ABSTRACT

Title of dissertation: ENHANCED TRANSPORT OF SPIN-ORBIT
COUPLED BOSE GASES IN DISORDERED
POTENTIALS

Yuchen Yue
Doctor of Philosophy, 2020

Dissertation directed by: Dr. Tan B. Spielman
Joint Quantum Institute,

National Institute of Standards and Technology
and the University of Maryland

Anderson localization is a single particle localization phenomena in disordered
media that is accompanied by an absence of diffusion. Spin-orbit coupling (SOC)
describes an interaction between a particle’s spin and its momentum that directly
affects its energy dispersion, for example creating dispersion relations with gaps
and multiple local minima. We show theoretically that combining one-dimensional
spin-orbit coupling with a transverse Zeeman field suppresses the effects of disorder,
thereby increasing the localization length and conductivity. This increase results
from a suppression of back scattering between states in the gap of the SOC dispersion
relation. Here, we focus specifically on the interplay of disorder from an optical
speckle potential and SOC generated by two-photon Raman processes in quasi-
1D Bose-Einstein condensates. We first describe back-scattering using a Fermi’s
golden rule approach, and then numerically confirm this picture by solving the

time-dependent 1D Gross Pitaevskii equation for a weakly interacting Bose-Einstein



condensate with SOC and disorder. We find that on the 10’s of millisecond time
scale of typical cold atom experiments moving in harmonic traps, initial states with
momentum in the zero-momentum SOC gap evolve with negligible back-scattering,

while without SOC these same states rapidly localize.
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Chapter 1: Theoretical description of Bose-Einstein condensates

In this chapter, we discuss the fundamental theoretical description of non-
interacting Bose-Einstein condensates (BEC) and interacting Bose-Einstein conden-
sates.

The non-interacting BEC section (Sec. 1.1) starts from the difference in the
description of particles between classical mechanics and quantum mechanics. In-
distinguishability and the exclusion principle of identical quantum particles lead to
dramatically different statistical properties from classical particles. Next, I briefly
discuss the exchange symmetry along with the reason why it is related to particles’
spin. After the discussion of exchange symmetry, I derive Bose-Einstein statistics
and discuss how it leads to non-interacting BECs.

In the many-body BEC section (Sec. 1.2), I first introduce the second quanti-
zation description of many-body systems. Next, by making the mean-field approxi-
mation, I derive the Gross-Pitaevskii equation (GPE) for scalar and spinor bosonic

systems.



1.1 Bose-Einstein statistics

1.1.1 Classical description of particles

Classical mechanics originate from Newtonian mechanics and have different
but equivalent formulations. It assumes the position and velocity of an object can
be measured and kept track of at any time. The dynamics of an object or a system of
objects can be sufficiently described by their positions and velocities. For example,
in one of the equivalent formulations, Hamiltonian mechanics [1], a classical system
is described by a set of canonical coordinates 7 = (7, ¢). Here p'= (p1,p2,-- ,PN)
and ¢ = (q1,92, -+ ,qn), they are indexed by the N-dimensional frame of reference
of the system. Hamiltonian H = H(p, ¢, ) is a function of canonical coordinates and
corresponds to total energy of a system. The dynamics of the system is governed

by equations

dj  OH

dt  0F (11)
dj  OH

dt— op

Both p and ¢ evolve with equation 1.1 deterministically and for a system of classical
particles, each particle’s trajectory can be traced during evolution, making them
distinguishable from each other.

In classical statistical mechanics, the Maxwell-Boltzmann statistics describes
the distribution of non-interacting particles in thermal equilibrium over energy

states. The ensemble averaged number of particles in energy state ¢; is

N, — 9i
©exp{(e —p)/kpT}

(1.2)
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Here, g; is the degeneracy of energy state €;, u is the chemical potential which can be
obtained from the conservation of particle number. kg is the Boltzmann’s constant

and T is temperature.

1.1.2  Quantum description of particles

Quantum mechanics, formed by six postulates, is very powerful in explaining
modern experiments in atomic, molecular, optical, and condensed matter physics
and so on. It also introduces counter-intuitive concepts such as photons, matter-
wave, and Pauli’s exclusion principle. These concepts can not be well explained
without a good understanding of the postulates.

As the first postulate states, a particle is described by its quantum state |¥(¢)).
|W(t)) contains all the information about the particle and can be represented by pro-
jecting it in any complete basis. For example, W(r,t) = (r|¥(¢)) is defined as the
spatial wave function of the particle. Since spatial states {|r)} form a complete
basis, wave function W(r, ) is sufficient to represent state |¥(¢)). Similarly, project-
ing W(t) in the basis of {|p)}, we can define wave functions in momentum space
U(p,t) = (p|V(t)). As postulate four states, for a particle in state |¥(¢)), without
measurements, the information associated with the classical variables r and p are the
probability of the particle being in position r and momentum p. It is not possible to
know the position and momentum of the particle without measurements. Moreover,
as postulate five states, immediately after the measurement of an observable, the

state collapse to an eigenstate of the observable, meaning after a measurement, the



particle’s state may be changed.

1.1.3 Distinguishability

For a group of identical quantum particles, their spatial states can overlap at
any time. And when they do, the lack of information about their positions and
the inability to do measurements without changing their states make it in principle
impossible to track the particles. And thus, in quantum mechanics, identical parti-
cles are indistinguishable. This indistinguishability has a fundamental effect on the

statistics of quantum particles.

1.1.4 Exchange symmetry of identical particles

For a group of identical particles, the many-body state describing the system
should not have any measurable difference exchanging any two particles of them.
In quantum mechanics, a state is determined up to a phase factor. For a state
|W(t)), ? |¥(t)) does not have any measurable difference for any § € R. So for
a two-particle state |¢11)2), exchange the two particles, in the most general case,
the two-particle state should become €% |1)51);). People may argue that exchanging
particles twice the state should return, e = 1, but it is not rigorous. It was
introduced as symmetry postulate that ¢ can only take the value of +1 or —1,
meaning the two-particle state can only be symmetric or anti-symmetric. It has
deep consequences in particle statistics and is in good agreement with experimental

facts. However, its theoretical justification remains unclear. In 1977, J.M.Leinass



and J.Myrheim introduced in their paper [2] a quantization formalism, in which the
restriction on wave function to be either symmetric or antisymmetric appears in a
natural way, without having to add any additional constraints. However, this is true
only when space is at least three-dimensional. In one or two dimensions, ¢ can
take other values. Frank Wilczek invented the term ”anyon” to describe this kind

of particle and they are important in understanding the fractional quantum Hall

effect.

1.1.5 Bosons, Fermions and spin statistics

In three dimensional space, particles’ wave function can only be symmetric
or anti-symmetric. The symmetry of the wave function is determined by the par-
ticles” spin. A particle is called Boson if it has an integer spin and Fermion if it
has a half-integer spin. In consequence, the wave functions of Bosons and Fermions
are symmetric and anti-symmetric, respectively. The spin statistics theorem is first
formulated in 1939 by Markus Fierz [3] and rederived in a more systematic way in
1940 by Wolfgang Pauli [4]. A more conceptual argument was provided in 1950 by
Julian Schwinger. It is fascinating and very non-intuitive how particles’ spin de-
termines their exchange symmetry. As Feynman commented in his book Feynman
Lectures on Physics [5]: An explanation has been worked out by Pauli from compli-
cated arguments of QFT and relativity. But we have not found a way of reproducing
his arguments on an elementary level. This probably means that we do not have a

complete understanding of the fundamental principle involved.



1.1.6 Bose-Einstein statistics and non-interacting BEC

Quantum statistics differ from classical statistics in two aspects, indistin-
guishability and exchange symmetry.

For a two-particle wave function v (ry,rs), if the two particles are Fermions,
they can not occupy the same state. ¥ (ry,ry) = —1(ra,ry), if ¥(ry,ra) = ¥(ra, 1),
¥ (r1,re) = 0. For Bosons, this is not the case. Any number of Bosons can occupy
the same state and the system has the lowest energy when all the Bosons are in the
ground state.

The Bose-Einstein distribution can be derived from the principle of maximum
entropy. A Boson system with IV particles are distributed to states {|e;)}, each state
le;) has degeneracy g¢; and it is occupied by n; particles. The number of micro-state

is
(n; +g; — 1)!

ni!(gi - 1)! ' (1'3)

Q({n:}) =1
Maximizing €2({n;}) under the constraints ) . n, = N and > ,n;e; = U, we can
derive Bose-Einstein distribution

1
e exp{—a — P} — 1’

(1.4)

« and [ are the Lagrange multipliers. From constraints ), n; = N and ), n;e; = U,
it can be determined « is chemical potential p over kgT and § is —1/kgT where kg
is Boltzmann constant and T is temperature.

To find out how does this distribution lead to Bose-Einstein condensates, we

need to revisit the constraints. For a system of particles in a box of volume V. The



energy density of states is

90 = 1 () Ve (15)

Replacing the sum in ), n; = N with integral, we get

Vo 2masp [ Ve .
47‘(‘2( h ) /0 exp{(e — pu)/kgT?} — 1d N (1.6)

Denote the integral as I(u)

G Ve
T = / (e — ) /haT) — 1

de (1.7)

For Eq. (1.6) to hold, I(u) should be a constant, and u should be a function of T
As T decreases, u should increase to keep I(u) constant. But p can not go positive
because in that case, for states ¢, — u < 0, n; will be negative. So as T" decreases to
some critical temperature T,, p increases to 0 to keep I(u) constant. As T continue

decreasing, p can not increase anymore and we have

Vo 2my3p [ Ve
w2 ) /0 exp{(e = )iy =10 <N (18)

Where are the missing particles? The answer is they are condensed in the ground

state with zero energy. If we look at the density of state g(e), it is zero for the
ground state. When 7" is high, the number of particles that are in the ground state
is negligible, so the integral counts all the particles and equals N. When T' < T}, u
is zero, a significant amount of particles start to occupy the ground state, and the
missed particles will cause the loss of atoms counts.

The critical temperature can be calculated from Eq. (1.6) with g = 0.

Te= Z:B (n(3]/\;)v>2/3 (1.9)

7



where n(z) is Riemann zeta function. And it can be shown the fraction of particles

in the ground state is a function of 7" and T,

(1.10)

1.2 Manybody BEC system

1.2.1 Second quantization

An interacting system can be described by the second quantization Hamilto-
nian. In the second quantization framework, particles in a system are described by
creation and annihilation operators on the basis of many-body Fock states. Creation

T

operators @, creates a particle in the Fock state |ny,...,ng,...) while annihilation

operators a; annihilates a particle in the Fock state |nq,...,ng,...).

d“nl,...,nk,...):\/nk+1|n1,...,nk—|—1,...) : )
1.11

ag [n1y o Mgy o) =N g, e — 1,000
With a change of basis, the spatial creation and annihilation operators can be defined

as

(1.12)

&T(F) and &(F) creates and annihilates a particle at spatial coordinate 7. Operator

Ni = alag counts the number of particles in the momentum state |k). The two-



particle operator is defined as

znt_ ZNNV;J‘i‘ ZN

tig (1.13)

! Z (R, — Rsy)Vi
where V;; is the interaction between particles in states |i) and |j). From the orthogo-
nality of Fock states and Pauli’s exclusion principle, we can derive the commutators

of creation and annihilation operators for both Bosons and Fermions. For Bosons,

[, 4] = 6y
(1.14)
la;, 4] = [al,al) = 0

where [A, B] = AB — BA is the commutator of operators A and B. For Fermions,
{a;,al} = 5y

{ai,a;} = {al,a]} =0

where {A, B} = AB + BA is the anti-commutator of operators A and B. With the

(1.15)

change of basis, we can also obtain the commutation and anti-commutation relations

of field operators () and ¢ (7). For Bosons,

D), 1 (7 ) = 8% =7

(1.16)
(7 "), (7 )] = [P (7 1), (7)) = 0.
For Fermions,
{d(F ), 917"} = 8 = ")
(1.17)
{d(F ), 07"}y = {17 "), 917 ")} =0
With the commutators, we can rewrite the interaction operator \7,
Vit = % > alalVia;a, (1.18)
1]



which is valid for both Bosons and Fermions.

In general, the Hamiltonian of a system is

H= + V(&) + Vit (1.19)
in the representation of field operators, it takes the form

H= / drf(r) s V4 V(r)l\if(r) (1.20)

2m

1 A A N A A
T 5/dr'dr"dr”’dr""\lﬁ(r’)\IfT(r”) (r'r"|th\r”/r"”> \I/(I'///)\II(I'HH) (121>

1.2.2 GPE of scalar BEC

For dilute and cold gases, it is proper to approximate the interactions between
atoms with two-body collisions. At low energy, the two-body collision interactions
can be represented by the s-wave pseudopotential which is characterized by s-wave
scattering length.

A

Vine = go(r' — 1), (1.22)
the constant ¢ is a function of scattering length a,

Amh?
g=—""" (1.23)
m

The Hamiltonian of the cold gases system takes the form

H= / drii(r) [—%VQ + V(r)} T (r) (1.24)

+g/dr@T(r)‘i’T(r)®(r)‘i’<r)’
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and the dynamics of the field operators obey Heisenberg equation

ih%@(r,t) - [\I/H] (1.25)

2
— |-V V) ¥ )| B0
m

Bogoliubov formulated the mean-field approach [6] to solving the cold dilute

gases system by expanding the field operators to the first order,
U(r,t) = U(r,t) + 6U(r, t) (1.26)

U(r,t) is the mean-field, the expectation value of field operator \if(r,t), U(r,t) =
<\i/(r, t)> And 0W(r,t) is the excitation term which describes the variation of the
field operator around its expectation value. W(r,t) is a classical field and is often
called the wave function of the condensate. When excitation is small and can be

neglected, we arrive at the dynamics of the classical field

L0 R _, )
zhE\IJ(r,t)— —%V +V(r) 4+ g|¥(r,t)]"| Y(r, 1) (1.27)

This equation is known as the Gross-Pitaevskii equation (GPE) which is de-
rived by Gross [7] and Pitaevskii [8] independently.
To obtain the ground state of the condensate, we can write the function ¥(r, ?)

as ¥(r,t) = ¥(r)e " Then the GPE becomes

i (r) = [—h—2v2+v<r> T gle)P| v (1.28)

2m

1 is chemical potential and is subject to the conservation of particle numbers

/drw(r)y? =N (1.29)
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At low temperature, T' < T,, the chemical potential of the system is dominated
by the interaction energy which is much larger than the kinetic energy, since the
majority of atoms are in their ground states |k = 0). By making the Thomas-Fermi
approximation, we can neglect the kinetic energy term and the ground state takes
a simple form

by = /L (1.30)
This is the Thomas-Fermi wave function and given external potential V' (r), chemical

potential u can be calculated under the constraint of atom-number conservation.

1.2.3 GPE of spinor BEC

When we add the spin degree of freedom, we need to consider the spin-
dependent potentials and the spin-spin interactions in the two-particle scattering

processes. The two-body interaction takes the form

~

Vint(r1,12) = (co + C2ﬁ1 : ﬁ2)6(r1 —19) (1.31)

The total angular momentum is conserved in the processes of two spinor collisions.
And for two spin-1 particles, their total angular momentum F' can be 0 or 2, cor-
responding to scattering channel 0 and channel 2. The sign of the coefficient c,
determines whether the system is ferromagnetic (FM) or anti-ferromagnetic (AFM).

The s-wave pseudo-potential for both channels is

%51&([.7 I'/) = gF6<r7 I',) (132)
where
A h?
gr = 3 OF (1.33)
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and F' € {0,2}, ar is the scattering length. To calculate the coefficients ¢y and cs,
we need to project the two spin states to the total spin states.

In second quantization representation, the interaction of a spin-1 system [9] is

. 1 A X R
V=g X [ OR8], @) (130
mi,ma,mj,m}
where
I 471'}:&2 A
g =y D ar (mazma| Pelmimy) (1.35)
F=0,2
Here the operator
F
Pp= Y |F,mpXF mp| (1.36)
mp=—F

projects the two-body angular momentum states onto the total angular momentum
basis.
Back to the two-body angular momentum basis, the interaction can be written

in the form

’ 1 bt ()t () i 2

Vi =15 > [ dr Ul (0)U], (0) Ty, (0)Tpn, (r) (o + 2B, - Finy). (1.37)
Here,

47Th2 Jdo + 292
M 3 ’

4mh? g2 — 9o

d co —
and ¢ % 3

(1.38)

Co =

The Hamiltonian of the system is

h2 . . .
H= )" / dr Wl ( {—%V%mm A Unyomy (1) | Wy (1) + Vi (1.39)

mi,m2

A~

Uiy ms(r) can be any spin dependent potential. For example, Raman coupling is
widely used in a BEC system as one way to realize the spin-orbit coupling. Intu-
itively, in a two-photon process, a particle in the spin state |mg) absorbs a photon

13



with momentum kg and emits a photon with momentum —kg. The spin state
jumps to |mp + 1) and acquires momentum 2kg. In the reverse process, it jumps
from |mpg + 1) to |mp) and acquires momentum —2kg. States |k + 2kg, mp + 1)
and |k — 2kgr, mp) are coupled.

From Heisenberg equation and the mean field approximation, we can derive

the spin-1 GPE

h2

2m

1hown = V3 + Z UmF,1¢mF + coniy + co(ny + ng — n_q)Yr + e 1 Yotbo

mpg

. h? - N
ihOy)y = — %Vz?ﬁo + Z Unnp,0®mp + conibo + ca(ny + n_q)hg + 22051901

mpg

. hQ - *
thOp)_ = — %V2¢—1 + Z Unp.—1Ump + cony_1 + ca(n_1 + no — n1)v_1 + c2yibotbo
mp
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Chapter 2: Laser cooling and trapping of neutral atoms

Laser cooling techniques eventually lead to the observation of BECs in 1995.
The first BEC was created by Eric Cornell, Carl Wieman, and co-workers at JILA
on 5 June 1995 [10]. They cooled a dilute vapor of approximately two thousand
8TRb atoms to below 170 nK using laser cooling and magnetic evaporative cooling.
About four months later, an independent effort led by Wolfgang Ketterle at MIT
condensed **Na [11]. The achievements of laser cooling and trapping won laser
cooling pioneers Steven Chu, Claude Cohen-Tannoudji, and William D. Phillips the
1997 Nobel Prize in Physics. And Cornell, Wieman, and Ketterle won the 2001
Nobel Prize in Physics for their observations of BECs.

After more than twenty years, the research field of cold atoms is prosperous.
The development of laser cooling techniques has made it possible to make stable and
reliable BECs. The highly controllable optical and magnetic potentials, the tunable
interaction between particles, and precision measurement techniques have made the
BEC system a great platform for quantum simulation and quantum computation.

The Nobel Lecture of W. D. Phillips, Laser cooling and trapping of neutral
atoms [12] tells a great story of the development of laser cooling techniques since

the late 1970s. It is recommended for readers who not only want to learn the
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laser cooling techniques but also take a close view of how researchers approach new
physics and technology. It is aspiring to learn the mature technology that cold atom
researcher uses on a daily basis nowadays results from the intelligence, efforts, and
persistent pursuit of the early generations of physicists.

In this chapter, we use 8’Rb as an example. Start from its energy levels, its
interaction with the light and the magnetic field, and then discuss the laser cooling

techniques that are essential to make BECs.

2.1 Hyperfine Structures

2.1.1 Energy Level Splitting

The energy splitting of 8"Rb ground state and the first excited state can be
found in Fig. (2.1) from [13], it is a great source of ¥ Rb D lines data.

For the ground state of 8"Rb, the quantum number of orbital angular momen-
tum L is 0 and the first excited state L = 1. When we consider the spin of the single
electron in the outer shell of the atom, S = 1/2, and the interaction between spin
and orbital angular momentum L - S, the excited state splits into a fine-structure

doublet. The eigenvalue of total electron angular momentum
J=L+S (2.1)

becomes a good quantum number. For the ground state, L = 0, S = 1/2, and

J = 1/2. The ground state is labeled as 525, /2 Where the atomic states are described
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by term symbols of the form

2L (2.2)

The interaction between the spin and the orbital angular momentum splits the
excited state into doublet 52P; /2 and 52P3/2. The transition between the ground
state and the excited state is split into two lines, D1 line(52S; /2 — 52P j5) and D2
line (52512 — 5°Py)2).

Accounting for nuclear angular momentum I, the states further split into hy-

perfine states and are represented on the basis of the total angular momentum
F=J+1 (2.3)

The quantum number of the nuclear spin of 8"Rb is 3/2, as shown in Fig. (2.1),
the 8"Rb ground state 525 5 splits into hyperfine states |[F = 1) and |F' = 2). The
excited state 52 Py s splits into hyperfine states |F' = 1) and |F' = 2). And the excited
state 52 P, splits into hyperfine states |[F = 0), |F = 1), |F = 2) and |F' = 3). The
Hamiltonian that leads to the hyperfine split consists of magnetic dipole interaction
and electric quadrupole interaction,

S(T-J)?+3/21-J—I(I+1)J(J+1)
21(21 —1)2J(2J — 1) '

Hypo = AngI-J + By, (2.4)

Here Ajys is the magnetic dipole constant and By, is the electric quadrupole con-

stant. The hyperfine energy splits for the states are

1 32K(K+1)—2[(I+1)J(J+1)
ALnss = 5Anrs I & Bags 21(21 — 1)2J(2J — 1) (2:5)
where
K=FF+1)—-I1(I+1)—J(J+1). (2.6)
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The numerical results of hyperfine states energy can be found in Fig. (2.1), they are

calculated given the experimental measurement of Ay s and Byss [14-16].

(a)
F=3
193.74 MHz 72.91 MHz
5P/ !
T F=2
229.85MHz
F=1
302.07MHz
F=0
780.24 nm
384.23THz
F=2
l
2.56 GHz
5281/2 —_ —{ —_— —_— -
4.27 GHz

T =

(b)

———1j————— F=2
306.25 MHz
52P1/2 - _% - -

510.41 MHz

794.98 nm
377.11THz
F=2
l
2.56 GHz
5231/2 _ = —} —_— = -
4.27 GHz

T F=1

Figure 2.1: Energy splitting of the 8"Rb ground state and the first excited state.

2.1.2 Zeeman splitting of 8’Rb hyperfine ground states

The angular momentum of ’Rb interacts with the external magnetic field

and the hyperfine states split into sub-states. Here we use perturbation theory to



calculate the energy of each sub-states of 8’Rb ground state.
For the ®Rb ground state, J = 1/2 and I = 3/2. It has hyperfine states

|FF=1) and |F = 2). The Hamiltonian with external magnetic field is

=

H = Hypo + (pgsJ + pngrl)B. (2.7)

Here pup = 9.27 x 1072 J . T~! is Bohr magneton, the natural unit for expressing
the magnetic moment of an electron caused by either its orbital or spin angular
momentum. gy = 5.05 x 10727 J- T~ is the nuclear magneton. g; and g; are landé
g-factors. For 8"Rb ground state, g; ~ 2.00233 and g; ~ —0.00099.

Define the direction of magnetic field z, the Zeeman Hamiltonian can be rep-

resented by the z-component of angular momentum

H - ]:-Ihfs + NB(ngz + g]jz)Bm (28)

~

J, and I, are the z-component of the angular momentum J and I, respectively.
And the eigenvalues of jz and fz are my and my, the magnetic quantum numbers.
Hy,, is diagonal in the basis of {|F, mg)}, and we can proceed by representing states
|J =1/2,my, I =3/2,my) with {|F, mp)} and calculate the energy of states |F, mp)

to second order.

19



13 11 V3 1
22V =122 ——)y=—12,1)— = 11,1 2.
S 2) -1, 33) = S RU-3ILY (29
-1 3 1 V3 —-11 1 1
—— SV =121+ 2211 — =Y =—"—12.0)+ —11,0
3) =3 S, 3) = 75 20+ 5 IL0)
1 -1 1 1 1 -3 1 V3
Y= 2.0)— — 1 V=2 2.-1) — Y21, -1
35 ) = o5 120) f|,o>, e Tt
-1 -1 -1 -
St AL IR L e
27 9 2 27 2
In the {|F,mpg)} basis,

]:Ihfs |F, mF> = EF |F, TI’LF> . (210)

Treat the interaction with the external magnetic field as a perturbation, the first-

order perturbed energy for state |F,mp) is
AEy = (Fmp|(gs ). + g11)| F,mp) s B, (2.11)

and the second order perturbed energy is

F J L)|F
Z ‘ mp\ 95Jz + g1 )’ mFH (MBB>2~ (2‘12)
P Ep = Ep

M

The energy of |F, mp) states are listed here, in the units of MHz, MHz/G and

MHz/G2. The numbers are useful for quick estimation of the magnetic field in the
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lab.

2,2) = 2.75 x 10°h MHz + 1.405h MHz/G x B + 0h MHz/G* x B? (2.13)
2,1) = 2.75 x 10°h MHz + 0.7026h MHz/G x B + 2.879 x 10~*h MHz/G? x B?
2,0) = 2.75 x 10°h MHz + 0h MHz/G x B + 3.839 x 10~*h MHz/G? x B?

2, —1) = 2.75 x 10°h MHz — 0.7026h MHz/G x B +2.879 x 10~*h MHz/G? x B?

2, —2) = 2.75 x 10°h MHz — 1.405h MHz/G x B + 0h MHz/G?* x B?
11,1) = —4.2896 x 10°h MHz — 0.7052h MHz/G x B — 2.879 x 10~*h MHz/G* x B?
11,0) = —4.2896 x 10°h MHz + 0h MHz/G x B —2.879 x 10~*h MHz/G* x B?

1, —1) = —4.2896 x 10°h MHz 4 0.7052h MHz/G x B — 2.879 x 10~*h MHz/G? x B?

The second-order perturbation leads to the quadratic Zeeman shift which has a
sizable effect when the magnetic field on the order of 10G. In some our experiments,
the quadratic Zeeman shift makes the energy difference between |1,0) and |1, —1)
large enough than the difference between |1,0) and |1, 1). So we can effectively treat
the F' = 1 manifold as a two-level system by decoupling |1, —1).

For larger magnetic field, larger than 103G, the perturbation theory breaks
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down and Breit-Rabi formula [17] is useful in the case J = 1/2.

Ahfs

EF:]:tl/Q = —T + mFgI,uNB + Ahfs\/ 1+ mpxx2,mp 7é 2, —2 (214)

Angs
EF:Q,mF:iQ = _% + mpg[[LNB + Ahfs(l + SL’)
(QJMB - QIMN)B

2Anfs

The energy of states |F, mp) is shown in Fig. (2.2) for the magnetic field up to 15000

G.

0 5000 10000 15000
B(G)

Figure 2.2: Zeeman splitting of ¥’Rb ground states |F, mp).
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2.2 Laser cooling techniques

2.2.1 A two level system interacting with the reservoir

.

»

>
[« %)

Figure 2.3: A two level system with energy difference w in a light field with frequency

v. 0 = v — w is the detuning.

A two-level system shown in Fig. (2.3) interacts with the light field via electric
dipole interaction.

H=-d-E (2.15)

is the electric dipole interaction Hamiltonian where d = eF is the dipole operator.
The matrix element of dipole operator (L, m/; |d|L, m.) is nonzero only when AL =
+1 and Amy = 0. The dipole operator doesn’t interact with spin and nuclear

angular momentum, so in the total angular momentum basis, the selection rule is

AF = +1. (2.16)

23



The Electric field

E =FE,ex + Eje, + Ee, (2.17)

can be expressed in the basis of {e1,e,},
E=F,e, + F e_+ FE.e,. (2.18)

Here,

x T 1
er = 9—:7531. (2.19)

The dipole interaction Hamiltonian is separated into the radial part and the angular

€q T = \/gpyl,q(ea (b)? (2'20>

here ¢ = 1 for ey, ¢ = —1 for e_ and ¢ = 0 for e,. Yj,(0,¢) is the spherical

part in the new basis,

harmonic function.

A two level system with energy difference w interacts with electromagnetic

field

—

E(7t) = Eyemilot=Fn | firgilwot—k7), (2.21)
the Hamiltonian is

H = hw |2)2] — (7 [102] + ° [2)(1]) - E(7.t). (2.22)
By transforming into a rotating frame,
|2) = ™0t )2) (2.23)

+2iwot

and neglecting the fast oscillating term e , the Hamiltonian is transformed to

H = 1o |2)2] + M(Q|1)2] + @

2)(1

), (2.24)
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Here,

(2.25)

The frame transformation and the removal of the oscillating term are named after
rotating wave approximation (RWA). It is widely used in atomic physics when atoms
interact with a near resonance optical field, and satisfying the condition § < wq,w.

The Hamiltonian above describes a closed system, where the two-level atom
only interacts with the one single optical mode, and the evolution of atomic states
and photon states is coherent. In reality, the atom interacts not only with the
optical field but also with the vacuum modes in the environment. The vacuum
modes are contiguous in free space and discrete in a cavity, the coupling between
the atomic states to the vacuum modes leads to spontaneous emission of the excited
state and causes decoherence. The Wigner-Weisskopf theory [18] represents the
vacuum modes with quantized field operators and calculates spontaneous emission
with Fermi’s golden rule. The Hamiltonian of the atomic system and vacuum modes

18

H = hw|2)2| + Z w;(ala; + 5) — Z(hgj 2)tla; + hg; [1)2]a}),  (2:26)

J J

N —

and g¢; is the coupling strength between the states |2,0) and |1,1;). |1,1;) is the

state with one photon occupying mode k.

v =2 |gi[*6(w; —w) (2.27)
J
is the result of spontaneous emission rate v and in free space

WP

= = 2.28
3meghc? ( )
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which is also known as the Einstein A coefficient.
One way to describe both coherent and incoherent evolution is by using the

density operator. The density operator is defined as

p= Polba)al. (2.29)

Here, |¢,) a quantum state and p,, is the probability that the state is in |¢,). The
states |¢,) are not necessarily orthogonal to each other, but to make the density

operator representation valid, it has to satisfy the following condition,
Tr[p] = 1. (2.30)
For any orthonormal basis {|n)},

S” (lpln) = LTl = 3 (nlpln) (2.31)

n n

for the conservation of probability.
In the density operator representation, the expectation value of a dynamic

variable A can be calculated using
<A> = pA. (2.32)
In the orthonormal basis {|n)}, the matrix element of the density operator is
o = (lpI). (2.33)

The diagonal elements p,, ,, represents the the probability that the state is in |n) and
the off-diagonal elements p,, ,» represents the expectation value of coherence between

states |n) and |n'). If there exists a state |¢) such that

p=loxel, (2.34)
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the state represented by p is a pure state, otherwise, it is a mixed state. In quantum
mechanics, the probability amplitude of the states bears the full information, prob-
ability, and coherence. The density operator representation loses the information of
the coherence of some states.

For an open system, the physical system we are interested in interacts with
the environment or sometimes called a reservoir. The reservoir can contain a large
number of degrees of freedom, for example, vacuum modes and other electromagnetic
fields modes. The large number of degrees of freedom of the reservoir makes it hard
to study its dynamics, however, in many cases, we are not actually interested in
learning about the evolution of the reservoir. In these cases, it is useful to ignore
the dynamics of the reservoir and only keep the effect the reservoir has on the system.
By making this assumption, the coherent evolution of the system and the reservoir
is lost and there exists decoherence in the dynamics of the system, so the density
operator is widely used to describe the open system.

The full Hamiltonian is
H=Hs+ Hr+ Hsp (2.35)
and under Heisenberg’s equation, the evolution of the density operator is
y— [H ] (2.36)
p - Zh 7p *
Assume the interaction operator takes the form
Hsp = SR+ STR. (2.37)

To ignore the dynamics of the reservoir and only keep the effects it has on the
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system, we need to make two assumptions. First, factorize the reservoir operator

~

R~ f(O)R. (2.38)

The function f(t) characterizes the time evolution of the reservoir, and it is often
assumed that the reservoir is stationary in the stochastic process language. The

auto-correlation function of f(t) is defined as

ACF(t = 1) = ((f() = (FONE) = (FED)) - (2.39)

The correlation time t. of the function f(t) is defined as the width of the peak of
ACFy(t —t'). The first assumption of the reservoir is that t. < 1, which means
the reservoir has Markovian property, it quickly forgets about its previous state and
does not keep the memory of interacting with the system.

The second assumption is that the reservoir is large enough that the system
can hardly affect its state. Again, this means that the reservoir is stationary. Under
these assumptions, the dynamics of the system is derived and expressed in terms of

the reduced density operator
ps = Trr[p], (2.40)

which takes the average of the reservoir state by tracing out the reservoir degrees of
freedom.

For a two level system

Hg = 16 |2)2] + R(Q [1)(2] + Q*|2)(1]), (2.41)
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the density operator evolves under equation

pgg = —’}/(ﬁ + 1>p22 + ’}/ﬁpu + iQ*pgl - iQplz (242)
p11 =YW+ 1)pa2 — yip11 — 12" pag + iQp12
p12 = —= (20 + 1)p12 — i6p12 — 12" (P22 — p11)

P21 = —= (20 + 1) pa1 + i6pa1 + 1Q2(pa2 — p11)

N2 o2

This is known as the Optical Bloch equations, and also called Master equation
[19]. The first two equations describe the evolution of the probability of occupying
the states |2) and |1). The third and fourth equations describe the evolution of
expected coherence between states |1) and |2). The term (7 + 1)pey combines

spontaneous emission (ypq2) and stimulated emission (y7p22).

2.2.2  Optical force

An atomic system interacts with optical fields, which leads to stimulated emis-
sion and Rabi oscillation when the frequency of the field is near resonance. When
the field is far-detuned, the atoms see a spin-independent spatial potential, the force
of which drives the atoms’ center-of-mass motion. Also, the atoms interact with
the vacuum modes that lead to spontaneous emission. The emitted photons have
nonzero momentum, so the atoms acquire the recoil momentum when the sponta-
neous emission happens. From the classical physics point of view, the atoms should

experience a "force” in the optical fields and the definition of the "force” can be
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borrowed from classical physics.

. d 1 .
F=_"p=_"[p H 2.4
i Z.h[p, ] (2.43)

The same as classical physics, the force operator is defined as the rate of momentum

change and it can be calculated for a two-level atomic system with Hamiltonian
A = b3 [2)(2] + h(Q(F) [1X2] + () |2)(1). (2.44)
Q(7) is a function of 7 for the inhomogeneous field amplitude.
F = [V, H(")] = hVQ(7) [21] + hVQ*(7) [1)2| (2.45)

The state of the system is represented by density operator p and the expectation

value of operator Fis

<F> = Ty[pE] (2.46)
== FLVQ,O12 + hVQ*pgl

— 2|2V éIm (%) + RV|Q*Re (%)

Here, ¢ is the phase of the field,
Q= |Qe™. (2.47)

The first term is interpreted as the dissipative force and the second term the reactive
force. This can be more intuitively understood when we look at the form of the force

in two extreme cases.
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For the steady solution of the optical Bloch equation,

ZQ(P22 - Pn)

p21 = 1 — 16 (2.48)
B R
P2 = D@+ 1)+ 2R
2721|922
R— Zz1| ‘
Va1 + 02

here, 91 is the decay rate of coherence and R is the optical pumping rate, the rate
the atoms are pumped from the ground state to the excited state. When the field
is weak,

9 <5 (2.49)

the time atoms spend in the excited state is close to zero, pys =~ 0. The coherence

p21 can be approximated with

p21 = i%:fg; (2.50)
The dissipative force takes the form
Fiis = 21O F—2 (2.51)
51+ 07
= hkR
(2.52)

Intuitively, it means every time the atom is pumped from the ground state to the
excited state, it acquires momentum hk. When spontaneous emission happens, the
photon is emitted in any direction with equal probability, on the average, the atom
does not acquire momentum in spontaneous emission.
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In the other case, when ¢ is large,
o> ‘Q‘,(S > a1 (253)

Optical pumping rate R ~ 0 and the population in the excited state psy ~ 0.

P21 1
I [_} ~ 2.54
m |5 5 (2.54)
and the reactive force takes the form
hV|Q?
Freaet = ) (2.55)
)
Effectively, the atoms see a potential
h|Q(7)|?
V() = G (2.56)

The potential is spin-independent, its strength is proportional to the intensity of the
field |Q(7)|? and the sign of ¢ determines if the potential is repulsive or attractive.
When § > 0, the field is red detuned, and the potential is lower for stronger intensity,
so the potential is attractive. When the field is blue detuned, it is repulsive.

This potential is known as the dipole potential, it originates from the AC stark
shift. Due to the large detuning, it does not drive the transition of internal states
but changes the energy of the ground state so it is effectively a spin-independent
potential. Dipole potential is widely used in atomic physics experiments. It can be
used as an attractive trap, called a dipole trap, to trap atoms, to do evaporative
cooling, and to make an optical lattice. The repulsive potential is also very useful,
it can be used to make a 1D trap when the laser is in Laguerre-Gaussian mode [20]
and make random repulsive potential (optical speckle) which is discussed in detail
in Ch. (4).
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2.2.3 Doppler Cooling

From the form of the dissipative force

V21

Fus = 20|Q|2k :
a | | 7%1+52

(2.57)

we can see the dissipative force not necessarily cools the atoms, it only injects mo-
mentum Ak at the optical pumping rate. To cool atoms down in one direction,
there needs to be a pair of counter-propagating optical fields, and the total dissi-
pative force needs to slow down high-speed atoms at a higher rate than to speedup

low-speed atoms.

Figure 2.4: 1D Doppler Cooling.

When we account for the motion of atoms, the Doppler effect shifts the reso-

nance and detuning. With adjusted detuning, the dissipative force takes the form

Fyi = 20|02 K ——— (2.58)

Va1 + (5_];'77)2‘
When the speed of atoms is small, kT < 9,7y, we expand the force to the first order

of k - 7,

= Y21 25%6
Fuis =~ 28|Q%k 1+ 55— . 2.59
‘ & 7%1 + 92 ( ’Y%l + 52) ( )
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The total force of A pair of counter-propagating beams cancels the first term and

retains the velocity-dependent cooling force

Sh‘QP")/Ql(SkQU

Fiop =
“T TR+

(2.60)

The direction of the force depends on the sign of d, when § < 0, the force is in
the opposite direction of v and acts as a cooling force. When § > 0, the force heats
the atoms up in a positive feedback mechanism. Intuitively, the cooling mechanism
can be understood from the dependence of the optical pumping rate on the Doppler
shift. When the light is red detuned, the atoms are closer to resonance with the light
beam propagating in the opposite direction from the atoms’ velocity. The optical
pumping rate of this beam is thus higher than the other, so on average, the atoms
absorb more photons from this beam and acquires a negative momentum.

The dissipative force applies to one-dimensional cooling, and to the first order
of k - U, the force is decoupled in different spatial directions. To cool down atoms
in all three spatial directions, three pairs of counter-propagating red-detuned light
are needed. This is the simplified version of optical molasses [21-23]. Fig. (13)
in [21] is the sketch of one of the first experiments of Optical Molasses conducted in
NIST, Gaithersburg. The result of the experiment demonstrated the cooling limit
of Optical Molasses is well below the limit of Doppler cooling. The explanation
requires a multi-level system and circular polarized cooling light which is discussed

in the Doppler cooling limit and sub-Doppler cooling section.
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2.2.4 Doppler Cooling Limit

The viscous force from a pair of counter-propagating light beams has a negative

feedback effect on the velocity of atoms

8h‘Q‘2”}/21(5k2’U

Fiot =
! (’731 + 52)2

(2.61)

It cools down the temperature of the atoms low enough that the spontaneous emis-
sion effect becomes significant. When spontaneous emission happens, the photon is
emitted in any direction equally likely and the recoil effect heats the atoms. When
cooling and spontaneous emission are balanced, the system reaches equilibrium and
the temperature of the system is the lower bound of Doppler cooling.

The spontaneous emission can be treated as random kicks the atoms which
are in a viscous force, this system resembles the classical Brownian motion which
is studied in the early 1900s. William Sutherland in 1904 [24], Albert Einstein
in 1905 [25], and Marian Smoluchowski in 1906 [26] studied the Brownian motion
and the relation between equilibrium temperature, friction coefficient, and diffusion
constant. The relation is named the Einstein relation (also known as Wright-Sullivan
relation)

D = mnkgT (2.62)

Here 7 is the friction coefficient in the Langevin equation

%p = —np+ f(t) (2.63)

and D is the diffusion constant that characterizes the random force f(t),

((f(8) = (f @) (f() = {f()))) = 2D (t — t'). (2.64)
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The delta function is an approximation of the autocorrelation function of f(¢) when
the random collision is fast and memoryless.
The Quantum version of the Langevin equation is the Heisenberg-Langevin

equation, for the two-level system, it can be derived that

Q|2v/2
D = 4(hk 2|—, 2.65
"GP+ (2.65)
and it can be calculated from the viscous force Eq. (2.61),
R Q%91 0K>
. 8 | | Y21 (2.66)

n= .
m(y3, + 0%)?
When the coherence decay at the rate of spontaneous emission, v, = /2, the

equilibrium temperature is

h(0* + (v/2)*)

kgT = ) 2.
5 = (2.67)
The lower bound is

kT = h% (2.68)

when 6 = /2. This was believed to be the limit of Doppler cooling, it is equal to

125 K for Cs, 140 K for Rb and 240 K for Na.

2.2.5 Sub-Doppler Cooling

The limit of Doppler cooling is intuitive, it was believed to be the limit of laser
cooling until in 1989, the scientists in NIST Gaithersburg reported the measured
temperature of Na atoms in an optical molasses to be ten times cooler [27]. The

observation of temperature drastically lower than the theoretical prediction of the
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Doppler cooling limit surprised scientists and was theoretically explained by Cohen-
Tannoudji and collaborators in 1989 [28]. The temperature in optical molasses
is sensitive to laser detuning and polarization, different polarization of light fields
drives transition between different |F, mp) states. To theoretically explain, a two-
level system is insufficient and |F, mp) hyperfine states in atoms’ ground state, and

the first excited state must be considered.

|J =3/2,m;=-3/2) |J=3/2,my=—-1/2) |J=3/2,m;=1/2) |J=3/2,m; =3/2)

|J=1/2,m;=-1/2) |J=1/2,m;=1/2)
Figure 2.5: Energy levels of Na atoms ground state and the first excited state. The

Clebsch-Gordon coeflicients are labelled for each transition.

Fig. (2.5) shows the energy levels of Na atoms ground state and the first excited
state. o polarized fields couple |m ) states and |m + 1) states, o_ polarized fields
couples |m ;) states and |m; — 1) states. The Clebsch-Gordon coefficients are labeled
for each transition. In the optical molasses experiment that observed sub-Doppler
limit temperature, the temperature in optical molasses was found to be sensitive to
the polarization of light. And in the experiment, three pairs of counter-propagating,

crossed linearly polarized laser beams are used.
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The optical field in the lin L lin scheme is [19]

E = 4092’ coswt — kz + Eog) coswt + kz (2.69)
— Eo(2 + §) coswt cos kz + Ey(& — ) sinwt sin kz (2.70)
(2.71)

At z =0 and z = \/4, the atoms are in the linearly polarized field

— —

E = Ey(2 £+ ) coswt (2.72)
and at z = \/8, the atoms are in o_ polarized field

E = E, [@ sin (wt + %) — ¢ CoS (wt + %)] . (2.73)
At z = 3)\/8, the atoms are in o polarized field. The polarization as a function of
z is shown in Fig. (2.6).

The polarization is periodic in space in the lin L lin scheme, as atoms move,

the coupling of |mj) states changes. When the polarization is o,

my = —%> is
optically pumped and spontaneously emitted to state ‘m J= %> And when detuning
is large, |Q2| < 7, the state is in the dressed state of }mJ = %> As atoms move, the
polarization changes from o, to o_, and the states transfers from the dressed state
of ’mJ = %> to the dressed state of |my; = —%>

When the detuning is large, the energy of the dressed states is mainly AC

Stark shift,

o __1OF o |0P

+ — — —

=~ Bl =~ (2.74)
o108 o I

Fin=gsFap=""y
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Figure 2.6: The polarization as a function of z in lin L lin scheme.
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The energy is sketched in Fig. (2.6) and the difference of denominator originates
from the difference in Clebsch-Gordon coefficients between states |my), |my + 1)
and |my), |my—1).

When the atoms move from o_ polarization to o, it starts from state |m; = —1/2)
and climbs uphill in potential energy. Along the way, polarization changes gradually,
and as it reaches o polarization, the state transfers to |m; = 1/2) which has lower
potential energy. Then, the climbing process goes on in the periodically polarized
field. When the atoms climb uphill it converts kinetic energy to potential energy
and slows down. As polarization flips, the energy loss in the state transfer goes to
the optical field because the state absorbs lower energy photons and emits higher
energy photons in the spontaneous emission process. The technique is also named
”Sisyphus cooling”, in the Greek mythology, Sisyphus was doomed to roll a stone
up a mountain only to have it roll down again.

The limit of Sisyphus cooling was found to be associated with the photon
recoil momentum Ak and in the early experiments, the temperature of atoms in
Optical molasses was measured to be an order of magnitude smaller than the limit

of Doppler cooling.

2.2.6 MOT

While the dissipative force slows atoms down, it does not provide spatial con-
finement. In cold atom experiments, to achieve quantum degeneracy, the phase

space density needs to be high enough which requires a high spatial density. In [29],
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scientists proposed to combine optical molasses with a magnetic field gradient, it
cools and traps atoms at the same time.

Fig. (2.7)(a) shows the sketch of a MOT. It combines 3D optical molasses with
a pair of the anti-Helmholtz coil. The magnetic field generated by the anti-Helmholtz
coil is in the form

B(7) = b(ze, + ye, — 2ze,) (2.75)

The energy levels of |J =0) and |J = 1) states are drawn in Fig. (2.7)(b) as a
function of position due to the Zeeman shift. The detuning of o, and o_ are thus

a function of position [19].
5. (0,7) =0y Fk-T+ 4y - B(F)/h (2.76)

Here p/ = (gpmy — gymy)ps.

Intuitively, as atoms move to the left of the trap center, the o, beam is closer to
resonance with the transition between [m; = 0) and |m; = 1). The optical pumping
effect from the o, beam is stronger and the overall force points to the right. As
atoms move to the right, it is the other way around, the o_ beam is closer to
resonance and has a stronger optical pumping effect. Thus, MOT provides a spatial

restoring force. Together with the dissipative force, the total force is
F = —B7 — k7. (2.77)

Kk = u/'Bb/hk.
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(b) m=1
J' =1 m =20
m=—1
oy o_
J=0
- >

Figure 2.7: MOT. (a) A sketch of MOT, three pairs of counter propagating laser
beams are combined with a pair of anti-Helmholtz coil. (b)Energy levels of |J = 0)

and |J = 1), coupled by o, and o_ polarized beams.
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2.2.7 Dipole Trap and evaporative cooling

The limit of Sisyphus Laser Cooling was not sufficient to cool atoms below the
critical temperature. It was later achieved using evaporative cooling [30, 31], and
has since been widely used as the last step to make BECs. Evaporative cooling can
be done in an optical dipole trap in which the trap depth can be easily controlled.

The optical dipole potential for two-level atoms in the limit of large detuning
is the AC Stark shift,

Vi) - ~HOE o

It is proportional to the intensity of the red detuned lasers [32],

3mc? y
2wi 8

V() = 1(7). (2.79)

Here ~ is the spontaneous emission rate

w?|pf®
= 2.80
3meghcd’ (2.80)
and p is the dipole matrix element between the two states.
u=(elerlg) (2.81)

In the application of the dipole trap to Alkali atoms, for example, Rb as shown
in Fig. (2.1), the fine structure and hyperfine structure of the ground and excited
states need to be considered. Define v with the dipole matrix element p between

the ground state and the excited state

p= (L=0]er|L=1). (2.82)
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For ground state |F, mp), the dipole potential is

V() = 5 510 % S g—f (2.83)

j denotes the states |F,mp) is coupled to, depending on the polarization of the

dipole laser. c; is the dipole matrix element

il = [ {(F,mpler]j) | = ¢lu| (2.84)

in the unit of pu. Considering the fine structure of the excited state, the dipole

potential is

V() =

2 2+ P 1-P
mc 7( + FPgrmp n gFmF) ) (2.85)

2w do. O1,F
P denotes the polarization and P is 0 for 7 polarized beams, 1 for o polarized
beams. ;2 is the detuning from D; and D, transitions. It is valid for large detuning
1027, |01.7] > Aps.

Fig. (2.8)(a) shows a sketch of a crossed dipole trap which is widely used in
cold atoms labs. A single Gaussian beam has a Gaussian intensity profile in its cross-
sectional plane. Longitudinally, the width of the trapping potential is the Rayleigh
length which is typically much larger than the beam width. So the confinement in
the longitudinal direction is much weaker than it is in the cross-sectional directions.
The crossed dipole trap solves this problem by adding the second dipole beam which
provides confinement in the longitudinal direction of the first dipole beam.

Fig. (2.8)(b) shows the process of dipole evaporative cooling by continuously

lowering the dipole trapping potential and allowing the high energy atoms to escape

the trap and the rest of the atoms to thermalize to a lower temperature [33,34].
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Figure 2.8: Dipole evaporation. (a) A sketch of crossed dipole trap formed by two

red detuned laser beams. (b)Dipole evaporative cooling process.
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In the escaping and rethermalizing process, the remaining atoms have much lower
average energy and they tend to occupy a smaller volume at the center of the trap,

thus increase the phase space density (1.5).
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Chapter 3: Spin-Orbit coupling and Anderson localization in a cold-

atoms system

In contrast to a condensed-matter system where we have little control over
the material structure and the internal environment of particles, in a cold-atoms
system, the external potential, the internal atomic states, and the interaction be-
tween particles can all be artificially engineered in the lab. Using the interaction
between atoms and the electromagnetic fields, the Hamiltonian of the atoms can
be engineered to simulate the essential properties present in condensed-matter sys-
tems. The parameters in the Hamiltonian can be tuned by changing the intensity of
the light, frequency of the light, the strength of the electromagnetic fields, and etc.
The high level of control over a cold-atoms system and the methods to simulate the
Hamiltonian of a condensed-matter system make it an ideal platform to study fun-
damental condensed-matter physics that is otherwise hard to study in experiments.

Spin-orbit coupling and Anderson localization have been realized and studied
in cold atoms over the last decade. In this chapter, we briefly review the progress of
spin-orbit coupling and Anderson localization in cold atoms on which our research

of spin-orbit coupling enhanced transport in a random field is based.
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3.1 Spin-orbit coupling

3.1.1 The Origin of SOC in a solid-state system

Spin-orbit coupling (SOC) [35,36] is ubiquitous in physical systems. It alters
the electronic band structure in a solid-state system and it is crucial for the spin-
Hall effect [37,38], topological insulators [39-41] and some proposals for realizing
the Majorana Fermions [42,43].

SOC originates from a relativistic effect. Spin is a fundamental component of
electrons described by the Dirac equation. In the non-relativistic limit, the Dirac
equation reduces to Schrodinger equation with an additional term that couples the
particle’s spin to its momentum when external fields are present. A particle with
spin moves with momentum hk = h(ky, ky, k) in an electric field E = Eyz, in its
stationary frame of reference, the particle experiences a magnetic field in the frame

co-moving with the electron. The Hamiltonian of the Zeeman interaction is
H=—fi-Bgo x 0.k, — oyky, (3.1)
where /i is the magnetic moment parallel to the spin & and
Bso = Eo(h/me*)(=ky, k., 0). (3.2)

But this effect is extremely small and does not explain the prefactor of Rashba
spin-orbit coupling which is determined quantitatively in [44].

In a condensed-matter system, there are two well-known forms of linear SOC in
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2D depending on the symmetry of the fields in the materials. The Rashba SOC [44],
—[i- B x 04k, — 0k, (3.3)

And the Dresselhaus SOC [45],
— - B —0,ky — ok, (3.4)

The Rashba SOC originates from a lack of mirror symmetry in two-dimensional
systems and the Dresselhaus SOC from a lack of inversion symmetry in bulk crystals
[36,44,45]. In systems like GaAs, SOC can be engineered slightly, for example, the

Rashba SOC can be tuned by changing the geometry of a heterostructure.

3.1.2 SOC in cold atoms

The methods of generating SOC in cold atoms are initially proposed in [46,
47]. Tt was first demonstrated in the observation of 1D SOC in a Bose-Einstein
condensate [35]. Later, SOC was also realized in an atomic Fermi gas [48,49]. Since
then, a wide range of researches has been conducted or proposed in the field [50-65]
In the first experimental realization of SOC in cold atoms [35], the SOC Hamil-
tonian of neutral atoms was engineered to be equivalent to an electronic system with

equal contributions of the Rashba and the Dresselhaus couplings.
ﬁsoc XX kxO'y. (35)

In this neutral-atoms system, two internal hyperfine states |F,mp) were se-
lected to represent the pseudo-spin |1) and |{). And for a neutral atom, the internal
electrons’ spin is intrinsically coupled to the electrons’ motion but the atomic spin
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is not coupled to the center-of-mass motion of the neutral atom. Here using lasers
and magnetic fields, the researchers created coupling between the internal hyperfine
states |1) and |), and the momentum states of the neutral atoms.

Fig. 3.1 and Fig. 3.2 show the scheme for creating SOC by using Raman
coupling. In Fig. 3.1(b), the 8"Rb ground states |F' = 1,my = 0,41) are coupled
by a pair of Raman lasers with two-photon detuning ¢ relative to the Zeeman shift
of states |F'=1,mp =0,%1). Fig. 3.2(a) is the dispersion relation of spin-orbit
coupled atoms, energy vs quasi-momentum ¢ which is a good quantum number in the
SOC system. Detailed discussions of the SOC Hamiltonian and quasi-momentum
states are in Sec. (3.1.3). Also, SOC alters the mean-field interaction between quasi-
momentum states in both energy bands, leading to two additional phases of a two-
component BEC, the phase-mixed and the phase-separated. The phase transition
was predicted and observed in [35,66]. Later the stripe phase was studied in more

detail using the Bragg scattering signal [65].

3.1.3 Raman coupling Hamiltonian

Here we derive Raman coupling Hamiltonian and discuss how Raman coupling
leads to SOC. Intuitively, SOC generated by Raman coupling can be understood
from the momentum transfer in the two-photon process. For example, state transfer
from |F = 1,mp = —1) to |F = 1, mp = 0) is accompanied by stimulated absorption
of a photon from light field E; and stimulated emission of a photon to light field E,.

In this process, the state |[F' = 1, mp = —1) acquires momentum 2k, from the recoil
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Figure 3.1: Raman coupling. (a). Two laser beams perpendicular to each other
are detuned by Awy, they intersect at the atoms. (b). Hyperfine states coupled by
Raman lasers.
momentum of the two photons. Here k;, is half the difference of k vectors between
the two beams.

2T Or

k= —sin. (3.6)

wr

Similarly, state |F' = 1,mp = 0) transfer to |F' = 1, mp = —1) and acquires momen-
tum —2k;. The state transfer is always accompanied by a momentum transfer of
42k, so the internal states of the atoms are coupled to the momentum states of
the atoms.

Formally, we derive the Raman Hamiltonian in the |F' = 1) manifold. The

electric field of the two Raman lasers is

—

E = Elei(kzsin@R/2+kyc050R/2—wt) + E'Qei[—kzsinOR/2+kyc050R/2—(w+AwL)t} +ec (37)

Electric dipole interaction Hamiltonian is

Hpiy = Eele)el+ Ey |=1)(=1]= E; [1)1[+ E- i (Je)—1] + [e}0] + [e)(1]) +c.c (3.8)
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Expand the wave function in the four-state basis,

P(t) = ac(t) [e) + ar(t) |=1) + ao(t) [0) + ar(t) 1), (3.9)

First, transform the frame of reference into a rotating frame,

wwrt iAwrpt

(e = A€ a_1 = a_q€ LGy = aetAwrt (3.10)

and make rotating wave approximation. Next, due to the large single-photon detun-

ing A = E, — hwy, the excited state |¢) can be adiabatically eliminated (%« ~ 0).

The effective Hamiltonian of dipole interaction in the |F' = 1) manifold is

h(s _hQSIZAQQ 67722]{[/:}3 O
: 5 i Q0 (1% + [2]?)
Hepppip = | —p2ikei2kee 0 e N ‘
0 _hﬂlAQE ei2kLa _BS

(3.11)
The last term is the AC stack shift for all the substates. 6 = E, — Awy, is the
two-photon detuning. When the quadratic Zeeman shift discussed in Sec. (2.1.2)
is considered, state |mp = 1) is far-detuned from the other two states and can be

eliminated. The effective two-level Hamiltonian takes the form

- R 5. Q o)
H.s = Sy 1+ 562 + TR&I cos2kpx — QR&y sin 2kpx (3.12)
here,
Qr Q5
5 A (3.13)

is the effective Raman coupling strength. Finally, by applying a position dependent

rotational transformation

exp{@}, (3.14)
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and a global rotation
Oy = 04,0, = 0y, 0y — Oy (3.15)

we arrive at the SOC form of the Hamiltonian

. RE2. Qp. 6. hkp. .
HSOC: om 1+7RUZ+§Uy+—mLkzo-y (316)

which has equal contribution of the Rashba and the Dresselhaus SOC.
k does not commute with f[ef #, the Hamiltonian can be diagonalized in the
basis of quasimomentum ¢ which is a good quantum number. The eigenstates of

the Hamiltonian are

g, £) o< ax(q) ¢ — kv, mp = 0) + b=(q) |¢ + kg, mp = —1) .

Here, the + sign indicates the upper branch and lower branch of the SOC band

structure. The coefficients are

! Alg) | V/A%q) + 9
ax(q) = 3F7R and bi(q) = + ;‘1) n (q2> R
with the quasi momentum dependent detuning defined as
2h%qk
A(q) = ﬂz By (3.17)

Fig. 3.2 shows the band structures of a two-level system with different SOC
strengths and zero detuning. Fig. 3.2(a) is the band structure with Qg ranging from
0 to 6. SOC opens up a gap at the two-spin degeneracy ¢ = 0 and the width of

the gap is Q0g. When Qr < 4FR, there are two minimas ¢,, in the lower branch

Q
qmzi\/l——Mi (3.18)

as shown in Fig. 3.2(b). When Qg >= 4Fg, the two minimas start to merge and
there is only one minima in the lower branch when Qg > 4Fg.
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Figure 3.2: The band structure of a two-level system with SOC, detuning § = 0.
(a). The band structures with (g ranging from 0 to 6ER. (b). The locations of the

minima of the lower branch for different (g.
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3.2 Anderson Localization

Anderson Localization (AL), introduced in 1958 [67], describes the localiza-
tion of quantum waves in disordered media. Anderson studied the evolution of a
wave packet undergoing multiple scattering processes from a random potential and
proved that the scattered waves can constructively interfere under certain conditions,
leading to localization. This general starting point makes AL applicable to many
quantum systems including: optical waves in disordered media [68-70], electrons in
imperfect crystals [67], and matter waves in disordered optical potentials [71-75].

After AL was observed in multiple systems, in recent years, the analog to the
AL phase transition in many-body systems (many-body localization) has attracted
more attentions [76-80]. When the disorder strength is above a critical value, the
many-body system undergoes a phase transition from thermalizing ergodic phase to
a nonergodic phase. And in the nonergodic phase, the initial ordering of the many-
body system persists, which leads to potential application in quantum information
[78,79].

In this section, we first introduce a simple model from [67] that catches the

basic idea of single-particle AL. Next, we review the progress of AL in cold atoms.

3.2.1 Introduction to Anderson Localization

In the paper that introduced AL [67], the author studied the motion of some
mobile entities in certain random lattices. It can be spins in a random field or

electrons in a disordered crystal. The entities move by jumping from site to site.
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Starting from the most general case, the wave function of an entity can be expanded

in the basis of the Wannier functions on each lattice site,

() = DW= 75)a;. (38.19)

The Hamiltonian is
H=> Ejala;+ Y (Visalay + c.c) (3.20)
J J<k
Here FE; is the potential energy at site j, it is a random variable and has probability
density distribution E; ~ P(E)dE which is characterized by a width W. Vj; is the
coupling of states on site j and site k, it can be random or non-random.
Under the following two conditions, it was proved in [67] the wave function will
be localized in a small region without diffusion. Here localization means at ¢t = 0,

starting at site j, a;(0) = 1, and a;(oc0) remains finite.

e Low density of sites. The average coupling strength between states at different

lattice sites (Vi) < V., V. is of the magnitude of W.
e V(r) falls off faster than % as r — oo.

Intuitively, the probability of diffusion from the initial site j depends on the
number of energy matching sites £ and the coupling strength between site j and
sites k. Starting from the original state at site j, consider the sites k within the
sphere of radius r originated from the site j. As r increases, the probability of
3

finding more energy matching sites k within the sphere of radius r increases as r

in a 3-dimensional space. But if the coupling strength V' (r) decreases even faster,

o6



as r — 00, the probability the initial state diffuses to other sites remains small.
So under the two conditions above, no diffusion happens and the initial state is
localized.

The following discussion in [67] shows in theory how diffusion happens. Laplace

transform a;(t), the probability amplitude at site j,

fi(s) = /000 e *a;(t)dt (3.21)

Schrodinger’s equation is

i[sfi(s) = a;(0)] = Ejf; + > Vief (3.22)
k#j
By evaluating
h%ﬁ sf;i(s) = a;(0) (3.23)

the condition of localization can be studied. The following two infinite series describe

how f;(s) evolves.

0 1 Vo 1 1
- Vi Vi Via = - - -
Jo(s) = +zk:iS—Eo Ok (is—Ek +zl:is—El L p— 0+ )fo(S)
(3.24)

1 7 1
V. § Ve
is — Ej jofols) + - is— E. ]kis—Eka(S)+

J

fi(s) =

The infinite series describe the high-order scattering processes, diffusion happens if
the initial state goes through different scattering paths that constructively interfere

at other sites. The term

! 2 ! kiklil(]
Vi(s) = _ YOk 0 3.95
(S) ; 1S — Ek + ; (ZS — Ek)(ZS — El) + ( )

)
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describes the strength of diffusion through infinite orders of scattering. By con-
sidering only the direct connections between the initial site and the neighbors, the

second-order approximation is made.

fols) = 50T ) (/7 = (Be— AE®) (3.26)

Here,

/7= Vid(Ey) (3.27)
k
_ Vol
K= Z E(Q)
Ep#0 Yk

and E? is the second-order energy perturbation. When 7 is finite, meaning there
are some energy matching sites coupled to the initial site, the amplitude ag(t) decays

at e /7

, and the diffusion happens. Otherwise, when no energy matching states are
coupled to the initial site, the amplitude does not decay, instead, it spreads by the

ratio 1/(1+4 K). No real transport happens in this case, the initial state is localized.

3.2.2 AL in cold atoms

AL was originally introduced in a condensed-matter system, for example, elec-
trons in a disordered crystal and spins in a disordered field. But there are a number
of difficulties for observing AL in a condensed-matter system. The interaction be-
tween electrons is hard to change, there are no good methods to directly measure
the spatial probability density of electrons in a solid. In contrast, cold atoms is an
ideal platform to study AL. The interaction between neutral atoms can be tuned
negligible, the density profile of the atoms can be directly measured by absorption
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imaging and the optical dipole potential has been used to generate optical lattices.

1D AL was first observed in cold atoms in 2008 [72]. In the same year, the
metal-insulator transition described by the Anbry-André model [81,82] was studied
in experiment [73]. In both the experiments, the disordered potential was realized
using optical dipole potentials. In [72], optical speckle potential from far-blue-
detuned light was used. The statistical properties of the optical speckle were well
studied in the 1970s [83]. In [73], one-dimensional optical lattice perturbed by a
second, weak incommensurate lattice yields localization effect. And the dependence
of localization on the strength of the disorder was studied. Later in 2011, 3D AL
was realized [74]. The researchers observed three-dimensional AL of noninteracting
ultracold atoms by allowing a spin-polarized atomic Fermi gas to expand into a
disordered potential. In this experiment, the mobility edge was extracted. In lower
dimensions, the actual mobility edge does not exist but the quasi-mobility edge as a
function of the correlation length of the disordered potential has significant effects
on the spread of the wave function [71,72].

In the experiments of [72], a BEC is made in a hybrid trap consisting of a
dipole trap and a magnetic trap providing longitudinal confinement. 1d optical
speckle potential along the dipole trap was added. At t=0, the magnetic trap was
turned off and the BEC started expanding due to the repulsive interaction of atoms.
Without the optical speckle, the width of the atoms grows linearly in time, and as
they expand, the density drops and the interaction becomes negligible. In this
process, the interaction is converted into kinetic energy and the mean-field energy

determines k,,,, in the momentum distribution after expansion. It is predicted
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in theory [71], for a speckle potential with intensity correlation length og, when
kmazor < 1, the localized wave function has a tail that exponentially decays. This
is a feature of AL. When k,,.,.0r > 1, the density profiles should have algebraic
wings. or determines the quasi-mobility edge in 1D.

In [73], 1D metal-insulator transition was observed in a one-dimensional quasi-

periodic lattice. The system is described by an Anbry-André model [81,82]

H =7 (lwm)wnii] + [wn)wms]) + A Y cos2mfm + ¢ lwnfwn| . (3.28)

|wy,) is the Wannier function at lattice site m, J is the tunneling energy and A
is the strength of the disorder potential. The researcher makes the noninteracting
BEC expand along the 1D lattice, and measure the spatial density of the atoms as a
function of time and the disorder strength. As the ratio of the disorder strength and
the tunneling strength, A/J goes above a critical value, they observed a crossover
between the ballistic expansion of the BEC and no expansion. They demonstrated
that the system has the feature as that in the case of purely-random disorder in
higher dimensions.

These research works paved the way for more sophisticated AL studies in cold
atoms and enables the interplay between AL and other well-studied topics in cold

atoms, for example, the spin-orbit coupling.
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Chapter 4: Optical speckle, a Gaussian beam model

An optical speckle is a powerful tool for creating disordered potentials for
atomic systems [72,74]. It was studied in the 1970s [83], the strength of the resul-
tant potential is under direct experimental control: the spatial correlation length is
tunable and the correlation function is well known.

Optical speckle can be understood as the self-interfering wave field of a laser af-
ter acquiring a random phase by reflection off rough surfaces or transmission through
disordered media, called a diffuser [83]. We will focus on the transmission case and
assume that the spatial scale of the disorder o is small in comparison to the laser
beam size and that the diffuser transmits light uniformly. The transmitted field
can be intuitively thought of as of many waves scattered from microscopic elements
comprising the diffuser. So randomness arises. As a disordered field, optical speckle
is characterized by its intensity distribution, spatial intensity correlation function,
and power spectral density (PSD).

As shown in Fig. 4.1 shows, ray optics in the paraxial limit provides a simple
and useful approach to estimating the on-axis beam properties of a speckle beam
a distance z beyond a diffuser. As a collimated laser beam of wavelength \ travels

through a diffuser of diameter Dy, it acquires a local divergence angle 0; ~ \/(20).
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Fig. 4.1(a) depicts the simplest case consisting of an isolated diffuser, for
which there are two qualitatively different regimes: A near-field regime with z <
Dgy/(204), where the typical length scale of optical speckle is o, and a far-field
regime where the numerical aperture (NA) of the diffuser increases the speckle scale
to (A/2) x (2z/Dy). This simple approach is insufficient because we are interested in
micrometer scale speckle, which is far smaller than the 10 to 100 micrometer scale
of o for commercial diffusers.

In Fig. 4.1(b) we add a lens with diameter Dy, and focal length f just after the
diffuser. In the focal plane of the lens, the speckle scale is set by the lens NA, giving
a speckle length scale Af/ Dy, independent of o. In contrast, the beam width at the
focal plane w(f) ~ 2f0, is set by the speckle scale o and not the lens diameter.

In this chapter, we will derive the origin of these design guidelines from the

paraxial wave equation.

4.1 Gaussian beam equations with speckle

We focus on monochromatic optical electric fields E(x,t) with angular fre-
quency w traveling predominantly along e,. Such waves can be decomposed as
E(x,t) = E|(r;2)expli(koz — wt)], where E|(r;z) describes the transverse struc-
ture of the electric field with the high spatial frequencies associated with the nominal
propagation along e, factored out. For spatial scales in excess of the optical wave-

length the transverse field obeys the paraxial wave equation
— 2iko0.E (r;2) = [-V3 + kjx(r;2)] EL(r;2) (4.1)
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Figure 4.1: Optical speckle schematic. (a) A collimated beam is transmitted through
a rough medium and its intensity is measured in plane z. (b) The diverged beam
after the rough medium is imaged by a lens at plane z = z;, and f is the focal point
of the lens. (c) Field-field correlation length for a Gaussian speckle beam initially
with ¢ = 100 ym and w = 25 mm as a function of propagation distance. The
red curves plot cg(z) computed with (solid) and without (dashed) a lens with focal

length f =100 mm at z; = 25 mm.

63



traveling in a material with relative susceptibility x(r;z). We will suppress the L
subscript in the remainder of our discussion.

Upon traversing through a thin but disordered material with susceptibility
x(r) and thickness dz, an initially Gaussian wave field E~(r,0) = Ejexp{—r?/w?}

acquires a position dependent complex phase ¢(r) = x(r)kodz/2. The resultant field
E*(r,0) = E™(r,0) exp[—i¢(r)] (4.2)

carries the imprint of the disordered medium. The field a distance z beyond the

speckle plate follows from

—ik ——
E(riz) = — / A’ EF (v 0)eholr =P 2%, (4.3)

2Tz

the formal solution to the paraxial wave equation Eq. (4.1). We model typical diffu-
sion plates, for which: (1) the correlation function of the susceptibility (x(r;)x(rz2))
depends only on relative distance |r; —ra|, where (...) denotes the ensemble average
over disorder realizations. (2) the variation of the imprinted phase ¢(r) is much

larger than 27 with

{exp [—ig(r1)]) =0, (4.4)

i.e., ¢(r) is uniformly distributed over the interval [—m, 7.

We turn to the field-field correlation function

Cg(ry,ro;2) = (E(r1;2)E*(re; 2)) — (E(ry; 2)) (E*(re; 2)) (4.5)

to characterize the statistical properties of the disordered electric field. Eq. (4.4)
implies that the second term is zero. At z = 0, the uniform phase distribution
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implies (E*(r;0)) = 0, giving

CE(I“1 , T2 0)
E§

r{ +r;

= exp (-1 fexp (o) ~ 0wl

Under the assumptions of the typical diffusion plates, we model the phase-phase

correlation function

(exp {—i [p(r) — d(r2)]}) = exp(—w), (4.6

g

with a Gaussian decay of width o that is amenable to the following analytic treat-

ments. The relation

(exp {=i[p(r1) + ¢(r2)]}) =0, (4.7)

that follows from Eq. (4.4), in conjunction with the assumption that the correlation
function depends only on relative distance, will be useful as well.

We first consider the case illustrated by Fig. 4.1(a) where a Gaussian beam
goes through a large disordered medium. The field-field correlation function at all
positions following the disordered medium can be exactly computed and takes the

form

% exp (_M) exp (_M)
w(z)? o(2)?
reminiscent of that of Gaussian beams.
This correlation function is characterized in terms of three z-dependent func-
tions: the beam waist w(z), the radius of curvature R(z), and the correlation length

o(z). Each of these is simply related to a reduced Rayleigh range zj; = zr/M, with
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conventional Rayleigh range zr = kow?/2 and beam quality factor M? = 1+2w?/0?.

The resulting coefficients

and

R(z) :1+< % )2 (4.10)

Z— 20 Z — 20
take the same form as a usual Gaussian beam focused at zy. Lastly, as in Fig. 4.1(b),

an ideal lens with focal length f at position z gives new Gaussian beam parameters

defined by

i|—1/2

% - Ua iy [(26 R (4.11)

and

o -1 _ -1 _ ZF{Q -
(20 —21) =1f (21 — 20) + Fr—

2r — 29 —

where the first expression defines the magnification and the second is analogous
to the usual lens makers equation [84]. While this leaves M? unchanged, the Rayleigh
range is altered owing to the change in w. All together these relations fully define
field-field correlation function Cg throughout an ideal imaging system.

In most quantum-gas experiments, optical potentials are created using laser
light in the far detuned limit, thereby experiencing a potential proportional to the
optical intensity

I(r;2) = = |E(r; 2)|” (4.12)
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not the electric field directly. The ensemble-averaged intensity

(I(r;2)) = C_;OCE(I'> r;2), (4.13)

simply related to the field-field correlation function in Eq. (4.8), contains no infor-
mation about the optical speckle except for the changed M?2.
As discussed in the next section, the power spectral density (PSD) of the

intensity

p(k; 2) = (I(k; 2)I*(k; 2))

Zw_ﬂﬁxp{_zw—w} (4.14)

computed using Eq. (4.8), describes the momentum-change imparted by the speckle

potential to a moving atomic wavepacket.

4.2 Correlation length

The field-field correlation length

o JJICE(r1, o5 2) |1y — 1o’ dPridPry
~ TGl ryz)dPridPr
_ 2w(2)%0(2)?
- 2w(z)? 4 0(2)?

cg(2) (4.15)

~ o(z)? (4.16)

obtained from Eq. (4.8), sets the scale over which the electric field retains its spatial
coherence. The field-field correlation length is minimized at z = 2y, and is always
larger than o. Generally, speckle beams operate in the regime w > o, where there
are many speckle grains within a large beam, giving the final approximate relation.

As was already noted in our ray-optics discussion, this has important impli-
cations for experiment design. For cold atom experiments such as ours, the large
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momentum-change imparted by short-length scale speckle is essential, where a cor-
relation length at or below the micron scale is desirable. Since the correlation length
available for typical commercial diffusers ranges from 10 pgm to 100 pym, an additional
focusing stage is required.

A focusing lens can easily take the 10 pm to 100 pm correlation length available
for typical commercial diffusers and create a beam with sub-micrometer correlation
length at its focus. Fig. 4.1(c) compares the correlation length of a beam with (red
solid) and without (red dashed) a focusing lens for the specific case of an initial
laser beam of wavelength A = 532 nm with Gaussian beam parameters: focal point
2o = 0, beam waist w = 25 mm and correlation length ¢ = 100 pm. This beam is
focused by a lens of focal length f = 100 mm, the correlation length at the focus
is cg = 0.96 um. The remaining derived beam parameters are M? ~ 1.25 x 10°,
zp ~ 3.7 km, and 2 ~ 10.4 m.

In [85], the spacetime evolution of three-dimensional (3D) optical speckle is
studied using the ABCD ray-matrix techniques. The optical speckle they studied
results from a diffuse object that is illuminated by a Gaussian-shaped laser beam.
The field-field correlation length obtained from this approach agrees with our results.
In addition, the intensity-intensity correlation length in z direction is calculated
in [85]. In the case the optical speckle is focused by a lens with focal length f, the
on-axis intensity-intensity correlation length in z direction L, is of the order of the
depth of focus 4f%/kw?. Using the parameters in Fig. 4.1(c), in the focal plane,
L, ~ 5.4 ym. In the free propagation case, L, grows as 42%/kw?, and L, > cg(z)
in the far field where z > w.
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4.3 TImpact of apertures

In the case of focusing optical speckle as shown in Fig. 4.1(b), a lens of focal
length f and diameter D; < w is placed at z = z;, < koo?. The field in the
plane z = zy, before the lens, F~(r; zy) is essentially unchanged from field E*(r;0).
The field E~(r; z1) passes through the lens aperture, where it acquires a position
dependent phase and is truncated outside the lens. The emerging field E*(r; z)

propagates to the focal plane z = f + z;, where it is

_ k X . ’
E¢(r) = _2;]006—21@0#/2]0 / d2r’E+(r’;O)e“‘:‘)"'r /1 (4.17)

vl <

When ¢ < D;, < w, the field-field correlation function at the focal plane is

g2 9
Cp,s(r1,12) ~Coexp {——Zka(réf r2)] (4.18)
X oxp —k2o?(r) + 13)? Jl(k;CAr/Q).

162 kA2

Here Cy = k3EZD?0%/8f? is the peak correlation amplitude; Ar = |r; — 1y is the

relative position coordinate; and J; is a Bessel function of the first kind. The ratio

k. = ko% (4.19)

is a cutoff above which the PSD of the intensity

2 [k k| k2

is strictly zero. Eq. (4.20) is valid near the optical axis where |r1|, |r2| < w(z2).
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4.4 Field and intensity probability distribution

In the previous sections, we focused on the average properties of speckle fields.
Here we extend this discussion to predict the probability distribution of electric field
strength P(FE) and intensity P(I). Our approach focuses first on P(FE), and consists
of two steps: (1) we find the regime when the central limit theorem applies, thereby
assuring a Gaussian probability distribution; (2) we identify (E) and (E?) as the
lowest moments of the distribution, fully defining the Gaussian distribution.

We now interpret the electric field

E(I" Z) _ _ZkO /erIE (rl)efigb(r/)e*k0|1‘7r/|2/2Z7

21z

of Eq. (4.3) as a random variable constructed from a sum over incoherent complex
phasors. The cross correlation function (CCF) (E(ry; z)E(ry;0)) specifies the range
over which the initial random field contributes to the final field. The closed form
expression for this CCF is similar to the field-field correlation function in Eq. (4.8);
the length scale for the decay of correlations occr(z) again obeys Eq. (4.9), but
with MZop = (1 4+ w?/0?)?2. When w > o, i.e., the initial waist is much larger
than the speckle size, the resulting Rayleigh range reduces to zr ccr = koo?/2: as if
each random source was an individual Gaussian beam with extent o. The criterion
that a field E(r;z) have contributions from many incoherence sources is therefore
ocer(2)/o > 1, 1e., 2> 2g ccr.

This identifies the central limit theorem’s regime of applicability, and we now

consider E(r;z) as a complex valued Gaussian random variable. The probability
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distribution for electric field is therefore a function of two independent degrees of
freedom, here we select the quadrature variables E and E*, giving P(E, E*). Most
moments of this quantity are easy to identify using Eqgs. (4.3), (4.4), (4.6) and (4.7):
(E) = (E?*) = 0, and similarly for E*. Then Egs. (4.5) and the following discussion
assure us that (EE*) = (|E|?) takes on a non-zero value. Together these fully define

the Gaussian probability distribution for electric fields

WL (B
PIE.E) = i) p( <|E12>)’ (4.21)

and using Eq. (4.13), the intensity distribution

1 I
P(I) = ) exp (—m> (4.22)

follows directly. The intensity of a speckle field obeys an exponential distribution

and the mean of speckle intensity (I) should be equal to its standard deviation

(12).

4.5 Simulated speckle and the comparison to experiment

Having now fully set the stage for understanding and creating speckle laser
beams, we turn to laboratory confirmation of key prediction of these models relevant
to cold atom experiment: the field-field correlation length C'r and the distribution
of intensities P ().

In our lab, we directed a collimated laser beam (waist w ~ 25 mm) through a
diffuser (divergence angle 8; = 0.5°, and aperture D = 20 mm) focused immediately

by a lens (focal length f = 30mm) as depicted in Fig. (4.1) and quantified the
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Figure 4.2: Simulated and measured optical speckle. The columns in the figure
correspond to: simulated speckle with uniform laser beam, simulated speckle from a
Gaussian laser beam and measured speckle. In each column, the first row shows the
intensity of the optical speckle field. The second row shows the PSD of the intensity
shown in the first row (symbols). The red curve shows a fit of Eq. (4.20) to the
data, along with the resulting k.. The third row histograms the intensity from the

first row.
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optical speckle formed at the focal plane. We then imaged the optical speckle onto
a charge coupled device (CCD) camera with Keplerian telescope with magnification
M = 46. The CCD’s 1024 x 1280 array of 4.8 um pixels gave a 100 pm x 130 pm
magnified field of view with 0.1 pum pixels.

Our analytic results for Cg are valid in the Gaussian beam limit ( w < D)
or uniform illumination limit (w > D). Because our experiment has w ~ D, we
numerically simulated the optical speckle to compare with our measurements and
both models.

For the numerical simulation, the desired optical speckle field E; ; is repre-
sented by a 1024 x 1280 array at the focal point of the lens. We use the optical
Fourier transform property of lenses to compute this efficiently, whereby the field a
focal distance beyond the lens is related to the Fourier transform of the field a focal
distance prior to the lens (which we will term the Fourier plane). An important
aspect of this method is that the 0.1 um grid spacing in the focal plane transforms
to a 1.5 mm grid spacing in the Fourier plane.

Our simulation progresses as follows. (1) We first initialize E; j(z = 0) to the
field of either a uniform field or a Gaussian beam. (2) We then imprint random
phases on each point '. (3) We set the field outside our physical aperture to zero.
(4) Then we back-propagate the field to the Fourier plane and take the Fourier
transform to obtain the field at the focal plane.

Fig. (4.2) compares our measured speckle with numerics and our analytic

'The grid size is much larger than the correlation length of the diffuser, so the imprinted phase

at each grid point is uncorrelated with all other points.
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model; the three columns depict: the case of a uniformly illuminated aperture,
Gaussian illumination, and experiment. The top row shows that intensity at the
focal plane is qualitatively similar for all three cases. In the middle row, the PSD
(computed from the intensity in the top row, and plotted by blue symbols), high-
lights the differences. In each case, we fit Eq. (4.20) the PSD and extract k. from
the fits (red curves). Because Eq. (4.20) was derived for a uniformly illuminated
aperture it provides a good fit to the uniform illumination case but deviates at large
k for Gaussian illumination and experiment. In contrast, the numerics for Gaussian
illumination and the experiment are indistinguishable. In the bottom row, we his-
togram the intensity distribution and verify that in all three cases we recover the

expected exponential fall-off.
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Chapter 5: Enhanced transport of spin-orbit-coupled Bose gases in

disordered potentials

In materials, microscopic electron scattering processes partly govern the macro-
scopic conductivity and AL predicts a metal-insulator transition. Increasing a sys-
tem’s conductivity therefore requires some change in these scattering processes. The
most straightforward mechanism is to reduce the disorder strength. Here we describe
an alternative approach in which spin-orbit coupling (SOC) greatly suppresses the
backscattering and thereby increases the conductivity. We then propose a realization
of this effect using a cold-atom Bose-Einstein condensate (BEC) with laser-induced
SOC [35] and disorder from optical speckle.

SOC is a ubiquitous phenomenon in physical systems that describes the in-
teraction between a particle’s spin and its momentum. When SOC is combined
with a transverse magnetic field (in the sense of Zeeman shifts, not Lorentz forces),
gaps in the dispersion relation can open at spin-degeneracy points. The opening of
these gaps modifies the electrons’ scattering processes and affects transport. AL was
first realized for ultracold-cold atomic systems [72,73] in 2008, and the experimen-
tal techniques are now well established. Shortly thereafter, techniques for creating

SOC in the cold atom lab were demonstrated [35]. Together, this makes cold-atom
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systems an ideal platform to study the interplay between AL and SOC.

An optical speckle is a powerful tool for creating disordered potentials for
atomic systems [86]. The strength of the resultant potential is under direct experi-
mental control: the spatial correlation length is tunable and the correlation function
is well known. Here we analytically and numerically study backscattering in speckle
potentials of quasi-1d spin-orbit coupled BECs (SOBECs) and compare to the case
without SOC. We show that SOC can reduce the scattering processes for specific
momentum states. In the broader context, our results suggest that in thin nano-
wires, SOC might significantly decrease resistance and improve energy efficiency in
electronic devices.

In Sec. 5.1, we analytically calculate the probability of an initial momentum
state being scattered by the speckle potential to any final momentum state and show
that SOC can reduce backscattering. In Sec. 5.2, we describe numerical simulations
of quasi-1d BECs starting in different momentum states subject to a speckle po-
tential with and without SOC. We show that even with the higher-order scattering
processes and interaction between particles present in the numerical simulations,

SOC can reduce the localization effects of disorder and enhance transport.

5.1 Scattering of an SOBEC from a speckle potential

We now focus on the motion of spin-orbit coupled bosons in a speckle-induced
disorder potential. In this section, we develop a Fermi’s golden rule (FGR) approach

for scattering from a disorder potential, both with and without SOC, schematically
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Figure 5.1: Fermi’s Golden Rule. Momentum are expressed in units of the single-
photon recoil momentum kg used to create SOC in (c). (a) Representative PSD
for optical speckle with k. = 6kg. (b) Free particle dispersion relation. The dashed
arrow marks the boundary above which the FGR rate vanishes, while the solid arrow
provide an example with non-zero rate. (¢) SOC dispersion relations computed for
d = 0 add Qr = 1Eg colored according to the expectation value (o,(q)), with arrows
marked as in (b). Note the transition through the gap in the dispersion relation at

E ~ Egr where the FGR rate is nearly zero.
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depicted in Fig. 5.1. The first order scattering processes captured by the FGR
are possible when a matrix element (here from the disorder potential) can couple
energetically degenerate initial and final states (here momentum or quasi-momentum
states). We will see that the strength of this coupling is proportional to the PSD
of the speckle potential, an example of which is shown in Fig. 5.1(a). As depicted
in Fig. 5.1(b), this implies an absence of scattering for momenta differences larger
than the speckle-cutoff k.. Adding SOC, as in Fig. 5.1(c), can suppress scattering for
additional wavevectors. Because a spin-independent speckle potential has no spin-
changing matrix element, the energetically allowed transition at an energy E/Eg ~ 1
between states of opposite spin is strongly suppressed. The following discussion

quantifies these observations.

5.1.1 Spinless atoms

For spinless free particles, the unperturbed Hamiltonian H = A?k?/2m implies
that we study scattering between initial and final momentum states, labeled by |ko)
and |kf) respectively. Figure 5.1(b) depicts examples by open circles, with arrows
connecting initial states to final states.

The time evolution of the initial state [1)(0)) = |ko) subject to the speckle

potential V' (z) may always be expressed as

(1)) = Croro()e ™ k), (5.1)

with Ck 4, (0) = 0k 4, and hwy = h2k?/2m. The coefficients Cy x, (t) are governed by
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the time-dependent Schrodinger equation giving the exact expression

Crs ko (1) =Cry ko (0)+ (5.2)
Z% ; (k¢ V' |k) /0 t dre" T gy (7).
with
Wk = Wk — W, and V= Z V(z)|x) (z|. (5.3)

An order-by-order perturbation theory is typically obtained by recursively inserting
the integral expression for Cj, x,(t) back into the integrand; unfortunately, the gen-
eral problem is intractable and we truncate the perturbation series at first order.
This term is effectivly obtained by replacing Cj, x,(7) with Cy; x,(0) = 0k, x,, and
find

1 ¢ & w T
Ckf,ko (t) = 5kf,k0 —+ E/ dr <kf| Vv ’k0> e kpkoT (54)
0

Unfortunately, we do not know V' (z) for any specific realization of the speckle po-
tential.

In Chpt. 4 we characterized optical speckle in terms of second-order statistical
metrics such as the PSD, here equal to p(ks — ko) = ((ks| V [ko) (ko| V' |ky)), where
the double-brackets indicate the ensemble average. The resulting ensemble averaged

transition probability

Pro(t) = p(kfh; ko) { 2 sin (wg°t>r (5.5)

W0

is a sharply peaked function centered at wyo = 0 with width 27 /¢, showing that a
narrow range of energy matching states can be populated. For long times, wy gt > 1
the quantity in square brackets converges to a scaled Dirac delta function ¢ x d(wy,).
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Figure 5.1(a) displays the normalized PSD for a speckle potential computed
with k. = 6kg, reminding us that p(k) = 0 for k > k.. Our FGR expression allows
two types of scattering processes for the free particle dispersion shown in Fig. 5.1(b).
In the first process, depicted by the black arrow, the atom’s initial momentum is
reversed, changed by Ak = 2kgy; as indicated by the dashed line, this process is
second-order forbidden for ky > k./2. In the second process (not pictured), the
atom’s momentum is only infinitesimally changed: spreading the wave-packet, but
leaving the average momentum unchanged. This picture shows that backscattering

is essential for momentum-relaxation.

5.1.2 Spin-orbit coupled atoms

Our 1D SOC [35] is created by illuminating a two-level atom with a pair of
counter-propagating lasers with wavelength Ar tuned to drive stimulated Raman
transitions between states {|q + kr, 1), |q — kr,{)}. Here hkr = 27h/Ag and Egr =
h?k% /2m are the single-photon Raman recoil momentum and energy respectively.

Subject to this Raman coupling, the atoms obey the 1D Hamiltonian

. e Rk . [(hkrg 6 MOk
H(q) = |— RIq —]o0 —0 .
0= |+ | 1 (PR D)o+ e )

where { 1,6,, Oy, &Z} are the identity and Pauli operators, respectively. Here ¢ is the
quasi-momentum, ()g is Raman coupling strength, and ¢ is the detuning from the
two-photon Raman resonance condition. The resulting dispersion relations, plotted
in Fig. 5.1(c) for § = 0 and Qg = ER, have energies E*(q) labeled by ¢ along with

+ to indicate if they are in the upper or lower band.
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These new energies and their associated amplitudes

lg, £) < ax(q)|qg — kr, ) +bs(q) |g + kg, 1)

change the potential scattering processes, which we again compute using an FGR

expression. The coefficients

Q A /A2 02
j:?R and bi(q) ==+ éq) + (@) + B

ax(q) =

along with the quasi momentum dependent detuning

_ 2h2qu

A(q) -

+6 (5.7)

fully define these superposition states.
Following the same FGR argument presented above for initial states |gg, —) in
the lower dispersion scattering from a spin-independent speckle potential, we find

scattering probabilities

. + 2

p(Aq) | 2sin(wyot) igr

Pro(t) = =0 = (g £ g, ) (5.8)
w.f70

expressed in terms of the quasimomentum and energy differences hAq = hqy — hqo
and hw}t’o = E*(q;) — E~(qo). For most initial states |gy, —), such as two higher-
energy states marked in Fig. 5.1(c), the scattering is essentially unchanged from our
spinless example, with scattering occurring between energy-matched states with the
same initial and final spin. In contrast, for initial states residing in the SOC energy
gap there is no energy-matched state of the same spin available for backscattering;
as indicated by the dashed line scattering is greatly suppressed. We note that
that backscattering is not completely blocked, because the energy matching states
|£qo, —) are not spin-eigenstates and do have some spin-overlap.
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5.1.3 Computed scattering rates

We now use these FGR expressions to compute the scattering rates for both
forward scattering and backscattering processes. Because we are interested in trans-
port properties, we define forward scattering processes as those that leave the sign
of the group velocity unchanged and backscattering processes as those that do re-
verse the direction of motion. We therefore consider initial states |gy, —) in the
lower band with positive group velocity. Because the lower energy SOC dispersion
plotted in Fig. 5.2 can have a pair of minima located at +q.;,, we always select
qo > Qumin tO assure positive group velocity. We numerically evaluated the FGR for
8"Rb atoms illuminated with A\g = 790 nm Raman lasers, giving Fr = h x 3.7 kHz,
and for speckle with k. = 6kr. The ¢t = 13.4 ms interaction time was selected to be
experimentally relevant.

The right panels of Fig. 5.2 show the normalized scattering rate computed for
four different values of (2, with the backscattering rate plotted in back and forward
scattering plotted in red. These rates combine the contributions from the 4+ bands
in Eq. (5.8).

Fig. 5.2(a), computed for Qg = 0 (equivalent to the case with no SOC), shows
two key effects. First, the diverging forward- and back-scattering rates at low energy
follow from the diverging density of states (DoS) in 1D. Second, as expected, the
rate of backscattering (black) falls to zero when dq > k., while forward scattering
(red) simply falls with the DoS.

Fig. 5.2(b) and Fig. 5.2(c) show cases with a well resolved SOC energy gap.
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Dispersion relation Scattering Rate

Energy, E(q)/Er

Energy, E(q)/Er
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Figure 5.2: Fermis golden rule scattering rate for Qgr/FEr = 0, 0.5, 2.5 and 4.0.
Left column shows SOC dispersion relations computed for each (g, colored as in
Fig. (5.1). Right column shows normalized scattering rate as a function of initial
energy for the initial state |go, —) with ¢y > Gmin, i-€., in the bottom dispersion and
to the right of the higher momentum local energy minimum. The backscattering

rate is plotted in black and the forward scattering plotted in red.
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As expected, backscattering is nearly completely suppressed for initial energies in
the energy gap, while forward scattering is hardly changed. In addition, a pair of
singular features border of the energy gap, resulting from the diverging DoS and the
local extrema of the dispersions. Fig. 5.2(d) shows the same phenomena, but just
as the two minima at +¢,;, have merged into a single minimum at ¢, = 0.

We, therefore, conclude, for non-interacting particles backscattering and mo-

mentum relaxation is nearly completely suppressed for atoms starting in the SOC

energy gap.

5.2  Numerical simulation of GPE

Our single particle FGR results only describe short-time scattering from a
disorder potential, they cannot describe the full approach to equilibrium. To bridge
the gap between the FGR and the physical system, we need to account for both
higher order scattering processes and interparticle interactions. In our proposed
SOBEC realization all aspects of SOC Hamiltonian and the speckle potential are
tunable, making SOBECs an ideal system for exploring enhanced transport in 1D

quantum wires.

5.2.1 Gross-Pitaevskii equations

Here we numerically study the deceleration of a SOBEC initially moving in a

speckle potential using the time-dependent Gross-Pitaevskii equation (GPE). The
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time-dependent GPE
: - 2
iho,U(r, t) = —%V + V(r) + gsp|¥(r,t)|*| ¥(r,t) (5.9)

is a non-perturbative dynamical description [87] of a large number of interacting
identical bosons occupying the same spatial mode ¥(r, ), normalized to the total
atom number, N = [ d®r|¥(r,t)|*>. The interaction strength gsp = 4mwh%as/m can
be expressed in terms of the s-wave scattering length as,. This GPE provides a
good description of low-temperature spin-polarized BECs, with negligible thermal
excitations [88].

Since our focus is on 1D transport, we must first obtain a 1D description of our
3D system [89]. Here we, we assume that the potential V' (r) = V(x) + V| (y, z) can
be separated into a weak longitudinal potential V| (x) along with a strongly confining
transverse potential V| (y, z). When the single-particle energy spacing from V/ (y, z)

greatly exceeds all other energy scales, the 3D wavefunction can be factorized into

\I/(I',t) = ¢(Ivt)¢(yaz)> (510)

containing a longitudinal term of interest giving the 1D density n(z) = |¢(x, )%,
and a transverse term ¢(y, z), normalized to unity, assumed to be the ground state
of the transverse potential. Inserting this ansatz into the GPE and integrating out

the transverse degrees of freedom, gives the 1D GPE
» R 2
ihop) = —%Gx + V(z)+ glv|*| ¥, (5.11)

suitable for studying single-component 1D bosons in a speckle potential with 1D
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interaction strength
9= g [ dydzlo(y. )" (512)
For compactness of notation, here and below, we shall omit the functional depen-
dence of 1) on x and ¢.
The two-component 1D spinor GPE describing SOBECs extends Eq. (5.6) to

include interactions, and consists of a pair of coupled non-linear differential equations

2

. g , 4] Q
R0 = | g (<10, + k) 4 5 + V(o) gl + gl vy + Py (.13)

2
. h2 . 2 o 2 2 QR
ihdpp), = D (—i0; — kr)” — 5t V() + gu |y ]” + gr g7 by + - ¥ (5.14)

including the interaction strengths g, g4, and g, ;. Here we focus on the specific
case of Rb atoms [9] in the F' = 1 ground state manifold and have selected |1) =
|mp = 0) and |}) = |mp = —1). The interactions can be parameterized in terms of
an s-wave pseudo-potential (gosp + 9273Dﬁa . ﬁﬂ)é(ri —r;) now dependent on spin.
In Rb’s F = 1 manifold gosp = 100.86 x 4mh%ap/m is vastly larger than gs3p ~
—4.7x 1073 X g 3p, where ap is the Bohr radius [90,91]. The interaction coefficients
reduce to effective 1D interaction strengths just as in the single component case, and
are related to the generic coeflicients [92,93] via gy = go and gy = g1, = go + ¢2-
Table 5.1 summarizes the parameters used in our simulations.

Our simulation results are divided into two sections: Sec. 5.2.2 hones our un-
derstanding by considering a single-component BEC evolving in a speckle potential,
and then in Sec. 5.2.3 we contrast to the case with SOC. In both sections, we simulate
initially trapped BECs accelerated to an initial momentum kqy or quasi-momentum
qo and we study their deceleration. All the results are averaged over 20 speckle
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realizations, as in Fig. 4.2(b). The average speckle potential h x 200 Hz ~ 0.05Eg
was selected to be weak enough to cause no trapping effect yet strong enough to

produce significant deceleration within 16ms.

5.2.2 Single component systems

The simulations are performed in three steps to as accurately as possible model
a realistic experimental sequence. First, we initialize a ground state BEC in a
harmonic trap using imaginary time evolution [94], giving the density distribution
plotted as the filled red curve in Fig. 5.3(b)], and follow with real-time evolution.
Second, because the BEC’s narrow momentum distribution is centered at k = 0,
we briefly apply a linear potential ax with time-evolution approximately described
by the phase factor exp(ikoz), a momentum translation operator that transforms
|k = 0) to |ko). Third, having prepared our |ko)initial state, we replace the harmonic
potential with a speckle potential (with k./kr = 6) and follow the time evolution
for 16 ms. Fig. 5.3(a) shows a representative disorder potential that we use in the
simulations. Fig. 5.3(b) captures the main result of this section: when kg > k./2 the
time-evolution is almost unchanged by the speckle potential, while slowly moving
initial states are both decelerated and exhibit considerable interference.

Figure 5.3(c) plots the ensemble-averaged momentum (k(t)) as a function time
for a range of initial states with ko from near-zero to ky/kr = 3.3, and Fig. 5.3(d)
plots the final momentum k¢ as a function of ky. At ¢t = 0, the average momentum

is (k(t)) = ko; for ko 2 k./2 the BEC evolves ballistically, leaving (k(¢)) unchanged,
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Description Symbol Value

87Rb atomic mass m 1.42 x 107% kg
Raman laser wavelength AR 790 nm
Recoil energy Er h x 3.678 kHz
Dipole trap frequency w/2m 10 Hz
Angle of Raman beams Or 180°
Speckle potential cut off k. 6kRr
Average speckle potential V(z) 0.05ER
Grid spacing ox 66 nm
Grids points (single-component) N, 214 +1
Grids points (SOC) N, 2 +1
Atom number N 2 x 10°
Chemical potential L h x 300 Hz

Table 5.1: Simulation parameters
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Figure 5.3: Single-component GPE simulation with k./kr = 6. (a). Representative
disorder potential used in our simulations. The inset shows an expanded view with
visible structure. (b) Density distributions. The filled red curve depicts the initial
density distribution, while the black and red curves show the final-state density
distributions for initial momenta |ky = 0.2kr) and |ko = 3.1kg),above and below
k./2, respectively. (c) Mean momentum. (k(t)) averaged over 20 speckle realizations
is plotted for a range of initial momentum in the range of 0 to 3.3kg, the ¢ = 0 point
of each curve marks the initial ky. (d) Deceleration. The colored symbols plot
kr = (k(t = 16 ms)) as a function of ky along with their standard deviations, and

the black line marks k¢ = &y corresponding to ballistic motion.
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while (k(t)) = ko falls rapidly for smaller kg. Both of these observations are con-
sistent with our FGR analysis which showed a complete absence of momentum-
changing backscattering for kg > k./2, and with rapidly increasing backscattering

as k falls to zero.

5.2.3 SOBECs

As in the single-component case, simulations with SOC begin with three steps
aligned with the experiment, however, the process of preparing the initial quasimo-
mentum state |qgo, —) is considerably more elaborate than preparing a momentum
state |ko) in a single component system. (1) As before, we initialize a ground state
BEC in a harmonic trap using imaginary time evolution, spin polarized in state
|ko = 0,]). (2) We then use a combination of adiabatic and unitary evolution (de-
scribed below) to transform this state into |go, —) for 6 = 0 and Qg ranging from
0.5ER to 8ER. (3) Lastly, we again remove the harmonic potential and again follow
the time evolution with a speckle potential (k./kr = 6) for 16 ms.

Our procedure (2) begins with the observation that in a frame moving with
velocity hdk/m, the detuning § present SOC Hamiltonian in Eq. (5.6) is Dopper-
shifted [95,96] to § + 2h20kkr/m. Our first task is to adiabatically transform the
initial state |kg = 0 ]) into |gmin, —), a ground state SOBEC with quasi-momentum
centered at ¢ = Qmin- |Gmin, —) 1S the global minima of the SOC dispersion, but
with § = 2h%(go — Gmin)kr/m. Fig. 5.4(a) shows the SOC dispersion for Qr = Eg,

§ = 2h%*(qo — Gmin)kr/m and gy = 2.0kg. Fig. 5.4(b) shows the SOC dispersion for
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Figure 5.4: Make SOC eigenstates |qp, —). (a). The SOC dispersion relation with
6 = 2h%(qo — Guin)kr/m, Qr = Er. The dashed line indicates the detuning A(qmin)
between |gumin, —) and |gmin, +). (b). The SOC dispersion relation with § = 0,
Qr = Eg. The dashed line indicates the detuning A(qg) between |gy, —) and |qo, +),
with go = 2.0kr as an example. ¢ in (a) is tuned such that A(gmin) is equal to

A(go = 2.0kg) in (b).
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Qr = Eg, d = 0. In both Fig. 5.4(a) and Fig. 5.4(b), the dashed lines indicate the
detuning A(g). ¢ in Fig. 5.4(a) is determined such that A(gmm) in Fig. 5.4(a) and
A(qo = 2.0kgr) in Fig. 5.4(b) are equal. We transfer to state |¢min, —) by ramping
up the Raman coupling strength from zero to {lg on a time scale slow compared
to h/A(qp). In the slow ramp-up process, the harmonic trap provides the restoring
force required to keep the state at local minima of the dispersion [35], i.e., with
zero group velocity. Lastly, we diabatically set 6 = 0 and apply momentum kick
expli(go — ¢min)2], giving the desired state |go, —).

Figures 5.5(a) and (b) show representative density distributions n(z) = |¢4(z, t)|*+
|9y (x, t)]? before and after a 16 ms time evolution with Qr = 2FR, both (a) with
no interactions and (b) with interactions. In both cases, the pink shaded curve
depicts the initial density distribution, while the final density distributions for ini-
tial quasimomemta of ¢y = 1.2kg and 2.0kg are shown by the black and red curves
respectively. In both cases the momentum exchange for backscattering is below k.,
however, as with the FGR results, this direct simulation shows that the initial state
prepared with energy within the SOC energy gap experiences a negligible change in
velocity, independent of the presence of interactions.

While the free particle group velocity is simply related to wave-vector by v =
hk/m, atoms evolving according to the SOC dispersions, as in Fig. 5.2, have group

velocity given by the more complex relation

2 2
Q
q i R 7
kr 4FR

for atoms in state |g, %), expressed in units of the recoil velocity vg = hkg/m.

~1/2
oLy

= > d
=2 , (5.15)
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Figure 5.5: Motion in the presence of speckle and SOC. The left column was com-
puted without interactions and the right column added interactions. (a) and (b)
Density distributions colored by their magnetization according to the color bar in
Fig. 5.1. The shaded curve depicts the initial density distribution, while the remain-
ing red and and black curves were computed for gy = 2.0kg (in the SOC gap) and
qo = 1.2kg (below the SOC gap), respectively. (c¢) and (d) Ensemble averaged final
group velocity plotted as a function of initial group velocity for coupling strengths
from 0.5ER to 7.5ER, spaced by 1.0Eg. The results in (c) and (d) were averaged

over 20 random speckle realizations.
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Because we are interested in transport phenomena, it is this group velocity, not the
quasimomentum, that is the quantity of primary interest.

Fig. 5.5(c) and Fig. 5.5(d) plot the final group velocity v as a function of initial
group velocity vy after a 16 ms period of free evolution, both (¢) with no interactions
and (d) with interactions, and with Qg from 0.5Eg to 7.5Fr. As compared to
the simulations without SOC in Fig. 5.3(d), these curves show a near-complete
suppression of relaxation for velocities near vy =~ vg, in the SOC energy gap, and
with an increasing window of suppression with increasing Q)y.

Lastly, we see that interaction effects do play a role, leading to more rapid de-
celeration. The origin of this effect can be understood by comparing the red curves
in Figs. 5.5(a) and 5.5(b): adding interactions leads to a mean-field driven expansion
of the BEC, increasing the range of velocities present. As a result, when the SOC
energy gap is small (small Qg), a significant fraction of the BEC’s velocity distri-
bution falls outside the SOC energy gap, thereby sampling points in the dispersion
where first-order backscattering is allowed. At larger ()g, motion is near-ballistic
near the center of the SOC gap, but the transition from ballistic to decelerated is

smoothed as compared to the case with no interactions.

5.3 Conclusion

Our analytical and numerical studies of the transport of SOBECs in disorder
potentials clearly show dramatically enhanced transport for initial states in the SOC

energy gap. The enhanced transport described here results from the same physics
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giving rise to a spin transistor in Ref. [97], which also relied on a combination of
kinematic and matrix-element effects to yield non-reciprocal appearing transport
behavior. In Sec. 6.1, we describe an explicit experimental proposal using laser
speckle derived from 532 nm green laser and an off-the-shelf optical diffuser. In this
proposal, SOC is generated from a pair of 790 nm laser beams intersecting at the
atoms, and initial states would be prepared as described above. The protection from
backscattering is independent of quantum statistics: non-interacting Fermions would
experience a conductivity increased by the factor predicted by the FGR when the
Fermi energy resides in the SOC gap. As with the interacting SOBEC we analyzed,
we expect that Fermionic systems with moderate interactions would show gains in
conductivity, however, the details of this latter case would necessitate future study.

Reference [98] showed that in lattices, the type of 1D SOC in Eq. (5.6) has
the same dispersion as the edge modes of 2D Z; topological insulators [99]. To-
gether with our finding, this indicates that 1D nanowires with SOC either of the
Rashba [100] or linear-Dresselhaus [45] type should provide the same protection to
backscattering from spin-independent disorder as would be observed at the edge of

a topological insulator.
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Chapter 6: The evolution of BECs in disordered potentials

In this chapter, we report the experimental study of the evolution of BECs
in disordered potentials. In Sec. (6.1), we present the optical design diagrams of
both the speckle beam and the Raman beams which are used to generate spin-
orbit coupling as discussed in Sec. (5.2.3). And we discuss the reasons behind these
designs. In Sec. (6.2), we show the experimental results of the evolution of BECs
under the pulses of speckle potentials, both in the short term and in the long term.
Based on our analytical study and numerical simulations, we show the results of
characterizing the PSD of the speckle potentials by using the short-term speckle
pulses data and measuring the average speckle potential by using the long-term
speckle pulses data. In Sec. (6.3), we measure the deceleration of spinless BECs in

the speckle potentials and compare them with our simulation results shown in Ch.

(5)-
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(a) Lens optical layout (b) Anisotropic speckle

top view
side view
OF C; Gy Ly D Lo A

@Ht—_l_:

Figure 6.1: Optical design. (a). The design of optics viewed in two directions. OF
denotes optical fiber. Lenses C; and Cy are cylindrical lenses: C focuses the beam
in the vertical direction; and C5 focuses the beam in the horizontal direction. L,
is a spherical lens that collimates the beam. D is the optical diffuser that imprints
random phase on the beam. L, is an aspherical lens that focuses the beam to the
atoms labelled with A. (b) Experimental image of optical speckle with anisotropic

correlation length.
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6.1 Optical design

6.1.1 Speckle beam design

In practice, the speckle beam must satisfy two requirements. The first is
anisotropic field-field correlation length: small along e, and large along e, and e,
so that high-momentum scattering occurs predominantly along e,. The second is
that the beam width along e, should uniformly illuminate the elongated atomic
ensemble (with an expected diameter of about 50 pm). To observe the effect of
SOC-suppressed transport, the speckle potential must couple energy matched states
across the SOC gap, shown by the dashed line in Fig. 5.1(c). This implies PSD of
speckle potential along e, satisfies k. 2 4kg, informing the selection of beam-size
and lenses. The requirement that the correlation length along e, be large implies
that at the diffuser plate, the beam is much smaller along e, than along e,.

To satisfy these joint requirements, we created the speckle beam shown in
Fig. 6.1(a), which begins with a 532nm laser beam emanating from an optical fiber.
The beam out of an optical fiber travels through the cylindrical lens C; (focusing
along e,) before encountering a cylindrical lens Cy (focusing along e,) as shown
in Fig. 6.1(a), given more rapid divergence along e, than e,. The beam is then
collimated by Ly, a f = 250 mm spherical lens, giving beam width of around 25 mm
along e, and less than 500 pm along e, (on the same scale the diffuser plate’s
correlation length).

The beam then traverses the diffuser plate (Edmund Optics part number #47-
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680, with divergence angle 6; = 0.5°) and is focused by Ly, a f = 30 mm lens.
Figure 6.1(b) shows a test image of the speckle beam at the focal plane, its intensity
correlation length is less than 0.5 pm along e, and about 10 pm along e,. The beam

widths along both directions are about 250 pm.

6.1.2 Raman beams design

We generate Raman coupling with lasers of wavelength A ~ 790 nm. The k
vector of the laser beams is
ky = —. (6.1)
When two Raman beams intersect at an angle 0z as shown in Fig. (6.2), the two-
photon recoil vector is defined as

kr = k, sin 971%. (6.2)

As shown in Fig. 5.1(c), the detuning between states |¢ + kg, T) and |q — kg, {) is

2h2qu

m

Alg) = +. (6.3)

d here is the detuning between two spin states and A(q) increases with kgr. As
described in Sec. (5.2.3), one of the steps in the process we prepare the SOC quasi-
momentum state |go, —) is adiabatic evolution. We achieve this by ramping up the
Raman coupling strength from zero to {2g on a time scale slow compared to /A(qo).
In our experiments, we are limited by the lifetime of BECs, so we prefer to ramp up
Raman coupling fast, but still slow compared to i/A(qy). For this reason, we want

to make kr as large as possible. In this design, it means a large enough intersection
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angle of 0z. On the other hand, we also want kg to be small enough so that k./kgr
is large enough and the speckle potentials can couple more energy matching states
shown as the circles in Fig. (5.1). Here k. is the cut off in the PSD of the speckle
potentials. In our experiment, the two Raman beams and the speckle beam are
focused on the atoms by the same lens L;. At the largest 0g, k./kr =~ 3.

For the above two reasons, it is a trade-off between small and large 0z and
we need to find a good spot by doing tests experimentally. So for the optical
design, we need to be flexible in changing the angle. As shown in Fig. (6.2), we
use a triangular prism to combine the two Raman beams and align them to be
parallel. The triangular prism is put on a transnational stage which can move in the
perpendicular direction of the two incident Raman beams. By moving the prism,
the distance between the two Raman beams can be changed and the distance is

mapped to the distance at the lens L; which determines the angle 0.

6.2 Evolution of spinless BEC under speckle pulsing

In Ch. (4), we derived a Gaussian beam model of the speckle beam and calcu-
lated the field-field correlation function, the PSD, and the intensity distribution. In
the experiments, the engineered speckle beam is focused at the atoms and it is hard
to directly measure the average intensity of the speckle beam at the atoms. Direct
measurements of the PSD and k. is even harder. In some experiments carried out
previously that involved a speckle beam [72,74], the researchers set up an identical

beam at the test bench and measure the average intensity and the PSD of the test
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Figure 6.2: Raman beams design. The optical diagram of Raman beams. We use a
triangular prism to align two Raman beams, the distance between two Raman beams
at the prism is mapped to the distance at the lens L, by two relay imaging systems.
The prism is put on a transnational stage which can move in the perpendicular
direction of the two incident Raman beams. By moving the prism, the distance

between the two Raman beams can be changed which determines the angle 0.
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Figure 6.3: Absorption images of atoms after the evolution under speckle potentials
and TOF. The BECs are released from the dipole trap, the pulses of the speckle
potentials are turned on immediately for a various amount of time, followed by TOF.
The absorption images are stacked up horizontally according to the speckle pulse
duration.
speckle beam. The power and the PSD of the speckle beam in the experiments are
assumed to be the same as those of the test beam, but no direct measurements were
done to the best of our knowledge. Inspired by [101], we designed and carried out
an experiment that allowed us to measure the average intensity and the PSD of the
speckle beam by using the evolution of spinless BECs under the speckle potentials.

In [101], the diffraction of a Bose-Einstein condensate from a one-dimensional
optical lattice is studied. In very short time,

Tho
Tpulse < tRN = \/U—E = T 9
oL

the atoms are mainly scattered to the |+2k;) momentum states. Since in the

(6.4)
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Raman-Nath approximation, the atoms move by a very small distance, the kinetic
energy term in the Hamiltonian is neglected. The atomic momentum changes from
|k = 0) to |+2kr), which corresponds to the nonzero components in the PSD of the
lattice potential. This inspires us to measure the PSD of the speckle potential and
the cutoff k. by using the short-term speckle beam pulses.

As the pulse duration increases beyond tgy, the apparent edge of the momen-
tum distribution is bounded by a maximum momentum k,,,,. The observed value

of k... can be used to determine the lattice depth Uy,

h2k7271a.%
Uy = — e (6.5)

Once the edge of the distribution reaches k.., the distribution partially collapses to
|k = 0) at Tj,/2. The process approximately repeats itself every T},,/2. The collapse
and revival phenomena can be qualitatively explained in a classical picture. The
atoms released from different positions in a harmonic trap become stationary every
half of the period. The collapse and revival are not complete in [101], at T},,/2 there
are always some higher momentum orders remain. The reason is that the lattice
potential is not perfectly harmonic.

In contrast to the lattice pulsing, in the speckle beam pulsing, the speckle
potential contains a continuous spectrum of spatial frequency. It is completely an-
harmonic and no collapse and revival should be expected. For long speckle pulsing
time, the momentum states should reach a stationary distribution. In analogy to
the law of equipartition, the kinetic energy of the atoms under this stationary distri-

bution should be half of the average speckle potential. This inspired us to measure
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the average speckle potential by using the width of the momentum distribution for

a long speckle pulsing time.

6.2.1 Short term speckle pulsing

To measure the PSD and the cutoff k. of the speckle potentials with short
term speckle pulsing, we derive the evolution of the momentum states under two
approximations. The first is the Raman-Nath approximation, atoms do not move
far during the pulse. The second is that the evolution time is short compared to
h/V (x), so atoms do not acquire a phase comparable to 27. Consider Hamiltonian

R

5 + V(x) (6.6)
The time evolution operator is
- At [R2E?
U(t) = exp{—zf [ 5 T V(J:)] }, (6.7)

Define E. as the energy associated with k., 7 = %EC, k= ﬁ and S(z) = Viz)

U(t) = exp{—iT [1%2 + S(x)} } (6.8)

Expand the operator to second order,

U(t) = exp{—m;Q /z} exp{—iTS(z)} exp{—m%? /2}. (6.9)

We assume the initial state is |k = 0), so the third term does not contribute. And
we measure the distribution in k& space, so we can ignore the first term. The second

term governs the short time evolution. To the lowest order,

U(t) |k =0) = |k = 0) —irS(z) |k = 0) (6.10)
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Expand S(z) in k space,

S(z) =Y S(k—K)|k)K| (6.11)

So

U(t) |k =0) = |k =0) —ir »_ S(6k)[6k) (6.12)
ok
The probability distribution of momentum states at time 7 is
P(k,7) = 7°|S(k)[* + &, 0- (6.13)

It is proportional to the PSD of the speckle potential |S(k)|? ignoring the central
peak at k£ = 0.

In the experiments, we put an iris right before the diffuser D in 6.1. By opening
and closing the iris, we can control the size of the beam which determines k. of the
speckle potential PSD in the focal plane. As the model we derived in Ch. (4) shows,
the speckle beam size at the focal plane does not change with the beam size at the
diffuser. The beam size at the focal plane is determined by the field-field correlation
length at the diffuser. So the average speckle potential depth is proportional to the
power of the beam which we can control when we change the size of the iris.

We did the experiments for two iris sizes, 6.5 mm and 15 mm, which correspond
to k. = 0.65k, and k. = 1.30k,, respectively. Here k, is defined with the largest
recoil k vector of atoms scattered by a 532 nm light beam focused by a one inch
f =30 mm lens.

2m 0

k, = in 6.14
532nm 2 (6.14)

Or ~ 45° is shown in Fig. (6.2). The average speckle potentials are made equal in
both cases by controlling the power of the beam after the iris.
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We prepare BECs in a cross dipole trap, at t = 0, we turn off the dipole trap
and release the atoms for time-of-flight (TOF). Immediately after the dipole trap
is turned off, we turn on the speckle beam and pulse for a short period of time,
ranging from 20 us to 250 ups. After 18 ms TOF, we take absorption images of the
atoms.

To compare with the experimental data, we simulate the process numerically.
In the numerical simulation, we prepare the ground state of BECs in a dipole trap.
At t = 0, turn off the dipole trap and release the atoms. Immediately after, the
speckle potential is turned on for a duration of 50 us or 100 us, followed by free
evolution for up to 20 ms. We keep track of the momentum distribution of the
atoms during the evolution.

As Fig. (6.4) shows, the simulation is done under two kinds of speckle poten-
tials with different k. to compare with the experimental data. The left panel of
Fig. (6.4) is for the speckle potential with k. = 1.48k, and the right panel for the
speckle potential with k. = 0.80k,. Fig. 6.4(c) and Fig. 6.4(d) show the momentum
distribution of atoms immediately after a 50 us speckle pulsing, the results are av-
eraged over 20 speckle realizations. The red curves are proportional to the PSD of
the two kinds of speckle potentials, respectively. From Fig. 6.4(c) and Fig. 6.4(d)
we can see the tail of the momentum distribution of atoms after short-term speckle
pulsing matches with the PSD of the speckle potentials. The results agree with the
analytical calculation of the momentum distribution in Eq. (6.13), which predicts
the momentum distribution to be a central ¢ function plus a tail that is proportional
to the PSD of the speckle potentials.
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Figure 6.4: Simulation of short-term speckle pulsing. The left panel is for speckle
potential with k. = 1.48k,, and the right panel for k. = 0.8k,.. (a) and (b) verify
the k. of both speckle potentials by plotting their PSD. (c¢) and (d) are the mo-
mentum distribution of atoms after released from the dipole trap and evolve under
speckle pulses for 50 pus. The red curves are proportional to the corresponding PSD
of the speckle potential. The momentum distribution is an average of 20 speckle
realizations. (e) and (f) are the momentum distribution of atoms after released from
the dipole trap and evolve under speckle pulses for 50 us followed by a 20 ms free

expansion. The results are averaged over 20 speckle realizations.
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Figure 6.5: A sample of absorption images of atoms and analysis. The red square
is a selected region of interest and the red arrow indicates the direction we take
average. The masked and averaged spatial distribution of atoms (black curve) and

a fitted Gaussian curve (blue dashed) are plotted below.

Fig. 6.4(e) and Fig. 6.4(f) show the momentum distribution of atoms after a
50 ps speckle pulse and a 20 ms time-of-flight (TOF). During the TOF, the mean-
field expansion of the atoms broadens the momentum distribution. Both the central
peak and the tail of the momentum distribution become broader after the TOF.
In Fig. 6.4(f), for the speckle potential of smaller k., the tail of the momentum
distribution is broadened more significantly. The broadened momentum distribution
after TOF makes it harder to distinguish the speckle potentials with the tail of the
momentum distribution.

Fig. 6.5 and Fig. 6.6 show the analysis results of the absorption images after
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Figure 6.6: Momentum distribution after short-term speckle pulses and 18 mm TOF.
(a). A few samples of momentum distribution of atoms without mask, along with
fitted Gaussian curves to the masked momentum distribution. (b). The tails of the
momentum distribution after short-term pulses of speckle potential with different
PSD. The PSD of the speckle potentials are controlled by the iris sizes and the

results are averaged for speckle pulsing time ranging from 80 us to 150 us.
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TOF for two kinds of speckle potentials generated with different iris sizes. During
TOF, the momentum distribution of atoms is mapped to their spatial distribution.
From the absorption images, we can compute the momentum distribution from the
spatial profile of the atoms. In the analysis, from the absorption images of atoms
after TOF shown in Fig. 6.5, we select a region of interest around the center of the
atoms indicated by the red square. And compute the average spatial distribution of
atoms along the horizontal direction (red arrow). The central peak of this average
spatial distribution is masked to show the detail of the tails. Fig. 6.5 shows an
example of the masked averaged spatial distribution along x direction (black curve)
and a Gaussian fit (blue dashed curve). The resultant tails of the spatial distribution
are averaged over short-term speckle pulsing duration ranging from 80 us to 150 us.
The tails of the spatial distribution are then converted to that of the momentum
distribution in a unit of k.

Fig. 6.6(a) shows a few samples of the averaged momentum distribution along
direction without a mask for short-term speckle pulsing, along with fitted Gaussian
curves to the masked momentum distribution. From Fig. 6.6(a) we can see it is
necessary to mask the central peak of the momentum distribution in order to analyze
the width of the tails. Fig. 6.6(b) is the momentum distribution of atoms after short-
term pulses of speckle potentials with different PSD, averaged over pulsing duration
ranging from 80 ps to 150 us. From Fig. 6.6(b), it is hard to tell the difference
between the two curves for two reasons. First, in the absorption images, the signal-
noise-ratio at the tails of the density profile is low. Just by taking the average, it

is hard to reduce the noise and see the clear tails as in the numerical simulation
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in Fig. 6.4. Second, as the simulation results show in Fig. 6.4(e) and Fig. 6.4(f),
during TOF, the mean-field expansion broadens the momentum distribution more
significantly for speckle pulsing with smaller k.. So the width of the tails of the
momentum distribution for the pulsing of two kinds of speckle potentials is closer
to each other after TOF than before. For the two reasons, we conclude we can
not quantitatively measure the k. of the speckle potential by using the absorption

images after short-term speckle pulsing and TOF.

6.2.2 Long term speckle pulsing

In the experiments, it is important to know the average speckle potential
at the atoms. But unfortunately, it is hard to measure the power of the speckle
beam directly at the atoms and infer the average speckle potential. Because in
the experiments, we can not put a power meter anywhere we want to measure the
power of the beam. And besides, it is the intensity that matters, and we don’t have
perfect knowledge of the beam size at the atoms. After the closest point to the
vacuum glass cell where we can use a power meter to measure the power, the beam
goes through lenses, reflected by mirrors, glass cell, or even dichroic mirrors. The
power of the beam decreases at each of the optical elements. To the best of our
knowledge, for the previous experiments using speckle beams, the average speckle
potential was not measured directly. It could be inferred by calculating the power
given the power loss at each optical element. Or the power could be measured for

an identical speckle beam set up on the test bench and it is assumed the power at
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the atoms is the same as the power of the test speckle beam in the focal plane.

Inspired by [101], we obtained the mean potential depth by making the atoms
evolve under the speckle beam pulses. Compared with [101], for ¢ > try, we do not
expect to see the collapse and revive phenomenon due to the anharmonicity of the
speckle potential. Instead, at long speckle pulsing time, the momentum distribution
should reach equilibrium and in analogy to the law of equipartition, the average
stationary kinetic energy is half of the average total energy which is the initial
average speckle potential.

To confirm our understanding, we did numerical simulations of the long-term
speckle pulsing. Fig. 6.7 shows the simulation and experimental results of the speckle
pulsing for the pulsing duration up to 2 ms. In the simulation, we release the BECs
from the dipole trap and immediately turn on the speckle potential. The atoms
evolve under the speckle potential and we keep track of the width of the momentum
distribution. We did the simulation for different average speckle potential depth
ranging from 0 Hz to 1600 Hz, with a 200 Hz spacing. The results are shown as the
nine curves, each one is averaged over 20 speckle realizations. When the average
speckle potential is zero, the width of the momentum distribution increases driven
by the mean-field expansion. From the simulation results shown in Fig. 6.7(a), the
width of the momentum distribution increases rapidly after the speckle potential
is turned on and becomes stationary after around 0.25 pus. The stationary width
increases with the average speckle potential depth.

Fig. 6.7(b) shows the experimental results. In the experiment, we release the
atoms from the dipole trap, pulse the speckle potential for up to 2 mm followed
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by TOF. The total time for the speckle pulsing and the TOF is 18 ms, a constant
for different pulsing duration. We take the absorption images after TOF and fit a
Gaussian function to the density profile of the atoms. Fig. 6.7(b) shows the width
of the fitted Gaussian function vs the duration of the speckle pulses. The Gaussian
width increases with the pulsing duration in short term and becomes stationary
after around 0.25 ms, which is consistent with the simulation results.

To infer the average speckle potential from the width of the momentum distri-
bution after long-term speckle pulsing, we compute the average kinetic energy using

the fitted Gaussian width of the density profile of atoms after TOF.
. 1 2
(K) = =m (5) (6.15)

Here 7 is the time for TOF. The average speckle potential is equal to the average
total energy, which is twice the average kinetic energy. In Fig. 6.8(b), the computed
total energy is plotted against a photodiode (PD) reading. In our experiments, we
use a pick-off mirror to reflect a fixed percentage of the power of the speckle beam
to a PD and the reading of the PD in Volt is proportional to the power of the beam
at the atoms. We fit a line crossing the origin to the data, by reading the PD we
have an estimate of the average speckle potential at the atoms.

To compare with the experimental results, we also did numerical simulations.
In the simulations, we release the atoms from the dipole trap at ¢ = 0 and pulse the
speckle potential for 1 ms followed by a 20 ms free evolution. The simulations are
done with two kinds of speckle potentials, k. = 0.80k, and k. = 1.48k,, respectively.

For each kind of the speckle potential, the average potential depth ranges from 0 Hz
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Figure 6.7: The simulation and the experiments of the speckle beam pulsing. (a).
The width of the momentum distribution of atoms evolving under the speckle po-
tentials of different potential depth ranging from 0 to 1600 Hz. (b). The Gaussian
width of atoms in the absorption images after TOF for different speckle pulsing

duration.
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to 1600 Hz with a 200 Hz spacing. We compute the momentum distribution and the
average kinetic energy at the end of the free evolution. The average total energy is
twice the average kinetic energy deducted by the mean-field energy computed from
the average kinetic energy in the no-pulsing case. And the resultant average total
energy is plotted against the known average potential depth. In agreement with
our prediction, the curves are close to the diagonal line (dashed) for both kinds of

speckle potentials.

6.3 Transport of spinless BECs in speckle potentials

In Ch. (5), we study the transport of spinless BECs under speckle potentials.
As Fig. (5.3) shows, a BEC with a chemical potential ~ 300 Hz travels through
speckle potentials with average potential depth ~ 200 Hz, could be scattered by the
speckle potential and decelerate. The deceleration of a BEC depends on its initial
velocity, the speckle potential depth, and the cutoff k. in the speckle potential PSD.
As Fig. 5.3(d) shows, after evolving under the speckle potentials for 16 mm, the
BECs with small initial velocity has more significant deceleration. For BECs with
large initial velocity, ko > k./2, the deceleration is minimal during the 16 mm.

In the experiments, we study how BECs with different velocities decelerate.
As discussed in Ch. (4), we can make speckle potentials that have the same PSD
as the ones we use in our numerical simulations. And as discussed in Sec. (6.2),
the average speckle potential depth can be inferred from a PD reading. So an

ideal experimental sequence is to have the BEC travel with constant velocity under
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Figure 6.8: Calibration of the average speckle potential depth. (a). In the numerical
simulation, the average total energy inferred from the momentum distribution after
20 ms free evolution is plotted against the known average speckle potential depth.
The red curve and the blue curve are for the speckle potentials with k. = 0.80k,
and k. = 1.48k,, respectively. The dashed line is diagonal. (b). In the experiment,
the average total energy computed from long-term speckle pulsing data is plotted

against the PD reading.
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well-calibrated speckle potential, and the final velocity would be measured by using
insitu or TOF absorption images. To that end, the first challenge we are faced
with is that how to make a BEC travel with a constant velocity for an extensive
amount of time (16 mm in the simulation). We make BECs by doing evaporative
cooling in a cross dipole trap as discussed in Sec. (2.2.7), so our first choice is to
make BECs travel in the cross dipole trap. As Eq. (2.85) suggests, dipole potential
is proportional to the intensity of the dipole beam.

In our case, as discussed in 6.1.1, we image atoms in z direction and measure
the motion of atoms in = direction. The dipole potential in x direction is a combi-
nation of the dipole potential from z dipole beam and x dipole beam. The width of
the dipole potential from x dipole beam is the Rayleigh range, which in our case is
~ 1.3 mm. Based on our design, the velocity of atoms corresponds to the recoil k
vector k, is 3.3 pm/ms. We expect the atoms to move less than 50 pym during the
experiment, so the dipole potential from x dipole beam can be ignored.

In x direction, the dipole potential from the z dipole beam is

22?

where w is the width of the beam at the atoms. Expand the potential at x = 0 to

second order,

2V;
Vi ) = =Vo + —3a?, (6.17)

has a quadratic form. Around the center of the trap, the dipole potential can be

s

approximated by a harmonic potential with frequency /-3

In the ideal case, the atoms would move at a constant velocity in the dipole
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trap, meaning the frequency %V} is zero and the z dipole beam is completely turned
off. More realistically, if the velocity of the atoms change by less than 5% at the
center of the trap in 15 ms, the period of the harmonic oscillation needs to be more
than 300 ms. So the trapping frequency is around 3 Hz.

The x dipole beam and the z dipole beam in our experiments are the first
order and zeroth-order beams from an AOM, the total power of the two beams are
conserved. We optimized the ratio of the power of the two beams to maximize the
phase space density of the BECs after the dipole evaporation stage. In the optimized
case, the measured trapping frequency in x direction is 21 Hz. In order to decrease
the x trapping frequency, we need to allocate more power in the x dipole beam and
less in the z dipole beam. But in the process of decreasing the x trapping frequency,
a few problems occurred.

Fig. 6.9 shows the BEC with x trapping frequency of 21 Hz compared with the
BEC with z trapping frequency of 5.8 Hz. Compared with the BEC in Fig. 6.9(a),
the BEC in Fig. 6.9(b) is stretched in the x direction due to small trapping frequency.
The signal is much weaker and the large length in = direction makes it hard to
accurately detect the center of the atoms and the center-of-mass motion.

Alternatively, we can keep the current dipole trap configuration and decrease
the time that BECs travel under speckle potentials. We hope to find the duration of
the speckle potential pulses that is as short as possible, but its deceleration effect on
the BECs is still significant for speckle potential weak enough not to cause trapping

effect.
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Figure 6.9: insitu absorption images of BECs with different dipole parameters. (a)
A BEC with z trapping frequency of 21 Hz. (b) A BEC with = trapping frequency

of 5.8 Hz

In Fig. 6.10, the blue dots show the oscillation of a BEC in x direction in a
dipole trap with z trapping frequency 21 Hz. The center of the atoms is measured
from insitu images of atoms. At the center of the dipole trap, the atoms are at the
maximum velocity vy, mvyg/h = 1.8k,. The first time the atoms reach maximum
velocity is at 21 ms. We make the atoms do the same dipole oscillation as the blue
dots show, at 21 ms, we turn on the speckle potential and hold for 1 ms. After 1 ms,
the speckle potential is turned off and we track the center-of-mass motion of the
atoms in x direction in the dipole trap. The center-of-mass motion of atoms after
the speckle pulse is shown as the orange dots in Fig. 6.10.

The amplitude of the oscillation shown by the orange dots is smaller than the
amplitude shown by the blue dots. We fit a sinusoidal function to both and infer
the velocities of the atoms at ¢ = 21 ms. Without the pulse of speckle potential

at t = 21 ms, the velocity of the atoms is vy, mvy/h = 1.8k,.. With the pulse, the
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Figure 6.10: Center-of-mass motion in x direction of atoms during dipole oscillation.
The blue dots show a full cycle of dipole oscillation without pulses of the speckle
potentials. The orange dots show the dipole oscillation of atoms with the same
initial velocity as the blue dots show, but with a 1 ms speckle pulse at 21 ms. The

average speckle potential depth is ~ 640 Hz.
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velocity of the atoms is vy, mvy/h = 0.7k,. This measurement demonstrated that
a speckle potential pulse with an average potential depth of =~ 640 Hz, can have a
significant deceleration effect on atoms within 1 ms. This allows us to measure the
deceleration of atoms evolving in speckle potentials in our optimized dipole trap,
without having to reduce the z trapping frequency.

Using this method, we measured the deceleration of atoms at different veloc-
ities vy after pulses of speckle potential for 1 ms with an average potential depth
of ~ 500 Hz. Fig. 6.11 shows the experimental measurements compared with the
numerical simulation results. The red circles in Fig. 6.11 show the experimental
results. In the numerical simulations, we make atoms with different initial velocities
evolve under speckle potentials with different potential depth for 1 ms and measure
the final velocities. The initial velocities range from 0.2@1ﬁ to 2.2%. The blue curve
and the yellow curve in Fig. 6.11 correspond to speckle potential depth of 500 Hz
and 800 Hz, respectively. In the experiments, the average speckle potential depth
is inferred from Fig. 6.8. As discussed in Sec. 6.2.2, we use the stationary width of
the momentum distribution after long-term speckle pulses to measure the average
speckle potential. Here the deceleration measurement is done with a PD reading of
1.0 V, which corresponds to an average speckle potential of ~ 500 Hz. For initial
velocities vy, the measured final velocities vy = % are lower than the final veloc-
ities in the simulation with average speckle potential of 500 Hz, and are close to
those in the simulation with average speckle potential of 800 Hz. There are a few
potential causes that can lead to the gap. First, in the measurements of the sta-
tionary width of momentum distribution after long-term pulses of speckle potential
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shown in Fig. 6.8, the stationary width is noisy which leads to uncertainty in the
calculation of average speckle potential depth. Second, as discussed in Sec. 6.2.1, it
is hard to measure the k. of the optical speckle potentials used in the experiments
accurately. The difference in k. of speckle potentials used in the simulations and

the experiments can also lead to this gap.
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Figure 6.11: Deceleration of atoms after a 1 ms pulse of the speckle potentials. The
red circles are the results of measurements in the experiments. The average speckle
potential depth inferred from the photo diode reading is ~ 500 Hz. The blue curve
and the yellow curve are the results of numerical simulations. The blue curve is
the final velocities vs the initial velocities after evolving under speckle potentials
with average potential depth of 800 Hz, and the yellow curve is for speckle potential
with average potential depth of 500 Hz. Both the blue curve and the yellow curve
are averaged over 20 speckle realizations and the error bars show the standard

deviations. The purple line is diagonal.
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Appendix A: Calculation results of field-field correlation function

For field-field correlation function, in the free propagation case, the original

calculation results are:

1/R(2) =1/z — k2w?/8A%3
1/0%(2) = kiw?/82% — kjw*/64A2* — k2/16A22

(A.2)
1/w?(z) = k2 /8A%*

A=1/2w*+1/0? + kiw? /82>

With a lens,

Cg(ri,ry;2)  kiw? (ko 22AB
( ;?2 2 2) :422D exp {—z (2—2 + 2LD,22 ) (r} — rg)} (A.3)
0

{kg(riﬂg)]exp[ (ng S4B R )‘r rﬂ
T o - 1 — 12

222 2k2:2D 822D
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where,

A

B

C:

D=

=1/2w* +1/0? + k}w? /823

3w2
= o5 — ko(1/z + /21 = 1/f)

kZw? B kgw*
827 6421 A

2 2
25 AB
7 +C
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Appendix B: Derivation of the moments of random phase factors

In Sec. 4.4, we derive the joint probability density of random electric fields
and the probability density of the intensity 4.22 by calculating the moments of the
random electric fields. One way to derive the probability density is to separate the
phase factor of the electric fields exp{i¢(r)} into real and imaginary parts cos ¢(r),
sin ¢(r) and calculate their joint probability density. Here we derive the variance
and covariance of cos ¢(r) and sin ¢(r) that are used to derive their joint probability
density.

Under assumptions:

o

(exp {—i [6(r1) — b(x2)]}) = exp(—@), (B.1)

and

o(r) ~ Uniform(0,2m). (B.2)
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(exp {—=i[¢(r1) = ¢(r2)]}) = (cos[p(r1) — @(r)] —isin[p(r1) — o(ra)])  (B.3)
= (cos [p(r1) = @(r2)]) —ifsin[p(r1) — ¢(r2)])

By symmetry,

(sin [p(r1) — @(r2)]) = (sin[g(r2) — ¢(r1)]) = 0, (B.4)

therefore,
(cos [6(x1) — B(rz)]) = xp(—%) (B.5)
(cos [@(r1) + ¢(r2)]) = (cos [p(r1) — ¢(r2) + 26(r2)]) (B.6)

= {cos [p(r1) — @(r2)] cos [2¢(r)])
— (sin [¢(r1) — @(ra)] sin [2¢(r2)])

¢(r1) — ¢(rs) is independent of ¢(r3), so

(cos [p(r1) + ¢(r2)]) = 0 (B.7)

Similarly,

(sin [p(r1) 4 ¢(r2)]) = 0 (B.8)
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(cos [p(r1)] cos [p(r2)]) = %(COS [6(r1) + ¢(r2)] + cos [¢(r1) — &(r2)]) (B.9)

1 |I'1 — I'2|2
= —eX —
2 P o2

(sin [p(r1)] sin [p(r2)]) = %(COS [0(r1) = o(r2)] = cos [p(r1) + ¢(rz)])  (B.10)

1 |ry —1y)?
el —eX _—
2 P o2

(sin [@(r1)] cos [p(r2)]) = %(Sin [0(r1) + ¢(r2)] = sin[p(r1) — o(r2)])  (B.11)

=0

(cos [p(r1)] sin [p(r2)]) = %(Siﬂ [0(r1) + ¢(r2)] = sin[p(rz) — o(r1)])  (B.12)

=0
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Appendix C: Squared coupling strength between momentum states

In Sec. 5.1.1, we stated this formula

plks = ko) = (sl V [ko) kol V1K) (C.1)

and applied it in the Fermi’s golden rule calculation. Here we derive it.

In the basis of momentum states {|k)}, the matrix element of speckle potential

V(x) is

gk, k) = (k| V()| ks) - (C.2)

The ensemble averaged, squared matrix element is

(lg(kr, k)Y = (| V (@) |e2) (Ko V() [Fer)) (C.3)

| | 1 |
e / V) explihy — ki) o —— / V() exp{—i(ko — k1)zs}das)

_ % / / (V(@1)V (29)) exp{—iAk(z, — ) }dridzs

= pv(Ak)

Here py(Ak) is the PSD of the speckle potential and Ak = ky — ky. Since
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speckle potential is proportional to the intensity of optical speckle,

pv (k) o< pr(Ak)
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Appendix D: Speckle beam width in the focal plane from a ray optics

model

The speckle beam width in the focal plane of a lens can be calculated from a

ray optics model, in the limit of large focal length f and small diverging angle A#.

w(f) é_?z

7]
| =
\ \ /
v
b
it

g - e e S
:‘f\
B
M
\

N % — T

[
| ] ] A -
I T T »
0 2L 2L+ f z

Figure D.1: A ray optics model to calculate the speckle beam width in the focal

plane of a lens.

As shown in Fig. D.1, an optical ray hit the edge of a lens is focused to the
focal point and form an angle 6, with z-axis. After the phase plate, the speckle
beam diverges at an angle Af, and the diverged beams form angles 6; and 6, with
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the z-axis.

91%90—A9

02%00+A0

F= 2 tan 6,

For small A6,

tan 6y — tan 6,

w(f) = Ltan 0y + tan 0,
sec 02 A
tan 0y
Dy Af
" sin 0, cos b,

L

In the limit of large f, sinfy =~ 127—;, costy ~ 1.

w(f) = 2fA6.
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Appendix E:  Second Chern number of a quantum-simulated non-

Abelian Yang monopole
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QUANTUM SIMULATION

Second Chern number of a
quantum-simulated non-Abelian

Yang monopole

Seiji Sugawa*t, Francisco Salces-Carcoba, Abigail R. Perry}, Yuchen Yue, I. B. Spielmant

Topological order is often quantified in terms of Chern numbers, each of which classifies
a topological singularity. Here, inspired by concepts from high-energy physics, we use
quantum simulation based on the spin degrees of freedom of atomic Bose-Einstein
condensates to characterize a singularity present in five-dimensional non-Abelian gauge
theories—a Yang monopole. We quantify the monopole in terms of Chern numbers
measured on enclosing manifolds: Whereas the well-known first Chern number vanishes,
the second Chern number does not. By displacing the manifold, we induce and observe
a topological transition, where the topology of the manifold changes to a trivial state.

he Yang-Mills theory is a non-Abelian gauge

field theory that includes a higher gauge

symmetry than quantum electrodynamics

and now forms a cornerstone of the stan-

dard model of particle physics (Z, 2). In the
Yang-Mills theory, soliton solutions that include
monopoles and instantons play a key role, the-
oretically describing phenomena in high-energy
physics (3). The monopole solutions are sources
of non-Abelian gauge fields and give rise to a
nontrivial topology.

The physical importance of magnetic mono-
poles was captured in the seminal work by
P. A. M. Dirac (4). Dirac considered a phase,
now known as the Aharonov-Bohm phase, ac-
quired by an electron with charge g. moving
around a magnetic monopole and showed that
the monopole charge must be g, = nh/q., where
n is an integer and % is Planck’s constant. Fol-
lowing from this quantization condition, Gauss’s
law for the magnetic field B must take a quan-
tized valuenh/q. = I s, B - dS, which essentially
counts the number of magnetic charges inside the
manifold S, [here S, is a closed two-dimensional
(2D) surface and dS = n dS (7 is a unit vector nor-
mal to the surface)]. The integral is topologically
robust against deformation of the enclosing man-
ifold as long as the number of monopoles enclosed
is unchanged. The field from Dirac monopoles
has been observed in a range of physical sys-
tems, and the associated topological charge—
the first Chern number, often referred to as “the
Chern number”—has been measured (5-7). The
first Chern number and Abelian monopole field
were measured in the parameter space of a spin-
1/2 artificial atom (6, 7), and the Dirac monopole
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analog was synthesized inside a spinor conden-
sate where the associated spin texture was observed
(5). In quantum mechanical systems, gauge fields
such as the electromagnetic vector potential A
take central stage (in classical electromagnetism
B =V x .A) and are required to understand na-
ture at the most fundamental level (8). The Yang-
Mills theory is a non-Abelian extension of Dirac’s
magnetic monopole (9) and requires higher-order
Chern numbers (higher-order than the first) for
its topological characterization.

Here we report on the quantum simulation of
a Yang monopole in a 5D parameter space built
from an atomic quantum gases’ internal states
and the measurement of its topological charges
by characterizing the associated non-Abelian
gauge fields (often called curvatures). To extract
the second and higher Chern numbers that re-
sult from non-Abelian gauge fields, we devel-
oped a method to evaluate the local non-Abelian

A 5-dimensional parameter space

4-dimensional manifold

Control field g

s

LA

a
a,

‘Yang monopole

Berry curvatures through nonadiabatic responses
of the system.

Monopole fields and Chern numbers

An N dimensional vector gauge field A(q) =
(41,4s, ...,Ay ), where q = (g1, g, ..., qy) is the
position, is said to be non-Abelian when the
vector components 4,(qg) fail to commute, i.e.,
[4,,A4,1# 0, ve{l,..., N}, where pand v label
the different vector components. The resulting
curvature is given by

_0A, 04,
dq,  0q,

Fuv (q) - i[“luwAV] (1)

where 7 is an imaginary unit; in three spatial
dimensions, the components of the magnetic
field B, = ey F\»/2, where A is an integer, can
be determined from the elements of the F,,
matrices (e, is the rank-3 Levi-Civita symbol,
and we used Einstein’s implied summation con-
vention for repeated indices). In analogy to the
Gauss’s law with electric charges (monopoles), the
first Chern number is equivalently the integral

!

C
17 on

1
o B-dS = EISZF,W dg.dg,  (2)

of the magnetic field B or the Abelian field
strength F,, over a closed 2D manifold S,, where
A is the wedge product. The general nth Chern
number of a non-Abelian gauge field is the
n-wedge product of the non-Abelian curvature

0nCp = Jsmtr[F ANFAFA..AF|l @S (3)

where o, (0, = 4™, 0y = 32r?, ...) is a normaliza-
tion factor and S, is a closed 2n-dimensional
manifold (10).

Chern numbers provide a topological classi-
fication of monopoles in gauge field theories.
The monopoles are generally associated with

B Generalized Bloch sphere

(62)

Degenerate

Unit hypersphere S,

Fig. 1. Non-Abelian monopole and the appearance of nontrivial topology. (A) The 5D parameter
space. The system has a topological defect at the origin, a Yang monopole, providing a source of non-Abelian
gauge field. The topological invariant associated with the monopole is the second Chern number,
defined on an enclosing 4D manifold. (B) Quantum states can be mapped onto generalized Bloch
spheres. An additional Bloch sphere, which defines the wave function within each DS, is required to fully
define our systems eigenstates. The 5D generalized magnetization vector I' remains parallel with q at
adiabaticity, and the leading order correction to the adiabatic changes to q, is a small deflection in T.
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a divergence in the field strength and can con-
tribute a unit of flux through any enclosing
manifold. This generalized flux is quantized and
is given by the Chern numbers. In particular, for
Yang monopoles, the first Chern number is zero,
but the second Chern number is either +1 or -1
(Fig. 1).

Many quantum systems can be described by a
Hamiltonian ﬁ(q) that depends on position g in
parameter space. At each position, the system is
characterized by energies E,(q) and eigenstates
|(q)), where xe{1, ..., K} is an index that iden-
tifies the eigenstate in our K -dimensional Hilbert
space. A gauge potential called the non-Abelian
Berry connection A (q) = i(B(q)|0/day|v(q)),
where B, ye{1,...,K}, is encoded in the wave
functions; thus, for any position g, each vector
component 4, is represented by a matrix. Chern
numbers and curvatures can be then defined by
Eqgs. 1 to 3 for each well-separated energy level.

Because of these gauge fields, an initial quantum
state can acquire a geometric phase as the loca-
tion in parameter space is adiabatically changed.
For nondegenerate quantum systems, the result-
ing geometric phase is called the Berry phase
(I1). A quantum state evolving within a degen-
erate subspace can acquire a Wilczek-Zee geo-
metric phase, a matrix-valued generalization of
the Berry phase obtained as the path-ordered
line integral of a non-Abelian gauge potential
(12-14).

Fig. 2. Schematics of the A
experiment. (A) Schematic

of our implemented coupling

using four hyperfine ground

states of rubidium-87. The four

states were cyclically coupled

with radio-frequency (rf) and =
microwave fields. The right

panel shows the resulting

plaquette and the associated

coupling parameters. (B) At 5
any point in the 5D parameter

space, the energy spectrum F
forms a pair of twofold
degenerate manifolds with
the energy gap equal to hiq|,
where q is the control field.
Each degenerate subspace
can be represented by a
Bloch sphere.

s

4

Sugawa et al., Science 360, 1429-1434 (2018)

Experimental Hamiltonian

‘We realized a non-Abelian gauge field by cyclical-
ly coupling four levels within the hyperfine ground
states of rubidium-87 using radio-frequency and
microwave fields (Fig. 2, A and B), essentially
forming a square plaquette. The four couplings
were parameterized by two Rabi frequencies
Q4 and Qg and two phases ¢, and ¢y arranged so
that the sum of the phases around the plaquette
was 7. This configuration of control fields, along
with a detuning 8 = |gr|uAg/R, where gr is the
Landé g factor, u is the Bohr magneton, A is the
shift in the magnetic field from resonant cou-
pling condition, and % = h/2r, gave us an experi-
mentally controllable 5D parameter space labeled
by the Cartesian coordinates g = (—-Qg cos 0,
—Q, coS Op, —Qp Sin 04, 8, —Qp sin ¢p). In much
the same way that a two-level atom in a magnetic
field can be understood in terms of three Pauli
matrices, our four-level system is governed by the
Hamiltonian

- hoo h, . .
H:*EQ'F:*E(erlJrlhrﬁ*

@05 +quls + q5f5) (4)
where ¢; and fi (=12, ..,5) are the ith com-
ponents of ¢ and I and T'; is represented as the
four-by-four Dirac matrices with the hyperfine
ground states shown in Fig. 2A taken as the ba-
sis. Furthermore, because each of the Dirac matri-

+2
2l F=2
(o]
©
p-wave 20
1z
N

TTF

0 F=1

+1

Parameter space

hypersphere S,

ces commutes with the time-reversal operator, the
system has time-reversal symmetry (15); Kramers
theorem then implies that the system has two
pairs of degenerate energy states, here with en-
ergies E. = +h|q|/2. Thus, each energy, labeled by
+ or —, has two independent eigenstates |1*(q))
and ||*(q)); each of these pairs define a degen-
erate subspace (DS). As shown in Fig. 2B, these
DSs are characterized })y a generglizedﬁmagr}eti—
zation vector (I') = ((T'y), (T'a), (I's), (T'a), (I's))
on a unit 4-sphere in our 5D space. Different
configurations within each DS share the same
magnetization vector, which can be pictured in
terms of an additional 3D Bloch sphere (green
sphere in Figs. 1 and 2B). An eigenstate is fully
depicted by assigning the two such “Bloch” vec-
tors. The Yang monopole (16, 17) resides at the
Hamiltonian’s degeneracy point at g = 0, a singular
point where the non-Abelian Berry’s connection
diverges. The non-Abelian Berry’s curvatures from
our experimental Hamiltonian (Eq. 4) quantum
simulates the fields of a Yang monopole.

Quantum control and measurement

‘We begin by demonstrating the control and mea-
surement capabilities of our system. We first
prepared the system in its ground state at the po-
sition gy = go(—1, 1,0, 0, 0)//2 in parameter
space, where the generalized magnetization is
(') = (~1,-1,0,0,0)/+/2. Then, by ramping ¢,
we slowly moved the control vector around the

[Fm.)=12,1)(=14)  Qexp(-ig,) [2,0)(=[3))
O=s+—O
Qgexp(—ipg+ir) d=n Qqexp(id,)
O——0O
[1.0) (=11)) Qexp(id,)  |1,-1) (52))

Energy spectrum

control field g

+E,
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circleq(t) = go[—1, —cos(2nt/T), — sin(2nt/T),
0,0]/+/2 shown in Fig. 3A, where T is the full
ramp time, and g, = |go| = 2n x 2KkHz.

After preparing the eigenstate ( |17 (go)) +

11 (@) V3 = (V3 - (1+1)[2) +iv/3]3) +
(1—17) \4)) /(24/2) in the ground DS by rotating

the control field (75) from the north pole gy =
q0(0, 0, 0, 1, 0), we measured the state for differ-
ent evolution times in this nearly adiabatic ramp
(Fig. 3B), and identified the orientation within the
DS by performing quantum state tomography,
giving the expectation values of the Pauli operators
6; (1 = x,y,z) in the ground DS at gx. As seen in

A 0
9
a,
Phase ¢,
B 0 m 2n
1 o T T
% o ® 00
g ° 0°° °
= ®%56° ) %63
g — LX) ® ) °
& o
- J
=
g o
& ) e o
i o %9 ©
= ®
g L R
< 2
1 1 1 1
0 1 2
Time t (ms)
c Phase ¢,
0 m 2n
1 T
<0 ~ our ®
= ° L™ e g TS WOX)
- >
-1 |
0 1 2
Time t (ms)

Fig. 3. State evolution under a non-Abelian
gauge field. (A) Schematic of the control field
trajectory. The two phases (o4, ¢g) were ramped
for T = 2 ms with the laboratory parameters
Qp/21 = Qp/2n = 141 kHz and § = 0. (B) Nearly-
adiabatic response of pseudospin magnetiza-
tion within the ground DS Bloch sphere, showing
the nontrivial acquisition of a Wilczek-Zee phase
after a 2r-rotation. The solid lines simulate the
experiment by numerically solving the TDSE (15).
(C) Deflection during the phase ramp. The
state was slightly deflected along (I'4), resulting
from our finite ramp time (black circles),
changing from positive to negative. The black
curve shows the theoretically expected linear
response based on Eq. 6 (15).

Sugawa et al., Science 360, 1429-1434 (2018)

Fig. 3B, after the control field completed one cycle,
the orientation of the state vector within the DS
differed from its initial value. After one cycle, the
Berry’s phase from an Abelian gauge field
would contribute only an overall phase, leav-
ing the state vector otherwise unchanged. In
agreement with our numerical simulation
obtained by solving (15) the time-dependent
Schrodinger equation (TDSE) for the Hamiltonian
in Eq. 4 (curves in Fig. 3B), this shows that the
observed evolution resulted instead from the
Wilczek-Zee phase derived from a non-Abelian
gauge field.

We then measured (I',) during this ramp and
noted a small deflection of the magnetization of
the state vector owing to remnant nonadiabatic
effects (Fig. 3C). In linear response theory, devia-
tions from adiabaticity can be described in terms
of the response of the state vector to a general-

9,

a (9,+q,)N2

(q,-g12

B Phase (.= —¢s)

(F2)

Expectation values of Dirac matrices
f
o

Time t (ms)

Fig. 4. Generalized magnetization. (A) Sche-
matic of the control field trajectory. The two
phases (¢a, dg) are ramped for T = 4 ms with
the laboratory parameters Qa/2n = Qg/2n =
141 kHz and & = O. (B) Quantum states were
measured by evaluating the expectation values
of the five Dirac matrices. The red curves plot
the trajectories expected for adiabatic motion,
whereas the black curves are numerical simulations,
including our finite ramp time (15).
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ized force M“ = 7(8H/6q“)/h acting on the
state (Fig. 1B). For a conventional Abelian sys-
tem, the local force at a fixed time (18, 19)

(M,J = v,F,, + constant (5)

resulting from parameters g, changing with ve-
locity v, is analogous to the Lorentz force. This
relation gives the driving force behind the topo-
logical and geometrical charge pumps recently
realized in ultracold atoms (20-22). In both crys-
talline and optical lattices, the same relation
underlies the anomalous quantum Hall effect
(23-25).

Owing to the phase symmetry of the system for
0a, the generalized geometric force from Eq. 5 is
constant for our trajectory, inconsistent with the
sign change present in the observed deflection
(Fig. 3C). To account for this discrepancy, Eq. 5
can be extended to accommodate non-Abelian
gauge fields, giving the generalized geometric
force (15, 26)

(M,) = v,(Fy) + constant (6)

acting on the state, where the expectation value
on the right-hand side is taken for a pure state
at adiabaticity and F w is the Berry curvature of
the associated degenerate subspace (26). In con-
trast to the Abelian case, where the generalized
geometric force is simply the product of the local
Berry curvature and the velocity, the force in
Eq. 6 also depends on the quantum state within
the DS. As we saw, even for adiabatic motion,
Wilczek-Zee phases can lead to considerable evo-
lution within the DS, making Eq. 6 essential for
describing generalized geometric forces.

The sign change in Fig. 3C is now explained
by the dependence of the geometric force on the
state as it evolved within the DS. If the gauge
field is Abelian, independent of the state within
the DS, the force components should be constant
in the spherical coordinate along the path for
constant ramp velocity. The sign change reveals
that the quantum state acquired a Wilczek-Zee
phase from a non-Abelian gauge potential, con-
tributing to the geometric force. Indeed, the solid
curves depict the prediction of our TDSE simu-
lations (75) and confirm that the geometric force
in our experiment cannot be derived from an
Abelian gauge potential.

In general, we can observe the full magnetiza-
tion of the state vector by carefully measuring
the expectation values (15) of all five operators f"i.
To demonstrate this capability, we moved along
the circle g(t) = go[—cos(2nt/T), —cos(2nt/T),
—sin(2nt/T), 0, sin(2nt/T")]/v/2 shown in Fig. 44,
starting from 1~ (go)) [= (V2[1) — [2) + |4))/2]
att =0, and obtained (I'(¢)). Figure 4B shows
that (I'(¢)) nearly followed the adiabatic trajec-
tory (red curves), almost oriented parallel to g,
but slightly deflected owing to the nonadiabatic-
ity [TDSE simulation (5) shown by black curves
in Fig. 4B].
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Non-Abelian Berry curvatures and

Chern numbers

‘With the ultimate goal of evaluating Chern num-
bers in mind, we characterized the non-Abelian
Berry curvatures on spherical manifolds in pa-
rameter space. Accordingly, we adopt spherical
coordinates described by a radius g and four
angles 0, € [0, 1], 6, € [0, ©/2], ¢, and ¢, that are
related to our experimental control parameter
space via Q, = g sin 0; cos 0,5, Qg = ¢ sin 6, sin 6,,
3 = g cos 0y, 01 = (04 + ¢B)/2, and ¢, = (04 — 0)/2.

After preparing the system in its ground state
at g, we measured the deflection along the 6, di-
rection, while rotating the control field along
q.(t) = qo[—cos(2nt/T), —cos(2nt/T ), Fsin(2nt/
T), 0, ¥sin(2nt/T)]/+/2 by ramping ¢; from 0 to
+7 (half-circles in Fig. 5A). The geometric force
Ms, is directly obtained from the deflection of
(H). Figure 5B plots the deflection during this
ramp for four different initial states (marked by
|A), |B), |C), and |D) in Fig. 5D) within the DS,
manifesting the state dependence of the geo-
metric force in the non-Abelian gauge field in
contrast to Abelian cases. The net deflection
during any given ramp gives the integrated geo-
metric force.

To confirm that our drive was in the linear re-
sponse regime, we measured the geometric force
as a function of ramp time 7' (Fig. 5C). From both
the data and TDSE simulations (dashed curves),
the geometric force (solid curves) is almost linear
with respect to velocity for T = 12r/q.

The components of the Berry curvatures can
be reconstructed from the integrated geometric
force. Owing to the symmetry of our experimen-
tal Hamiltonian, the geometric force components
must be almost constant in spherical coordinates
during the ramp in the linear response regime.
By measuring the geometric force experienced
by four independent initial states all within the
DS, we determined the four independent pa-
rameters present in the 2-by-2 matrices describ-
ing each element (labeled by B and y) of the
representation of the non-Abelian Berry curva-
ture Ff{ . Following this procedu}‘e for T'> 12n/q,
we obtained 2¢3F, , = 0.01(3)Io + [-0.06(5),
0.08(5), 0.98(3)] - 6, in agreement with the the-
oretical value, Zq%ﬁel o= &, (here, I, is the iden-
tity operator).

We thoroughly investigated the state depen-
dence of the geometric force by studying the
evolution of 225 initial states covering the Bloch
sphere of the initial DS (Fig. 5D). For each initial
state, we recorded the deflection after a 250-us
ramp to obtain the Berry curvature component
<ﬁel¢1>~ Figure 5D shows the initial-state Bloch
sphere colored according to the curvature; the
theoretically computed result (top) is in good
agreement with experimental result (bottom).

By changing the path and the direction along
which we measure the deflection, other compo-
nents of the curvatures can be measured. For
example, by rotating the control field along
q.(t) =qo[—cos(2nt/T),—cos(2nt/T),Fsin(2nt/
T), 0, +sin(2nt/T)]/v/2 by ramping ¢, and evalu-
ating the deflection along the 6, direction at g,
we obtained 23 F, , = —0.08(3)1 + [~0.12(5),

Sugawa et al., Science 360, 1429-1434 (2018)

—0.07(5), 1.00(3)] - 6, also in good agreement
with the theoretical value, 2qg F¢292 = G,.
Just as in classical electromagnetism, where
the fields from electric or magnetic sources fall
off as 1/¢°, the non-Abelian gauge field strength
also follows a 1/¢” scaling law, as required by the
generalized Gauss’s law (see Eq. 2) that defines
the second Chern number. By repeating the same
Berry curvature measurement (F% 92) for differ-
ent go, while keeping 2r/¢T = 0.25 constant to
remain in the linear response regime, the Berry
curvature components (F, 6, Indeed had the /g

Taken together, these fields provide sufficient
information to extract the second Chern num-
ber of a 4-sphere with radius g,. We evaluate the
second Chern number using the relation

3qt
G = 5[ i o Fyyld's (1)
where S, defines the 4-sphere and d*S = sin® 6, sin
20,d6,d0,d¢,do,. Equation 7 relies on the rota-
tional symmetry of H(q), which gives the nu-
merically confirmed (I5) relationstr(F, o F, o] =
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scaling of a monopole source (Fig. 5E); this also
suggests that <F¢292> diverges at ¢—0.

tr[Fy o, Fy,] = tr[F,, Fy,q]- From the non-

Abelian Berry curvature measurements in the

A
Q4
a (9;+g5)n2
(q,+q N2
B Phase (¢,=¢s) experiment
0 -n/2 -

0.2

< 00 galiop

-0.2
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Fig. 5. Deflection of states within the ground-state manifold owing to non-Abelian Berry
curvatures. (A) Schematic of the control field trajectory. (B) Deflections along 6; were measured
during the T =6 ms ramp. (I"4) was measured for four independent initial states (JA), |B), |C), and|D))
within the DS at qo. Here |A) = (V2 1) — [2) + |4))/2 and |B) = (—|2) + V2 |3) — |4))/2 are the basis
states for the DS, |C) = (|A) + [B))/v/2, and|D) = (]A) +i|B))/v/2. (C) Geometric force as a function of
1/Tmeasured for the four initial states (|A), |B), |C), and |D)) at go. The dashed lines assume linearity,
and the solid curves are the outcomes of our TDSE simulations (15). (D) Expectation values of the
non-Abelian Berry curvature <[:_9101) in the ground state manifold at o are mapped onto Bloch spheres
associated with the state within the DS at go. The four initial states used in (A) to (C) are also shown
in the theoretical (top sphere) and the experimental (bottom sphere) plots. (E) 1/q2 scaling in the
strength of the curvature. The matrix components of the curvature (I:'d,zeQ) are evaluated for various go.
The data show excellent agreement with the theory that exhibits 1/g° dependence (solid lines).
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previous section, we directly obtained C, =
243tr(Fy o (@o)Fy,6, (@o)] = 0.97(6) for the ground
state, consistent with the theoretical value C, = 1.
We repeated the measurements for the excited
state and found Cy = 2g;tr(F, o, (@0)F, 0, (d0)] =
—0.93(6), also in agreement with the theoret-
ical value C, = -1. These nonzero Chern num-
bers inform us that the manifold is topologically
nontrivial.

Because the system is time-reversal symmet-
ric, the first Chern form is zero, and therefore
Eq. 3 for the first Chern number should be zero
for both degenerate manifolds. Indeed, all the
measured non-Abelian Berry curvatures were
traceless (q%tr[ﬁ%ez] = —0.08(3)andq§tr[f79‘¢1] =
0.01(3) for the ground state, and ggtr(Fy, |
—0.02(3) and ggtr[F, o, ] = 0.00(3) for the ex-
cited state), so that the first Chern number,
which is the surface integral of the trace of the

individual curvatures, was also zero. Thus, the
nontrivial topology of the monopole field is not
expressed by a first Chern number.

Topological transition

We concluded our measurements by inducing
a topologically nontrivial-to-trivial transition
of the manifold by displacing the 4-sphere in
parameter space from the origin by an amount
Goitset = Gottset(do/Go) (Fig. 6A). The topological
transition occurs at the critical displacement
Qerit = o When the Yang monopole departs the
manifold. Figure 6B shows our observed tran-
sition of the second Chern number from +1, for
the ground and excited states, to zero as the off-
set coupling g, Was increased. This transition
is associated with the topology of the manifold
changing from topologically nontrivial to trivial.
The smoothness of the observed transition was

q
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topologically nontrivial topologically trivial
| | |
B I | |
10 Fpmee—————— = = .
(2] . T=50ms
. i PN ! T=10ms
({ 05 L Ground state
o
[
Qo
€
3
c 0.0
c
[}
e
o
& 05 = £ycited state
~—T=10ms
—T= 3ms
-1.0 & = 1
1.0 [
! —T=3ms
b —T=3ms
- '
O o5} ]
5 Ground state '
'
e ]
g
2 o0 1_._._'_04_;_-_1_
£ o |
£ Excited stat, ;
XClled state [
S wosf {
- ]
'
i
-1.0 ! I 1
0.0 0.5 1.0 15

Offset coupling strength, q .../q,

Fig. 6. Topological transition from a Yang monopole. (A) Schematic illustration of the topological
transition. Suitable spherical manifolds with radius go were offset from the origin by goftset to
evaluate both C; and C,. At the critical value (gerit = o), the monopole exits the manifolds. (B) Chern
numbers extracted from experiment. When the manifold crossed qerit = Go, |C2| decreased from
unity to zero (top panel), whereas C; was constantly zero for both the ground (red) and the excited
(blue) states (bottom panel). Numerical simulations (solid lines; T = 3, 10, and 50 ms) and
analytic theory (dash-dot lines) are also shown. The data were taken for T = 3 ms.
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caused by the breakdown of the linear response
near the transition point. Our theory [continuous
curves in Fig. 6B, and see (15)] shows that slower
ramps enlarge the region in which linear re-
sponse is valid and make the transition sharper
(Fig. 6B). Topological transitions have been ob-
served in a range of experiments (6, 7, 25); how-
ever, in all of these cases, the observed topological
phases were only identified by a Dirac monopoles’
first Chern number and enclosing 2D manifolds.
By contrast, in our system, the first Chern number
is zero everywhere and the second Chern number
characterizes the topological phase, arising from
a'Yang monopole at the origin of parameter space.
The opposite topological charges observed in the
ground or excited manifolds result from a mono-
pole in one manifold acting as an antimonopole
in the other. With these Chern number measure-
ments, we confirmed that the engineered topolog-
ical singularity in our system indeed simulated a
Yang monopole.

Discussion and outlook

Our work can be extended to other quantum sys-
tems, including ions, thermal atoms, and supercon-
ducting qubits. The Chern number characterizes
a source of gauge field with high symmetry, a
symmetry that naturally arises in particle physics
in contexts such as quantum chromodynamics.

The monopole field and the second Chern
number have been discussed theoretically in the
context of 4D quantum Hall effect 4DQH) (27, 28),
spin-Hall effect (29), exotic charge pumping (30),
and fermionic pairing (31) in condensed matter
systems. The model we explored experimentally
is equivalent to the (4 + 1)-D lattice Dirac Hamil-
tonian relevant to 4DQH. The 4DQH is a gener-
alized quantum Hall effect and is the root state of
a family of topological insulators, which are ob-
tained by a dimensional reduction procedure
(32). The observed transition in Fig. 6B can be
regarded as the type of phase transition present
in the band topology of 4DQH systems. A con-
formal mapping from a 4D spherical manifold
in parameter space to a 4D crystal momentum
space, 4-torus, directly recasts our Hamiltonian
as the Dirac Hamiltonian.

Our observation lays the groundwork for sim-
ulating objects in high-energy physics with atomic
quantum systems. Lattice extensions of our work,
where lattice sites or bands play the role of spin
states, may allow quantum simulation of emergent
many-body dynamics with non-Abelian gauge
fields with highly controllable ultracold quantum
gases systems (33-36).
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Abstract

We trap individual 1D Bose gases and obtain the associated equation of state by combining calibrated
confining potentials with in situ density profiles. Our observations agree well with the exact Yang—
Yang 1D thermodynamic solutions under the local density approximation. We find that our final 1D
system undergoes inefficient evaporative cooling that decreases the absolute temperature, but
monotonically reduces a degeneracy parameter.

1. Introduction

Strongly interacting systems are ubiquitous in modern physics, from astrophysical objects such as neutron stars
to the myriad of correlated electron systems in condensed matter. Experimental developments in ultracold
atomic physics enable multiple avenues to explore interacting quantum matter, for example with optical lattices
[1], Feshbach resonances [2] or mediated long-range interactions [3]. Furthermore, tailored potentials can
reduce the effective dimensionality of cold atomic gases; for example, a 2D optical lattice can partition a 3D
system into an array of 1D gases [4—6]. Remarkably, the theory of a 1D Bose gas (1DBG) with contact repulsive
interactions is exactly solvable at all temperatures [7, 8], making it an ideal system to benchmark experiment
against theory.

In cold atomic gases, the &5 nm range [2] of the interatomic potential is vastly smaller than the 2100 nm
interatomic spacing, hence interactions are well described by a local contact potential with strength g. This gives
the 1D Hamiltonian

=2 2
H= Z[—ﬁ—a— + V(Zi)] + 8> 0@z — z), ey

2
2m 0z; oy

for Ninteracting bosons of mass m which in the absence of a potential, i.e. V(z) = 0, becomes the Lieb—Liniger
[7] Hamiltonian.

Lieb and Liniger showed that eigenstates of this Hamiltonian are parametrized by the dimensionless
interaction parameter v = mg//i>n, where n is the density. Here the relevance of interactions increases with
decreasing density. For v < 1 mean-field theory accurately describes the system, while for y >> 1 the atoms
strongly avoid one another and behave much like weakly interacting fermions. Yang and Yang extended this
solution to non-zero temperature [8] and cold atom experiments have validated the accuracy of the ‘Yang—Yang’
thermodynamics [9-11].

Here we study the physics of individual 1DBGs using ®’Rb atoms in an optical ‘tube trap’ (figure 1(a)) and
benchmark the thermodynamic equation of state (EoS) against Yang—Yang thermodynamics. Our individual-
system realization bridges an existing gap in experiments, on the one hand avoiding the issue of ensemble
averaging present in realizations using optical lattices [4—6, 10] and on the other hand enabling the future study
of 1D multi-component systems not viable using magnetic confinement potentials [12, 13].

©2018 The Author(s). Published by IOP Publishing Ltd on behalf of Deutsche Physikalische Gesellschaft
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Figure 1. (a) Schematic of the trap formed by a tightly focused blue-detuned laser beam in the LGy, mode propagating along e,and a
red-detuned Gaussian laser beam propagating along e,. (b) In situ absorption image of the trapped 1DBG. (c) Linear densities from a
single 1DBG (white circles), the average of 100 realizations (green circles), and the fit of the Yang—Yang model to the average (black
solid curve) giving T = 152 nKand yo/h = 27 x 1.92 kHz, along with the residuals (gray squares).
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Figure 2. Three regimes can be identified in the 7, T/ T, parameter space which correspond to the strongly interacting degenerate
(red), weakly interacting degenerate (blue) and non-degenerate (green) regimes. The different qualitative regimes are approximately
delineated by the black lines, but these are simply crossovers. Specific experimental realizations of inhomogeneous systems cover a
given range of these parameters (white circles).
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The physics of IDBGs can be divided into three qualitative regimes [14] shown in figure 2. For sufficiently
high temperatures (green region) the EoS is dominated by thermal effects and approaches that of a non-
interacting classical gas. Below the degeneracy temperature Ty = /°n?/2mkg, where kg is Boltzmann’s constant,
and for weak interactions (y < 1), the reduced thermal fluctuations allow Bose statistics to weigh in [15],
creating a phase fluctuating degenerate gas. For lower temperatures where T/T,; < 2+ (blue region), the thermal
energy falls below the chemical potential and the system is well described by the Gross—Pitaevskii equation
(GPE). In contrast, for systems with large interactions (7 > 1) the EoS resembles that of an ideal Fermi gas [10],
with the formation of a Fermi surface for T < T (red region). Yang—Yang thermodynamics provides EoS’s
encompassing all of these regimes, relating quantities like the particle, entropy and pressure densities to the
chemical potential ;s and temperature T, e.g. n(y, T).

In trapped systems, the confining potential V(z) > 0 can often be treated as an inhomogeneous chemical
potential 11(z) = po — V(z) which allows for multiple regimes to be present in a single 1IDBG. We define y as
the local chemical potential at V(z) = 0. This can be quantitatively understood [16] within the local density
approximation (LDA) allowing the density profile n(z, T) to be interpreted as an EoS n(u(z), T). Asa
consequence, the EoS can be experimentally determined from a well-calibrated trapping potential V(z) and the
observed density profiles.

We extract this n(yu(z), T) EoS from in situ absorption images [ 17—19] of individual systems (figure 1(b)),
eliminating ensemble averaging. Because we obtain the 1D density directly, we do not apply the inverse Abel
transform [ 18] thereby avoiding added noise. We benchmark our measurement against the Yang—Yang EoS
(figure 1(¢)), from which other thermodynamic quantities become readily available (e.g. free energy, entropy
and pressure).

This manuscript is organized as follows: in section 2, we describe our experimental setup and data
acquisition protocol; in section 3, we address the different calibration aspects of our analysis; in section 4, we
discuss the results; and in section 5, we conclude.

2. Experiment

We prepare cold atoms beginning with a magneto-optical trap followed by vertical magnetic transport [20] into
amagnetic quadrupole trap, ultimately loading a 1064 nm crossed optical dipole trap [21, 22]. This gives
N = 2 x 10> atom Bose—Einstein condensates (BECs) of ¥Rbinthe 5 S, /, |F = 1, mz = 0) hyperfine ground
state with ~70 Hz mean trapping frequencies. The atoms are then transferred into the composite high aspect-
ratio trap shown in figure 1(a). This trap includes a red-detuned (Ag = 1064 nm) Gaussian beam along e, with
waist wg = 203(2) pm providing reduced longitudinal confinement owing to its larger waist as compared to
the ~70 pm crossed dipole beam waist. A transverse ‘tube trap’ along e, is provided by a blue-detuned
(AL = 532 nm) Laguerre—Gauss (LGy;) beam, tightly focused to a waist of wi g = 5.6(5) pm. In our standard
configuration these beams have powers P = 0.8(1) Wand Pr g = 1.0(1) W, giving a peak transverse trapping
frequency w;. /27r = (wywy)! /2/27r = 17(2) kHz.

The transverse zero-point energy from w, produces an anti-confining potential along e, due to the
divergence of the LG beam. The anti-trapping potential shown in green in figure 3 significantly alters the overall
longitudinal potential

©)
Jaw',

Vi) = ™
@ 14 (z — 20)%/ 28

2 2
+ VtexP(—iz) - Vo @)
wG

where w”) /27 denotes the peak transverse trapping frequency; z, is the center of the anti-trap; zy is the Rayleigh
range of the LG beam; and Vj is an energetic offset chosen such that the minimum of the potential is zero. The
black shaded curve in figure 3 shows the combined anharmonic potential of the longitudinal trap (red curve) and
the anti-confining potential. Small amplitude longitudinal dipole oscillations in the combined potential have
frequency w,/2m = 12.1(2) Hz.

Figure 4 depicts our four step loading scheme. (i) We first ramp up the intensity of the LG beam from zero in
250 ms until the tube trap can suspend atoms against gravity. Because the 3D system is always larger than 30 pum,
the ~5 zm LG beam only captures a small fraction of the initial 3D ensemble. (ii) We then lower the intensity of
the crossed dipole trap in 250 ms, allowing the atoms outside the tube trap to fall away. (iii) We then ramp up the
final 1064 nm longitudinal trap in 250 ms. (iv) In the final 250 ms we simultaneously increase the intensity of the
LG beam to its final value while removing the crossed dipole trap.

These 250 ms ramps were chosen to be adiabatic with respect to all the confining potentials. Monopole and
dipole modes of the IDBG can be induced by both beam misalignment and excessive ramp rates in this scheme.
Our ramp times were chosen to mitigate these residual excitations.

3
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Figure 3. Trapping potential along e, with both contributions from the anti-trap (solid green curve) and red-detuned beam (solid red
curve). The shaded region marking the total trapping potential illustrates the uncertainty from the parameters entering into
equation (2). This includes the covariance matrix for the parameters of V(z) from our global Yang—Yang fit discussed in section 4.
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Figure 4. Adiabatic loading procedure. Each curve shows the intensity of a laser beam. The dashed—dotted blue curve depicts the
crossed dipole trap; the solid green curve denotes the LG tube trap; the dashed red curve marks the longitudinal trapping laser.

We control the temperature of the 1DBG by varying the temperature T5p, of the initial 3D Bose gas. We tune T5p,
by adjusting the depth of the crossed dipole trap, covering the range from T3p = 34-320 nK, with an observed BEC
transition at Ty, ~ 160 nK. We determine Tsp, with time-of-flight measurements. The number of atoms in the
1DBG increases with decreasing Tsp, due to the increasing 3D density as T5p, falls. Gravitational sag is a complicating
factor: as the crossed dipole trap decreases, the 3D ensemble lowers due to gravity, but the vertical alignment of the
tube trap does not. We mitigate this effect by increasing the crossed dipole power after the final evaporation such that
the crossed dipole potential is in a fixed vertical position prior to loading the tube trap.

3.Imaging

We derive the density n(z) from in situ absorption images. Our imaging system has a resolution of 1.85(5) ym
and magnification that maps one 5.6 gm sensor pixel to 0.84(1) pm in the object plane. In preparation for
imaging, we applya 20 s repump pulse to transfer the 58, , |F = 1, mp = 0)atomsintothe5S, , |F = 2)
hyperfine manifold. We then image [23] with a circularly polarized A\, = 780 nm probe beam resonant with
the5S; , |[F = 2)to5P5,, |F = 3) transition for 20 us at an average intensity of I = 2.5I,,, where Iy, =

1.67 mW cm 2 is the saturation intensity of the resonant atomic transition. An image of the probe beam
following absorption I, the probe without atoms present I,,, and a dark frame with no probe present I;, are each
recorded on a charge-coupled device camera. From these images we obtain the absorbed fraction
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Table 1. Table summarizing the different parameters of V(z). The calibrated values and their
uncertainties were used as the central values and bounds for the fit.

Parameter Calibrated value Value from fit Calibration method

w, /27 17 (4) kHz 17 (2) kHz Transverse expansion in TOF

2, 0(10) pm —7.670(8) pm Alignment precision

ZR 185(29) pm 185(5) um Intensity profile of LG beam

V, /kg —1.17 (25) uK —1.37 (6) uK Intensity profile of Gaussian beam
wg 203 (2) pm Intensity profile of Gaussian beam
w, /27 V(2) 12.13 (20) Hz Small amplitude dipole oscillations
oz 8.19 (30) pm

f= I, — 1)/, — Iy). For each set of experimental parameters we repeat the experiment for ~100
realizations.

Our image analysis is a multiple step process. We first preprocess the raw images to correct for background
artifacts and improve the signal-to-noise ratio by a factor of ~210. We then extract the linear densities using an
absorption model that includes a modest Lamb—Dicke suppression. As compared to a naive model, n(z)
increases by as much as 30%. This process leaves our qualitative results unchanged.

We reconstruct an optimal IpP* for each I, as alinear sum of I, from all realizations by minimizing the sum
squared difference between I [‘,’Pt and I, away from the atoms [24, 25]. This reconstruction reduces fringing due to
vibrational motion that occurred between acquiring I, and I, along with shot noise present on each I, We use
similar techniques to remove a systematic difference in dark counts between I, and I, as well as to account for
structured read-out noise. We then compute mean absorbed fractions f over each set of experimental
parameters, and use uncentered principal component analysis (PCA) to further suppress shot noise. From f and
adetector calibrated [17, 26, 27] in units of I, we compute ‘naive’ optical depths using the standard solution to
the Beer—Lambert (BL) law [27], which we sum along columns to produce ‘naive’ linear densities.

We take into account the fact that the transverse extent of our atom cloud (for a tube trap the radial
confinement gives an extent of /2 /mw, = 110 nm) is below the resolution of both our imaging system and

the optical scattering length ./ 3)\; / 272 a2 300 nm. We further incorporate the transverse diffusive motion that
atoms undergo during the imaging pulse. Each of these effects violates the assumptions underlying the BL law. In
comparison with the naive BL law, our model for the density agrees at low density but deviates up to 30% at
higher densities. This process is described in greater detail in the supplementary material.

4. Results

The results of our image processing are 1D density profiles (/) (z) confined in the same trapping potential but
with one of 24 different initial conditions labeled by j. In the LDA we expect that these density profiles can result
from Yang-Yang thermodynamics. For each j, both the temperature T and the overall chemical potential ,ugj)
are in principle unknown because of the lack of suitable reservoirs. As a result we obtain these quantities from fits
to the Yang—Yang EoS and assess their validity in terms of the reduced chi-squared.

For each j, the Yang—Yang EoS predicts the complete density profile as shown in figure 1(c) with just two free
parameters T and ugj). We constrain the fit to the trapping region between the local maxima of V(z). The
potential is parametrized by the common set of parameters shown in table 1. We include some of these as
additional parameters in our fit shared between all . In table 1 we show the calibrations by other measurements
along with their uncertainties; these are provided as initial guesses and bounds to the Yang—Yang fit. An
additional uncalibrated parameter 6z accounts for a tiny displacement of the IDBG relative to the center of V(z)
for times following the loading protocol. The inclusion of 6z leaves the main results unchanged and its value lies
within the relative alignment uncertainty of the trap centers. Different combinations of fixed parameters have no
qualitative effect on the results. The third column in table 1 shows the potential parameters derived from the
Yang—Yang fit. We evaluate the goodness-of-fit with the reduced chi-squared Xi ~ 1.5. Lastly, the residuals of
the fit show systematic variations in I, which are reflected by the gray pixels in figure 1(c).

Figure 5(a) shows the reduced density versus reduced chemical potential for two initial conditions, each
plotting different cuts in the EoS n(u, T). The continuous curves in figure 5(a) represent the Yang—Yang model
with the Tand i from our fits. For small chemical potential these density profiles are well described by the EoS
of anon-interacting Bose gas while for y¢ > 0 they approach the predictions of GPE mean-field theory [14]. The
Yang—Yang EoS accurately predicts both regimes. A sharp eye observes an apparent hysteresis loop visible in the
trace labeled by A, this results from the spatial dependence of g that follows w, . As shown in figure 3, w, is
slightly off-centered, ultimately resulting in the observed behavior. The scattered white dots on figure 2
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Figure 5. Results from Yang—Yang fit. (a) EoS for two different realizations (filled colored circles) along with Yang-Yang EoS (solid
color curves) and mean-field prediction (solid gray curve). (b) Output parameters describing the state of the different T;p, realizations
(left side panels) and the subsequent time evolution of the lowest T realization (right side panels). The upper panels display the 1D
absolute temperature T while the bottom panels display the same temperature in units of the peak degeneracy temperature T|.

(c) Total number of atoms as a function of time (blue diamonds) along with the fit to the one and three-body loss model (solid dark
blue curve).

represent these two traces in the 7, T/ T, plane. These data are shown to be either in the interacting regime or
below degeneracy, but not in both.

Figure 5(b) summarizes the outcome of all our Yang—Yang fits in which we varied Tsp, the initial 3D
temperature (left panels); or the hold time ¢in the 1D trap for our lowest T;p, (right panels) cloud. In the top left
panel, we observe that as a function of decreasing T3, the 1D temperature T first remains constant and then
counterintuitively increases. In contrast, as shown in the bottom left panel, the degeneracy parameter defined as
T/ Tﬁgo), is a monotonically increasing function of T showing how the more degenerate 3D clouds result in
more degenerate IDBGs.

For the lowest achievable T5p and as a function of hold time, we see that both the total atom number N and
the 1D temperature T drop (top right panel in figures 5(b) and (c), respectively), yet the IDBG does not become
more degenerate (bottom right panel in figure 5(b)). The simultaneous drop in T'and Nis consistent with
evaporative cooling along the longitudinal axis of the tube trap, which has depth of ~700 nK. The inability of
such evaporative cooling to increase or even maintain degeneracy results from the slower relative decrease in T
with respect to T,;as driven by the atom number loss.

We explore the character of this loss by modeling the atom number decay with a model including one-body
loss and three-body loss from photon scattering, background gas collisions and inelastic three-body
collisions [5].

Figure 5(c) shows the measured atom number N (blue diamonds). We fit the decay model to the observed
number (dark blue curve), giving a one-body loss coefficient K} = 0.108(2)s ' as well as a three-body loss
coefficient K3P = 4.36(7) x 1072 cm® s~!. The value of K" is consistent with the combined vacuum-limited
lifetime and estimated off-resonant scattering rate from the static dipole potentials. In contrast, the three-body loss
coefficient from our fit is in excess of the intrinsic 3D three-body loss coefficient K3° = 5.8(3) x 10730 cm®s~!
[28] bya factor of ~7.5. We attribute this enhancement to the difference in the three-body correlation function g
[5, 14] from a purely coherent sample. The observed cooling is consistent with initial rapid evaporation as atoms
with sufficient kinetic energy [29] overcome the longitudinal barrier of V(z).
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5. Conclusions

We realized individually trapped 1DBGs in a crossed dipole trap formed by a blue-detuned LGy, beam and a red-
detuned Gaussian beam. We benchmarked the EoS computed from Yang—Yang thermodynamics against the
measured density profiles. We found that evaporative cooling along the edges of the tube trap took place
although this did not maintain or increase the system’s degeneracy. Our approach enables future exploration of
spinor 1DBGs associated with multi-component physics [30, 31], including spin—orbit coupling [32]. This
therefore presents a promising venue to study the limits of strongly interacting 1D systems in and out of
equilibrium.
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Appendix A. Image preprocessing and extraction of modeled linear densities

We perform preprocessing of our raw images in order to improve signal to noise and correct for known
systematic error, before extracting linear densities from each set of experimental parameters using an absorption
model. The analysis pipeline from raw absorption, flat field and dark field images to linear densities is as follows.
In the below descriptions of our analysis pipeline we alternately use bold symbols such as # when we are treating
an image array as a vector for the purposes of linear algebra, and ordinary symbols with spatial dependence

u(x, y) when we are treating images as functions of space.

A.1. Probe image reconstruction
For each shot we reconstruct an optimal probe image I 1‘,’}“ asalinear sum of probe images from all shots:

I = Fe, (A1)

where I ;’pt is I ;’pt unwrapped into a column vector, Fis a matrix containing all probe images as columns and ¢ is
avector of coefficients. The optimal coefficients are determined by weighted linear regression:

(F'WF)¢ = F'WI,, (A.2)

where Wis a diagonal matrix of weights equal to zero in a region of interest (ROI) about the atoms and one
otherwise, and I, is the image (as a column vector) from the shot in question of the probe with atoms present.
The vector of coefficients ¢ is determined by numerically solving the linear system, leading toan I P! that
minimizes the sum squared error with I, in the region outside the ROI. This probe reconstruction both reduces
fringing due to vibrational motion that occurs between exposures within a shot, and reduces shot noise present
on each reconstructed probe image on account of the dimensionality reduction entailed by linear

regression [24, 25].

A.2. Dark field reconstruction

We correct for a small spatially inhomogeneous systematic difference in counts (1.2 max, a2 0.2 typical)
between absorption and probe images, which we attribute to variation in ambient brightness over the 60 Hz
mains power cycle (this is systematic rather than random, as each shot is synchronized to begin at the same point
in the 60 Hz cycle). We fit a candidate two-dimensional function to the measured average difference between
absorption and probe images, which we include as a reference image I in the above linear regression in order
to extract a coefficient ¢ for each absorption image for how much of this offset was present (we obtain ¢™* = 1
in all cases indicating little shot-to-shot variation in the offset).

We then compute the mean dark frame I; over all shots, and perform PCA on the set of all dark frames, with
two PCA eigenvectors revealing a source of correlated dark noise in the form of spatially sinusoidally varying
dark counts with a different phase offset for each shot, which we also observed to be present in the PCA
eigenvectors of the probe images (as eigenvectors four and five). We project each absorption image onto these
eigenvectors I },’”4 and 1}3’“5 of the probe images in order to determine coefficients ¢*** and >, A

reconstructed dark field image I;°°°" is then computed for each shot as
I{;econ — E + CsysI;YS + Cpca4lgca4 + CpcaSIIEcaS. (A.3)
7

149



10P Publishing New]. Phys. 20 (2018) 113032 F Salces-Carcoba et al

A.2.1. Absorbed fraction and saturation parameter.  Absorbed fraction fand saturation parameter S images are
then computed for each shot as

P — 1]
f: Ioplz _ Iée?{)n’ (A4)
p
1
S= —(I;pt — IFm), (A.5)

sat

where I, is the saturation intensity in camera count units. The ‘naive’ optical depth for a single shot can then be
computed as:

ODpaive = —alog(l — ) + Sf, (A.6)

where o = 0y /0et = Lar eff /Isar 1S the empirically determined ratio between the ideal two-level and effective
scattering cross sections due to imperfect polarization and magnetic field orientation. The average naive optical
depth over all repeated shots for each set of experimental parameters is computed as:

ODpaive &~ —alog(1 — f) + 54, (A7)

where the mean product of absorbed fraction and f and saturation parameter S are taken over only the repeated
shots for one set of experiment parameters, and where we compute the mean absorbed fraction within the log
rather than the mean of the entire log term in order to avoid the systematic error that results from taking the
mean of a nonlinear function of noisy data. This naive optical depth is not accurate across our entire dataset due
to our 1D system being narrower transversely than both the optical scattering length ./ 3)\2 / 272 and our imaging
resolution, both of which are violations of the assumptions of the BL law. We continue to compute further
reconstructions of this naive optical depth only for comparison with modeled linear densities which include a
correction to the BL law to account for this, presented further below.

A.3.Dimensionality reduction of absorbed fraction

We dimensionally reduce the mean absorbed fractions f of each set of experiment parameters in order to reduce the
effect of shot noise on column sums of the data. Since the point spread function resulting from diffraction in our
imaging system is fixed from shot to shot, this has the effect of projecting the measured absorbed fractions onto the
empirically observed point spread function and its most common variations, suppressing spurious apparent
absorption due to shot noise in regions where the point spread function results in little absorption.

The dimensionality reduction proceeds as follows. First we crop each mean absorption image f (x, y) to the
75-pixel high ROI that entirely contains our imaging system’s point spread function to form f,; (x, »). Then, for
each x position x; in the image, we extract the vertical lines of fg; (x, y) from all sets of experiment parameters, at
that x pixel and the nearest four x pixels. Treating each vertical line as a vector” Fro1 () = Faor (xi» ), we obtain
the set of vectors { fuo; (xi4)» —2 < j < 2} and perform uncentered PCA [33], keeping only the first four
normalized eigenvectors {#,(x;), n € [1, 4]}. We then project the (also cropped to the ROI) vertical lines f , (x;)
of the absorbed fractions for each individual shot at the original x position onto the subspace spanned by these
vectors:

4
f;ed(xi, y) = f;ed(xi) = Z [V (i) - fROI(xi)]‘A'n(xi)- (A.8)
n=1

Thus we dimensionally reduce each vertical slice (within the ROI) of each shot’s absorbed fraction onto a basis of four
basis functions chosen by uncentered PCA of the vertical slices of all mean absorbed fractions at that x pixel and the
nearest four other x pixels. We then compute mean, dimensionally reduced absorbed fractions £, (x, y) for each set
of experiment parameters within the ROI (Hereafter any images mentioned should be assumed to be cropped to

the ROI).

We observe that to within numerical rounding error, it makes no difference whether the mean absorbed
fractions are dimensionally reduced into this space, or the individual absorbed fractions are, before being
averaged together again. We do the latter in order to provide a statistical uncertainty estimate in the mean
absorbed fraction of a given set of experiment parameters as

= [{ freqa e M

Afred (= }’) = m > (A9)

The mixed vector versus function-of-space notation here is because we are treating the vertical slices of the images as vectors, performing
dimensionality reduction on a slice-by-slice basis, whereas the x coordinate is merely a label selecting which vector we are referring to.
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where o is the standard deviation over all repeated shots for one set of experiment parameters, {f..q(x, )} is the
set of all dimensionally reduced absorbed fractions for those shots, and N is the number of repeated shots for that
set of experiment parameters.

A.3.1. Saturation parameter at the position of the atoms.  Due to the point spread function of our imaging system
being larger than the vertical extent of our atomic cloud, the saturation parameter at the location of apparent
absorption (after diffraction) does not correspond to the saturation parameter at the actual location of the
atoms, which is where saturation effects are relevant. We estimate a saturation parameter Sy (x) for each set of
experiment parameters at the estimated y position of the atoms by interpolating the mean saturation parameter
for that set of experiment parameters to the y position where there is maximum apparent absorption over all
shots. The y position of maximum apparent absorption at each x position is taken to be a quadratic fit

3,(x) = ax? + bx + ¢ with parameters determined by maximizing the total absorption over all shots:

[a, b, c] = argmax Z Z interp[S(x;, )/)](ax,ﬂ2 + bx; + o) |, (A.10)

a,b,c \shots x; y
where interp is a one-dimensional spline interpolation function interpolating in the y direction only. The

y
estimated saturation parameter at each x position for each set of experiment parameters is then

So(x) = interp[S (x, )1 (y,(x)). (A.11)
y

A.4.Naive linear density
We can now compute an improved naive optical depth for each set of experiment parameters using the
dimensionally reduced absorbed fractions and interpolated saturation parameter as:

Enaive red(x> )/) ~ —04108(1 - f_;ed(x’ )’)) + SO(x)fred (x> y)s (Alz)

and then compute a naive linear density #,,,;ve (x) at each x position by dividing by the cross section and
integrating along y:

A —
Mnaive (x) = _)/ Z ODnaive red(x) )’)> (A13)
gy y

where Ay is the pixel size.

A.5.Modeled linear density
We face three related problems in computing the column density 71.,)(x, ¥) given a measured absorbed fraction
f(x, ) and saturation parameter S(x, y) via the solution to the BL law [27]:

Ooheol (%, ¥) = —alog(l — f(x, ¥)) + S(x, y)f (x, ). (A.14)

The first problem is that we do not measure f(x, y) directly—we measure it only after it has diffracted in the y
direction, a difference which is not negligible given the size of our atom cloud in that direction. The second
problem is that atoms do not only absorb light at their exact location in space, rather they absorb it from a
surrounding region of space with cross sectional area given by the absorption cross section g [34]. The final
problem is that our cloud is so small in the y direction that diffusion of atoms during imaging may not be
negligible. These latter two problems mean that we cannot infer #1.,(x, y) from the usual solution to the BL law,
we can only determine the convolution of 1., (x, y) with some absorption profile g(y) that takes into account
both the finite absorption region and the diffusion of atoms from their initial positions in the y direction, the
direction in which g(y) is not small compared to our atom cloud. With this in mind, the solution to the BL law
can be modified to read

oo(neol * )%, ¥, t) = —alog(l — f(x, y, 1)) + S(x, )f (%, p, 1), (A.15)

where the convolution is only along the y direction. Atomic diffusion and diffraction imply that the only quantity
we have experimental access to is

1 T _
Foess) = — fo dr f dy f(oy ) = Zyj T ) Ay, (A.16)

that is, we only observe a time average of absorption over the imaging pulse time 7, and we only observe the
integral of the undiffracted absorbed fraction, since diffraction preserves this integral.

If the second term of the solution to the BL law dominates, then the naive linear density is accurate, since all
three of diffraction, diffusion and convolution preserve integrals of the absorbed fraction. It is only the log term
that causes a problem, since its integral is not conserved under diffraction.

9
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Given a model for (ne * g)(x, y, t) with asingle parameter #(x) for the linear density at each x position and
ameasurement f;,....(x) for each x position, we can invert (A.16) and (A.15) to obtain the linear density, under the
assumptions of the model.

Our model is the following: The absorption profile g(y) is approximated by a Gaussian with unit integral and
standard deviation o,(f) equal att = 0 to the optical scatteringlength \/oy /7 = /3)\; / 272 and increasing due
to atomic diffusion as time elapses. Since the atom cloud is narrower than this absorption profile, we
approximate the convolution (n * g)(x, y, t) as:

2
(1 Q) yy ) 2O || (A17)
1l27raf,(x, 1) 20(x, 1)
where af, (x, t)isincreasing due to momentum diffusion:
oy t) = % + %aﬁy (x, D12, (A.18)

where the mean squared y velocity Uﬁy is given by the scattering rate Ry, and recoil velocity vy
1
0-12);/ (x, t) = g @m)~ 'Rycat () Vrzec 3 (A.19)

which is approximating isotropic scattering such that the per-scattering-event expected squared change in
velocityis v2. /3. The scattering rate, ignoring Doppler shifts away from resonance, is, in terms of the saturation
parameter S:

T S
Rscat(x) - 21 I S(x) . (AZO)

Putting this all together, the modeled y variance of the absorption profile is:

o, L S0 .,

o2 1) = =2 + — A21
yoo ) 36w 1 4+ S(x) 4.2

Over the duration of our imaging pulse, the diffusion described by the second term results in an increase in the
absorption profile’s standard deviation by ~230% compared to the effect of the non-zero optical scattering length
alone.

Using our absorption model (A.17) with an absorption profile with y variance given by (A.21), and saturation
parameter S(x, y) given by our estimate Sy(x), our modified BL law solution (A.15) becomes:

-7
CXP[ ZUf,(x, t)

oy (x) ——=——="= —alog(l — f(x, y, D)) + So()f (x, y, 1), (A.22)

N ZTrJf,(x, t)

which, if numerically inverted, defines a function that takes only #(x) as input and returns f (x, y, t) atany given
time. Numerically integrating the result in tand y as per (A.16) extends this function into one which takes only n
(x) and returns the expected f,c.s(x) for that linear density. Numerically inverting this function then yields our
final aim, of a function that takes as input f;;,e.5(x) from our data and outputs a value of n(x) for the linear density
implied by the measured data and the model.

We perform the above computationally non-trivial calculation to extract modeled linear densities from our
dimensionally-reduced mean absorbed fractions and interpolated saturation parameters for each set of
experiment parameters.

The naive and modeled linear densities agree at low densities but disagree by up to 20 percent at higher
densities, with the naive method underestimating linear densities compared to those obtained using the
absorption model.

Appendix B. Yang-Yang thermodynamics

We use the Yang—Yang model [8] to describe our data. The exact diagonalization of the underlying Hamiltonian
is carried out with the use of the thermodynamic Bethe ansatz (TBA) (T > 0 Bethe ansatz). From the TBA the
following set of first-order integral equations can be derived

PR T 2

k) = — = In(1 4+ e c@/kT) g, B.1

et =—— sl Ay n(l + e ) dg (B.1)
e 2c

27f (k) (1 + ec®/ksTy = 1 _ dg, B.2

f ()1 + e W/ +£mcz+(k_q)2f<q>q (B.2)

10
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n :ffo f(@dq, (B.3)

where m is the mass, kg is the Boltzmann constant, T'is the temperature, y the chemical potential, and
c=mg/ 712 is the interaction wavenumber. We use g = 2/w asp/(1 — Casp /1), where asp is the three-
dimensional s-wave scattering length, Cis a constant of order unity [35],and [, = // /muw_ is the oscillator
length. Both k and g label momenta. The above equations can be solved recursively to compute #, the linear
density, given the values for p and T, the chemical potential and temperature.

We implement a numerical solver for the YY equations within the LDA that takes the parameters 1, T as its
primary input and computes c and gby using the appropriate values of I, , asp and m. We recursively solve for
€(k) and f (k) from which we ultimately compute the density n. We transform all the momentum and energy

quantities
k = k/J2mks T/ 12, (B.4)
E=E/kT, (B.5)
so that the first two YY equations read
~ ~ > 1 ¢ 25
ey =k - —  In(1 4 e @) dg, (B.6)
/ ‘/:307T52+(k—q)2 q

2f ()1 4 eF®) = 1 + fx l%f@ dg. (B.7)
—oo T4 (k — q )2

We denote the Lieb—Liniger kernel (a normalized Lorentzian) as L(c, g). Our numerical solver performs a k-
space convolution usingthe scipy. signal. fftconvolve method to evaluate the integrals. For this we
usea N = 1024 points grid that covers the range k = [—10 ky,, 10 ky,], where ky, = +/2mkg T/ /2% is the
thermal wavenumber. We have explicitly verified that for the parameters in our experiment using different grids
give no changes to the predicted EoS. We initialize eo(k) = k* — panditerate over the following recursive
relation

ejr1(k) = eo(k) — L(co, @) ® In(1 + e 9@), (B.8)

where ® denotes the Fourier convolution operator. Once the convergence condition />";(¢;j+1 — € ;) / Ny < €1 s
satisfied, we solve for f (k) with an initial guess f, (k) = [27(1 + e° (&1~ and the recursive relation

Fir®) = fo(6) + Licor @) ® f(@), (B.9)

from which we get to evaluate (B.3). After watching all the unit conversions we get the linear density in particles
per meter.
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Spin-orbit-coupled Bose-Einstein condensates (SOBECs) exhibit two new phases of matter, now known
as the stripe and plane-wave phases. When two interacting spin components of a SOBEC spatially overlap,
density modulations with periodicity given by the spin-orbit coupling strength appear. In equilibrium, these
components fully overlap in the miscible stripe phase and overlap only in a domain wall in the immiscible
plane-wave phase. Here we probe the density modulation present in any overlapping region with optical
Bragg scattering and observe the sudden drop of Bragg scattering as the overlapping region shrinks. Using
an atomic analog of the Talbot effect, we demonstrate the existence of long-range coherence between the
different spin components in the stripe phase and surprisingly even in the phase-separated plane-wave

phase.

DOI: 10.1103/PhysRevLett.124.053605

Systems with coexisting order parameters, such as
ferromagnetic superconductors [1], supersolids [2], or
topological Kondo insulators [3], exhibit rich phases with
novel phenomena. Spin-orbit-coupled Bose-Einstein con-
densates (SOBECs) have a complex phase diagram includ-
ing both “stripe” and ‘“plane-wave” phases. The stripe
phase is expected to have coexisting order parameters [4—6]
with supersolidlike properties [7] marked by long-range
phase coherence and periodic density modulations (con-
firmed by optical Bragg scattering [8]) simultaneously
present. In contrast, the plane-wave phase behaves like a
ferromagnetic spinor Bose-Einstein condensate (BEC),
where its true many-body ground state is predicted to be
massively entangled with application to precision magne-
tometry [9,10]. In both the stripe and plane-wave phases,
we readout a matter wave Talbot interferometer with optical
Bragg scattering to detect coexisting periodic density
modulations (long-range diagonal order) and system-wide
phase coherence (long-range off-diagonal order).
Unexpectedly, both phases exhibit both types of order.

Figure 1(a) schematically depicts the stripe and plane-
wave phases of SOBECs, showing two salient features
[5,6,11]: (1) system-wide periodic density modulations are
associated with fully coexisting spin components in the
stripe phase, and (2) highly localized density modulations
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are present at a domain-wall delineating phase-separated
spin components in the plane-wave phase. Initial experi-
ments with Raman coupled 8’Rb Bose-Einstein conden-
sates (BECs) identified these phases in terms of the degree
of spatial overlap of the two spin components [5], but not
the microscopic density modulations. Direct observation of
these modulations in 8Rb BECs is challenging both
because the ~400 nm modulation period is below the
resolution of even the best quantum gas microscope [12]
and the modulation contrast is small. Here we probe these
modulations in long-lived equilibrium systems in both the
stripe and plane-wave phases.

Our Letter is organized as follows: (i) we introduce the
physics of SOBECs, (ii) we describe our experimental
setup, (iii) we cross-check our Bragg measurements with
established techniques, (iv) we demonstrate the coexistence
of diagonal and off-diagonal order in the same system, and
(v) we discuss the implications of these measurements on
the issues of supersolidity in stripe-phase SOBECs.

SOBECS with Raman coupling.—We realized SOBECs
described by the single-particle Hamiltonian

. n? . 5. Q.
Ho =5 1(qx = ke6:)* + K]+ 56+ 56 (1)

for particles of mass m. Here, § and Q describe Zeeman
shifts from longitudinal and transverse fields, respectively,
and the spin-orbit coupling (SOC) strength kp defines the
relevant energy scale E = h’k%/2m. hq, is the quasi-
momentum along e,, 7k, is the linear momentum in the
e, — e, plane, and 6, , . are Pauli operators. The insets to
Fig. 1(a) show the characteristic double-well dispersion
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(a ) Density modulations
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Raman coupling, 2
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—>
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FIG. 1. Experimental concept and setup. (a) Schematic de-
scription of small-6 phase diagram with equal spin populations
showing the stripe and plane-wave phases. The spatial distribu-
tion of the two spin-orbit-coupled spin states is marked in red and
blue for [1) and || ), respectively, while the total density is in
black. The insets depict the dispersion of these states. (b) Laser
configuration for realizing SOC system with two-photon Raman
transition and detecting scattered Bragg signal from the stripe
phase. We choose a bias magnetic field By~ 20 G. The inset
shows an example of diffracted Bragg signal as imaged by an
EMCCD camera.

associated with SOC, with minima separated by approx-
imately 2kp, and energy gap equal to Q. In our experiments,
we use two-photon Raman transitions to introduce the SOC
term: the Raman laser wavelength determines the SOC
strength kr = 27/1x; the Raman laser intensities determine
Q; and the laser frequency differences imbue detuning 6 to
the SOC system [5,6].

We describe the two spin-components of our system by
the spinor wave function (I/IT, Vg L)T, where the mean-field
interaction energy density is

E_Co
T2

= lwy I+

2
% P+ PP~
Co
> Iy

Here ¢ and ¢, describe the inter- and intraspin interaction
parameters, respectively, and 7 is the mean density. For
dilute Bose gases (with chemical potential u < Ey), the
impact of interactions can be parametrized in terms of a

scaled recoil energy Ef, = E + u/4; in this case, the spin
mixed, stable ground-state stripe phase, exists in a very
narrow range of parameters [5]: with 6 between 0 and
c,i1/2; and |Q| < Q,, with the critical coupling strength
Q. =4E}\/—2c,/co. As depicted in Fig. 1(a) (left), the
stripe-phase density

n(x)

i AE,

(kK(Q)x + ¢]

is modulated with wave vector

k()

2ky [1 - (42;)2} " ©

The phase ¢ describing the stripe’s location [6,13] results
from the preexisting phase difference between the two spin
components along with the relative phase between the
Raman laser beams. On the contrary, for the plane-wave
phase (|Q| > Q.) shown in Fig. 1(a) (right), density
modulations are expected only within the domain wall
separating the now polarized spin components.

Experimental setup.—We produced N = 2.2(3) x 10°
condensed 8Rb atoms in a harmonic trap with frequencies
(fas fys ) = [(105,67,40)] Hz and chemical potential
u=1lhx 1 46(20)] kHz. Two Raman lasers, counterpro-
pagating along e,, coupled the ||)=|f =1,m; = —1)
and |1) = |f = 1,mp = 0) hyperfine levels of ¥Rb 5812
electronic ground states. We used the tune-out wave-
length [14] A = 790.034(7) nm for our Raman lasers
which defined the single-photon recoil energy Ej =
h x3.678 kHz and the scaled recoil energy Ey/Ep =
1.10(2) governing the stripe-phase physics.

We used optical Bragg scattering [15-17] to detect
periodic density modulations. The Bragg probe laser, with
wavelength 1z = 780.24 nm, was =6.3 GHz red detuned
fromthe f = 1 — f’ =0, 1, 2 transition within the D, line
[18]. This put the Bragg probe beam in the far-detuned limit
with respect to the =6 MHz transition linewidth, the
~10 MHz Zeeman shifts, and the ~300 MHz excited state
hyperfine structure. In this limit, the atomic susceptibility is
almost entirely real and state independent. Figure 1(a)
shows our experimental setup, with atoms located at the
focus of a Keplerian imaging system aligned along e,.
The Raman lasers propagated along e, and the Bragg
probe had an incident angle 65 with respect to the optical
axes. A shiftable mirror in the back focal plane tuned g
from 80 to 280 mrad, allowing the detection of Bragg
scattering from structures with period from about
391 to 405 nm; we used 0 ~ 0.15 rad in these experiments
[19]. In 87Rb, the interaction constants [24] are (¢, ¢;) =
(779,-3.61) x 10~ Hzcm3, so the stable ground-
state stripe phase was present for Q <0.21Ez and
—3.3Hz < §/h <0 Hz.
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FIG. 2. Bragg-scattering as a function of ©;, and 8. (a) Ng(6) from a tz = 100 us pulse for various coupling strengths €,,; each data
point is an average of more than four realizations. The solid curves depict Gaussian fits to the data from which the peak amplitude Ak
and width wy in (b) and (c) are derived. The increased background level as compared to Fig. 1 is from an increased overall atom number.
In (b) and (c), the vertical dotted line marks the critical coupling strength at Q. = 0.21Ey, showing that the Bragg amplitude lacks a
sharp feature at Q., while the width drops rapidly leading up to Q..

The Bragg diffracted signal, as shown in the inset of
Fig. 1(b), was detected with an electron-multiplying
charge-coupled device (EMCCD) camera. As described
in Ref. [19], we first calibrated our Bragg signal using an
optical lattice and found that the signal-to-noise ratio of one
occurred for a fractional density modulation of 7 = 0.06,
providing practical detection threshold.

We prepared our SOBECs from an initial BEC with
equal superposition of spin |1) and |]) at a desired
detuning 6 and linearly increased Q from 0 to Q, in
50 ms. We then allowed the system to equilibrate for a hold
time #;,. At the transition from stripe to plane-wave phase at
Q. ~ 0.21Ey, the expected density modulation contrast is
just 7 = 0.045, just below our detection threshold. Inspired
by Ref. [25], we rapidly ramped Q to x7E in 200 us just
prior to our Bragg measurement, increasing 7 to ~0.85 (see
Ref. [19]). This rapid ramp was slow compared to the ~#4Ep
energy spacing between the two branches of the SOC
dispersion, but fast compared to the much slower many-
body dynamics. In this system, the shortest many-body
timescale is the 22.5 ms quarter period of our harmonic
trap, followed by the ~50 ms timescale for any significant
evolution of spin structure [5,19]. As a result, this process
simply magnified the amplitude of the SOC driven stripes
wherever they were present in the system. We then turned
the Raman lasers off and pulsed the Bragg laser with
duration 5 ranging from 20 to 100 ps.

Validation of method.—We began by demonstrating our
ability to maintain balanced spin mixtures very near 6 = 0
in the process of cross-checking our Bragg measurements
against earlier time-of-flight experiments [5]. We charac-
terized the transition from the stripe to plane-wave
phase as a function of Raman coupling Q, and detun-
ing 6. Figure 2(a) shows the number of photoelectrons N
in our detection region as a function of § at different values
of Q,, for a fixed hold time 7, = 1 s. We observe Bragg
scattering in a narrow detuning window that decreases in
width and amplitude as , increases.

Figure 2(b) quantifies the amplitude in terms of the peak
height A, obtained from Gaussian fits to Ny (). We
might expect the Bragg scattering amplitude to be constant
in the stripe phase €, < Q. where the spin components
mix and then to vanish in the plane-wave phase when the
gas becomes locally polarized. However, even when differ-
ent plane-wave regions phase separate, density modulations
are present in the domain wall separating the different
phases, allowing some Bragg scattering. The spin healing
length &/& = \/co/[~c,(Q2/Q2 —1)] in terms of the
conventional healing length & = f/\/2mu. & sets the
domain wall size [5] and diverges at Q... Figure 2(b) shows
Apeax () rapidly falling with increasing coupling strength,
consistent with the expected trend. The solid curve is a fit to
our scattering model (derived from the above reasoning and
developed in Ref. [19]) with the overall Bragg signal as the
only free parameter. This model shows only qualitative
agreement with data, a point we will return to shortly.

Figure 2(c) plots the Gaussian width ws. Even for
Q, < Q., a small detuning 6 # 0 that breaks the degen-
eracy of the two spin states can cause the initially spatially
mixed states to relax into a polarized gas in the lower
energy spin state: a plane-wave phase with no Bragg
scattering. When €, =0, there are no spin-changing
processes, and the spatially mixed state is stable indefi-
nitely, independent of §. The width is thus large for
small Q, (slower spin relaxation) and decreases as €
increases (faster spin relaxation). The width has no marked
feature at Q. and is well fit by a power law [5], here
a(Q;,/Eg)™ + ws. This indicates that the process by
which the spin population polarizes in the presence of
detuning is dependent on the Raman coupling strength, but
not the initial zero-detuning phase.

In all cases, the detuning window is far wider than the
3.3 Hz range of detuning where the stripe phase is
thermodynamically stable. This is as expected: the time-
scale for the spin populations to reach the expected
equilibrium population can be in excess of several seconds
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for small detunings (see Refs. [5,19] for a discussion of the
equilibration timescale). In what follows, we focus on near-
zero detunings that lie within this metastable region and
where the physics is governed by €, alone.

Spatial coherence.—Finally, we present our main obser-
vation demonstrating the spatial coherence of the SOBECs.
Here we altered our measurement procedure to include a
free evolution time t,., following the turn-off of the Raman
lasers but prior to the Bragg pulse. During this time, the
different spin and momentum components that comprised
the Raman dressed states underwent free evolution creating
a matter-wave Talbot interferometer [17,26,27]. A coherent
matter wave with wave vector ky exhibits a coherence
revival after a time period of T, = h/8Er = 34.0 us,
during which time momentum components traveling with
velocity £2nkp/m separated by a distance 1. Figure 3(a)
schematically depicts this behavior: the left panel shows
modulations in total density (black) and in each spin
component (red and blue) at r = 0; the center panel shows
that after 7,/2 the modulation pattern in each spin
component moved +1/4 of the overall modulation period,
yielding a flat density profile. The right panel shows the
long-time behavior in which the spin components moved a
distance comparable to the overall system size.

The periodic revivals in Fig. 3(b) occurred very near the
34 us free-particle Talbot time, only about one-third of our
earlier 100 us Bragg pulse time. This indicates that all of
our previous measurements inadvertently integrated over
about three periods of collapse and revival. To resolve the
Talbot signal, we largely mitigated this effect by reducing
the pulse time to 3 = 20 us and averaging over at least
four experimental realizations to account for the reduced
signal present in each measurement.

Figure 3(c) shows Ny as a function of .., for a range of
Q,, each constituting a single horizontal cut through
Fig. 3(b). In Fig. 3(c), we observe damped oscillatory
behavior that provides a lower bound to the coherence
length of the system (other physical effects [17] may also
cause the decay of Np(f,,)). Our observations are com-
plicated by the 20 us Bragg pulse which is not short
compared to the revival time. We modeled the integrated
Bragg signal as a sinusiod with Gaussian decay [28]
convolved with our Bragg pulse to obtain

t+1g df ¢ )
NB(Z) :Arev/ B—cosz (;—) e‘(’/’d)z +c, (3)
! rev

Ip

as displayed by the solid curves in Fig. 3(c). Here 13 =
20 us is the Bragg pulse duration and the fitting parameters
are revival amplitude A, revival period T, decay time
t;, and constant c.

Figures 3(d) and 3(e) show the revival amplitude A, and
period T\, as a function of coupling strength Q,. The
amplitude A, gradually decreases above Q, > 0.21Ep,
which we attribute to the onset of phase separation and

(a)

Time, t

= rcv/2
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Position (arb.)

>
t > trov
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FIG. 3. Periodic revival of Bragg signal at § = 0 Hz. (a) Sche-

matic representation of evolution of stripes during free evolution.
The black, red, and blue curves depict total density, spin-up
density, and spin-down density, respectively. (b) Observed Bragg
counts Np from a tz =20 us pulse as functions of (Q,,1).
(c) Np(t) for various coupling strength €, showing revivals
characteristic of an atomic Talbot effect. The solid curves are joint
fits of the model described in the text with shared parameters:
decay time 7; = 250 us and background level ¢ = 3487 counts.
The vertical blue line depicts the separation equal to the
calculated Thomas-Fermi radius. (d), (e) depict the amplitude
Ay and period T, obtained from fits to the data in (b). The
vertical dotted lines show the predicted transition strength at Q...
The dashed blue curve indicates prediction for 7', (Q) shifted
down by 1.1 pus.

subsequent increasing separation between the two plane-
wave components. The solid curve depicts the fit to the
scattering model described in Ref. [19] with the overall
scattering strength as the only free parameter, showing near
perfect agreement with experiment. Allowing Q.. to vary in
the scattering model produces a value Q. = 0.20(1), also in
agreement with our expectations. Figure 3(e) shows revival
periods close to 7', = 33 us, just below the naive single-
particle prediction. Our model in Eq. (2) predicts an
increase in T, for larger €, as the stripe wave vector
k(Q) falls. This increasing trend is plotted by the blue
dashed curve; both this model and the null hypothesis are
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consistent with the data. In addition, the energy scale E’ in
Eq. (2) was derived from a variational study of the stripe
phase [13]; a similar energy scale—potentially different
from Ej—will be required within the domain wall and a
proper variational study would be required to identify its
exact value.

Last, the decay time t; = 250 us was independent of €2,
indicating that the transition from the stripe phase to the
plane-wave phase was not associated with any decrease in
spatial coherence. During this 250 us, the interfering
momentum are states separated by 5.8 ym, comparable
to the Rt = 5.5 um Thomas-Fermi radius [shown by the
vertical line in Fig. 3(c)]. We conclude that the system
was fully coherent even in the phase-separated plane-
wave phase.

Implications for supersolidity.—As has now been
observed with dipolar atoms [29], a traditional supersolid
is a phase of matter with two broken symmetries [30]: the
broken gauge symmetry of a BEC (giving a superfluid
phonon mode) and the broken translation symmetry of a
lattice (giving a separate lattice-phonon mode). On one
hand, we confirmed that diagonal order is present [8] and
demonstrated that this coexists with off-diagonal order: a
supersolid? On the other hand, a BEC in a shallow optical
lattice has off-diagonal order, with density modulations
(diagonal order) simply imprinted by the lattice potential
[31]: not a supersolid.

With the Raman lasers off, our system is a two-
component spinor BEC with two broken symmetries
giving an overall phase (giving a superfluid phonon mode)
and a relative phase between the spin components (giving
a spin-wave mode); translational symmetry is unbroken:
not a supersolid. Adding Raman coupling continuously
connects this spinor phase to the stripe phase. For
infinitesimal coupling, the modulation period [from
Eq. (2)] is externally imposed by the Raman lasers, with
a small shift that grows quadratically with Raman cou-
pling. The spatial phase is set both by the relative phase
between the Raman lasers and the preexisting relative
phase between spin components. Similar to the lattice
case, no new symmetries are broken and no new collective
modes are created: not a supersolid? Although no new
symmetries are broken, the spin-wave mode acquires an
inertial contribution from the periodic density modulations
inducing a gap at the edge of the associated Brillouin
zone, as would be expected of a supersolid’s lattice-
phonon mode [7]. We conclude that this system shares
some properties with conventional supersolids, but is best
given its own name: the superstripe phase, as suggested in
Ref. [7]. This is similar to the supersmectics proposed in
Ref. [32] in which the mode structure of an optical cavity
provides the substrate on which smectic correlations
develop. The lattice-phonon mode remains undetected,
and its observation would be a true smoking gun for
observation of superstripes.
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