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Abstract

An optical accordion trap is an optical lattice with a variable periodicity. By loading

ultracold gases into a node of an accordion trap and then decreasing the lattice

spacing, we plan to compress three dimensional ultracold gases of 6 Li and 23Na down
to two dimensions, to create two-dimensional ultracold Fermi and Bose gases with high

atom number. We describe the design, construction, and operation of our accordion

trap, and comment on potential future improvements. By enabling the study of two-

dimensional ultracold atomic Fermi gases at comparatively high density, our work

will help to address contemporary topics in many-body quantum physics, such as

two-dimensional fermionic superfluidity and quantum Hall physics.
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Chapter 1

Introduction

Ultracold temperatures were first achieved in dilute atomic gases in the late 1990s.

Bose-Einstein condensates (BECs) arrived in 1995 127, 28, 291, degenerate Fermi gases

four years later [311. The realization of such ultracold systems generated a diverse

set of research interests that capitalized on their unique properties. Among them,

from the earliest days, was the study of quantum many-body physics in ultracold

atomic gases. The demonstration of Feshbach resonances [33] in ultracold 23Na two

years after the achievement of BEC made it possible to tune both the strength and

the sign of the interactions in ultracold atomic gases, which made cold atoms into a

uniquely tunable platform to study questions in physics that had typically been the

preserve of condensed matter: systems in which many particles interact strongly at

low-temperatures, and quantum statistics and correlations play a significant role.

Ultracold atomic gases have also made significant contributions to the understand-

ing of low-dimensional systems, such as the physics of the Berezinskii-Kosterlitz-

Thouless transition [341. Two-dimensional atomic gases have proven difficult to

study, however, because of the difficulty in getting large atom numbers into a two-

dimensional gas. One possible solution to this problem is to use an optical lattice

with a variable periodicity to grab a large three-dimensional cloud of cold atoms, and

compress them into two dimensions by decreasing the lattice spacing. Such a device

is called an "accordion trap," because it resembles the bellows of an accordion. In this

thesis, we document the design and construction of such an accordion lattice, and

13



offer preliminary comments on its performance.
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Chapter 2

Accordion Background

The substantive work of this thesis focuses on how to effectively trap an ultracold

neutral atomic gas, and more specifically, how to compress a 3D gas to 2D in an optical

trap. Chapters 3 and 4 describe the solutions we settled on. This chapter presents

the physical and technical background needed to understand these later chapters. In

Section 2.1, we discuss the physical basis of optical traps. In Section 2.2, we review

relevant material on the laser optics that are used in shaping optical traps. From

this foundation, Section 2.3 then describes the general design of accordion traps,

and reviews existing accordions. Finally, Section 2.4 discusses harmonically trapped

degenerate atomic gases, with a focus on developing the criteria for a "good" harmonic

trap.

2.1 Optical Trapping

Optical trapping works roughly as follows. Applying an AC electric field, such as a

laser, to an atom causes its internal energy levels to shift, in a process known as the

AC Stark effect. The magnitudes of the shifts depend on the laser's intensity (and

some other parameters). As a result, a spatially varying laser intensity induces a

spatially varying shift in the atom's internal energies, which appears to the atom as

a spatially varying potential. By correctly shaping the intensity profile of a laser, it

is thus possible to confine the motion of atoms along one or more dimensions.

15



A number of works (e.g. [1, 3, 51) discuss the physics of optical trapping with

great rigor and detail, and we will not attempt to outdo them. Instead, we give brief

derivations of the necessary formulae, focusing more on intuition than rigor. The

reader who wants a fuller story can find it through references placed throughout this

section.

To derive the AC Stark shift, model an atom as a two-level system with ground

state 1g) and excited state le). For the sake of cleaning up the math later, let 1g)

have energy -hwo/2 and le) have energy hwo/2, so that the states are split by hwo.

In matrix notation, we can define the convention

(e)) = , g)
(0 )

so that the atomic Hamiltonian can be written

Ho =1 ho( . (2.1)
2 (0 -1

Suppose now that the atom is exposed to an AC electric field at a frequency w

comparable to wo, E(t) = Eo cos(wt). Since the atom is charge neutral, it will interact

with the electric field via the dipole Hamiltonian,

Hdip(t) = - d -E(t) = - d -Eo cos(wt), (2.2)

where d is the atomic dipole operator. For an atom composed of charged particles i

with charges qi and position operators ri, the dipole operator is written d = > qi ri.

For alkali atoms, however, the main active charge in the atom is the single valence

electron, and it is common to just write d = -e r, where r is the position operator

for the valence electron.

Intuitively, the dipole Hamiltonian (2.2) is a quantized version of the energy of a

classical dipole in an electric field, - d -E. Strictly speaking, (2.2) is an approximation

to the full atom-light Hamiltonian, valid when the field wavelength A = 27rc/w is much

16



larger than atomic dimensions. See [31 for a discussion. Since we are using optical

frequencies (A ~ 500 nm) and atomic lengthscales are on the order of the Bohr radius

(~ 50pm), the approximation is safe.

Combining the bare atomic Hamiltonian HO with the dipole Hamiltonian Hip

yields the full system Hamiltonian,

H(t) hwo/2 - deg * Eo cos(wt)

- dge -Eo cos(wt) -hwo/2

where

deg = (eld Ig),dge = (gldje).

To simplify the Hamiltonian, we can decompose the oscillating factor cos(wt) as

(eiwt + e-wt)/2. The atom thus experiences one drive oscillating at w, and one at

-w. Recalling that w is comparable to wo, and with the intuition that the atom

responds more strongly to driving frequencies near its own resonance frequency wo,

we will omit the -w term from the drive. The Hamiltonian then becomes

ji WO Qe-iwt
H(t) =- ( (2.3)

where we have defined the Rabi frequency

Q= - Ideg-Eo. (2.4)

Generically, states in this system take the form

|0(t)) = ce(t) le) + cg(t) |g) = .

\cg(t)

To satisfy the Schrddinger equation ihn 4') = H(t) 14') with H(t) given by (2.3), the

17



amplitudes ce and cg must satisfy

.h j9 ce(t) h wo Qe-iwt Ce M)

5t- cg(t)/ 2 \9*eiwt -wo / c(t)

which expands to

ide = WOe + e-iwt C2 2 (2.5)
iTg- Ce

= 2 e Ce - g.

Defining auxiliary variables

c'e(t) = ce(t)eiwt/2,c' (t) = cg(ty-iwt/2 , (2.6)

this system of differential equations (2.5) reduces to

. C e C o e

g 2 Q* 6 g'

where 6 = w - wo is the detuning of the electric field from the atomic resonance.

The eigenvalues of the matrix on the right can be directly computed to be A =
6N+ IJI2 . Defining ' = V/62 + I 2 for convenience, we see that the solutions

for c' and c' will have the form

c'e(t) = ace-iQ't/2 + 3eein't/2

c (t) = age-iQ't/2 + !geig't/2

for some constants Oe, ag, 3e, 3 g. Plugging this back into (2.6), we find that the

amplitudes c, and cg behave like

Ce(t) = aee-i(w+Q')t/2 + Oee-i(w-Q')t/2

cg(t) = age-(+0')t/2 + Ogei(W-')t/2

18



This suggests that the Hamiltonian (2.3) supports states with energies h(w Q')/2

and h(-w t Q')/2. Two of these four energies correspond to the original levels of

the atom, shifted in energy by the AC Stark shift. To determine which two of the

four energies these are, we consider what happens in the limit of a vanishing electric

field, EO - 0, where we know the two energies we want should tend to hwo/2. In

this limit, Q' -+ 16, so the four energies tend to h(w 161)12 and h(-w t 161)12. We

consider two cases:

* 6 > 0: Here 161 = 6, so that h(w 161)12 = h(w t (w - wo))/2. The only

way to match this to plus or minus hwo/2 is taking to be -, in which case

h(w 161) -* hwo/2. Meanwhile, h(-w 161)/2 = h(-w (w - wo))/2, and

this only matches plus or minus hwo/2 by taking to be +, in which case

h(-w 161)12 -4 -hwo/2. So for 6 > 0, we expect the energies at nonzero Eo

to be E+ = h(w - Q')/2 and E_ = h(-w + Q')/2.

* 6 < 0: Here 161 = -6, so that h(w 161)/2 = h(w (wo - w))/2. The only

way to match this to plus or minus hwo/2 is taking to be +, in which case

h(w 161) -+ hwo/2. Meanwhile, h(-w 161)/2 = h(-w (wo - w))/2, and

this only matches plus or minus hwo/2 by taking to be -, in which case

h(-w 161)/2 -+ -hwo/2. So for 6 < 0, we expect the energies at nonzero Eo

to be E+ h(w + Q')/2 and E_ = h(-w - Q')/2.

These two cases can be summarized by writing

E = h(w - sign(6)Q')/2

for the two energies.

If we now assume a weak electric field E0 , such that IQI < 161, we may expand

' 62 + jQj 16(1 +| Q12 /26 2). Plugging into our expression for E , we find

h [ ( IQ IF h | _Q12- E- sign(6|6|1 262 2 26 '

19



since sign(J)JI = 6. Now using 6 = w - wo, we get that

hwo hIQI 2

2 46

Since the original energy levels were at thwo/2, we find that the AC Stark shift to

the ground and excited states of the atom are

AE hQ 2 AEe h Q . (2.7)
46 ' 46

The atoms in our experiment are usually in their ground state, so we are usually more

interested in AEg than AEe.

Observe from (2.7) that the magnitude of AEg is oc IQ1 2 Oc IEo 12, so that the

magnitude of the AC Stark shift is directly proportional to the intensity of the electric

field. Furthermore, note that when the AC electric field is blue-detuned from the

atomic transition (i.e. 6 > 0), AEg > 0, while when the field is red-detuned (6 < 0)

we get AEg < 0. To minimize their energy, atoms exposed to blue-detuned light

therefore try to seek out regions of minimal intensity, while atoms exposed to red-

detuned light seek out regions of maximal intensity. This effect, which allows us to

control the motion of atoms by spatially modulating the electric field, is the physical

basis of optical trapping.

The expression (2.7) for the AC Stark shift is unhelpful for practical calcula-

tions as it stands, since it depends on the Rabi frequency Q = - (el d Ig) - Eo /h =

(e/h) (el r g) -Eo (here we use d = -e r), and it is still unclear how to find the matrix

element (el r g). However, it turns out to be possible to relate this matrix element

to the spontaneous decay rate F of the excited state, which quantifies how long an

excited atom remains excited in the absence of any light, and can be empirically

measured. The decay rate can be calculated 131 as

S = 0 1 (e l r Ig) 2.(2.8)
37reohc3

The calculation behind this result is complicated enough that including it here seemed

20



excessive, as doing it properly requires a quantized electromagnetic field, rather than

the classical field that appears in (2.2). Suffice it to say that the quantized field

behaves like a collection of modes which can contain varying numbers of light quanta

(photons), and each of which couples to the atom via a dipole Hamiltonian similar

to (2.2), but in which E is promoted from a classical to a quantum field. A Fermi's

Golden Rule-type calculation can give the rate at which this coupling transfers an

excited atom to its ground state (and in the process transfers a photon to a mode of

the field), which gives F. The matrix element (el r Ig) appears in the formula because

of the similarity between the semi-classical dipole Hamiltonian (2.2) and the fully

quantum dipole Hamiltonian.

From (2.4), if we let EO = EO s with EO real and ? the polarization (see Subsection

2.2.1), we find

|Q12 = E21 (ele -r 1g) 12

To relate this to (2.8), we need to know more about the relation between the polar-

ization t and the excited state le). As we have defined them, they have no relation:

the polarization and the excited state could both be anything. Suppose, however,

that we want to apply our model to a ground state atom which is in initially undis-

turbed in the vacuum, and is then exposed to an AC electric field (say from a laser),

with polarization s. The atom has many excited states, but to apply our model we

should take le) to be the one that couples most strongly to 1g) via the electric field.

Assuming that the polarization is either linear or circular, we write it as s = i or

=& = (k iy)/V/'2 in some coordinate system x, y, z.

Now, if? = i, the excited state le) that couples most strongly to Ig) will be the

state in the excited manifold with the same magnetic quantum number as 1g). In this

case, from atomic selection rules (see [1), we have that (el r . g) = 0. Since z and

21



u+ are orthogonal, we can then expand I (el r 1g) 12 as

(ej r g) 12 = I(e r -ig) 12 + (elr .&+g) 12 +I(el r -&- g) 12

= I (elr -ijg)12 +0+0

= I (ejr -tg) 12.

Similarly, if s =i, the excited state le) with the strongest coupling to 1g) will be the

state with magnetic quantum number differing from 1g)'s by +1. Selection rules then

dictate (el r 4 1g) = (eI r -&T 1g) = 0, and we can write I (e r jg) 12 = I (el r 4 Ig) 12 +

I(el r -&+ 1g) 12+1 (el r -&- 1g) 12 = I (ej r .&i g) 12 = (el r -t 1g) 12 . So in all three cases,

we have

I (elr 1g) 12 = I (elr - 1sg) 12

With this information, we can combine (2.4) with (2.8) to obtain

1.1 2 -37reoc 3 E02. (2.9)
0

If it is part of a wave, the electric field E(r, t) = Eo cos(wt) will be accompanied

by a similar magnetic field (see Subsection 2.2.1). Accounting for both fields, the

instantaneous intensity of this wave will be I(r, t) = coc Eo 12 cos2 (pt), so the time

averaged intensity is (1(r)) = jeocE2. Plugging this into (2.9) yields

1. 1
2  -67rc

2 '
h'W3

0

for the Rabi frequency magnitude. Plugging this result into our expression (2.7) for

the AC Stark shifts yields

37rc2F 37rc2 r
AEg = 2w 3 (I), A Ee = 2,6(

Thus if a ground state atom is exposed to an electromagnetic wave at frequency w

22



with a spatially varying intensity, it experiences an effective potential from the AC

Stark shift equal to

37reoc3F 2 37rc2 ]T
436 Vr Eo(r)|2 (I(r)). (2.10)

2.2 Laser Optics

2.2.1 Electromagnetism: Notation and Brief Background

Most of the electromagnetic fields featured in this thesis are waves, governed by the

wave equations

72 - 1 2E =0
c2 at2 (.1

V2 - B)= . (2.11)

c 2 &t2

Since the wave equation is linear, it will be convenient to work with complexified

electromagnetic fields, where plane waves are written as

E(r, t) = Eo e(k .r -wt), B(r, t) = Bo ei(k r -wt) (2.12)

and it is understood that the actual, physical electromagnetic field is obtained by

taking the real part of the fields (2.12). In this representation, we will often write

E0= E0 s where the complex amplitude E0 is a complex number and the polarization t

is a complex vector with I s 1. Working with complexified fields will simplify taking

derivatives and save us the inconvenience of trigonometric identities when dealing

with phases and different polarizations. It also simplifies dealing with circular and

elliptical polarizations, which can be encoded in the relative phase of the components

of e. We only need remember to pass to the real representation before performing

any operations that are not linear in the fields, such as computing intensities.

We will mostly be interested in monochromatic, polarized light, which is composed

of many plane waves (2.12) with the same polarization e and wavenumber k = I kI
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(and thus the same frequency w = ck), but with potentially different wavevector

directions k = k /k. The electric field for any such light field can be written in the

complex representation as

E(r, t) = U(r) e" t , (2.13)

for some scalar function U that depends only on position r, since all the constituent

plane waves of E oscillate at the same frequency w. Plugging (2.13) into the wave

equation (2.11) yields the Helmholtz equation

(V 2 + k2 )U = 0 (2.14)

as the governing equation for U.

Furthermore, we are often interested in situations (such as 2.2.2) where the am-

plitude U(r) describes an intensity distribution propagating mainly in one direction

that varies slowly along that direction. Taking this to be the z direction, we write

U(r) = u(r)eikz, (2.15)

with the assumption that

< k , (2.16)
49z2 49z

i.e. that the derivative of the envelope function u changes very little (has a small

fractional shift) over one wavelength. The intuition here is that the main dependence

of U on z will be captured by the plane wave factor eikz, and that the remaining

dependence captured by u will be weak (slowly varying). Plugging (2.15) into the

Helmholtz equation (2.14) and simplifying, we obtain the paraxial Helmholtz equation

VI+ 2ik +u= 0, (2.17)

where V2 = + a is the transverse part of the Laplacian V 2 . This equation

governs the Gaussian beams of the next section.

It is easy for the physics of light propagation to devolve into an extended exercise
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in multivariable calculus. As a corrective, to visualize and gain intuition for light

propagation, it is often helpful to think in terms of wavefronts: surfaces of constant

phase in the light field. These often reveal something like the shape of a light wave,

and how it moves. Plane waves, for instance, have flat wavefronts perpendicular to

the wavevector k, which propagate in the direction of k. Spherical waves, such as

U(r) =eikr/r, have spherical wavefronts, which propagate radially inward or outward

relative to a center at r = 0. Throughout this section, therefore, when possible, we

try to interpret and physically motivate major results in the language of wavefronts.

2.2.2 Gaussian Beams

The lasers involved in this project all produce a Gaussian intensity distribution. Here

we develop formulae for describing such Gaussian beams in the electromagnetic frame-

work presented in 2.2.1. We may provide more detail than strictly necessary, but as

most references seem to only deal with the special case of circular Gaussian beams,

it seems better to say too much rather than too little.

Consider a monochromatic, polarized beam that propagates along the z direction

with a Gaussian intensity profile in the transverse plane. A reasonable ansatz for

the form of such a beam is U oc eikz exp(-X 2 /W2 _ y 2 /w2) (where U is the scalar

function discussed in 2.2.1). Having prior knowledge of the solution, we find it more

convenient to parameterize it as

U(r) = A(z)eikz exp ik ( + . (2.18)
2qx(z) 2 q,(z)

for some functions A(z), qx(z), qy(z) to be determined. Plugging

u(r) = A(z) exp ik (2 + 2
2q5(z) 2qy(z)

25



into the paraxial Helmholtz equation (2.17) and dividing both sides by u, we obtain

k 2X 2 [ dq(z)+ k2 y2  - dq(z)

qx(z)2 [ dz _ y(Z)2 dz (2.19)
1 1 1 dA(z)

+2ik --.
2qx(z) 2qy(z) A dz

Only the first term is x-dependent, only the second term is y-dependent, and only the

third term is independent of x and y, implying that each is individually zero. Thus

we have

0 = -1 + ->x qx(z) = Z + CX
dz

0 = -1 + dqY qy(z) = z + Cy
dz

dA1 I 1 zAi)
= -A-1 I ) A(z) = A' exp dz' +

dz 2 qx(z) qq(z')

for some constants C., Cy, A'. Plugging in qx and qy in the integral in the third

equation, we find

dz- +1 = In (z + CX)(z + CY) + const,

so that

A 0

Vqx(z)qy(z)

where A0 is some new constant. Putting it all together, we have

U(r) = Ao eikz exp ik X +
qx (z)qy (z) 2qx(z) 2qy(z)/' (2.20)

qx(z) = (z - zox) - izRx, qy(z) - (z - zOy) - iZRy,

where we have parameterized the real and imaginary parts of the constants C, C,

as Cx =-zox - iZRx, Cy = -ZOy - iZRy (again with prior knowledge of the eventual

solution). The form (2.20) is often convenient for algebraic manipulations of Gaussian

beams, but does not clearly exhibit the Gaussian intensity profile. For the latter,

we separate out real and imaginary parts in (2.20) by plugging in for the real and
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imaginary parts of q, and qy. Before doing this, define

2
=Rx 

2 zRy
k k

wX(z) = wox 1 + 2 wy (z)= woY 1 + 2 2
/ZRX Z (2.21)

Rx(z)= ZRx - zO , Ry(z) = ZRy (z -ZOY + ZRy
Znx Z - zo,) Zny Z - zoY

Ox(z) tan_ 1  z - zox 1y(z) = tan(' z - zo'

ZRx ) , ZRy / 

Then plugging in the real and imaginary parts of qx(z) and qy(z) into (2.20) yields

(after simplification)

U(r) =Aoe-'7r/2 2 1 x
k wo -xwoy wx(z)wy(z) wX (z) 2  wY (z) 2-e22.22_

i kz + kx 2  ky2 
__ 

+i

exp i kz + 2Rx(z) 2Ry(z) 2Yx(Z)+7#'(z)J.

The seemingly awkward phase factor of -7r/2 is due to (arg(qx(z)) + arg(qy(z)))/2

phase factor from the (qx(z)qy(z))- 1 /2 factor in (2.20), and arises because arg(qi(z))

tan- 1(-zRi/Azj) - ir/2 + #j(z) for i = x, y.

Consider the field (2.22) for a fixed z value. Its amplitude is governed by the

first exponential factor, which gives a Gaussian intensity profile in x and y, while its

phase is governed by the second exponential factor, which gives a quadratic phase

dependence with elliptical phase contours. As a consequence, the parameters wx(z)

and wy(z) are called the waists of the beam in the x and y directions (with minimum

waists wox and woy), while the parameters Rx(z) and Ry(z) are called the phase radii

of curvature in the x and y directions. The waists wx,y(z) are sometimes referred

to as "1/e2 waists," since the beam's intensity is at 1/e 2 its maximum value for

x = wx(z), y = 0 or x = 0,y = wY(z).

Now consider the longitudinal evolution (that is, the z-dependence) of the field

(2.22). The eikz is an ordinary phase factor familiar from plane waves. More interest-

ingly, the waists wx,y(z) and phase radii of curvature Rx,y(z) evolve as functions of z.
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As a result, the Gaussian beam is narrowest in the x direction at the x focus z = zos,

with the x waist wx(z) increasing on either side of the x focus in the hyperbolic pro-

file given by (2.21). The beam exhibits an analogous behavior in the y direction. In

response to the broadening and narrowing of the intensity distribution with z, the

amplitude of the beam is modulated as 1/ wx(z)wy(z) (we will soon show that this

leads to a constant intensity flux through each plane of constant z). The evolution of

the phase radii of curvature means that the beam's phase has no x dependence (zero

curvature) for z = zox, oo (i.e., on the transverse planes through the x focus and at

oo), and maximal x dependence (maximum curvature) for z = zo+ t ZRx (i.e. on

the transverse planes through z = zox zp2). The phase y dependence exhibits an

analogous behavior. On top of this phase dependence, the two phase factors #x(z)

and #y(z), known as Guoy phases, go from -7r/2 to r/2 as z goes from -oo to +00,

crossing zero at the x and y foci respectively. The exact wavefronts of (2.22) are com-

plicated surfaces, in general, but it is worth noting that they are flat near the beam

focus, deform into parabola-like surfaces as we move away from the focus, become

complicated for jz - zoxl - zpR and IZ - ZOyj ~ ZRy, then return to parabolas, and

then to being flat as Iz - zo, z -- zoY1 -+ oc.

The longitudinal variation of the beam waists, phase radii of curvature, and Guoy

phases all occur on the lengthscales set by zux and ZRy, which are known as the x

and y Rayleigh lengths (more precisely, the beam's x dependence varies with z on the

lengthscale zR, and similarly for y). Therefore, if we want a Gaussian beam that

mostly retains its shape over some longitudinal distance L, we need to construct the

beam with long Rayleigh lengths, L < Zax, ZRy. Such a beam is called collimated

over the lengthscale L (note that the condition for collimation is equivalent to having

mostly flat wavefronts).

We will later be concerned with the power carried by a Gaussian beam, so it

is convenient to express the field (2.22) in such a way that the total power can be

easily calculated. Recall that the instantaneous intensity I of an electromagnetic

wave E(r, t) at a given point in space is I(r, t) = cocl E(r, t) 2. As a result, if E(r, t) =
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U(r) e ei" in the complex representation, we have

1
I(r, t) = cocIU(r)I 2 cos2 (wt) - (I(r)) = EoclU(r) 2 ,2

where (I(r)) is a time-averaged intensity. The total time-averaged power transmitted

by the beam (2.22) across any plane of constant z is therefore

P = dx dy ocU(r)12 o . (2.23)
J J0 -002 k2woXwoY'(223

Solving for the magnitude of AO and substituting back into (2.22), we obtain

4P P ( x ____ 2___

U(r) = exp - 2 Y2
CCeO V/wx(z)Wy(z) WX W) Wy z)2 (2.24)

kx 2  ky 2  1
exp i kz + 2 2 -[#&(z) + Y (z)] .

Here <p = arg(Ao) - 7r/2 is an overall phase on the beam that will only be relevant

when dealing with superpositions of Gaussian beams. We can also substitute AO back

into (2.20) to get

2pk zRxZRy eiarg(Ao) eikz X2 y2 ~

U(r) = exp [ik + . (2.25)
weC V qx(z)qy(z) 2qx W 2qy(z)

Note that (2.24) implies that the maximum (time-averaged) intensity (I(r)) = EocU(r) 2

of a Gaussian beam is
2P

Imax = , (2.26)
7rWX(z)WY(z)'

which is achieved at the center of the beam (x = y = 0).

2.2.3 Lenses

Lenses are the primary tool for shaping laser beams in this thesis. We make particular

use of the fact that lenses naturally implement Fourier transforms: specifically, that

the electric field on the back focal plane of a lens is a scaled version of the Fourier

29



transform of the electric field incident on its front focal plane. This is known as the

Fourier transform property of lenses. To understand this property, we first need to

know a little about how light propagates in free space, governed by the Helmholtz

equation (2.14). Both topics are fairly subtle, and the discussion here will be brief; for

a more complete discussion, the reader is referred to [21, from which this subsection

draws heavily.

Huygens-Fresnel Diffraction

Suppose we know the complex amplitude U of a light field across some planar aperture

A (such as the interior of a lens tube), and we want to find U across a plane P parallel

to A. It turns out that if P is sufficiently far from A (much farther than a wavelength

A of the light), the field amplitude at a point ro on P is approximately

ki F eikro
U(ro) . d2 r [U(r n -], (2.27)

27rz A ro1

where ft is the unit normal from A pointing towards P, and roi = ro - r1 has length

rol and direction f-i0 . The geometry is illustrated in Figure 2-1.

Intuitively, (2.27) can be understood as the result of the Huygens-Fresnel principle,

which postulates that light propagates as if each point on a wavefront behaves like a

spherical point source, with amplitude and phase given by the field amplitude U at

that point. In (2.27), the factor eikrol/roi gives the field amplitude for a spherical point

source, while the factor U(ri) gives the spherical point source its overall amplitude

and phase. The final factor, ft -f-o, can be interpreted as analogous to the cosine in

Lambert's emission law: it ensures that the intensity emitted from the aperture per

unit solid angle remains finite as ro moves farther and farther from the aperture along

P.

More rigorously, (2.27) can be derived using a Green's function for the Helmholtz

equation. This is a function G(r; ro) that satisfies

(V 2 + k 2 )G(r; ro) = 6( 3)(r - ro). (2.28)
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ro1

z y

z

Figure 2-1: Geometry and some labels for Subsection 2.2.3.

Suppose we have such a function G. To get at U(ro), consider a surface S consisting

of a sphere centered on ro subtended by the plane of A. Denote the sphere part of

this surface as Sph and the plane part as PA, and denote the interior of S as V. Then,

using the divergence theorem, we can write that

Jjd2ri. [UVG - GVU] = -Jjd r V - [UVG - GVU]

= Jjd 3r [GV 2U - UV 2G]

= Jjj d3 r [G(-k 2U) - U(-k 2G + 6()(r - ro))]

= JUj d3 r [U6(3)(r - ro)]

=-U(ro).
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In these equations we take i to be the inward normal on the surface S (pointing

towards ro), which accounts for the minus sign on the right side of the first line.

On the left side of each equation, r parameterizes the surface S, while on the right

it parameterizes the volume V. In each line but the last, U is taken to mean U(r)

and G is taken to mean G(r; ro) (we omit ro and r in the equations to save space).

Crucially, in the third line, we used that U satisfies the Helmholtz equation (2.14)

and that G satisfies (2.28), to write V 2 U = -k 2 U and V 2 G = -k 2G + 6(3) (r - ro).

Recalling that S has two parts, Sph and PA, we can now write that

U(ro) = J d2 r i [GVU -UVG]+ d2r i- [GVU -UVG]

A JSph Or Or

where 0/Dr indicates a derivative taken normal to surface of Sph, i.e. radially outward

from ro (the minus sign again arises because n is the inward normal). Let R denote

the radius of Sph. As R -+ oo, it is reasonable to expect the integral over Sph in

(2.29) to tend to zero. This is because, as we'll soon see, we can choose G so that it

vanishes as 1/R for R -+ oo, and so that DG/Or ~ ikG for R large. This then gives

us

IISh [G - ~ J [GrG -ikU IJ= [G42 -ikU]ISph . r .9 Sph . ph .r

where dQ is a solid angle differential that parameterizes Sph. Given G oc 1/R as

R -+ oc, this integral goes to zero if

au
R - ikU -+ 0

for R -4 oc. This is known as the Sommerfeld radiation condition, and is satisfied if

U decays at least as fast as 1/R for R -+ oc, which will be true in all the applications
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we consider. Then (2.29) gives us

U(ro) = d2 r n - [GVU - UVG], (2.30)

where PI denotes PA in the R -- oo limit, i.e. the whole infinite plane containing

the aperture A.

The typical choice of Green's function satisfying (2.28) is

Go(r; ro) = - . (2.31)
471 r - ro|

To see why this satisfies (2.28), it suffices to show that (V 2 +k 2 )(eikr/r) (3)(r)

where r = jr 1. To see why this happens, observe that (using the series expansion for

exp)

ikr I 00 [_(_)n+1 [1 V -e (ik)n+1 V [rn]
r r n 1)! F" r r (n +1)!

= v 2  + (ik)n+1 n(n + 1)rn-2

+ S0(n + 1)!

= V2 [- k21 (ik)"rnn=O

10

=V 2  - -k2e,
r r

so that (V2 + k 2)(eikr/r) V2(1/r). To get V2(1/r), observe that V2(1/r) = 0

at all points r -/ 0, by direct differentiation. Differentiation fails at r = 0 due

to divergences. However, by the divergence theorem, if S2 is a sphere of radius R

centered at the origin with interior B, then

1f d3 r V2 (1/r) = 2d2 r i -V(1/r) = d 2 r 9(1/r) = 4rR2 (-1I/R 2 ) = -47r.

So V2 (1/r) is zero everywhere other than the origin, but its behavior at the origin

is such that it always integrates to -47r. This indicates that V 2 (1/r) = -476(3)(r),

which in turn shows that Go satisfies (2.28).
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The choice of Green's function (2.31), however, does not lead to a convenient

expression for U(ro) when substituted into (2.30). We instead choose a different

Green's function,
iklr-rol I iklr-r'

G,(r; ro) = - + 4,rr-r' (2.32)
47rl r - ro 1 4 0~ -r

where r' is the mirror image of ro in the plane PT of the aperture A. Note that this

does not satisfy the Green's function equation (2.28) throughout all of space. Rather,

it satisfies (V2 + k 2 )G1 = 6(3)(r - ro) - (3)(r - r'). However, since 6(3 )(r - r') = 0

for r in the interior V of the original surface S, G1 still satisfies (2.28) within V. This

is all that mattered in deriving (2.30), so we can still use (2.30) with G = G1. The

nice thing about G1 is that Gi(r; ro) = 0 for r on PA, so that (2.30) reduces to

U(ro) = - d2 ri - [U(r)VG1 (r;ro)].

Plugging in the expression (2.32) for G1, doing out the algebra, and applying the

assumptions ro > A and U = 0 on PA outside of A yields (2.27).

We will largely work in a paraxial approximation (sometimes called the Fresnel

approximation), where the point ro is taken to be close to the axis joining the aperture

A to the plane P of ro. More specifically, take the origin to be somewhere central

in A, and let the z axis be perpendicular to A and P (see Figure 2-1). Our paraxial

approximation consists of assuming Ixol, IyoI < z, where z is the distance from A to

P and ro = (xo, yo, z). Then, in (2.27), we can approximate n -iol . 1, and roi _ z in

the denominator of the integrand. The phase factor eikrol depends more sensitively

on roi, so here we approximate

eikrl =exp (ikV/z2 + (x - x1 )2 + (yo - yi)2)

elI1 )2 1
m exp ik z + -(X 0 - x 1)2 + (Yo - y1)2

b n 2z 2z

by expanding the square root. Plugging in these approximations to (2.27) and ex-
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panding out the quadratic phase terms, we obtain

U(Xo, yo, z) = . eikz dxdy U(x, y, 0) exp [( -- Xo) 2 + (y - yo)2
21riz fA 12zI

k ik xo+yo~ fikxy
= . exp, ik Z + ddy U(x, y, 0) exp (X2 + y2)

27riz 2z I _2z

exp ---- (XXo + yyo)

(2.33)

where (x, y) parameterizes A. Note that the first line in (2.33) takes the form of

a convolution. The second line, on the other hard, look like a Fourier transform

due to the last phase term. Unfortunately, it looks like the Fourier transform of

U(x, y, 0) exp [ (x2 + y 2 )] , rather than of U(x, y, 0) itself. To rectify this, we need

the phase transformation performed by a thin lens.

Thin Lenses

Suppose a light wave with field amplitude U is incident on a lens. Take the z axis

to be the lens's optical axis, so that the field incident on the lens can be described

by a field Uisc(x, y). If the lens is thin enough, the field Uiens(x, y) immediately after

leaving the lens will only be modified from U?,, by a phase factor depending on the

lens's thickness. That is,

Uiens(x, y) = eiktoeik(n-1)t(xy)Uinc(x, y), (2.34)

where t(x, y) is the thickness of the lens at point (x, y), to = maxx,y[t(x, y)], and n

is the refractive index of the lens material. The first phase factor, eikto, gives how

much phase the wave would accumulate passing from Ujn, to Uen, in free space, with

no lens. The second factor tracks how much extra phase is added in the accelerated

phase accumulation inside the lens (where n > 1).

Suppose now that the lens is spherical, and that the light is incident on the lens

from the left. Taking the usual radius of curvature convention for lenses (positive
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if convex facing left, negative if concave facing left), suppose that the lens has left

radius R1 and right radius R2 . Then the thickness will be

t(x, y) = to - R, - R x2 _ 2 - ( R 2 + R -x2 y2)

X2+y 2  X2+ y2to - R, I - 1 R + R2 I - 2 R

X 2 + Y 2- - 2 + Y 2- 1 2 + y2
to - R1  2R 2 + R2 [ 2R! 2 = koR1  R2  2

assuming lxi, yI < R, 1,R2 1. Plugging into (2.34), we now find that

Uens(X, y) = eikto exp -k (x2 + y2) Unc(X, y), (2.35)

where the focal length f of the lens is given by 1/f = (n - 1) . That is, the

action of a thin lens on an incident field is to apply a quadratic phase delay.

Now consider the light on a plane F2 located a distance f after the lens, called

the back focal plane of the lens. The field amplitude U = Uf(x, y) on this plane can

be obtained by substituting z = f and U(r) = Uiens(x, y) into the paraxial Huygens-

Fresnel diffraction formula (2.33). Doing this, we find that the lens quadratic phase

factor from (2.35) perfectly cancels the quadratic phase factor in the second line of

(2.33), yielding

keik(to+f) Fik 21krr~

Uf(xo, yo) = 2k f exp (X2 + yo)]] dxdy Ujc(x, y) exp [ k7(xXo + YYo.

(2.36)

The integral here is technically over the lens aperture A, but may be taken to x, y =

+oo on the assumption that Ui ~- 0 outside the aperture. Then (2.36) tells us that

the light on the plane P is equal, up to a phase factor, to a scaled version of the

Fourier transform of the field incident on the lens. To make things more explicit, we

can write

Uinc(kx, ky) = dxdy Uinc(x, y)e-ikxx+kyy)
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for the Fourier transform of Uji, and then

keik(to+f) F ik 2 / k( k
Uf( o,yo)= 27if 2x (y +y0 ) Uinc fX 0 , yYo. (2.37)

Now, suppose that the light field is given by U = U (x, y) across some plane F

a distance f before the lens, called the front focal plane of the lens. Then the light

field incident on the lens can be computed from (2.33) as

Ui. (XO, yo) = 2 rif e dxdy U (x, y) exp [(X - 0) 2 I+ (y - YO)2]

= 27rif (U* H)(2o,yo),

for H(x, y) = exp [Lk(x2 + y2)], where * indicates a convolution. To compute the

field U = Uf(x, y) on the plane P, located a distance f in front of the lens, we plug

this expression into (2.37), and obtain

keik(to+f) F ik 2k 1[_ _k k\
Uf(xo, yo)= 27rif e 2f XO(+ Xo+Y [27if e (U * H) fo, fyo

= k- 4r 2 eik(to+ 2 f) x 2p + Y2)] U , yo N (o, yko

(2.38)

where we have used that the Fourier transform of a convolution is a product of Fourier

transforms. Since H(x, y) = exp [ (x2 + y2)], we can compute directly that

27rif if 2 2

H(kx, ky) = k2 (k! + ky )I

Plugging this into (2.38) then yields

Uf(xo, yo) = - 2 f e ik(to+2)Ui ( o, yo . (2.39)

That is, the field amplitude on F2 is directly proportional to a dilated version of the

Fourier transform of the field amplitude on F. This is the Fourier transform property
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of lenses.

The quadratic phase factor (2.35) that a lens applies to a light field is what

underlies the Fourier transform property. For some physical intuition of how one leads

to the other, consider the action of a lens on a plane wave incident on its aperture.

The incident wavefronts are flat, so the outgoing wavefronts will be parabolic due

to the quadratic phase factor. Assuming a positive focal length, the convex side

of the parabolic wavefronts will face the lens. These parabolic wavefronts can be

approximated as spherical wavefronts, and spherical wavefronts converge to a point,

namely their center of curvature (consider, for example, the behavior of eikr/r). It's

non-obvious, but it turns out that regardless of the incident plane wave direction, this

center of curvature always lies on the back focal plane. Approximately, then, a lens

maps plane waves onto points on the focal plane,' just like a Fourier transform maps

plane waves onto 6-functions. Since lenses act linearly on light fields, and Fourier

transforms are linear, it follows that lenses should behave like Fourier transforms on

any incident light field, by the superposition principle.

Telescopes

One common configuration of lenses (later used in this thesis) which is easily under-

stood via the Fourier transform property is the telescope. A telescope consists of two

lenses in series, separated by the sum of their focal lengths. Suppose the first lens

the light encounters has focal length fl, and the second lens has focal length f2. Let

U = Us(x, y) be the field amplitude on the front focal plane of the first lens (the

object plane), and let U = Uim(x, y) be the field amplitude on the back focal plane of

the second lens (the image plane). Then, by (2.39), the field on the back focal plane

of the first lens will be

Uf(xo, yo) = - eik(t1+2f1)Uob (- 1, -- yo),2irf1  Ti fI

'Note that from a ray optics perspective, mapping incident plane waves onto points on the focal
plane is equivalent to mapping parallel incident rays to the same point on the focal plane. This is
why it is sometimes said that lenses "map directions onto positions."
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where t, is the thickness of the first lens. Since the lenses are separated by fi + f2,

the back focal plane of the first lens is the front focal plane of the second lens, so

U = Uf(x, y) is also the field amplitude on the front focal plane of the second lens.

Using (2.39) again, we find that

Uim(X 0 , yO) = - eik(t2+2f2)f (X0, lY)

where t 2 is the thickness of the second lens. Combining these two equations (and

using the definition 6(x) f Ae"") yields

Uim.(xo,yo) = k - ik(t2+2f2) dxidyi Uf(xi, yi) exp -i ( oi + Yoy1)
27rf2 if2I

ik eik(t2 +2f2) dIdy - ik eik(t1+2fll)J k Xi k Y
27rf2 if 27r fi (fi fi

exp -i (xOX + YoYi)]
_ I'I-tf2

-42 eik(t1+t2+ 2 1+ 2f2) dxidyidX 2dy 2 Uob(x2, Y2) x47r 2f, f2  0k ~ -i(~ 1 Y~)
k k

exp - (X 12i (roxi + yoy1)

= - eikL dX2 dy 2 Uob(x2, Y2) d4idy1 exp [ix, (X 2 + ko x

(k k
exp -iY1 Y2 + y

k2 eikLJ d2dy2 Uob(x2,y2) 6  X2 + O 6 Y2 + yO)

- eJ d 2d2 Uob(x2, Y2)6 X2 + ) 6 (Y2 + yO),

where we have let L= tI + t 2 + 2fi + 2fi be the distance between the object and

image plane. Performing the 6-function integrals then yields

(2.40)Uim(X0, yO) = e ikLUob(f o, 5 YO).
f2 \f2 f2)

That is, the field on the image plane is a scaled, dilated, and possibly (depending

on the sign of fi/f2) inverted version of the field on the object plane, plus a phase

39



shift due to traversing the length L of the telescope. Telescopes are therefore useful

for magnifying or shrinking light fields. We will later use them in this capacity to

generate Gaussian beams with narrow waists.

2.3 Accordion Traps

2.3.1 General Design

In an optical accordion, two laser beams are made to intersect at an angle, producing

a one-dimensional interference pattern. For two Gaussian beams, the profile of the

interference pattern in the plane transverse to the beams' propagation will be a sinu-

soid with a Gaussian envelope. The periodic spatial structure of the intensity within

the Gaussian envelope has led such patterns to be called "optical lattices." In the

accordion geometry, the period of the optical lattice can be controlled by changing

the beam intersection angle (hence the name "accordion lattice" or "optical accordion"

- the breathing of a one-dimensional lattice resembles the bellows of an accordion).

An optical accordion can therefore be used to compress atomic clouds, by loading a

cloud into the accordion at a large lattice period and then decreasing the period. In

our experiment, the accordion is used to compress a three-dimensional cloud down

into two dimensions.

Most setups produce accordion lattices by sending two parallel laser beams through

a lens (see Figure 2-2). This focuses the two beams to a point on the focal plane of

the lens (see 2.2.3), causing the interference effect described above. The beam inter-

section angle is then controlled by tuning the distance between the two beams when

they enter the lens.

Ideally, the beams will be mirror images of each other across the optical axis of

the lens, and will also be parallel to the optical axis. In this case, the complex field
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Figure 2-2: Typical geometry for an optical accordion. The straight lines are Gaussian

beams.

amplitude on the front focal plane of the lens may be written

Ui.(r) = 2k zRYP1 1 exp ik +-d) + eO((r +dy)]
rc60  r q L \2q, 2qy /1

(2.41)

where the xy plane is transverse to the optical axis, r = (x, y). The parameters zpx,

Zy, qx and qy are discussed in Subsection 2.2.2, and P is the power of a single beam.

The length d parameterizes the distance from the lens center to the beam centers, and

# parameterizes a relative phase between the beams. Recalling the Fourier transform

property of lenses (2.39), the field at the back focal plane of the lens (where the atoms

will be) is

2k V:j:z-RzyP1 I ik 2 2 -ikdy/f eit ikdylf
Uatoms(r) = ZZP _ exp 2 (qxX 2 + qyy2) (ei + eiek )

ircEO f 2f

8k Rx-zRzy P1 eik/2 exp ik (qxx 2 + qyy2)C kd +
7rceo f 2f f 2

(2.42)
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where x and y now parameterize the focal plane and f is the lens focal length.2 The

time averaged intensity in the focal plane at the atoms will therefore be

4k gzRxzRyP [k x 2 +Z2) Cos2(kd Y +
(I(r)) =2 exp (x2zRyyJ)fY 2S2

7rf _ [ f2 I (f 2

where we have used that qj = (z - zOi) - iZRi for i = x, y. Since the laser light in our

experiment will be repulsive (6 > 0), we will tune # to -7r/2, to shift the intensity

pattern so that a dark fringe is centered on the optical axis,

(1(r)) = 4k RyP exp [ j(zRxX2 + ZRyY2) sin2  (2.43)
7rf2[ f2I f)

This describes a Gaussian envelope modulated by a sinusoid in the y direction.

The Gaussian has x and y widths of

,2 Af , 2 Af
WX= = , 

-7WxW Y= f =z

kzR- 7fWo kZRy 7rwoy

where wox,y are the minimum beam waists in the region before the lens and A = 27r/k

is the optical wavelength. Note that with these definitions we can write the intensity

distribution (2.43) as

8P1  F292 2y21 kd\
(I(r)) = exp [- W2 22]sin2(\y) (2.44)

/w 1 1'2 1y2

An example of such an intensity distribution is shown in Figure 2-3.

The spatial period of the sinusoid part of (2.43) and (2.44) is

7rf _ Af = AA = d-2 tn"(2.45)
kd 2d 2 tan 0'

where 6' is the angle between one of the beams and the horizontal at the atoms

(see Figure 2-2). In our experiment we will have A ~ 500 nm, f ~ 100 mm, and

d 10 mm, leading to A ~ 1 - 10 pm. We will wind up having w', w' ~ 100 pm, so

2We have also dropped an overall phase factor due to the field's longitudinal propagation. See
Subsection 2.2.3 for its origin. It won't matter for our analysis.
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Figure 2-3: Example intensity distribution from the final focal plane of an optical

accordion, imaged on a CCD camera.

that A < w', w'. In the central dark fringe of the interference pattern 2.44, near the

optical axis (y < A), we may therefore approximate

8P1  2 (kd ' 8k2d 2P1 2 87rP1 y 2

cW wY f Xr Y 2 2

Via the AC Stark shift, this translates into a one-dimensional harmonic potential

for the atoms in the central dark fringe. Recalling (2.10), we find that the accordion

produces a potential

12c 2 p1  - 2x2  2y2  . 2 (kd\ 127 2 c2 Fpp y2

V(r) = exp W 2 2 y ~ (2.46)
0go w w 2 2 _ f ww' X 2

in the focal plane at the atoms. If we set V(y) = }mIW 2 y 2 , with m the atomic mass

and wt, the trapping frequency, we see that the potential (2.46) leads to the trapping

frequency
2 24ir2 c2FP 1

W2 = 4 2 21r, . (2.47)
r 36W Ws A2

Finally, from approximating V(r) oc sin 2(kdy/f) near the trap center in (2.46), we
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find that the distance from minimum to the maximum potential in the trap is

12C2]-p
A tr = .2c2 /P* (2.48)

wg6w' w'

This is called the trap depth. Note that it is independent of the lattice period A, and

hence of the separation 2d between the beams as they enter the lens. If the frequency

of the accordion light is taken as fixed (making 6 fixed), the trap depth depends only

on the intensity of the accordion beams in the focal plane at the atoms, proportional

to P1/w' w,.

To give some physical sense to these formulae, note that for 6Li under green laser

light, in a trap with lattice period A = 5 /Lm with beam waists of 100 gm at the atoms,

and with 1 W per beam, 3 we find that wr, = 27r x 8.8 kHz and AVtr/h = 27r x 59 kHz.

Trap frequency and depth can be estimated from these benchmarks by remembering

that

Wtr O - ; Aroc .

2.3.2 Review of Existing Accordions

A number of labs around the world use accordion traps to achieve tunable confinement

of their atoms. Here we review the techniques used in existing accordions, and com-

ment briefly on relative advantages and disadvantages. We focus on setups capable of

adjusting the accordion lattice period in real time during an experimental sequence,

and do not discuss setups with variable lattice periodicities that can only be changed

between sequences. This is partly to keep the field of discussion within manageable

limits, and partly with an eye to the specific technical difficulties of real-time lattice

period adjustment, which requires stability of both accordion beams' focus locations,

as well as the relative phase between the two beams, at a wide range of intersection

angles.

Accordion traps first appear in the literature in the mid 2000s, when the Phillips

3So, using 6Li D line data from [41, with AO = 671 nm, IF = 5.87 MHz, m = 9.988 x 10- 2 kg,
A = 532nm, Pi = 1 W, W' = W' = 100 tm, A = 5 pm.

44



group at the University of Maryland, College Park built one for 8 7Rb condensates

16, 7].4 In their design, a mirror on a galvo is mounted at the focus of a lens, and a

laser beam (A = 810 nm) is focused from a fiber onto the galvo. As the galvo turns,

it deflects the beam through a varying angle, and the lens maps this angular sweep

into translational motion. A beamsplitter placed after the lens generates two copies

of the translating beam, and two mirrors guide the beams onto two lenses, which are

focused on the atoms (see Figure 2-4). The accordion lattice periodicity can be varied

between 1.3 pm and 8 Mm. The group took great care to minimize shifts in the focus

of the accordion at the atoms, accounting for both aberrations in their optical system

and for the effects of the glass wall of their science cell. They also rigorously measured

the periodicity of the lattice they produced on their atoms, cross-referencing several

different techniques [61.

SEC

Figure 2-4: Accordion from the Phillips group. Image taken from [6].

Most later accordions have substituted one lens for the two used in the Phillips

group to focus the accordion beams onto the atoms. The Raizen group at the Univer-

sity of Texas at Austin seems to have been the first to realize such an accordion design

[8], closely followed by the Foot group at Oxford [10, 11].' In the Raizen group's ac-

cordion, a laser beam reflects off a mirror mounted on a motorized translation stage

into a pair of polarizing beamsplitters. The s-component is reflected onto a lens by

4Technically, this accordion was never actually compressed in real time during experiments. We
include it because it could have been, and because it was the first.

'Several other groups had implemented variable-period optical lattices with a single final lens
before 2008, but none could adjust the period in real time. See, for example, [321.
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the first beamsplitter. The p-polarized component passes through both beamsplitters

and is reflected back to the beamsplitters by a mirror after passing twice through a

A/4 waveplate. With its polarization rotated to s, this beam is reflected by the second

beamsplitter onto the same lens as the other beam. The lens focuses the beams onto

the focal plane at the atoms (though the Raizen group tested their accordion in free

space, not on atoms). Moving the translation stage changes the beams' separation on

the final lens, which changes the lattice periodicity (see Figure 2-5). Using light at

A = 532nm, the group could vary the lattice period from 0.96 1m to 11.2pm in one

second, while moving the central fringe of the interference pattern less than 2.7prm

[8, 91.
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Figure 2-5: Accordion from the Raizen group. Image taken from [8].

The Foot group built a rotating, two-dimensional accordion [10], and was the first

to demonstrate an accordion lattice with real-time period adjustment on cold atoms

[13]. In their setup, a dual-axis acousto-optic deflector (AOD) is placed at the focus

of a lens, and deflects a laser beam (A = 830 nm) through the lens into a Michelson

interferometer-style set of optics. In one arm of the interferometer, the beam passes

through a lens, reflects from a mirror, and passes back through the lens to emerge

diametrically opposite the other beam on the beamsplitter interface. These beams

are focused by a lens onto the atoms. This setup generates a one-dimensional lattice

with a variable periodicity and direction that can both be set by the AOD (see Figure

2-6; see [11, 121 for the most detailed discussion of the experimental setup). Rotat-

ing square lattices with variable periodicity can be produced by combining rotating

beams from two AODs on a beamsplitter. Since the lattice periodicity and direction

are controlled by the AOD, they can be changed quickly with an electronic signal.

The Foot group has implemented this accordion on a Rb gas, and demonstrated
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expansions of the lattice spacing from 2.2 pm to 5.5 pm, and they're sign and 5.5 pm

to 13.75 pm while retaining the atoms in each site (though their actual lower limit on

lattice spacing is 1.53pm, set by the NA of their final lens) 1141.
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Figure 2-6: Accordion from the Foot group. Image taken from [101.

Since then, accordions have cropped up in a number of groups. By at latest

2014-2016, the Fermi gas microscopes at Harvard, MIT, and Princeton all realized

accordion traps to transport and/or compress ultracold fermions in their science cells

[15, 16, 18]. The Dalibard group at the Laboratoire Kastler Brossel built an accordion

trap by 2015 [20], and successfully compressed a 87Rb gas to two dimensions in an

accordion trap the following year [19]. The Pfau group at the University of Stuttgart

has also built an accordion which they soon plan to implement on atoms or ions

[22, 23].

The MIT and Harvard groups (Zwierlein and Greiner) use similar setups, in which

a mirror on a galvo is imaged through a telescope onto a polished substrate right next

to the atoms. The reflection off the substrate creates a standing wave, the period of

which is set by the angle of reflection, which is controlled by the galvo [15, 16]. At

Princeton, the Bakr group's accordion works by placing an AOD at the focus of a

lens to convert the AOD's angular scan into a translational scan. After the lens, two

mirrors and a beamsplitter are arranged so that the light leaves them in parallel rays

with a variable separation. Tuning the AOD deflection angle tunes the accordion

lattice periodicity in a range from 3.5 pm to 12 pm 118].
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The Dalibard and Pfau groups both use a similar design to the Raizen group,

but augment it with a piezo stack on the mirror after the beamsplitter pair. The

position of this mirror controls the relative phase of the two accordion beams, so

this piezo enables electronic control over the central fringe position in the accordion

interference pattern. The Dalibard group first demonstrated their accordion on an

ultracold 87 Rb gas in 2016 [191, and have used it to study two-dimensional Bose

gases since then (see, for example, [211). Using their piezos, the Dalibard and Pfau

groups have also been the first to incorporate active phase stabilization into their

accordions. 6 In the Kastler-Brossel accordion, the lattice position is measured after

every experimental cycle and the piezo voltage changed to correct any unwanted shifts

[21]. In the Stuttgart accordion, the accordion lattice is imaged through a telescope

after the atoms onto a camera, the relative phase between the beams is extracted from

a Fourier transform of the intensity distribution, and this phase is fed to a PID which

sets the piezo voltage. This allows the phase to be reset at a rate of ~ 0.25 - 0.7Hz

[221. The Kastler-Brossel accordion can scan from 2 pm to 11 pm, while the Stuttgart

range is 3.5 pm to 35 pm [21, 22].

Many of these accordions were built for different purposes. The Foot group, for

instance, wanted an accordion so that they could run an experimental sequence at a

small lattice spacing, and then suddenly expand the lattice while holding each atom in

its lattice site, to achieve single-atom imaging resolution. The Dalibard group, on the

other hand, wanted the accordion for compression, to study two-dimensional physics.

As such, different accordions need to satisfy different criteria. Since our accordion is

for compression, our case is most similar to the Dalibard and Pfau groups'.

We want an accordion with a large dynamic range, capable of grabbing a large

cloud of atoms at a wide lattice spacing and compressing it down to two dimensions.

During compression, the beams must remain focused on the atoms, so we also want to

minimize any shifts in the focus of the two beams as they scan across the final lens. As

6Since then, one group [24] has demonstrated a phase-locked accordion, in which the phase of the
beams is locked before the atoms, rather than being sampled at the atoms and fed back. Another
group 1251 has focused on building lattice optics that passively minimize phase noise, which they
may upgrade to an accordion lattice.
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with all optical lattices, we also want to restrain the lattice from heating the atoms

too much. Since our trap is far-detuned, heating from direct photon scattering is

minimal, so this is largely a question of stabilizing the intensity, shape, and position

of the lattice. Position stability is especially tricky, as it involves stabilizing the

relative phase between the two beams.

A few things can be learned from the literature to help meet these criteria. For

one, it seems that galvo-based accordions are unfortunately vulnerable to noise on

the galvo angle, which translates into noise on the beam intersection angle at the

atoms. The Phillips group, for instance, estimated that at large lattice spacings,

noise from their galvo could lower atom lifetimes to as little as 100msec due to heat-

ing [61. Changing the accordion periodicity with an acousto-optic device, as in the

Oxford accordion, seems to promise better stability (though at greater cost). Ad-

ditionally, a number of groups have found it worthwhile to use an aspheric lens for

the final lens in the accordion (e.g. [191 and [22]), rather than an ordinary spherical

lens. As briefly discussed in [19], spherical aberrations (among other things) shift

the intersection point of accordion beams throughout the compression step, and are

worse for spherical than for aspheric lenses. An alternate solution to this problem is

discussed in [61: send the accordion beams through a dummy piece of glass identical

to the science cell wall, place a camera where they focus, and carefully minimize focus

shifts during compression by empirical tweaks to the alignment. Finally, it has be-

come increasingly clear from recent accordion experiments ([21], [22]) that some kind

of phase stabilization between the two beams is desirable. It is difficult to design

an optical setup that does not produce a fluctuating phase between the two beams,

so that additional phase stabilization is needed to hold the lattice steady. If such a

system could be designed with a fast enough response rate to correct the phase as the

beams are moved during compression, it would make the phase alignment step (see

Chapter 4) less punishing.
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2.4 Harmonic Trapping of Degenerate Gases

Here we review the physics of trapping ideal ultracold Bose and Fermi gases, with an

eye to developing criteria for the accordion trap to successfully compress such gases

into two dimensions. To this end, consider a collection of N > 1 non-interacting

identical particles at thermal equilibrium. Suppose that the same set of quantum

states {co)} is available to each particle, where each state 1a) has energy e(a). The

particles may be either bosons or fermions, and we treat the two cases separately.

Fermions

If the particles are fermions, they follow the distribution

1
lF (c) e(*a)-p)/kBT 1

where nF(a) gives the thermal average number of particles occupying the single-

particle state a. The chemical potential [L is related to the total particle number

by

N = nF(OZ) e()-)/kBT , (2.50)
a a

where the sum is taken over all single-particle states Ia).
As temperature decreases, the distribution (2.49) grows more and more like a step

function about p, where nF(a) is 1 when E(a) < PIITo and 0 when E(a) > [tIlTO.

Specifically, if we define the Fermi energy as

EF = lim p(T), (2.51)
T-wO

then

nF(a) -4 E(EF - E(a)) as T -* 0,

where E is the Heaviside step function. At low but nonzero temperatures, the distri-

bution nF(a) differs only slightly from the step function, primarily around the Fermi

energy. Thus, at sufficiently cold temperatures, essentially all particles in the system
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have an energy less than or comparable to the Fermi energy. From (2.49), we can

see that the criterion for "sufficiently cold" is that the thermal energy scale kBT be

much less than EF (since the single-particle energies are at most ~ EF). This is

equivalent to the condition T < TF, where TF = EF/kB is the Fermi temperature.

At such temperatures, the criterion for confining a gas to two dimensions in a node

of a sinusoidal trap like the accordion potential (2.46) is that the trap frequency and

trap depth be much larger than the Fermi energy.

To see why, first note that what it really means for the gas to be confined to two

dimensions by a trapping potential along the third dimension is that every particle is

in the potential's ground state. This prevents any of the particles from moving along

the trapping direction (sometimes referred to as "freezing out" the motional degree of

freedom in the trapping direction), so that the dynamics of the gas are restricted to

the remaining two dimensions. To get every particle in the potential's ground state,

we should choose the potential so that its first excited state is much higher than the

Fermi energy. If we approximate the sinusoid (2.46) as harmonic, this is equivalent

to requiring that hw, > EF. But in order to approximate the potential as harmonic,

particles in the potential may only explore regions of the potential close to the trap

minimum, since particles farther from the trap minimum will start to experience the

deviation of sin2 from a harmonic potential. Particles explore regions of the potential

up to energies comparable to their own kinetic energies, which are at most ~ EF. So

to approximate the trap as harmonic, we must also require AV > EF.

To find the Fermi energy of a two-dimensional gas of N particles with area A,

observe that the single-particle states 1a) for such a gas are spin-momentum states

1k, s), where k is a two-dimensional wavevector and s is a spin label. The energies of

these states are e(k, s) = h21 k 12 /2m. If we assume there are g different spin states,

then (2.50) tells us

9 A A h2 k 22 A 2
N = () Jd k (nF(k,s)To) = g(A 2 Jd (kEF - 9 27rkF,

8=1(27r)2 (27) 2m (27)
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where h2 k'/2m = EF defines the Fermi wavenumber kF. Solving for EF gives

2ir h2 N _4lr h2 n2 D
EF 2 A 4 2m ' (2.52)

gmA g 2m

where n2D = N/A is the two-dimensional number density of the gas. Note that the

mean interparticle spacing in the gas is n2 1/2, so the Fermi energy of a two-dimensional

gas is the kinetic energy scale set by the average interparticle spacing. To get a feel

for this quantity, note that for N ~ 104 atoms of 6 Li in a roughly 100 pum x 100 Jim

box, with two spin states (g = 2), we get EF/h ~ 27r x 5 kHz, which corresponds to a

Fermi temperature of TF ~ 250 nK. So for clouds with high atom number, we want

a trap frequency and depth of tens of kHz.

Bosons

If the particles are bosons, they follow the distribution

1
nrB(OZ) = e(()-)/kBT - 1, (2.53)

where nB(a) gives the thermal average number of particles occupying the single-

particle state a. The chemical potential / is still related to the total particle number

by

N = ZnB(a),

where the sum is taken over all single-particle states 1a). Unlike with fermions,

however, no large energy scale emerges in the problem as T -+ 0. Rather, the only

energy scales in the problem are the chemical potential [ and the thermal energy

scale kBT. Boti of these are much less than the Fermi energy. The upshot is that at

similar temperatures and densities, an ultracold Fermi gas requires a much stronger

trap than an ultracold Bose gas.
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Chapter 3

Accordion Design

Here we describe the considerations that informed the accordion's final design, based

on the ideas developed in Chapter 2. In Section 3.1, we consider the design specifi-

cations to be met by the potential in the focal plane of the final accordion lens, and

arrive at values for beam waists, beam powers, and lens focal lengths. Section 3.2

considers the requirements placed on the potential the atoms experience once they

have been flattened to two dimensions, and motivates the choice of elliptical, rather

than circular, Gaussian beams. With these constraints in mind, Section 3.3 describes

the final optical setup for the accordion.

First, however, we should briefly note how we chose to use a A 532 nm laser.

We knew from the start that we would use either A = 532 nm or A 1064 nm light.

It is easy to buy lasers at either wavelength, and both are far detuned from the D

lines of lithium and sodium, making them good candidates for optical traps. The

A = 532 nm light, however, makes a lattice with half the period the A = 1064 nm

light would at the same angle 0' of the accordion beam to the optical axis at the

atoms (see (2.45)). This means that if a A = 532 nm accordion and a A = 1064 nm

accordion were tuned to give the same trap depth, the 532 nm accordion would have

twice as high a trapping frequency. Furthermore, as discussed in Section 2.1, when

using high powers, blue-detuned traps should heat the atoms less than red-detuned

traps, which also makes A = 532 nm more attractive than A = 1064 nm.1 The source

'I also suspect that Richard Fletcher wanted to minimize the chances of accidents involving
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of our A = 532nm light for the accordion is a Laser Quantum 532 nm Finesse laser.

3.1 Trap Characteristics: Transverse

As discussed in Subsection 2.4, to compress our gases to two dimensions, we need

the trap frequency and depth to be much higher than the Fermi energy, for a Fermi

gas, and the temperature and chemical potential, for a Bose gas. We will focus on

the Fermi gas requirements, as they are more stringent (the energies are higher -

see Subsection 2.4). Recall that for our Fermi gas, this requires trap depths and

frequencies of tens of kHz.

The dimensions of our atomic clouds are on the order of 100 pm. The accordion

beam waists at the atoms, w' and w', should therefore be at least this large. Hence-

forth, we will assume w' = 200 pm, w' = 100 pm (the reason for the different waists

is explained in Section 3.2). With these waists, from the formula (2.48) for trap

depth, we see that to achieve trap depths > EF, we need P1 > 180 mW, that is,

much more than 180 mW of power per accordion beam. With this information, we

take P = 1.5 W from here onwards. Note that this means 3 W of power for the whole

system.

With these power and waist values, the formula (2.47) for trapping frequency tells

us that we need lattice spacings of A a 1 - 2 pm to achieve trapping frequencies at

tens of kHz. Since our light is A = 532 nm, the formula (2.45) tells us we need to

achieve beam intersection angles of 6' r 130 - 260 mrad at the atoms. Furthermore,

to catch a significant number of atoms in a single node of the accordion when it is

at wide spacing, we'd like at least A r 20 pm, which requires intersection angles

of 0' 13 mrad. As a result, the range of angles we need at the atoms is roughly

IAO' ~200 mrad.

This is a fairly large range of angles. Since 6' - d/f, it seems reasonable to

use a rather short focal length for the final lens, to increase the range of angles A0'

assuming a fixed dynamic range for d, the spacing between the beams when they

undergraduates and multi-watt invisible lasers.
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enter the final lens. The geometry and optical access of our experiment restrict us

from using lenses with very short focal lengths. So, compromising, we settled on a

50 mm wide, f = 100 mm lens. As discussed in Subsection 2.3.2, using an aspheric

lens for the final accordion lens seems to decrease the amount the accordion focus

shifts as a function of d. We decided to use an Asphericon A50-100, which yielded

good results in [19J.

The question that now remains is how to best generate a large dynamic range for

d (or equivalently 0'). As discussed in Subsection 2.3.2, other groups have tried a

number of methods, including mechanized translation stages, mirrors on galvos, and

acousto-optic devices. For the sake of stability and easy electronic controllability, we

decided to use an acousto-optic deflector (AOD) located at the focus of a lens. The

lens converts the AOD's angular sweep into a translational sweep, which then sets

the range of achievable d values. If the lens has focal length F and the AOD can

sweep through a range of angles AO, the dynamic range of d will be FAO.

A nice feature of this setup is that the two lenses (focal lengths f and F) act as

a telescope (see Subsection 2.2.3). In effect, we are imaging the AOD aperture onto

the atoms through this telescope, and just need to do something to the beam along

the way to generate a second beam reflected across the optical axis. Since telescopes

magnify angles, the range of angles AO' achievable at the atoms will be (F/f)AG. To

get a wide range of angles AG' at the atoms, therefore, it helps us to make the first

focal length, F, quite long. We wound up using a 50 mm wide lens with F =1 m for

this first lens, so that the accordion lenses form a 10 : 1 telescope.

Achieving a range AO' - 200mrad of angles at the atoms therefore required a

range AG ~ 20 mrad of angles at the AOD. This is a fairly stringent requirement

for an acousto-optic device - it's why we have to use an AOD (optimized for large

deflection angles) rather than an acousto-optic modulator. After researching AODs

from several companies, we noticed that the AOD used in [261 (AA Opto-Electronic

model DTSX-400) seemed to meet our requirements. This is the AOD we settled on

for our final setup (operated at 82 MHz with a 50 MHz bandwidth). We find that

it can maintain greater than 80% diffraction efficiency (see Figure 3-1) into the -1
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mode over a range AO ~ 40 mrad of angles, comfortably above the range of angles

we need. As a result, the maximum angle we can achieve at the atoms, and thus our

minimum trap spacing A, is set by the optical access to the science cell rather than

by the accordion optics. This angle is roughly 0' ~- 440 mrad.

k1 JIM C m in|L -

Figure 3-1: Example oscilloscope trace showing AOD diffraction efficiency, see Section

4.1 for how it was produced. The blue trace is the power diffracted into the -1 mode.

The upper blue cursor marks 100% diffraction efficiency, and the lower blue cursor

marks 0%. The yellow trace is the input to a voltage-controlled oscillator which sets

the AOD frequency.

One other benefit of the 10 : 1 telescope setup is that it makes it easy to achieve

beam waists of ~ 100 pm at the atoms. The beam waists at the atoms will be 1/10 of

the beam waists at the AOD (see equation (2.40)), so to get waists of w' = 200 Pm

and w' = 100 ptm at the atoms we just need waists of wx = 2mm and wy= 1mm

at the AOD. Waists of - 1 mm is a comfortable waist scale to work with. The

Rayleigh lengths of a A = 532 nm beam with minimum waists wox = woy = 1 mm are

Zpx = ZRy = 5.9 m (from (2.21)), so our beams will remain well-collimated over the

distances we work with them, which are at most 1 m. The AOD is also intended to

work with beam waists of 0.25 - 1.85 mm, and ~ 1 mm is well within that range.
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3.2 Trap Characteristics: In-Plane

The expression (2.46) for the accordion potential is only valid in the focal plane of the

final accordion lens, since we derived it from the Fourier transform property of lenses

(2.39). Since the atomic cloud is not entirely contained in this plane, we also need to

worry about the shape of the accordion potential off of this plane. The requirements

for the off-plane potential are similar to those for the in-plane potential: primarily,

we want the confinement to remain strong enough that particles of energy ~ EF are

restricted to two-dimensional motion, so we want the trapping frequency and depth

to remain at tens of kHz as we leave the focal plane.

In addition, however, when the lattice is at its tightest spacing and the gas is two-

dimensional, we also want the trap to be axially symmetric about its center. That is, if

we call the plane the atoms occupy when they are confined to two dimensions the atom

plane, we want the trap to be isotropic in the atom plane at its tightest confinement.

This is because we eventually want to study two-dimensional gases under rotation, for

which we want rotationally symmetric traps. This axial symmetry requirement turns

out to be too stringent for the accordion to satisfy, for reasons discussed in Subsection

3.2.2. In brief, the shape of the overlap of the two beams in the atom plane causes

the potential in the atom plane to be strongly elliptical, rather than circular.

For this reason, among others (see Chapter 5), we plan to not use the accordion to

give the gas its final two-dimensional confinement. Rather, we will use the accordion

to compress the gas down to two dimensions, and then load from the accordion into

a conventional one-dimensional optical lattice, formed by counterpropagating beams

at A = 1064 nm.

3.2.1 Off-Plane Potential

We initially tried to calculate the accordion potential at points off the focal plane at

the atoms. This can be done using the Huygens-Fresnel diffraction formula (2.27)

at z / f, or by propagating each plane wave component of the field independently

from the last accordion lens to the atoms. Unfortunately, such calculations have
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a very limited range of validity. For one, most glaringly, paraxial approximations

become invalid at large beam angles 6 and 0'. In fact, numerical light propagation

simulations by Richard Fletcher suggested that the accordion beams no longer even

had a Gaussian profile at large angles. It thus became clear that to understand the

off-plane accordion potential, it was better to measure than calculate.

To measure the off-plane potential, we needed to measure the intensity distribution

at a range of z values about the final accordion focal plane. To do this, we set up

the accordion breadboard (see Subsection 3.3) on an optical table, placed a 50 mm

wide, f = 400 mm lens 1.4 m away from the first accordion lens, and placed a camera

(Thorlabs DCC1545M) mounted on a translation stage at the focus of the f = 400 mm

lens. That is, we modified the accordion setup from Subsection 3.3 to use an f =

400 mm final lens, and placed a camera near where the atoms would be. We used an

f = 400 mm lens because the interference fringes produced by the f = 100 mm lens

are too small for the camera to resolve at all but the smallest 0 values. We also had

not yet added the cylindrical telescope to the accordion optics, so the beam entering

the AOD was circular, not elliptical.

We positioned the camera in the focal plane of the f = 400 mm lens by checking

that all accordion beams imaged to the same point on the camera. The accordion

optics before the f = 400 mm lens had been aligned via the procedure in Subsection

4.1, so this should be quite precise. We selected a regularly spaced set of z values

about the focal plane, and set of d values from 9 mm to 19 mm. We positioned the

camera at each z value using the micrometer on the translation stage. For every z

value, we took an image of the intensity distribution at each d value. This generated

a set of two-dimensional cross-sections of the intensity distribution, taken at regularly

spaced z values, at broad range of d values. This allowed us to reconstruct the three-

dimensional accordion intensity distribution at every d value.

We repeated this procedure with the two accordion beams orthogonally polarized,

and then once more with the f = 400 mm lens replaced by the f = 100 mm lens and

the beams still orthogonally polarized. We originally intended these extra datasets

(f = 400 mm with orthogonal polarization and f = 100 mm with orthogonal polar-
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ization) to be part of a different, larger measurement, which we never managed to get

working. However, we still applied the analysis of Subsection 3.2.2 to the two extra

datasets, for extra points of comparison.

3.2.2 Ellipticity

From this intensity data, we can measure the ellipticity of the potential in the atom

plane. We wrote a Python script that takes in intensity data in the form of three-

dimensional arrays (each axis in the array corresponding to a spatial direction) and

fits ellipses to the intensity contours (isopotentials) in the planes parallel to the

atom plane. The ratio of the major and minor axes of these ellipses tells about the

anisotropy of the trap in the atom plane. The results of this analysis are displayed in

Figure 3-2.

60 - + f=400mm, orth. pol. 60 - paraxial
+ f-400mm, par. po. -- linear fit

Sf= 100mm, orth. pol. - f=400mm. orth. pol.

so - 50 - f=400mm, par. pot.
- f=I00mm, orth.poL

40 40

~30 - 30

N N

20 -20

10 - 10

20.0 22.5 25.0 27.5 30.0 32.5 35.0 37.5 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5
beam separation(mm) focal length/beam separation

(a) (b)

Figure 3-2: The ratio wz/wx at the accordion focus, as a function a) of beam sep-

aration d and b) of f/d. The linear fit in (b) is a guide to the eye, not a fit from

theory.

The red line in each plot is the result of estimating the waist ratio in the atom

plane from the input waist ratios via trigonometry (roughly, imagine projecting an

isopotential from one of the accordion beams into the atom plane). It is labeled

"paraxial" since the estimate should be valid in the paraxial approximation, where

the beams are still Gaussian and the trigonometric argument is valid. The deviation
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of the data in Figure 3-2 from this paraxial estimate indicates that we really are

working in a large-angle regime where the paraxial approximation is invalid.

Furthermore, the waist ratios in Figure 3-2 indicate that the trap is strongly

anisotropic in the atom plane: the longitudinal (z) waists are much longer than the

transverse (x) waists. To correct this anisotropy, we can use elliptical beams as

inputs to the accordion optics, rather than circular beams. Specifically, we want to

have waist w' smaller than w' at the atoms, so that when w' is mapped into w', W'

and w' remain comparable. Unfortunately, at large angles 0, this requires making

WY much smaller than wx at the AOD. This is impractical, since it would cause the

accordion beams to have a short Rayleigh length in the y direction and a long one in

the x direction.

We thus conclude that the accordion cannot provide isotropic confinement in the

atom plane. Therefore, rather than trying to fully correct the anisotropy in the

accordion with very elliptical beams, we only partially correct it with moderately

elliptical beams. This is the origin of the choice w' = 200 ptm, w' = 100 prm in Section

3.1. Since the accordion cannot give the gas its final, desired, isotropic confinement,

we plan to install a more standard optical lattice made of two A = 1064 nm beams

that are counterpropagating along the y-axis, and use the accordion to load the gas

into it. This second lattice will strike the flat atomic cloud at normal incidence, so it

should make isotropic confinement in the atom plane much easier to achieve.

3.3 Final Optics Layout

With the beam parameters, lens focal lengths, and AOD model decided, all that

remains is to devise a way to make a copy of the beam deflected by the AOD, reflected

about the optical axis. After passing through several designs, we arrived at the layout

depicted in schematic form in Figure 3-3.

Light exits a fiber-optic cable and passes through a polarizing beamsplitter (PBS1)

to clean its polarization. The waists exiting the fiber outcoupler are wx = wy 1 mm.

The fiber mode is circular, so to get the elliptical beam profile discussed in Section
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Figure 3-3: Accordion breadboard schematic.

3.2, we pass the beam through a 1 : 2 cylindrical telescope (a telescope made of two

cylindrical lenses). This expands the y waist, so that the beam waists entering the

AOD are w., 1 mm, wy = 2 mm (it may seem at first like we should really expand

the x waist - see paragraph below about the periscope). The AOD is placed at the

focus of the F = 1 m lens, so the angular motion of the beam deflected by the AOD is

converted into translational motion parallel to the optical axis past the F = 1 m lens.

A 50 mm polarizing beamsplitter (PBS2) is placed after the lens, so that the beam

enters at normal incidence. Two beams leave the PBS, and reflect off two mirrors

located symmetrically with respect to the beamsplitter interface, so that the beams

become counterpropagating. The beams then encounter a pair of right-angle mirrors,

epoxied together along a nonreflecting edge so that their reflecting surfaces meet at

a right angle. These right angle mirrors are placed symmetrically with respect to the

beamsplitter interface, so that the beams reflect off of them and are parallel.2 The

beams then propagate the rest of the distance to the final f = 100 mm accordion lens,

where they are focused onto the atoms.

We have neglected a few elements in this description. First, there is a A/2 wave-

plate between the cleaning cube PBS1 and the AOD. This is because the AOD only

2The right-angle mirrors are held in a special clamp originally designed to hold PBS cubes,

following the Raizen group's accordion setup [8].
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works when the beam is polarized parallel to the baseplate of the AOD, so we need

to modify the polarization after PBS1. There is also a A/2 waveplate between the

AOD and the F = 1 m lens. This is in place to control how PBS2 distributes power

into the two accordion beams, so that the beams can be tuned to have equal powers.

Yet another A/2 waveplate is placed after one exit port of PBS2. This is because the

beams leave PBS2 with orthogonal polarizations, so one of their polarizations must

be rotated back to be parallel to the other's if they are to interfere on the atoms.

As noted in Subsection 2.3.1, the relative phase of the accordion beams must be

set so that their interference pattern on the atoms has a dark fringe centered on the

optical axis. To control the relative phase of the beams, we installed a 5 mm-thick

glass slide on a rotation stage at one exit port of PBS2 (the one that does not have

the A/2 waveplate). Changing the angle of the glass slide on the stage changes the

distance the laser traverses inside the glass slide. This in turn changes the phase the

beam accumulates in the glass, which allows us to tune the relative phase of the two

beams. The glass slide is installed so that the laser enters close to normal incidence.

That way, if the slide angle is changed by some small angle 6wp, the change in the

phase shift the slide imparts to the laser is quadratic in 6op, rather than linear, as it

would be if the laser entered not at normal incidence. Since 6p is small, this grants

quite fine manual control over the accordion beams' relative phase.

The accordion beams should be vertically displaced from each other when they

reach the final accordion lens. To achieve this, we considered mounting the AOD so

that it deflected the beam vertically, but ultimately found it easier to work with the

AOD mounted so that it deflected the beam horizontally (the vertical mount took

up too much space). To convert the horizontal motion of the beam from the AOD

into vertical motion at the final lens, we installed a periscope between the right-angle

mirrors and the final lens. This is a pair of lenses mounted in a configuration that

is difficult to describe verbally. In the correct xyz coordinate system, it could be

described by saying one mirror is the plane z = -y and the other is y = -x. Figure

3-4 is an image of the periscope. Note also that after going through the periscope, the

x and y waists of a beam become flipped. Therefore the beams after the periscope
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should look as if they started at the AOD with w, = 2 mm and wy = Imm. This is

why we choose w,, 1mm and wy = 2mm at the AOD, rather than the other way

around.

Figure 3-4: Periscope that converts horizontal accordion beam motion to vertical.

After the periscope, there is one final 50 mm cleaning cube (PBS3) before the

f = 100 mm lens. This is to ensure that the polarizations of the accordion beams are

maximally parallel when they reach the atoms, to get the best interference contrast.

Note, however, that this places a constraint on which port of PBS2 feeds into the

glass slide and which feeds into the waveplate. The polarization of each beam must

be mostly p when they reach PBS3, to not waste power. Working backwards through

the periscope, we find that the beams must be s-polarized when they leave PBS2.

Therefore the glass slide should go in the reflecting port of PBS2, and the waveplate

should go in the transmitting port.

Figure 3-5 shows the physical accordion layout. We mounted almost all of the

accordion optics on a single breadboard, so that the accordion can be more easily

removed for maintenance, and can be partly be aligned as a self-contained module.
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The many mirrors between the AOD and the F = 1 m lens are there to allow the

beam to propagate a full meter before reaching the lens, all while remaining on the

breadboard.

Figure 3-5: Picture of accordion.

One of these many mirrors is back-polished, allowing a small amount of light

through the back of the mirror, which we focus onto a photodiode with a small

lens. Measuring this signal allows us to stabilize the accordion intensity with a PID

controller. The process variable for the PID is the photodiode signal, and the setpoint

is administered from the lab computer. To let the PID control the total power supplied

to the accordion, we installed an acousto-optic modulator (AOM) in the beam path

between the green laser source and the incoupler to the fiber which transports light

to the accordion outcoupler. The PID controls the accordion power by varying the

power of the drive supplied to this AOM.

Finally, we should check that our chosen powers and beam waists will not produce

intensities that damage our optics. Recall from (2.26) that the max intensity of a

Gaussian beam with waists w, and wy and total power P is max= 2P/7rwwy. At

the accordion, the beam waists are w. = 1 mm and wy = 2 mm, with total power
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P = 3 W, This leads to a max intensity of Imax= 0.95 W / mm2 . Since the AOD is

rated for a maximum intennsity of 2.5 W / mm 2 , this intensity is acceptable, though

we cannot go much higher. We find that the beam waists do not differ much from

1 mm and 2 mm on the F = 1 m lens or right after it, so both the F = 1 m lens and

PBS2 are safe. On the final f = 100 prm lens, we have beam waists of at minimum

ten times smaller than the waists on the F = Im lens. This scales up the intensity,

but not enough to be near a damage threshold for the glass. The only danger in the

whole system comes at the cleaning cube PBS3, which is near the focus of the two

lenses. The beams have their narrowest waists here, and hence highest intensities.

Specifically, we find that the beam waists at PBS3 are at worst the waists in the

telescope focus, which are w, = 170 pm, wy = 85 tm. At these waists, with 1.5W

per beam, we would be at around half the damage threshold for a standard Thorlabs

PBS, and well below the threshold for a high-power PBS. We therefore decided to

make PBS3 a high-power PBS. The intensity in the accordion is then limited by how

much the AOD can handle.
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Chapter 4

Accordion Alignment

Here we describe how to align the optical setup outlined in Section 3.3. Part of

the alignment can be done off of the main table in the lab, with just the accordion

breadboard and some auxiliary optics. We call this part "modular alignment," and

describe it in Section 4.1. The remainder of the alignment must be done with the

accordion breadboard installed on the main machine, and some of it must be done

with atoms in the science cell. We describe this phase of alignment in Section 4.2.

4.1 Modular Alignment

We describe, in order, the sequence in which the optical elements of the breadboard

depicted in Figure 3-5 should be aligned.

1. Fiber outcoupler: Adjust the lens position to give the desired beam size out

of the outcoupler.

2. Cylindrical telescope: Each lens in the telescope is in a rotation mount. Re-

move the second lens, send the light from the fiber through the first lens, and

then send it across the lab. Turn the first lens until the far-field pattern has the

right symmetry (elongated along vertical direction, since the telescope is meant

to expand the vertical waist). Lock this lens in place, and return the second
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lens to the telescope. Rotate the second lens until the far-field pattern has the

right symmetry.

3. AOD: First, make sure the polarization going into the AOD is correct (parallel

to AOD baseplate). The AOD is mounted on a rotation stage. Usually it

is possible to get good coupling into the AOD purely by tweaking the rotation

stage knob. If the AOD is being stubborn or the coupling requirement is stricter,

the mirror before the AOD and the pointing of the fiber out-coupler can be

tweaked. Make sure that the light leaving the AOD is very horizontal (not

propagating up or down at all) by sending it across a long distance; this is most

easily controlled with the mirror before the AOD.

To evaluate the AOD coupling, usually it suffices to send a fast (;> 100 Hz)

sawtooth signal to the voltage-controlled oscillator (VCO) that controls the

AOD. This drives the AOD across its range of frequencies so rapidly that it

appears to the human eye that it is emitting at all frequencies simultaneously.

An index card held in front of the AOD should then show a uniform, green line -

uniform because the sawtooth spends an equal amount of time at all frequencies,

and because in good alignment the AOD efficiency should be roughly constant

across its sweep.

For a more precise evaluation of the alignment, set up a photodiode, image the

AOD aperture onto the photodiode using a single lens or telescope, and feed the

AOD's VCO a sawtooth. Plot the photodiode voltage response on an oscillo-

scope, trigger the scope on the sawtooth waveform, and place a scope cursor at

the photodiode voltage corresponding to 100% efficiency (which can be found by

unblocking the other diffraction orders of the AOD). Then the photodiode scope

trace gives the diffraction efficiency as a function of AOD drive frequency across

its whole bandwidth, and this trace can be optimized in real time provided the

sawtooth is fast enough. It should be possible to get > 80% coupling efficiency

at all driving frequencies. After doing this more complicated procedure once,
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the AOD alignment usually only needs small tweaks to the rotation stage. This

is the procedure that produced the scope trace in Figure 3-1.

4. Round 1 mirrors: These are all the mirrors between the AOD and the F =1 m

lens. They should all be aligned to be maximally vertical, that is, so that the

laser beam always stays as horizontal as possible. If possible, align the mirrors

so that the beam at the AOD center frequency passes through the center of the

F =1 m lens at close to normal incidence.

The reason for taking care with the verticalness of the mirrors is that aligning

the mirrors to work at all AOD deflection angles is a different task than aligning

mirrors for a single, static beam. Rather than aligning a single beam, it is as

if we are aligning a fan or a sheet of light (made up of all possible deflected

beams from the AOD). If you simultaneously deflect such a sheet both sideways

and vertically, you impart an angle to the sheet which is difficult to undo. For

example, if one mirror is slanted upwards, and the next slants downwards to

correct and return each beam to the horizontal, there is no guarantee all the

beams will be at the same height after the second mirror (it also has the po-

tential to rotate the axes of each beam's elliptical intensity profile around its

direction of propagation).

5. The F = 1 m lens: This lens is mounted on a translation stage that can move

both vertically and along the optical axis. If the AOD center frequency is not

already passing through the center of the lens at normal incidence, try to bring

it closer to this condition. After this, set the vertical position approximately

by making sure the center of the lens is the same height as the beam. Then

tune the other micrometer on the translation stage to move the lens along the

optical axis. We have two ways of doing this:

(a) Send a square wave pulse to the AOD's VCO at a high enough frequency

that the AOD appears to the eye to emit two beams. Send the beams leav-
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ing the F = Im lens over a long distance and check if they are parallel.

If they are converging, the lens is too far from the AOD, and if they are

diverging the lens is too close. Once the lens position is set, change the

square wave amplitude and check the beams are still parallel.

(b) Place another lens on the optical table, and place a camera at its focal

plane. You can find the focal plane by sending a single beam through

a lateral displacement beamsplitter, which generates two parallel copies

of the beam, sending both through the lens, and positioning the camera

where they intersect either by hand or with a translation stage. Send a

slow (say 1 Hz) sawtooth to the AOD VCO, and then direct the beams

which pass through the F = 1 m lens onto this second lens, so they focus

on the camera. Tweak the F = 1 m lens' position along the optical axis;

when it is correct, the image on the camera should not change position

during the sawtooth sweep.

The first option can be made more precise, since the precision of the second

is limited by the angular tolerance of the lateral displacement beamsplitter. It

should be used at least once for the final lens alignment.

If during either option you discover there is not enough range on the lens trans-

lation stage micrometer, you must move one of the round 1 mirrors to give the

beam more or less space to propagate after the AOD before reaching the lens

(sometimes adding or removing a lens tube can also buy you the needed space).

The second alignment method has a slight advantage here: being careful, it is

possible to move one of these mirrors while still directing the beam onto the

camera, which lets you stay closer to the old alignment. After repositioning the

round 1 mirror, try to set the lens position along the optical axis again.

Once the position along the optical axis is set, set the vertical position by making

the beams leaving the lens as horizontal as possible (another long propagation

distance).
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6. PBS2: Try to position PBS2 so that the beams leaving the F = Im lens enter

at normal incidence.

7. Round 2 mirrors: These are the two mirrors in between PBS2 and the right-

angle mirror. They should be aligned so that in the region between them, if the

right-angle mirror were removed, the two beams always lie in the same vertical

plane perpendicular to the PBS2 beamsplitter interface. To do this, remove the

right-angle mirror, and clamp one mirror to the breadboard so that it deflects

the light nearly perpendicular to the beamsplitter interface. When doing this,

keep in mind that there must be room for the glass slide and its rotation stage

to fit between the reflecting port of PBS2 and its mirror, and room for a A/2

waveplate to fit between the transmitting port of PBS2 and its mirror. Since

the slide's rotation stage is somewhat bulky, we usually find it easier to first

clamp the reflecting port mirror and ensure the glass slide can fit, though this

approach risks forcing the transmitting port mirror off of the breadboard.

Send a slow (- 1 Hz) sawtooth to the AOD VCO. Move the second mirror by

hand (both rotation and some translation) until the alignment criterion for this

step is nearly met. (It may help to turn off the lights on the optical table, so

that the points where each beam strikes each mirror is visible.) Clamp this

mirror down, and then walk the beams using just the horizontal mirror knobs

until as close as possible to the alignment criterion. This step may need to be

iterated a few times, to converge on good mirror locations.

8. Glass slide and waveplate: The goal of this step is to position the slide and

the waveplate to catch their respective beams in same range of AOD deflection

angles. To do this, clamp one of the waveplate and the slide to the breadboard,

ensuring that beams enter this element at normal incidence and that beams

pass through the full diameter of the element (25 mm for both). That is, ensure

71



that the range of beams produced by the AOD does not end somewhere in the

middle of the element. (Since the glass slide is bulkier than the waveplate, we

usually clamped the slide first.)

Send a fast sawtooth to the AOD VCO, so that PBS2 appears to emit a sheet of

light from both exit ports. The clamped element casts a shadow in one of these

sheets. The other element must be positioned so that the shadow it casts in the

other sheet overlaps perfectly with the first element's shadow. To check this

positioning, block one of the sheets of light, and see if it is possible to distin-

guish one element's shadow in the other sheet of light from the other element's.

Repeat this with the other sheet of light blocked. It may be necessary to try

this step and the previous one several times, as the choice of mirror location in

the previous step does not always admit a good placement of the slide and the

waveplate.

9. Right-angle mirror: Reinstall the right-angle mirror. It should be placed

symmetrically with respect to the beamsplitter interface on PBS2, and it should

be positioned to catch as much as is possible of the light that passes through the

waveplate and the slide. The right-angle mirrors have 25 mm legs, so it should

be possible to match the light from the waveplate and the slide reasonably well

to the right-angle mirror. It may be desirable to actually position the right-

angle mirror slightly closer to PBS2, so that the light from the waveplate and

glass slide can reach all the way to the right angle at the end of the right-angle

mirror. Rough positioning can be quickly done with the AOD on a fast saw-

tooth. For finer positioning, to guarantee light reaches the right angle, a slower

sawtooth is easier.

10. Round 2 mirrors, again: Set the AOD VCO at a constant voltage. At this

point, the beams are likely not parallel after they leave the right-angle mirror.

Adjust the vertical knobs on the round 2 mirrors until both beams are traveling
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horizontally (check with long propagation). If the beams are still not parallel,

tweak one of the horizontal knobs on one of the round 2 mirrors to make them

parallel (check with long propagation).

11. Round 2 mirrors, optional: Send a DC voltage to the AOD VCO, and scan

the DC voltage until one of the accordion beams is incident on the tip of the

right-angle mirror (where the right angle is). If the other beam is also incident

on the tip of the right angle mirror, then we're done. If not, then call the

direction of PBS2 relative to the right-angle mirror the "backwards" direction,

and call the other direction "forwards." One of the beams is then more forwards

than the other. Walk this beam backwards using the horizontal knob on the

corresponding round 2 mirror. Check if this beam is still horizontal, and if not,

then correct with the vertical knob on the same mirror to make it horizontal.

Then walk the other beam forwards (and potentially up or down) to get the

beams parallel when they leave the right-angle mirror (again checking with a

long propagation). Scan the VCO voltage until one beam is incident on the

right-angle tip again, and repeat. Repeat until the two beams come as close to

simultaneous incidence on the right-angle tip as you can manage.

Steps 7, 10 and 11 are designed to account for the fact that PBS2 and the right-

angle mirror have finite angular tolerances. However horizontal the beams that enter

PBS2 may be, the reflected beam will travel at some shallow angle to the horizontal,

because the beamsplitter interface is not perfectly vertical. Hence step 7 does not

even bother to align the beams to be perfectly counterpropagating, since it is likely

impossible without putting them at an angle to the horizontal. Similarly, even if

the beams that entered the right-angle mirror were perfectly counterpropagating and

horizontal, the beams that exit may not be parallel and may not be horizontal (if the

faces of the right-angle mirror are not perfectly orthogonal or vertical, respectively).

Similar problems can occur due to the angular tolerances of the PBS2 mount and

the right-angle mirror mount. The accordion beams must be parallel when they leave
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the breadboard, however, since all mirrors past that point act on both beams, and

preferably would be horizontal, so that the periscope can work as designed. Step 10

guarantees both.

After step 10, though, it is possible that the two accordion beams leave the tip

of the right-angle mirror at different times. This is bad because it limits the maxi-

mum achievable accordion lattice period: the maximum period is set by the minimum

separation of the beams on the final f = 100 mm lens, which in turn is set by their

minimum separation on the right-angle mirror, and the minimum achievable sepa-

ration on the right angle mirror is when both are simultaneously incident on the

right-angle tip (or, more likely, slightly backwards from the tip, since the beam pro-

file is damaged by reflecting off the tip). Step 11 attempts to correct this error while

keeping the beams parallel. It is an optional step because it is very possible that the

maximum lattice spacing achieved without step 11 is good enough.

4.2 Alignment to Atoms

There are a few more optics to align after the accordion breadboard, most notably

the periscope. After initially aligning these, we need to align the whole setup to the

atoms. The steps are as follows:

1. Periscope upper: At this point, while the beams may be parallel and horizon-

tal leaving the accordion breadboard, they may not be in the same horizontal

plane. We compensate for this effect with the periscope: rather than align

the periscope to perfectly convert horizontal planes into vertical, we align it

to convert the beams that come off of the accordion breadboard into vertically

displaced beams. Unclamp the upper periscope mirror from its breadboard,

and swivel it until the beams exiting the lower mirror appear mostly vertically

displaced. If this seems impossible, play with the knobs on the mirror between

the breadboard and the periscope. Then reclamp the upper periscope mirror

and do fine adjustments with the mirror knobs. This can be done with one DC

voltage on the AOD VCO, though it never hurts to confirm with more.
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2. Periscope lower: Adjust the lower periscope mirror's knobs to make the beams

horizontal again.

3. Final mirror: Image an atomic cloud on the cell side camera and record its

position. Switch the cell side camera to operate with green light and open the

cell side preview on the lab computer. Turn the accordion on with a DC voltage

at its VCO, and adjust the knobs on the final mirror until the green light on

the camera is centered at the same position the atoms were.

4. Center beams on lens: Using the lower periscope mirror and the final mirror,

walk the accordion beams until they are centered on the final f = 100 mm lens,

while keeping the lattice (or at least its center) fixed in the preview window.

This could be done with the VCO at one DC frequency or several.

5. Equalize beam powers: Measure the beam powers after PBS3. Adjust the

waveplate on the accordion breadboard between the AOD and the F = Im

lens to equalize the power in the two beams. This cannot be done earlier with

any finality, since PBS3 will reduce the powers of the two beams by different

amounts. Note, in particular, that from PBS2 onwards, the accordion beams

reflect off a number of mirrors with respect to which they are not s- or p-

polarized. This is the result of the angular tolerance problem discussed in

Section 4.1 - it would not arise if all the angles were perfect. Since the mirrors

are dielectric, this means that the beams are likely elliptically polarized by the

time they reach PBS3, possibly with different degrees of ellipticity.

6. Center beams on cloud: Change the cell side camera back to imaging atoms.

Block one accordion beam, and take an image of the other beam poking a hole

in the cloud. Using the appropriate round 2 mirror, walk this beam until the
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hole is centered on the cloud. This is somewhat slow: it requires running a se-

quence on the machine and imaging the cloud every time you move the mirror

knobs. Repeat with the other accordion beam. This step can either be done

with the VCO at a DC voltage somewhere in the middle of its range, or with

the VCO on a fast sawtooth, so that the hole in the cloud is averaged over all

beam angles. We are not sure yet which works better.

7. Set relative phase: We set the relative phase of the accordion beams with

the glass slide discussed in Section 3.3. We want this phase to be such that the

center of the accordion is always a dark fringe. To check this condition, change

the cell side camera back to imaging the accordion light, and open the preview

window on the lab computer. Increase the exposure time in the preview window

and send a fast sawtooth (or sine) to the VCO, so that one period for the VCO

is less than the camera exposure time. The resulting image is averaged over all

achievable accordion lattice spacings, and looks like a blurry cloud with a few

stripes in it. If the relative phase between the beams is right, there should be

a dark stripe at the center. Adjust the glass slide angle until this is the case.

Put the VCO onto a slow sawtooth, and visually inspect the preview image

to confirm that a dark fringe is staying mostly centered as the lattice spacing

changes.

At this point, the accordion should be aligned on the atoms.
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Chapter 5

Conclusion

Since finishing the alignment procedure, we have tested the accordion on ultracold

"Na gases. We find that the accordion does compress the gas to a thin pancake,

but it has serious issues with stability. The most serious issue is that the relative

phase of the two accordion beams seems to fluctuate, which causes the location of the

accordion potential minimum to flutter in the atom focal plane. We have considered

some ideas for phase stabilization based on active feedback, but it seems that the

safer solution, as discussed above, is to not rely on the accordion to give our atoms

their final two-dimensional confinement. Instead, we will use the accordion to load a

conventional, counterpropagating optical lattice made out of A = 1064 nm light. This

should fix issues with both stability, and the anisotropy issues discussed in Chapter 3.

Future work on the accordion, however, will include such issues as measuring trapping

frequencies, characterizing heating issues and adiabaticity, and how well it works on

6 Li

In summary, we have designed and built an optical accordion trap, to the spec-

ifications required to compress an ultracold 6Li gas to two dimensions. We have

characterized the trapping potential about the location of the focal plane, and have

determined that our accordion will work best to transfer the atoms to two dimensions,

rather than to hold them there for the remainder of an experimental cycle. It remains

to characterize the accordion's performance more rigorously; two-dimensional Fermi

gases lie ahead.
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