (J:g for the first excited state), and the corresponding hyperfine
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Figure 2.1: Rb-87 D2 line hyperfine structure. (The frequency expression in this
figure is frequency instead of angular frequency.) [4]

structure is displayed in Figure 2.1. In this case, the F=2 to F'=3 optical transition
is an ideal clock transition for various operations, such as imaging the atoms, which
will be discussed in later sections.

Zeeman splitting on the hyperfine levels are due to the interaction between a weak

magnetic field on an axis and the electron magnetic dipole moment; the general forms
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Figure 2.2: Zeeman Splitting on Rb-87 hyperfine levels

of the first and second orders of shift are defined by perturbation theory:

AE(U

Fonp = <F, mgg)‘HZ‘F, m;?)> = grupmpB (2.1)
The first-order Zeeman shift is linearly proportional to the quantum number mpg of
the quantization axis. The Zeeman splitting of Rb-87 ground level is displayed in

Figure 2.2.

2.2 Rabi Oscillation

Starting with semi-classical two-level atoms. Since we aim to perform an experiment
in the Rb-87 ground level, the E1 interaction is forbidden because the electron doesn’t
change the orbit and the parity stays the same, so the M1 interaction dominates in
this case. The Hamiltonian of the system can be expressed in (u is the magnetic

moment):

Hi(t) = —p - B(t), B(t) = Bg cos(wt). (2.2)



So

Hine = — (- By) cos(wt). (2.3)
Write in the matrix format in basis of {|g), |e) }:

i <<g| — (- Bo)lg) {9l = (w- Bo)|6>> | (2.4)
— (1~ Bo)le)

Hinl0) = oSl | ) - Bo)lg) el

The two diagonal entries in the Hamiltonian representing the energy of two levels
are nonzero, but will be time-averaged to 0. For the standard deviation, we keep only
the transition-driving off-diagonal terms, giving the standard form similar to the E1

interaction:

Huult) =1 (g g ) cosa) 25

<g|Hint|e>
h

where () = is the Rabi frequency. Then, the total Hamiltonian will be:

. wg 0 0 Q
H=h ( Og We) +h (Q* O) cos(wt), (2.6)

where w, and w, are the bare ground state and excited state energy.
By substituting in the Schrodinger equation and applying the Rotating Wave
Approximation, which eliminates the fast oscillating terms, the probability that atoms

are in the excited and ground states will be:

Pt =l = [

=5 2sin2(%/t) ,Py(t) =1— P.(t), (2.7)

where the generalized Rabi frequency is € = \/m, and 0 = Weg — Wariving
is how much the driving microwave frequency is detuned from the aimed transition
frequency.

If we assume that the detuning is small, then the state of the atom will oscillate
between the ground state and the excited state, as shown in Figure 2.3.

In the demonstration of Rabi flopping on the Bloch sphere (Figure 2.4), we still

apply a small detuning to the microwave and the current state vector R will follow

8
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Figure 2.3: Figure (a) displays a two-level atom, which is coupled by a driving field
with some detunings from the resonance frequency; Figure (b) illustrates the Rabi
Oscillation between the ground state and the excited state in a two-level atom when

the driving field has a very small detuning

‘il—f = (I x R to rotate on the surface of the sphere, oscillating between the two states.

The latter 2.7 and 2.8 sections will revisit the Bloch sphere with more rigorous maths.



le>

Figure 2.4: This figure illustrates the Rabi Oscillation on the Bloch sphere for a very
small detuning § on the driving microwave field.

2.3 AC Stark Shift

When applying a laser field to a two-level atom, the dressed atom Hamiltonian

in the basis of {|g),|e)} is:
S - - (B, 0 N+1 0 0 Q2
H_Hatoms+Hﬁeld+Hint—(0 Ee)—f—ﬁwl( 0 N>+R(Q*/2 O)
- A QJ2
i=n (g V)

where A = w; — wg is the laser frequency detuning value and €2 is the Rabi frequency

between the two levels, so the eigen-energies are:

A+ /ATTIOP
E.,—h - lll (2.9)

10
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Figure 2.5: This figure illustrates the AC Stark shifts of the excited- and ground-state
energy levels for different detuning values from the atomic resonance frequency.

Here, we only consider |A| > Q and apply Taylor expansion to simplifier the
expression

VETETOE ~ (A + 2L
N

Finally, we can get

o (A+]A] |2 (A=A |2
ngh( 5 >+4A, e~ = “A (2.10)

where h(AJ“Tm') and h(A_T‘A'> are pure field energy and are not included in the
interaction with the atom. According to formula 2.9, the excited state energy level
102 122

shifts up AT and ground state energy level shifts down % in red detuning and in

the opposite way in blue detuning, which are shown in Figure 2.5.

2.4 Scattering Rate

In a quantum system, the state with higher energy can randomly decay to the
state with lower energy by emitting a photon, and the process is called spontaneous

emission. Assume we are dealing with a two-level atom with an optical transition.

11



The coherent two states in the quantum system will ultimately decay into a statistical
mixture of states, so we can define the scattering rate as the decoherence rate in the
quantum system, which will be discussed further in later sections.

The scattering rate of Rb-87 can be expressed as:

S0

2
2A
1 + So + <_>

(2.11)

Vscatt = &

where ~ is the natural decay rate of the atom, sy is the saturated intensity, which

equals to I/l = 2|Q?/? (L = 3”/\}1207), and A is the detuning from atomic reso-
nance frequency. Experimentally, we use various techniques, i.e., laser cooling and
evaporation cooling, to cool Rb-87 atoms down to p/ scale temperatures to largely
suppress the linewidth broadening caused by the Doppler effect. Therefore, solely
based on the formula, the scattering rate has a Lorentz distribution as a function of
the detuning A, which means it is maximized at the resonance frequency and decays

as it is further away from the resonance frequency. In the case of the 780 nm cycling

transition in Rb-87, we have v=27 x 6 MHz and I;,;= 1.6 mW

cm?

2.5 Scenarios for Imaging External Field with Rb-
87 in MOT chamber

2.5.1 Imaging a laser beam

The basic scheme for imaging a laser beam is shown in Figure 2.6. The idea
is to trap and cool the Rb-87 atoms using a magneto-optical trap, then load them
into a magnetic trap and use optical pumping to transfer the unwanted states to the
untrapped states to purify the F=2, mp=2 state, and finally let the atoms free-fall
for imaging. Next, we direct a 2rx 6.8 GHz microwave magnetic field at the atoms
using a waveguide to couple the two atomic ground levels, F=2 and F=1. If we let

a far-detuned 780 nm laser pass through the atom cloud, we should theoretically

12
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Figure 2.6: This figure displays the scenario for imaging a laser beam using cold
Rb-87 atoms in the MOT chamber

generate the AC Stark shifts for both the F=1 and F=2 levels. In section 2.3, the
thesis showed that using a laser field that is far detuned from the atomic resonance
can minimize decoherence associated with the scattering rate. However, based on
the calculation of energy-level shifts in section 2.2, the shift will become increasingly
small as the detuning increases. As a result, we performed numerical simulations
to find an acceptable balance between minimizing decoherence and maximizing the
differential energy shifts, as shown in Figure 2.7.

Note that in the experiment, the laser can create 5P% optical transitions from
either of the F=1 or F=2 on ground levels to first excited state, and the energy
level shifts of the two levels may be in the same direction or different directions and
magnitude, so we want to measure the differential energy level shifts of two ground
levels. Therefore, we use F=2 as a reference level for zero frequency detuning, and
the Figure 2.7 subgraphs (a), (b), (c¢) correspond to the relationship plots for total
energy level shifts and scattering rate under different detuning ranges.

According to equation 2.11 and Figure 2.6, the scattering rate equation for F=1

13
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Figure 2.7: These three diagrams illustrate the relationships among scattering rate,

energy-level shifts,

and F=2 should be represented as (AE/h = Awyp = 27 x 6.835 GHz):

Y
Vr=1 = =

and laser-frequency detuning.

S0 i S0

7, JF=2 =
21 45+ (—“‘A‘;”*A)) 2
14

2
2A

(2.12)
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Figure 2.8: This figure displays the scenario for imaging an electron beam using cold
Rb-87 atoms in the MOT chamber
Additionally, the AC stark shift of two levels based on equation 2.10 should be rep-

resented as (in the far detuned limit):

h|Qp
(—Awlg + A)’

h|Qp
4A

AR hlop
(—AW12+A) 4A ’
(2.13)

AEp_ = AFEp_o = AFE a1 =
F=17= 7 F=2 » Bltoral = 7
Based on the simulation results (see Figure 2.7), there will be three ideal operating

laser frequency regions, where the magnitudes of both the scattering rate and the total

energy-level shift are within an appropriate range. And the laser frequency needs to

be detuned at least around 27 x 0.3 GHz.

2.5.2 Imaging an electron beam

Though my work focuses on imaging a laser beam, in this subsection, I will show
the basic concept for imaging an electron beam. As shown in Figure 2.8, we intend
to use two lasers to excite the Rb-87 atom from the ground state to the Rydberg
state, which is more sensitive to electric fields and long-lived enough to perform the

experiment. When the electron beam interacts with Rb-87, the Rydberg state will

15



experience the energy level shift; the ground level shifts are negligible, and the shift
will be proportional to the electric field squared of the electron beam. The DC stark

shift for a Rydberg level is given by AEqx = —%a |EDC]2. In the case of n=50, Dg

level, =249 A=z For comparison, 551 level, we have a=0.0794 Hz_ 15] [6].

()2 (5m)?

2.6 Adiabatic Rapid Passage

Adiabatic Rapid Passage (ARP) is a robust way to transfer state population
between two levels by sweeping the frequency of an external field through resonance
while keeping a non-zero coupling. In Figure 2.9, the two diagonal orange straight
lines represent the two unperturbed states in the two-level atom. In our experiment,
we use a microwave field to couple the two levels, and the dressed states, shown as the
green curves, exhibit an avoided crossing, with the two ends of the curve extending
along the directions of the unperturbed states.

If we set a frequency sweep starting point far away from the resonance frequency
and choose a proper sweep range, we can transfer the atom state from one to another
by performing the microwave frequency sweep. The frequency sweep rate should be
slower than the Rabi frequency to avoid the Landau-Zener transition and faster than

the decoherence rate between the two states.

2.7 Ramsey Interferometry

Section 2.2 showed that we intend to couple the two ground levels in Rb-87 via
the microwave M1 transition, and the driving microwave frequency will result in the
Rabi flopping between the two states of an atom.

According to equation 2.1, we choose to perform Ramsey Interferometry between
12,0 > and |1,0 > because these two states are not magnetically sensitive. Starting

from the pure |2,0 > state, we can create a 50/50 superposition of |1,0 > and |2,0 >
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Figure 2.9: This figure illustrates Adiabatic Rapid Passage based on dressed states
of a two-level atom. N represents the number of microwave photons. The orange
diagonal straight lines represent the two unperturbed states: the ground state and
the excited state. The two light-green curves represent the dressed states under the
microwave coupling.

states by turning off the microwave on the equator of the Bloch sphere, which is also
called a /2 pulse and displayed in Figure 2.10(a). According to equation 2.7, we

? sinz(%t) = 1, such that the 7 /2

can compute the 7/2 pulse time by P> (t) = | &
pulse time Ty o = 2 sin™' <WQTIQ>

Equation 2.8 can be expressed in Pauli matrix format (in the same basis):

H=h (5//22 _Qa//é) = g (66. +Q6,), (2.14)

And then the Rabi frequency vector € = (0,0,9) and the Pauli matrix vector 7=
(62,0y,0,) defines the Cartesian coordinate of the Bloch Sphere. We can define the

unit Rabi frequency vector 7 = (&, 0, &) and express H= h% (7 - &).

For a typical time-evolution operator, U (t) = eift/ " The exponential has the

property:

—i(7-5)a/2

e :fcos% —i(7i - 5) sin - (2.15)

2
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Figure 2.10: These four pictures demonstrate the atomic state during Ramsey Inter-
ferometry on the Bloch Sphere: (a) First /2 pulse, (b) Free evolution, (¢) Second
7/2 pulse, (d) Ramsey interferometry time sequence. The z-axis represents the prob-
ability that the current state, R, projects on the |1,0 > or |2,0 > state. The x-y
plane displays the phase of the current state.

Therefore,

. . QT 0 0 0T,
U(Ty2) :]COSTQ—Z' (WC?];—@&Z) sin 5 2 (2.16)

Experimentally, we use a small detuning value, so the 50/50 superposition state vector
nearly rotates along the x-axis, from the positive z-axis to the negative y-axis under
this 7 /2 pulse, which follows the same rotation motion % = (1 x R mentioned in the
earlier Rabi flopping section (section 2.2).

Ramsey Interferometry basically detects the detuning or rather detuning x time
of the driving field from the atomic resonance as the state population ratio oscillates

under the phase accumulation. Figure 2.10(b) shows that the atomic states are under

phase accumulation, rotating on the equator. During the free evolution, there is no
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driving field, and equation 2.8 can be written as:

= (5(/)2 _§/2) h 6. (2.17)

The operator during this period can be expressed as (7 is the free evolution time):

. . 5 5 167/2
O(r) = Icos(%) + isin(%) 0, = (6 0 6_37/2> (2.18)

According to Equation 2.14, the state will rotate around the z-axis. The direction
and speed of evolution will depend on the sign and magnitude of the detuning between
the driving microwave field and the two levels’ resonance frequencies. Section 2.3 has
shown that a laser beam can cause a differential AC Stark shift between the two
coupled states. The change in atomic resonance frequency means the actual detuning
of the driving field will also change. The differential shifts of energy will transform
into the phase information of the state.

The second 7 /2 pulse is necessary to read out the state population ratio, which is
shown in Figure 2.10(c). The operator expression is the same as equation 2.14. The
total Ramsey time sequence is illustrated in Figure 2.10(d). The total operator then

~

becomes T(7) = U(T, 12)O(T )U(T, /2). For the final probability readout of atoms in

2
. By calculation,

- - . Q (57’ (5 QITﬂ/g X 57’
(T(7))12 = ~i [sm(Q TW/Q)COS( 5 > — 25 sin ( 5 ) Sm(?)l

() ()] o

If we assume that § << €2, the probability expression becomes:

the |1,0 > state, Byos = ) 1,0/7(7)[2,0) ‘ _‘

P> = cos <527—) (2.20)

If § is not negligible comparing to €2, we can define sin(®) = %. Then the probability

expression will be:

o
Pp1 o5 = cos® (77— + <I>) (2.21)
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Figure 2.11: Stimulated Ramsey fringes and shifts due to the laser field

Next, we assume that an external laser field is applied to the atom cloud during the
free evolution period, causing AC Stark shifts on |1,0 > or 2,0 >. If the total dif-
ferential energy shift between two levels is nonzero, the detuning between the driving
microwave and the resonance frequency of |1,0 > or |2,0 > will change. Here, we

define the new detuning value as ¢’. Then the probability expression will be:

6/
P> = cos® (77— + <I>> (2.22)

Compared to equation 2.21, the Ramsey fringe oscillation rate will change. On
a relatively long timescale, the two fringes will exhibit a clear phase difference, as
shown in Figure 2.11.

During free evolution, the scattering rate determines the number of photons emit-
ted by atoms into the environment. Then the emitted photons, which carry the
atoms’ information, will interact with the environment. During the interactions, the

atom phase information will gradually be lost, in simpler words, decoherence. In the
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real experiment, the scattering rate will remain constant because the laser power will
remain constant. Over longer evolution times, more photons will be emitted, leading
to more interactions and a decay of the Ramsey fringe signal due to decoherence.

If we select the middle region in Figure 2.7 (c), we expect the total differential
energy shift (in angular frequency) to be around 27x (4)0.1 MHz. One trick we can
use to avoid the fringes oscillating too fast is to set the detuning of the microwave

driving field to be in the opposite sign of the AC Stark energy shift.

2.8 Spin Echo

The latter chapter will raise concerns about the unknown magnetic gradient around
the experimental apparatus. This section mainly discusses the Spin Echo technique,
which is similar to Ramsey Interferometry but provides greater resistance to phase
changes induced by environmental noise (e.g., magnetic field gradients).

As mentioned in Section 2.1, the first-order Zeeman shift is linearly proportional

to the quantum number mr of the quantization axis.

= [(F", mp| Hg| F, mp)|”

AE(Q)
0 0
FIAF E;“) - EI(W)

F7mF

(2.23)

The second-order Zeeman shift is a result of a mixture of different hyperfine states with
the same mp quantum number. Based on equation 2.23, the second-order Zeeman
shift is not directly proportional to mpg, so choosing the 2,0 > to |1,0 > transition
can make the first-order Zeeman shift zero but still have the second-order effect.
Spin Echo has similar concepts to Ramsey Interferometry, but can minimize the
effect of the second-order Zeeman shift during the free evolution time due to the
unexpected magnetic gradient. The total operation sequence is shown in Figure 2.12.
The population probability of |1,0 > after a perfect 7 pulse is 1, and the detuning of

the driving microwave field should be 0 during the pulse according to equation 2.17.
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Figure 2.12: The first 7/2 pulse creates a superposition between |1,0 > and |2,0 >
and allows the first free evolution period to dephase the atom cloud. Then, applying
a m pulse to reverse the direction in which spin states evolve to rephase the atom
cloud. The second 7/2 pulse is used to read out the population.

We can get the 7 pulse operator from equation 2.16:

- T Q A QT
M(Ty) = I cos —— —i (—0 - —az) sin —— = —io, (2.24)

2 oo 2
The operator basically rotates the state 180 degrees about the x-axis on the Bloch
sphere. If the magnetic gradient is stable for this amount of time, the states will then
evolve in the opposite direction about the z-axis after the 7 pulse, compared to the
first evolution period. This will cancel out most of the effects brought about by the
static magnetic gradient.

The total operator then becomes T(Tl,TQ) = U(TTI-/2>OA(7_2) (T, )O(ﬁ)U( Tr/2)-

By calculation,

2 Q/T AQ Q/T . QQ Q/T )
(T'(71,72) )12 = —i {(COSQ 5 + RE sin? T) eiA(r2—m1)/2 _ o7 sin Tem(mn)h}
leiA(Tzn)ﬂ]

_ . 1 iA(Te—71)/2
- 2{26 >

. (A(TQQ_ ﬁ))

Therefore, P s = ‘(1,O\T(71,Tg)|2,0)

(2.25)
g )(T(ﬁ,ﬁ))lzr = sin2(@> :

Practically, the trend of the whole signal fringes should still fade away because

the scattering photons have a significant effect, and the echo will recover a little
bit of coherence by rephasing the atoms, so the decoherence effect brought by the

magnetic gradient will be minimized in this case. According to equation 2.25, the
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Figure 2.13: Stimulated Spin Echo fringes and shifts due to the laser field. The
two fringes in different colors display the shifts due to the atom-laser field interaction
during the first free evolution period

fringe oscillation frequency will change in response to the change of detuning during
the free evolution period, and P o> = sin%%) . The stimulated Spin Echo
signal is shown in Figure 2.13, where the blue signal corresponds to the same driving
field detuning during the two evolution times, and the orange signal corresponds to
the different driving field detuning A, and A; during the two evolution times due to
the AC Stark shifts.
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Chapter 3

Experimental Apparatus

This chapter gives a brief overview of the ultracold Rb-87 apparatus, and then pro-
ceeds to describe two significant additions to this apparatus that were necessary for
this Ramsey imaging project: 1) the development of an agile microwave frequency
source at 2rx 6.8 GHz and 2) an imaging system and scheme for measuring state
population ratios. Note that all frequencies in this chapter are expressed as angular

frequency.

3.1 Brief Overview of Ultracold Atom Apparatus

Figure 3.1 depicts the main ultracold atom apparatus, which was made by Megan
Ivory and Austin Ziltz. We use Rb87 atoms in the experiment, which are cooled by
Doppler cooling and trapped in a magneto-optical trap (MOT) in a vacuum chamber.
Next, the atoms are confined in a magnetic trap, where they are further cooled by
evaporative cooling, and the state population is purified so that only |F =2, mp =
2 > ground state atoms are trapped. In the MOT region, we can apply evaporative
cooling to further cool the atom cloud, so that the cloud expands slowly and has
a smaller volume when the trap is turned off. The smaller volume experiences a
smaller range of magnetic field values in a magnetic gradient region. Alternatively, if

we want to proceed with the experiment on the atom chip region, a set of magnetic
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Figure 3.1: Main ultracold atom apparatus [7] [§]

coils will transfer the atoms to the atom chip trap. The atom chip region will be

further discussed in Chapter 4.

3.2 Microwave System

We developed a phase-continuous, phase-stable, and low-noise microwave source
capable of performing frequency sweeps. Importantly, I want to credit William
Miyahira, who made the first such system in the lab. A basic block diagram of
the system is shown in Figure 3.2. The overall goal of this microwave system is to
output a signal with rapidly controllable frequency and phase around 27 x 6.8 GHz
for performing state manipulations, such as 7/2 pulses and adiabatic rapid passage.

In order to generate a phase-continuous, agile, ultrastable 27 x 6.8 GHz microwave
source with ultralow phase noise, we begin with two frequency sources:

1) An ultrastable, 2rx 3.2 GHz source with ultralow phase noise (Holzworth
HSM4001B, see Fig 3.3 (b), which unfortunately is not sufficiently agile (i.e., it cannot

conveniently do fast frequency sweeps))
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Figure 3.2: Logic diagram of our microwave system

2) A very stable, 27 x 1-400 MHz source with very low phase noise (FlexDDS, see
Fig 3.3(a)), which is also very agile (phase continuous, frequency and phase sweeps
or adjustments).

These two sources are combined via IQ) modulation (see Figure 3.3 (¢)) to generate
an agile, but very stable 27 x 3.4 GHz source with ultralow phase noise. This 3.4
GHz signal is then doubled to 27x 6.8 GHz and then directed towards the atoms
using a ”"sawed oft” waveguide.

The FlexDDS, based on the AD9910 chip, outputs two RF signals around 27 x 200
MHz with a 90-degree phase difference. The Holzworth, as the other raw frequency
source, generates a constant 2rx 3.2 GHz signal. These two frequency sources are
also connected to an external Rb clock to synchronize their internal time ticks. They
are displayed in Figure 3.3 (a) and (b).

Next, these three signals are combined by the IQ-Modulator shown in Figure
3.3(c) to produce a single signal around 27 x 3.4 GHz after passing through several
microwave filters. The basic operation logic diagram inside the IQ-Modulator is shown

in Figure 3.4. The I and ) channels represent the two FlexDDS signals, and the LO
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Figure 3.3: Microwave system components: (a) FlexDDS RF source (2rx 1-400
MHz), (b) Holzworth microwave source for ultralow phase noise at 2rx 3.2 GHz,
(c) IQ-Modulator for combining the FlexDDS RF signals around 27x 200 MHz and
Holzworth microwave 27 x 3.2 GHz signal to around 27 x 3.4 GHz. It doesn’t double
2rx 3.4 GHz to 2rx 6.8 GHz.
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Figure 3.4: Logic diagram of the IQ-Modulator

channel represents the Holzworth signal. The signal in the LO channel will first be
split by a 90-degree phase splitter, then the split signals will multiply the signals on
either the I or Q channel, and the final operation block adds the two signals from the
two arms. Therefore, if the I and Q channels have 27 x 200 MHz input signals and
the LO channel has a 27 x 3.2 GHz input signal, the IQ-Modulator’s output signal
will be 2 x 3.4 GHz.

The microwave filtering system consists of low-pass filters, band-pass filters, and
homemade pipe-cap filters. Most filters are designed to filter harmonic frequencies,
and pipe-cap filters are specifically designed to filter out the 2rx 3.2 GHz signal
generated by Holzworth, which is not the signal at 27 x 3.4 GHz (Figure 3.5).

The rest of the microwave system consists of the microwave amplifier, which not
only amplifies the microwave amplitude but also doubles the frequency, and the mon-
itoring system. The 27 x 6.8 GHz signal will eventually be sent to the atom cloud
either via a microwave antenna at the atom region or via a waveguide in the MOT

region.
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Figure 3.5: Full picture of 1Q-Modulator based microwave system for generating
around 27 x 3.4 GHz microwave field: (a) A set of voltage regulators which convert
around 7-12 V to a stable 5 V; (b) ZVBP-3300-S+ Mini-Circuits band pass filters
(2% 3100 - 3500 MHz); (c¢) Pipe-cap filters which are especially designed for filtering
27 x 3.2 GHz signal; (d) IQQ Modulator (descriptions are in Figure 3.3); (e) ZX60-
83LN-S+ Mini-Circuits wide band microwave amplifiers; (f) Microwave circulators;
(g) SLP-300+ low pass filter Mini-Circuits (DC to 27 x 270 MHz).
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3.3 Imaging System

We use two methods to image the atoms, absorption imaging and fluorescence
imaging. For both imaging methods, we use laser beams derived from the same laser
source, which is either a resonance or detuned by a few atomic linewidths. The basic
concept of absorption imaging is that atoms absorb photons from the imaging probe
laser, so that we can determine the atom cloud population by measuring the shadow
they produce in the laser field. Fluorescence imaging provides a more direct mea-
surement: since atoms jump to excited states after absorbing photons, they undergo
spontaneous emission, emitting light in all directions. By measuring the photons
emitted by the atoms, we can also know the atomic population.

CCDs are used to detect the atom population and spatial information with around
24 dB camera gain and the capability of performing at least 1-second exposures, but

they only have around 30% quantum efficiency at wavelengths around 780 nm.

3.3.1 Imaging System on the Atom Chip

The imaging system in the Atom Chip region has been set to absorption imaging
because atom populations are low but density is high, and absorption imaging can
provide a more precise measurement. The overall setup is a 1:1 (image: object)
double-lens imaging system with a CCD. The system can switch to fluorescence imag-
ing by using the imaging beam on an orthogonal axis.

We are performing the experiment on Rb-87 ground states, and two laser beams,
a repump laser and a probe laser, are used to excite atoms to do absorption or
fluorescence imaging. The basic logic is shown in Figure 3.5. Both lasers are positively
circular-polarized, which corresponds to +o optical transition. The repump laser
excites the atoms on the F=1 state to the F'=1 state, and finally, all the atoms will

decay to the F=2 state, and eventually, all the atoms are on the F=2 state. At
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Figure 3.6: Laser pulse diagram for imaging atoms on the atom chip: (a) shows the
laser transition for our probe laser and repump laser with hyperfine structure and
Zeeman splitting; (b) displays the laser pulses in a time sequence. Each pulse lasts
for around 2-5 ms.

the same time, the probe laser brings all the atoms to the F’=3 state, and because
the F=2 to F’=3 transition is a cycling transition, we use it to image the total
atom population. In the experiment, we prefer to measure the state population ratio
between the population of one atomic state and the total atom population to mitigate

the adverse effect of total atom population fluctuations shot-by-shot.
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3.3.2 Imaging System in the MOT Region

In the MOT region, fluorescence imaging is used due to the high atom population,
but lower atomic density, and the availability of higher laser intensity. We use FL3-
FW-14S3 camera, which has 1384 x 1032 pixels, but we let it operate at 640 x 480
pixels in 27 x 3.75 Hz mode. Pixel size is 4.65 ym x 4.65 pum.

The whole system is designed as an approximate 4.223:1 (object: image) single-
lens imaging system and is mounted on the side of the MOT chamber to observe the
spatial information of the atoms during free fall (Figure 3.6). A picture processed by
the camera software displays the position and appearance of an atomic cloud in the

MOT, as shown in Figure 3.7.
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the imaging system in real-time.
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Figure 3.8: The Rb-87 atom cloud in the MOT
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Chapter 4

Methodology and Results

This chapter mainly discusses the experimental results and the methodologies to
achieve our research goal. Section 4.1 describes how we successfully performed the
Ramsey Interferometry at the atom chip region. Section 4.2 describes the efforts we
made to perform Ramsey Interferometry in the MOT region. Note that all frequencies

in this chapter are expressed in angular frequency.

4.1 Ramsey Interferometry under Atom Chip

Since the apparatus (i.e., the coils for the Stern—Gerlach magnetic field gradient to
separate atoms on different mp states) is well provided at the chip region, we start to
develop the techniques to perform Ramsey Interferometry between the |F' = 2, mp =

0 > and the |F =1, mp = 0 > states.

4.1.1 Atom Chip Trap

After atoms are cooled and trapped in the MOT chamber, they are delivered to
the atom chip region by a magnetic trap-based transport system, and then transferred
to the harmonic DC magnetic trap on the chip, which is shown in Figure 4.1.

We cool the atoms using evaporative cooling, but we do not cool them to the

BEC, because we need to keep the atom population relatively high so we can still
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Figure 4.1: The DC magnetic trap on the atom chip only traps the low-field-seeker
states. Here, the holding magnetic field, the chip magnetic field, and the Ioffe mag-
netic field combine to generate the harmonic trap potential. Ioffe magnetic field also
makes the trap minimum not be zero to avoid the Majorana spin flipping.

get a good distribution signal from the atomic cloud after about 10 ms of free fall
and thermal expansion. When turning off the magnetic trap and letting the atoms
freely fall, we leave the Ioffe field on at a small value, typically a constant Bj,yy.
= 5 G, to keep a relatively strong quantization field to avoid spin flips and create
Zeeman splitting for further quantum manipulation of the atomic states. In theory,
in a low magnetic field, 1 G can add an additional 27 x 0.7 MHz of Zeeman splitting
to any magnetically sensitive state. Hence, 5 G means the energy splitting between
each Zeeman sublevel is 2rx 3.5 MHz. The hyperfine levels and Zeeman sublevels of

Rb-87 in the F=1 and F=2 ground states are shown in Figure 4.2.

4.1.2 Microwave operation

Generally, after turning off the chip trap, we wait about 3 ms before performing any
microwave operation to avoid transient magnetic fields (e.g., from eddy currents).
The initial states of the atoms after leaving the magnetic trap should be in the
|FF = 2,mp = 2 > state. We performed microwave spectroscopy on the specific
|2,2 > to |1,1 > transition to determine the actual magnetic field in the experiment

and the resonance frequency between these two states. The resonance scan in Figure
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Figure 4.2: The hyperfine levels and Zeeman sublevels of Rb-87 under 5 G Zeeman
splitting

4.3 shows that the resonance frequency is approximately 27 x 6.84537 GHz, indicating
that the environmental magnetic field is negligible in this case, and that the actual
magnetic field is 5 G.

The microwave system has three basic controls: microwave amplitude, microwave
mute, and TTL switch. Mute control operates more slowly than the TTL switch, but
they both control the on-and-off of microwave power. In the experiment, we use the
ADwin sequencer to generate the coarse microwave pulse (> 10us) for performing
Adiabatic Rapid Passage, and use a DG535 Stanford Pulse Generator to generate
finer (short duration) ones for performing Rabi flopping and Ramsey interferometry.
The fine or coarse pulses are then combined in an OR electronic box, whose output
is sent to the TTL switch.

To prepare the atoms for Ramsey interferometry, we first apply two Adiabatic
Rapid Passages, 2,2 > to |1,1 > state and then |1,1 > to |2,0 > state, to transfer
all atoms from |2,2 > to |2,0 > state as shown in Figure 4.5 (a). The Ramsey inter-

ferometry process operates with microwave pulses on the |2,0 > to |1,0 > transition,
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Figure 4.3: (2,2 > to |1,1 > resonance frequency scan, and the y-axis represents
the population ratio of atoms in the |1,1 > state to the total population ratio. The

fitting function is based on the Lorentzian distribution L(x) = ¢ m +b

which is magnetically insensitive. In the atom chip region, we use a Stern-Gerlach
magnetic field gradient to spatially separate atoms in different magnetic states, but
it cannot directly separate |2,0 > and |1,0 > states due to their magnetic insensitiv-
ity. To achieve spatial separation, we perform another Adiabatic Rapid Passage to
transfer [2,0 > to |1,1 > and |1,0 > to |2, 1 > simultaneously; these two states have
opposite magnetic moments. The visual demonstrations in Figure 4.4, and the logical
diagram are in Figure 4.5. We note that since the |2,0 > and |1,1 >, and |1,0 > and
|2,1 > transitions are degenerate in our case, they can be driven simultaneously by

the same microwave field (see Figure 4.5 (b)).

4.1.3 Rabi flopping and Ramsey Interferometry results

The Rabi flopping is performed by a Stanford DG535 Pulse Generator, and the on-

resonance flopping diagram is shown in Figure 4.6. Based on the image, one actual
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Figure 4.4: Atomic states separation demonstration with the Stern-Gerlach field
with imaging by a CCD camera: (a) |2,2 > state without the Stern-Gerlach field, (b)
12,2 > state with the Stern-Gerlach field, (¢) The superposition of |2,2 > and [1,1 >
state with the Stern-Gerlach field, (d) Pure |1,1 > state with the Stern-Gerlach field,
(e) The superposition of |1,1 > and |2,0 > state with the Stern-Gerlach field, (f)
Pure |2,0 > state with the Stern-Gerlach field, (g) The superposition of |2,0 > and
|1,0 > state but imaged in |1,1 > and |2,1 > state with the Stern-Gerlach field.
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Figure 4.5: Adiabatic Rapid Passage for atomic state manipulations: (a) Preparing
atoms in the |2,0 > state to provide a solution to create a superposition between
12,0 > and |1,0 > states, (b) Transfer atoms from [2,0 > and |1,0 > states to
magnetic-sensitive states during the imaging process.
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Figure 4.6: 2,0 > to |[1,0 > on-resonance Rabi flopping. Note that the y-axis
represents the state population ratio between atoms in the |2,0 > state and the total
atom number in the |2,0 > and |1,0 > states.

Rabi flopping cycle is around 460 ps, which means the Rabi frequency is around is
around 27 x 2.2 kHz and the 7/2 time is around 100 ps on resonance. The rela-
tively quick decay is most likely due to the spatially inhomogeneous microwave field

amplitude during a relatively long microwave exposure time.
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Ramsey fringes with 1kHz x2m detuning
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Figure 4.7: Ramsey Interferometry between |2,0 > and |1,0 > states in the ground
state of Rb-87: (a) "2wx 1 kHz” detuning and the fitting frequency is 27 x (0.865
+ 0.015 kHz), (b) "27x 3 kHz” detuning and the fitting frequency is 27 x (2.909 £
0.018 kHz). Note that the y-axis represents the atomic state population ratio between
atoms in the |2,0 > state and the total atom number in the |2,0 > and |1,0 > states.
The fitting function is F(z) = (1 + e *cos(bx + ¢))

The Ramsey interferometry is performed with a 27x 1 kHz and a 27x 3 kHz
detuning from the resonance, as shown in Figure 4.7. Based on the observed Ramsey
fringes, the decoherence effect is small compared to the decoherence effect during the
Rabi flopping. Because the CCD can only capture atomic clouds for around 15 ms
of free fall, we cannot trace the entire Ramsey fringes until complete decoherence,

but we estimate the coherence time to be around 4 ms. We can also observe that the

oscillation frequency of the Ramsey fringes is around 27 x 3 kHz or 27 x 1 kHz, which
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is given by how much the microwave is detuned from the resonance. The maximum

detuning that can still create a visible /2 pulse is around 27 x 3.5 kHz.

4.1.4 Atomic state Population Ratio Noise
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Figure 4.8: Atomic noise comparison: (a) Original atomic noise; (b) Getting less
atomic noise by increasing the laser power and decreasing the camera gain

The error bars are determined by the standard deviation between multiple imaging
shots. All the data shown here is collected by absorption imaging. We did some
improvements to reduce noise before actually collecting the data. The ROI sum of
the photon counts from the camera in Figure 4.4 is very noisy, and we decrease the
noise in the following manner: we reduce the noise by increasing the laser power and
decreasing the camera gain to have more contrast (Figure 4.8).

Chapter 2 has discussed the first-order Zeeman splitting due to the magnetic field.
Therefore, the experiment that uses the |2,0 > to |1,0 > transition is less sensitive to
the ambient magnetic field than other microwave transitions, e.g., [2,2 > to |1,1 >,
leading to much noisier data. To be more visual, I compare the standard deviation
of the atomic state ratio before and after the improvement. Figure 4.9 (a) shows the
Ramsey Interferometry we attempt to perform between the |2,2 > and |1,1 > states,
and the data scatter around a 10% population ratio. However, Figure 4.9(b) shows
a 7/2 time measurement for performing Ramsey Interferometry between the 2,0 >

and |1,0 > states under a 2rx 1 kHz detuning, and the data scatter around 5% of
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the population ratio.
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Figure 4.9:

Spin population ratio vs Ramsey time f=6845.35 for falltime=5ms
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Figure 4.10:
Fluorescence imaging result on the atom chip: These two figures both represent the
total population of the atoms just left the chip trap. (a) has very low background
light, but photon counts are discrete, and (b) has high background light and the signal
is in the normal distribution. The fitting function follows the Gaussian distribution
G(z)=a emp(—%) +d
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One of the goals of performing an experiment on the atom chip is to reach atomic

shot noise, and an approximately 5% standard deviation in the population ratio is

obviously not enough. Fluorescence imaging should yield lower atomic noise in a

low-background environment, but in practice, as shown in Figure 4.10 (a), the result

42



0 % w0 W 20 A0 N B A0 40 S0 B0 60 69
Figure 4.11: The atom cloud with an unknown magnetic gradient

Appendix provides a more concrete visualization of how the structure of the atom

cloud changed during the resonance scan under the effect of a magnetic gradient.
does not look as good as we expect in a low-background environment. Next, we use
a flashlight to increase the background light significantly, which gives a more uniform
distribution of photon counts, as shown in Figure 4.10(b). Apparently, the photon
counts are in a discrete distribution, which means the camera loses a lot of photon
information if the photon counts are below the threshold for 1 digital photon count.
Also, the signal is overall weak, which means the imaging laser does not have sufficient
power. These results indicate that we should use a photodiode or a CCD with higher
quantum efficiency to image the atoms, and also increase the fluorescence probe laser

power from approximately 300 uW to at least 2 mW , possibly via a fiber amplifier.

4.2 Ramsey Interferometry Process in the MOT
for imaging a laser beam

This section will focus on applying the state manipulation and Ramsey interferometry
techniques developed in the previous sections (using the atom chip) to atoms in the

MOT chamber with the ultimate goal of achieving Ramsey imaging of a laser beam
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(though not yet achieved). Techniques similar to those used at the atom chip will

also be discussed in this section.

4.2.1 Evaporation cooling

One potential issue for many ultracold experiments is the effect of unwanted magnetic
gradients on the atom cloud. In this case, the atom cloud will slowly decohere and
separate (Figure 4.11). Since the magnetic gradient varies with position, one good
solution is to reduce the spatial extent (and expansion velocity) of the atom cloud
by evaporative cooling, so that almost all parts of the cloud experience a similar
magnetic field.

According to the Maxwell-Boltzmann distribution, particles at a given tempera-
ture have an energy distribution. Evaporative cooling removes high-energy particles,
allowing the remaining particles to rethermalize to a lower temperature. After re-
peating this process many times, the cloud contains only particles with low energy,
and the temperature can reach the pK-to-nK scale.

In practice, since the magnetic trap in the MOT region is a quadrupole trap, it
only traps low-field-seeking atomic states. Therefore, evaporation consists of trans-
ferring the atoms in |2,2 > to the anti-trapped |1,1 > state. When implementing
evaporation using a microwave signal generator, we note that a single frequency sweep
is a combination of many small step functions. By properly setting the sweep range, a
slow downward frequency sweep will progressively remove the most energetic atoms,
thereby cooling the cloud. Importantly, setting the sweeping time long enough to ex-
tend each step-changing time allows the atomic cloud sufficient time to rethermalize.

In the experiment, we use a 3 G magnetic field to define the Zeeman splitting.
Next, we applied a frequency sweep from 27 x 20 MHz detuning above the |2,2 > to

|1,1 > resonance frequency to 2rx 2 MHz detuning in 15 seconds, and successfully
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Figure 4.12: (a) Atom cloud before the evaporation cooling (b) Atom cloud after the
evaporation cooling.

created a cloud with 12.587 £ 0.041 pK (Figures 4.12 and 4.13). However, our goal is
not to make the cloud colder but only to make it sufficiently compact, so we usually
use atom clouds with a temperature higher than this to obtain an adequate atom
population for a good imaging signal. In our later experiment, we prefer a frequency
sweep over a range of around 27 x 15 MHz in 10 seconds, ending at around 27w x 4

MHz away from the |2,2 > to |1,1 > resonance frequency.

4.2.2 Resonance scans of microwave transitions and corre-
sponding Rabi flopping

Next, we turn off all magnetic traps and let the atoms free-fall to perform Ramsey

Interferometry. Effective mitigation of the magnetic gradient effect on an atom cloud

enables microwave operations on the cloud, such as atomic state manipulations. We

prefer to use a relatively strong background magnetic field to define the quantization

axis and reduce the effect of unknown magnetic gradients. In our case, we use 7.5 G

for the MOT region, so then the frequency gap between nearby mpg levels is 2w x 5.35
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Figure 4.13: Thermal expansion rate of an atom cloud after the evaporation cooling
The thermal expansion speed is 3.472 + 0.2 em/s. The x-axis is the free-fall
expansion time (i.e., time-of-flight), and the y-axis is the diameter of the atom cloud
in um. The fitting function is a linear line y = ax + b, where a is the expansion
velocity.
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Figure 4.14: |2,2 > to |1,1 > resonance scan under 7.5 G vertical bias field in

the MOT region. Resonance frequency = 27x (6850.38 £+ 0.003 MHz). The fitting

function follows the Gaussian distribution G(z) = a exp(— (m;C D% 4 d.
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MHz.

Similar to the work on the atom chip region, we scan the [2,2 > to |[1,1 >
resonance in the MOT region, and the result is shown below in Figure 4.14. By fitting
the resonance with a Gaussian, we find a width of around 27 x (87.764 £ 6.528 kHz),
and a central resonance frequency at around 27x (6850.38 + 0.003 MHz).

Based on this frequency, we perform Rabi flopping on or near the resonance. The
results are shown in Figure 4.15. An interesting thing is that only around 25% of the
atom population is undergoing Rabi flopping. A pure set of data is recorded at a 27 x
2 MHz detuning (very far detuned) from the resonance frequency, and the noise-like
data points confirm that the population oscillation was driven by the microwave field.
According to the Rabi flopping graph on the small and large time scales, the Rabi
frequency of the atom cloud in the MOT region between the |2,2 > and |1,1 > states
is around 27 x 50 kHz, and the system starts to decohere after about 1 ms.

Based on the Rabi frequency and the resonance linewidth, we perform an ARP
(Adiabatic Rapid Passage) to transfer the atoms from |2,2 > and |1,1 >. We sweep
a 2mx 200 kHz range from below to above the resonance in 2 ms, and the result is
shown in Figure 4.15. This ARP currently has around 70% efficiency.

Next, we performed microwave-frequency scans to search for the [1,1 > to 2,0 >
resonance, and Figure 4.17 shows the scan result. Fitted resonance width is 27w x
(24.123 + 5.721 kHz) and resonance frequency is 27x (6839.903 + 0.002 MHz).
The |1,1 > to |2,0 > on resonance Rabi flopping is shown in Figure 4.18 with fitted
frequency 2 = 27 x (8.509 £ 0.205 kHz). Based on the Rabi frequency in Figure 4.18,
we perform a sweep of 2rx 60 kHz range from below the resonance to above in 2
ms. This |1,1 > to |2,0 > Adiabatic Rapid Passage achieved around 50% population
transfer efficiency (Figure 4.19). Therefore, when performing Rabi flopping or Ramsey

Interferometry between the |2,0 > and |1,0 > states, only half of the atoms in the
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Figure 4.15: Rabi flopping between |2,2 > and |1,1 > states in the MOT region.
(a) On resonance (Fitted frequency Q2= 2w x (60.522 £ 2.183 kHz)) (b) 27 x 2 kHz
detuning (Fitted frequency 2 =27x (53.110 £+ 2.618 kHz)) ()27 x (-)4 kHz detuning
(Fitted frequency Q'= 2w x (61.538 £+ 4.930 kHz)) (d)27x 2 MHz detuning (e) On
resonance, but on a larger time scale (ms). The fitting function is F(z) = 1(a +
be~“*cos(dx + €)).
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Figure 4.16: Adiabatic Rapid Passage from |2,2 > and |1,1 > states in MOT region
Frame 0-4 records the F=2 atom imaging counts after performing the ARP; Frame
imaging counts without performing the ARP; Frame 9-12
records the imaging counts without the atoms (the camera only receives photons
from the environment, such as room light or reflected light due to the glass cell)
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Figure 4.18: |1,1 > to |2,0 > Rabi flopping with on resonance frequency under 7.5 G
bias field in the MOT region: (a) shows the Rabi flopping on a shorter time scale with
fit (Fitted frequency 2 = 27 (8.509 + 0.205 kHz)); (b) shows the Rabi frequency
on a longer time scale to highlight the decoherence effect. The fitting function is
F(z) = 1(a+ be “cos(dx + ¢))
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Figure 4.19: Adiabatic Rapid Passage from |1,1 > and |2,0 > states in the MOT
region. Frame 0-4 records the F=2 atom imaging counts after performing the first
ARP (]2,2 > to |1,1 >); Frame 5-9 records the F=2 atom imaging counts after
performing the first ARP (|2,2 > to |1,1 >) and the second ARP (|1,1 > to |2,0 >);
Frame 10-14 records the imaging counts without the atoms (the camera only receives
photons from the environment, such as room light or reflected light due to the glass
cell); Frame 15-19 records the F=2 atom imaging counts just after the Evaporation
Cooling (without any ARP).
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Microwave scan, B=7.5G, 10s evap (]|2,0> to |1,0>)
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Figure 4.20: |1,1 > to |2,0 > resonance frequency scan and fitted frequency = 2w x

(6834.713 + 0.002 MHz). The fitting function is based on the Lorentzian distribution
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Figure 4.21: |2,0 > to |1,0 > Rabi flopping under 7.5 G bias field in the MOT region
(a) shows the Rabi flopping on resonance frequency with a larger time scale with fit
(Fitted frequency Q = 27x (22.643 + 0.085 kHz)); (b) shows the Rabi frequency
with 27 x (-)10 kHz detuning in a shorter time scale to measure the 7/2 time for
performing Ramsey Interferometry. The fitting function is
F(z) = 3(a+ be “cos(dx + ¢))

The frequency scan for |2,0 > to |1,0 > transition resonance is shown in Figure

4.20. Fitted resonance frequency = 27 x (6834.713 4+ 0.002 MHz), and the resonance
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width = 27x (128.252 £ 18.002 kHz). The on-resonance Rabi flopping between
12,0 > and |1,0 > is shown in Figure 4.21. The suppression of decoherence by
magnetic gradient and magnetic noise in the environment is easy to see by comparing
the Rabi flopping between 2,0 > and |1,0 > (magnetic insensitive) in Figure 4.21
(a) and the Rabi flopping between |2,0 > and |1,1 > (magnetic sensitive) in Figure
4.18 (b).

We attempted to use a 27w x 20 kHz detuning from the |2,0 > to |1,0 > resonance
frequency, but we were not able to perform a good 7/2 pulse to create a 50/50 su-
perposition. Figure 4.21 (b) shows the Rabi flopping with a 27 x (-)10 kHz detuning,.
We use the average F=2 atom imaging counts after a pure 7 pulse (no detuning) as a
reference to see how many atoms can be transferred to the |1,0 > state at maximum.
Based on this logic, we find that the 7/2 time under a 27 x (-)10 kHz detuning for the
12,0 > to |1,0 > transition is 14.614 + 1 us (the errorbar here is roughly estimated,

and the photon counts fluctuation mainly contributes to this value).

4.2.3 Ramsey interferometry

Based on the 27rx (-)10 kHz detuned driving microwave field and the 7/2 time ~ 14
us, we successfully perform the Ramsey Interferometry in the MOT region between
the [2,0 > and |1,0 > states (Figure 4.22). Figure 4.22 represents one of the main
achievements of this section, chapter, and thesis. Based on Figure 4.22, there seems
to be no decoherence in the first 1 ms free evolution time. Here we use a detuning
value 2w x (-)10 kHz, which is half of the Rabi frequency. According to Chapter
2, when the detuning value of the driving field is significant compared to the Rabi
frequency, the Ramsey fringe will have —m/6 or —57 /6 phase shift. In this case, the

Ramsey fringe has an around —57/6 phase shift.
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Figure 4.22: Ramsey Interferometry between |2,0 > and [1,0 > states with 2w x
(-)10kHz detuning. (a) and (b) are under different free evolution time ranges. The
frequency of fringe in (a) is 2w x (14.076 4+ 0.009 kHz); the frequency of fringe in (b)
is 2rx (14.072 £ 0.044 kHz). Note that the data fluctuation in (b) is mainly caused
by the unstable laser lock. The fitting function is F(z) = $(a + be~*“cos(dz + ¢))
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4.2.4 Prospects for Ramsey interferometry-based imaging a
laser beam

We plan to implement a short laser pulse that is far detuned from any optical transi-

tion during the atoms’ free evolution time. Technically, the short laser pulse in tens

of us scale will need the AOM controls (Appendix A.2). We intend to perform Ram-

sey Interferometry with several hundred ps (with the maximum initial coherence) to

observe either the decoherence effect brought by the scattering light, or the phase

shifts (fringe oscillation frequency changes) due to the AC Stark shifts.
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Chapter 5

Conclusion

This thesis presents many of the techniques and details needed for the atom state ma-
nipulation by microwave field and the Ramsey Interferometry for laser-beam imaging,
which was originally proposed in the introduction:

Crucially, the IQ-modulator-based microwave system provides an agile but stable
microwave frequency source around 27 x 6.8 GHz for atomic state manipulation (i.e.,
7/2 pulse or Adiabatic Rapid Passage).

The discussions on the current imaging system, both at the atom chip region and
in the MOT region, provide conceptual and technical descriptions of how we collected
the data.

The implementation of a microwave field with an antenna at the atom chip or a
waveguide in the MOT region let us successfully perform evaporation cooling, Rabi
flopping between Zeeman splitting levels in the Rb-87 ground levels (F=1 and F=2),
multiple Adiabatic Rapid Passages to transfer the atoms to magnetically insensitive
levels, and finally Ramsey Interferometry.

Outlook

There are some ideas for possible next steps in these experiments:

1) For a part of the future plan, since the second-order effect on energy levels by

a magnetic gradient has been discussed several times, it will be good to perform the
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Spin Echo (discussed in Chapter 2), which is more tolerant to the magnetic gradient
in the environment (not varying in a short time).

2) Additionally, since Ramsey Interferometry has been successful, it will be great
to proceed with imaging a laser beam in the MOT in the future (Some preliminary
works are shown in Appendix A.2).

3) Currently, since the Adiabatic Rapid Passages didn’t fully transfer the atoms
from FF'=2,m =2 to FF = 2,m = 0 in the MOT region, the experimental Ramsey
fringe contrast is not good enough. It will be reasonable to develop techniques either
to purify the states during the data collection or to make state transfer more efficient.

4) The result section discusses the noise for analyzing the atomic population or
ratio. Minimizing noise will also be one of the most important goals, and hopefully,
we can reach atomic shot noise on the atom chip by implementing the new imaging

system (discussed in Appendix A.3).

o6



Appendix A

A.1 The atom cloud structure during a resonance
scan under a magnetic gradient

The figures (a) to (h) represent the atom cloud structures when being coupled by a
microwave starting from a frequency below the resonance frequency, scanning across

the resonance, and ending with the frequency above the resonance frequency.
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Figure A.1: Atom cloud structures during the resonance scan under the effect of an
unknown external magnetic gradient
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A.2 Pre-works for imaging a laser beam

Figure A.2 describes the AOM (Acousto-optic modulator) system for providing a us

scale laser pulse.

Beamsplitter

A pair of 20 cm Plano-Convex

l Lenses to form a 1:1 telescope

80 MHz RF signal with 30 dBm

First order light, which is generated when RF

Zeroth order light, which is blocked by Iris ..
is implemented

Iris only allows the first order light to pass through

a

\ Around 50 % initial laser power

Figure A.2: We intend to send the first-order light, after passing through the AOM
(which will be around 80 MHz higher than the original laser frequency), to the MOT
region. The wavemeter is attached to monitor the laser frequency.

A.3 New version of fluorescence imaging system

To collect less noisy data, we want to maximize the target signal and minimize envi-
ronmental noise. The system shown below (Figure A.3) is designed to isolate environ-
mental noise. Later, at the atom chip region, we may increase the target experimental

signal by increasing the imaging laser power.
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10%

ccb

Iris + Movable Optic Mount Lens Tube
=2:1 ratio -I
Atoms Photodiode
|
Beam Splitter (9:1)
LensTube  Cage System Lens Tube + Cage System
Cage System
Figure A.3: We use a combination of lens tubes and cage systems to minimize

environmental noise, and we add an iris in the middle to block unexpected signals
from the reflected imaging beam or environmental light. We will mainly rely on the

photodiode to collect data. The CCD will be used for aligning the system.
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