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Abstract

The theory of general relativity is based on the equivalence principle, which states

that all gravitational effects vanish in any local measurement. This principle is the

best-understood aspect of gravity and has been tested with high precision in classical

experiments. However, there is no widely-accepted quantum theory of gravity, and

the nature of the relationship between gravity and quantum mechanics is one of the

most significant open problems in physics.

We study the interaction of gravity with quantum systems in a light-pulse atom

interferometer, which uses lasers to measure atomic positions and accelerations. The

sensitivity of the interferometer is increased by utilizing large-momentum-transfer

pulse sequences and a free-fall time of up to 2 s, made possible by the 10 m scale of

the apparatus. The frequencies and angles of each interferometer pulse are optimized

to suppress kinematic phase gradients by several orders of magnitude.

We use this system to test the equivalence principle between 85Rb and 87Rb,

finding no violation at the level of 10−12 g. With a resolution of up to 1.4 × 10−11

per shot, we demonstrate the highest relative acceleration sensitivity yet obtained in

a laboratory setting. In addition, by operating the interferometer in a gradiometer

configuration, we perform the first observation of a single quantum system in curved

spacetime. Finally, we propose an experiment to observe gravitational time dilation

with an atom interferometer.
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Chapter 1

Introduction

1.1 The equivalence principle

Gravity is a purely nonlocal phenomenon. Its influence cannot be observed in any

local experiment.

These statements are the essence of the equivalence principle (EP), which is the

foundation of our understanding of gravitation. In Newton’s theory of gravity, the

EP appears as the equivalence between inertial mass and gravitational mass. In

general relativity, the EP enables the description of gravity as a geometric property

of spacetime.

On first impression, however, the equivalence principle may seem counterintuitive

or even empirically incorrect. Our everyday experience of gravity, after all, is that

freely falling objects accelerate toward the surface of the earth. Suppose we set up a

measuring device on the earth and record the acceleration of a freely falling test mass

with respect to this measuring device. We can observe a nonzero relative acceleration

even if the displacement between test mass and measuring device is small. How is

that observation consistent with the idea that gravity cannot be observed locally?

The apparent paradox is resolved by noticing that although the test mass in

such an experiment is freely falling, the measuring device is not; its position on the

surface of the earth is fixed by non-gravitational (electromagnetic) forces. If the

non-gravitational forces on the measuring device are removed, then the measuring

1



CHAPTER 1. INTRODUCTION 2

device and the test mass are both freely falling. In that case, as long as the distance

between the measuring device and the test mass is sufficiently small, the relative

acceleration vanishes. This property, known as the “weak equivalence principle” or

the “universality of free fall,” implies that relative acceleration in a local experiment

is always caused by non-gravitational forces.1

Once we understand that gravity cannot cause local relative acceleration, we might

ask whether there is any other way to observe local gravitational effects. For instance,

can we design an experiment that measures a relative change between a test mass and

a local measuring device in some other degree of freedom, such as electric charge or

spin, due to the influence of gravity? According to the equivalence principle, any such

experiment will yield a null result. Gravity does not differentiate between a test mass

and a local measuring device in any way, no matter what objects we use as the test

mass and the measuring device. This property is known as the “Einstein equivalence

principle” or “local Lorentz invariance” in the context of small test masses and as the

“strong equivalence principle” when the self-gravitation of the test mass is considered.

The equivalence principle sharply distinguishes gravity from the other fundamen-

tal forces, all of which can be observed in local experiments. For example, suppose

we wish to measure the local value of the electromagnetic field. We can do this by

observing the relative acceleration of an electrically charged particle and a nearby

neutral particle. If the electromagnetic field vanishes at the location of the particles,

then the relative acceleration will also vanish; if the electromagnetic field is nonzero,

then in general the relative acceleration will be nonzero as well. With a few such ex-

periments, we can measure all the degrees of freedom of the electromagnetic field, and

we must use these measured values in order to calculate the local behavior of the sys-

tem. On the other hand, since the value of the gravitational field cannot be observed

locally, we are free to set its local value to whatever we choose without changing the

physical predictions that arise from calculation. This calculational choice is called a

“choice of coordinates” or “gauge fixing,” and our freedom to choose arbitrarily the

1The expression “gravitational acceleration” is widely misused, both colloquially and in the
physics literature, to denote relative acceleration in a uniform gravitational field. We will try to
avoid that mistake in this work. Such accelerations are not caused by gravity.
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local field value is a unique feature of gravity.2

The motivation to test the equivalence principle is thus twofold. First, it might

be that gravity is not so different from the other forces after all. Perhaps gravity can

create local physical effects, but these effects are too small to have been seen in any

experiment so far. Theoretical attempts to unify gravity with the other fundamental

forces [1] generally predict EP violation. Since the equivalence principle is the basis

of our current understanding of gravitation, the observation of an EP violation would

have profound theoretical consequences. Second, a test of the equivalence principle

is a general search for new non-gravitational forces. For example, a field that couples

differently to two nearby particles can induce a relative acceleration between them.

The presence or absence of such a field can therefore be inferred from the results of EP

tests that measure relative acceleration. A wide variety of models [2, 3, 4], proposed

to address issues such as the strong CP problem or the identity of dark matter, predict

kinematic effects of this type. By constraining the parameter space of such models,

EP tests can shed light on the most pressing open questions in fundamental physics.

Tests of the equivalence principle that observe the relative acceleration ∆g between

two masses with average acceleration g can be compared in terms of the dimension-

less ratio ∆g/g. By this measure, the most stringent EP test performed to date is

the MICROSCOPE satellite mission [5], which recently constrained the EP violation

between two orbiting test masses to be ∆g/g < 1.3 × 10−14. Torsion balance ex-

periments [6] and lunar laser ranging [7] have found no EP violations at the level of

1.8 × 10−13 and 1.3 × 10−13, respectively. The most accurate prior result achieved

with an atom interferometer constrained the EP violation between 85Rb and 87Rb to

be below 3.0× 10−8 [8].

2Gauge freedom arises in electromagnetism when using the potential, rather than the field, to
perform calculations. In non-Abelian Yang-Mills theories (e.g. those describing the strong and
weak nuclear forces), the local field is gauge-dependent but not entirely arbitrary. The important
distinction is that these forces are observable in local experiments, but gravity is not.
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In Chapter 5, we describe the results of an EP test that compares the free-fall

trajectories of 85Rb and 87Rb using atom interferometry. We find

∆g/g = [1.6± 1.8 (stat)± 3.4 (sys)]× 10−12, (1.1)

consistent with zero violation at the 10−12 level.

1.2 Gravitation beyond the equivalence principle

In order to observe gravitational effects, one must perform a nonlocal experiment.

What does it mean for an experiment to be nonlocal in the context of gravity?

Consider, for example, an experiment that measures the relative acceleration be-

tween two test objects at positions x1 and x2 in a position-dependent gravitational

potential V (x). The relative acceleration ∆g ≡ ẍ2 − ẍ1 is given by

∆g = −∂V
∂x

∣∣∣
x=x2

+
∂V

∂x

∣∣∣
x=x1

. (1.2)

Due to the equivalence principle, the masses of the two test objects do not appear in

this equation, and ∆g = 0 if x1 = x2. We can expand V (x) in a Taylor series around

the center-of-mass position x0 to obtain

V (x) = V (x0) +
∂V

∂x
(x− x0) +

1

2

∂2V

∂x2
(x− x0)2 + · · · (1.3)

where the derivatives of V are evaluated at x0. The relative acceleration is then given

by

∆g = −∂
2V

∂x2
∆x+ · · · (1.4)

where ∆x ≡ x2 − x1 is the position difference between the test objects. If the ex-

periment has an acceleration resolution of δg, then the experiment can resolve a

gravitationally-induced relative acceleration between the test objects if and only if

∆x is large enough that |∆g| > δg. This is the sense in which an experiment must
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be nonlocal in order to observe gravitational effects. In the language of general rel-

ativity, the experiment must have a sufficiently large acceleration sensitivity and a

sufficiently long baseline in order to measure the gravitational tidal forces that arise

from spacetime curvature.

Gravitational acceleration has been observed in numerous astronomical measure-

ments [7], at LIGO [9], and in torsion balance experiments [6]. In previous obser-

vations of quantum systems, however, the length scale of the experiment and the

acceleration sensitivity were small enough that gravitational tidal forces were too

weak to be detected [10, 11]. Such experiments may be understood as local measure-

ments in which gravitational effects are necessarily absent. In Chapter 6, we present

the observation of a phase shift associated with gravitational tidal forces across an

atomic wavefunction. This is, to our knowledge, the first observation of gravity in a

single quantum system.

In addition to tidal forces, gravity may give rise to proper time differences between

distinct trajectories. This effect, which is not to be confused with special-relativistic

time dilation3, has not been observed in a quantum system. In Chapter 7, we propose

an experiment to observe gravitational time dilation in an atom interferometer.

1.3 Introduction to atom interferometry

The basic idea of matter-wave interferometry is to create and interfere a spatial su-

perposition state of a massive particle. In general, the phase of such an interferometer

contains information about the spacetime trajectory of the particle. Any interactions

that influence the particle’s spacetime trajectory can, in principle, be observed by

a matter-wave interferometer. This property makes matter-wave interferometry a

useful experimental technique with which to investigate fundamental physics.

In our group, the massive particles used for interferometry are 85Rb and 87Rb.

3In general, accelerated clocks at different locations tick at different rates. This phenomenon,
which has historically been called “gravitational redshift,” has nothing to do with gravity. It is a
special-relativistic effect that occurs because of local Lorentz symmetry.
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Since the atomic trajectories are manipulated with pulses of laser light, the experi-

mental method described in this work is known as “light-pulse atom interferometry.”

Thorough introductions to light-pulse atom interferometry can be found in [12] and

[13]. Here we will review the essential points.

1.3.1 The very simple accelerometer

A light-pulse atom interferometer begins with the production of an ultracold atomic

cloud. The cloud is cooled and trapped by using standard techniques of experimental

atomic and optical physics, which include the magneto-optical trap (MOT [14]) and

evaporative cooling [15]. Once this preparation sequence is complete, the ultracold

cloud is released and begins freely falling. In the freely falling reference frame of the

atoms, the cloud’s center-of-mass position x0(t) and momentum p0(t) are given by

x0(t) = 0 (1.5)

p0(t) = 0.

To begin the interferometer, a short pulse of light with wavevector k transfers

each atom into a superposition of two momentum states p1 = ~k and p2 = 0 at time

t = 0. The atom-light interaction may consist of a single-photon transition [16] or

Raman transition [17], both of which change the internal state of the atoms, or a

Bragg transition [18], which leaves the internal state of the atoms unchanged. For

Raman and Bragg transitions, an effective two-level system is obtained by adiabatic

elimination of intermediate states; see [12] for details.

Once the initial light pulse (the “beamsplitter”) is completed, the two momentum

states (the “arms” of the interferometer) begin to spatially separate from one another

due to their differing momenta. After a drift time T , the first arm has center-of mass

position and momentum

x1(T ) =
~k
m
T (1.6)

p1(T ) = ~k
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while the second arm has

x2(T ) = 0 (1.7)

p2(T ) = 0.

Here we are ignoring, for simplicity, all non-gravitational interactions that might

affect the trajectories of the arms and also assuming that the wavepacket separation

of the interferometer ~kT/m is small compared to the length scale of the gravitational

curvature as defined in Eq. 1.4.

At time t = T , the two interferometer arms are reflected by a second atom-light

interaction (the “mirror pulse”), which exchanges the momenta of the arms. Just

after the mirror pulse, the first arm has momentum p1 = 0, and the second arm has

momentum p2 = ~k. The two arms drift toward each other over an additional drift

time T and overlap at time t = 2T :

x1(2T ) =
~k
m
T (1.8)

p1(2T ) = 0

x2(2T ) =
~k
m
T

p2(2T ) = ~k.

A final beamsplitter pulse interferes the two arms, and each atom exits the interfer-

ometer in one of the two “output ports,” the momentum states pA = 0 and pB = ~k.

The interferometer phase determines the relative population of each output port. If

N atoms participate in the interferometer, we have

NA

N
=

1

2
+

1

2
cosφ (1.9)

and
NB

N
=

1

2
− 1

2
cosφ, (1.10)

where φ is the interferometer phase and Ni is the number of atoms in output port i.
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To measure the interferometer phase, one observes the relative population of output

ports A and B with an imaging technique such as resonant scattering.

1.3.2 Calculating the interferometer phase

In many cases, including the example described above, the interferometer phase φ can

be calculated by using the midpoint theorem [19]. The midpoint theorem represents

the interferometer as a sequence of effective atom-light interactions. To fix notation,

we define xj,i to be the displacement of arm j with respect to the laser at the time

of the ith pulse. Each atom-light interaction is treated as an effective coupling of two

atomic states by a laser of wavevector ki, frequency ωi, and phase φi. The laser is

located at position xL,i during the ith pulse. In each atom-light interaction involving

arm j, the atoms on arm j either absorb one photon (gaining momentum ~ki and

internal energy ~ωi) or emit one photon (losing momentum ~ki and internal energy

~ωi). We can therefore define the wavevector kj,i, frequency ωj,i, and phase φj,i of the

ith interaction on arm j as

kj,i = ±ki (1.11)

ωj,i = ±ωi
φj,i = ±φi

where the sign depends on whether arm j absorbs (+) or emits (−) a photon during

the ith interaction. If the ith interaction leaves the momentum and internal energy of

arm j unchanged, then kj,i = ωj,i = φj,i = 0.

The midpoint theorem states that

φ =
N∑
i=1

[(k1,i − k2,i) x̄i − (ω1,i − ω2,i) ti + (φ1,i − φ2,i)]. (1.12)

Here the index i runs over the N atom-light interactions, ti is the time of the ith

pulse, and

x̄i ≡
x1,i + x2,i

2
(1.13)
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is the average displacement of the two arms with respect to the laser at time ti.

To calculate the interferometer phase, we choose one output port of the interfer-

ometer and add up the phase shifts due to each interaction between the light and

the atoms in that output port. The interferometer phase does not depend on which

output port is used for the calculation.

For the very simple Bragg accelerometer described in the previous section, using

the output port pB, we have N = 3, ωj,i = 0, and the following wavevectors:

k1,1 = k ; k2,1 = 0 (1.14)

k1,2 = −k ; k2,2 = k

k1,3 = k ; k2,3 = 0

and midpoint displacements:

x̄1 = −xL,1 (1.15)

x̄2 =
~k
2m

T − xL,2

x̄3 =
~k
m
T − xL,3.

Suppose that the phase of the laser φL is held constant between pulses so that

φ1,1 = φL (1.16)

φ1,2 = −φL
φ2,2 = φL

φ1,3 = φL

and the position of the laser xL is constant in the freely falling frame of the atoms so

that xL,1 = xL,2 = xL,3 = xL. Then by Eq. 1.12, the interferometer phase is

φ = (k − 2k + k)(−xL) + (−k + k)

(
~k
m
T

)
+ (φL − 2φL + φL) = 0. (1.17)
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If instead the position of the laser is fixed in the laboratory frame, which has accel-

eration g with respect to the freely falling frame, we have

xL,2 = xL,1 +
1

2
gT 2 (1.18)

xL,3 = xL,1 + 2 gT 2

and

φ = −kgT 2. (1.19)

Therefore, the interferometer phase is sensitive to the relative acceleration between

the laser and the atoms.

In our apparatus, the frequency of the laser is adjusted during the interferometer

so that the light remains on resonance with the atomic transition. This corresponds

to a frequency shift at rate kg and a phase shift of 1
2
kgt2 after time t. Thus

φ1,2 = −φ1,1 −
1

2
kgT 2 (1.20)

φ2,2 = φ1,1 +
1

2
kgT 2

φ1,3 = φ1,1 + 2kgT 2

and

φ = −kgT 2 + kgT 2 = 0. (1.21)

The interferometer phase shift due to the acceleration of the laser is removed by

shifting the frequency of the laser. Physically, the frequency shift moves the laser

wavefronts such that they are at rest in the freely falling frame of the atoms. Note,

however, that this procedure does not eliminate the sensitivity of the interferometer

to accelerations. The phase shift due to an additional small acceleration ∆g between

the atoms and laser is

φ = k∆gT 2, (1.22)

so the acceleration sensitivity is
φ

∆g
= kT 2, (1.23)
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which is ∼ 6× 108 rad/g in our equivalence principle measurement.

1.3.3 Additional phase shifts

A number of physical effects can cause phase shifts in an atom interferometer. For

precision measurements such as those described in this work, the following effects

generally need to be considered.

A. Recoil phase shifts

In general, an atom-light interaction that imparts momentum ~k to one arm of an

interferometer will induce a recoil phase shift φr after a drift time T given by

φr ∼
~k2

2m
T (1.24)

where m is the mass of the atom. In symmetric interferometer geometries, such as

the Mach-Zehnder accelerometer described above, the recoil shift vanishes. However,

if there is a small asymmetry δT in the pulse timing of an otherwise symmetric

interferometer sequence, then there will be a nonzero recoil shift of order ~k2/(2m) δT .

In precise acceleration measurements, the timing between pulses must therefore be

controlled with high precision. The recoil shift is discussed in the context of our EP

test in Chapter 5.

B. Optical phase shifts

The atom-light interaction can result in optical phase shifts that were ignored, for

simplicity, in Section 1.3.2. These phase shifts can be divided into three categories.

First, optical phase shifts may arise due to the finite time over which the atom-

light interaction occurs. The phase shift calculation of Section 1.3.2 implicitly assumes

that the atom-light interaction happens at a single time, i.e. that the Rabi frequency

of the transition is infinite. With finite Rabi frequency Ω, the interferometer acquires

an additional phase shift of order ~k2/(2m) ·1/Ω from each pulse. These phase shifts,

which physically correspond to the motion of the midpoint trajectory during the light
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pulses [20], typically cancel if the beamsplitter pulses are identical but may be relevant

if the pulses have distinct temporal profiles.

Second, phase shifts may arise due to the failure of the two-level system approxi-

mation. In a Raman or Bragg transition, the atoms are coupled from the initial state

to the final state through one or more intermediate states. Residual population of

the intermediate states may lead to effects such as spontaneous emission (for opti-

cally excited intermediate states) or diffraction phases [21] (for intermediate ground

states).

Third, the atoms may be accelerated during the atom-light interactions by off-

resonant forces from the lasers. The AC-Stark effect [22], which causes an intensity-

dependent energy shift, is an important systematic effect in our EP test and is dis-

cussed in Chapter 5.

C. Potentials

Section 1.3.2 uses the midpoint theorem to compute the phase of an atom interfer-

ometer evolving in the potential V = 0 between interferometer pulses. A nonzero

potential can modify the atomic trajectories and the interferometer phase. In par-

ticular, if a potential induces a differential acceleration δg between the two isotopes

in an EP test, then there will be a differential phase shift k(δg)T 2. We characterize

phase shifts of this form arising from magnetic fields (Chapter 5) and gravity gradients

(Chapter 6).

To lowest order in the initial position difference ∆z and initial velocity differ-

ence ∆v, a uniform gravity gradient Tzz induces a differential phase shift given by

kTzz(∆z + ∆v T )T 2. We use the technique proposed in [23] to suppress this phase

shift (along with all others that depend linearly on initial position and velocity dif-

ferences) by a factor of up to 100. Our implementation of this technique is described

in Chapter 4.

Finally, a potential that varies sufficiently rapidly compared to an interferometer’s

wavepacket separation may induce phase shifts that are not attributable to accelera-

tions of the interferometer arms. This phenomenon, which includes the electromag-

netic Aharonov-Bohm effect [24], has not been observed in the context of gravity.
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The physical implications of such a phase shift are considered in Section 1.4, and an

experimental proposal to observe a gravitationally-induced phase shift of this type is

described in Chapter 7.

D. Beam pointing

Due to the rotation of the Earth, lasers with a fixed angle in the laboratory frame

rotate in the freely falling frame of the atoms. The effect of relative rotation on the

interferometer phase can be described using the midpoint formalism of Section 1.3.2

by replacing k and x with their three-dimensional counterparts. If the Earth rotates

with angular frequency ~Ω, then the phase shift due to the rotation of the lasers is

approximately 2kvxΩyT
2, where vx is the east-west component of the atom’s velocity

and Ωy is the component of the Earth’s rotation in the north-south direction.

In our apparatus, phase shifts due to the Earth’s rotation are removed by rotating

a retroreflection mirror so that the direction of the interferometry pulses remains

constant in the freely falling frame of the atoms. We also add additional rotations

of the interferometry pulses to create a spatial phase gradient on the atom cloud at

the time when it is imaged, a generalization of the technique known as phase shear

readout [25]. These additional rotations suppress phase shifts that depend on initial

horizontal position and velocity differences, as described in Chapter 5.

1.4 How to think about the atom interferometer

phase

Many different formalisms exist for computing the phase of an atom interferome-

ter, including the midpoint theorem [19], the Wigner function method [26, 27], a

representation-free description [28], and techniques that solve the Schrödinger equa-

tion [13, 29] in various approximations. The mathematical relationships between

these approaches are not always clear, and since one can often predict the result of

an experiment by using several distinct methods, it can be challenging to develop

physical intuition about what a particular atom interferometer is actually measuring.



CHAPTER 1. INTRODUCTION 14

Likewise, since some techniques rely heavily on quantum mechanics to compute the

phase while others reduce the problem to a calculation in classical mechanics, it may

be unclear whether an atom interferometer and a given classical measurement can

provide distinct information. Here we investigate the physical content of the atom

interferometer phase through a series of thought experiments and comparisons to

classical measurements.

1.4.1 Experiment 1: a classical accelerometer

Suppose we want to measure our acceleration with respect to a freely falling reference

frame. One way to do this is to observe the motion of a freely falling object, recording

the position of the object at various times. If the object is located at position x0 and

has velocity v0 at time t = 0, then its position x(t) at time t is

x(t) = x0 + v0t−
1

2
gt2 (1.25)

where g is the relative acceleration. This equation has three unknowns: x0, v0, and

g. Thus, we must measure the position at three times in order to solve for g. If

the total time available for the observation is 2T , we can choose to make position

measurements at times t = 0, t = T , and t = 2T . Solving for g in terms of these

measurements, we have

g = − 1

T 2
[x(0)− 2x(T ) + x(2T )] . (1.26)

A position measurement may be understood as a dimensionless measurement of the

phase φ of some ruler with wavevector k, i.e. x = φ/k. In terms of φ, we have

g = − 1

kT 2
[φ(0)− 2φ(T ) + φ(2T )] . (1.27)

1.4.2 Experiment 2: an atom-interferometric accelerometer

Now suppose that instead of a classical object, we use a freely falling cloud of atoms

as an acceleration reference. Rather than making three position measurements, we
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implement a Mach-Zehnder atom interferometry sequence [30] and measure the re-

sulting interferometer phase. According to the midpoint theorem, we may write the

phase φ as

φ =
3∑
i=1

(k1,i − k2,i) x̄i (1.28)

where kj,i and x̄i are defined as in Section 1.3.2. Here we are assuming that the

phase of the laser is constant. We are also using the fact that in a Mach-Zehnder

accelerometer, the terms involving ωj,i sum to zero.

Simplifying the sum, we have

φ = kx̄(0)− 2kx̄(T ) + kx̄(2T ) = −kgT 2 (1.29)

or equivalently

g = − 1

kT 2
[φ(0)− 2φ(T ) + φ(2T )] (1.30)

= − 1

T 2
[x̄(0)− 2x̄(T ) + x̄(2T )] . (1.31)

The atom interferometer phase thus contains precisely the same acceleration in-

formation as the three-point classical accelerometer described in the previous section,

provided that the classical object travels along the same trajectory as the atom inter-

ferometer’s midpoint. We may think of the atom-light interactions as providing three

position measurements of the atoms with respect to the laser, and the Mach-Zehnder

pulse sequence combines these position measurements such that the phase gives the

relative acceleration.

From the form of the midpoint theorem, which expresses the interferometer phase

as φ ∼
∑
kix̄i up to terms proportional to ωi, we see that the analogy between an

atom interferometer and a classical test mass holds whenever the midpoint theorem

is valid. For any atom interferometer in which the phase can be described by the

midpoint theorem, there exists a corresponding classical experiment in which:

• the classical test mass travels along the midpoint trajectory of the atom inter-

ferometer, and
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• up to “clock” phase shifts proportional to ωi, the atom interferometer phase

may be written in terms of the positions of the classical test mass at the times

of the atom-light interactions.

1.4.3 Beyond the midpoint theorem

The midpoint theorem allows us to think of the atom interferometer phase as a sum

of terms that represent position measurements of the atoms at the times of the atom-

light interactions. Since it is an effective theory, the midpoint theorem must be

justified by a first-principles calculation. What is the midpoint theorem’s range of

validity, and how are phase shifts beyond the midpoint theorem computed?

One way to perform a first-principles calculation of the atom interferometer phase

is to represent the initial state of the atom cloud by a quantum-mechanical wavefunc-

tion and solve the time-dependent Schrödinger equation. This technique is described

in [13]. The time evolution is divided into intervals of atom-light interaction sepa-

rated by drift times in which the laser intensity is zero. The ith atom-light interaction

is assumed to couple two atomic states with a photon of wavevector ki, frequency

ωi, and phase φi; between the atom-light interactions, the wavefunction evolves in a

potential V (x̂, t).

The key assumption that makes the calculation analytically tractable is the semi-

classical approximation, which stipulates that the higher-order coordinate dependence

of the Hamiltonian is negligible at the size scale of the wavepacket on each interferom-

eter arm. Specifically, if H(x̂, p̂, t) is the Hamiltonian between interferometer pulses

(i.e. when there is no atom-light interaction), then we can expand Ehrenfest’s theorem

around the central position and momentum of each wavepacket to obtain

∂t 〈x̂〉 = ∂p̂H +
1

2!
∂p̂∂p̂∂p̂H ·∆p2 + · · · (1.32)

and

∂t 〈p̂〉 = −∂x̂H −
1

2!
∂x̂∂x̂∂x̂H ·∆x2 + · · · . (1.33)

In these expressions, ∆x2 ≡ 〈x̂2〉 − 〈x̂〉2 and ∆p2 ≡ 〈p̂2〉 − 〈p̂〉2 are the position and
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momentum variance of the wavepacket, respectively. The semiclassical approximation

asserts that all of the higher-order terms on the right-hand sides of Eq. 1.32 and

Eq. 1.33 are negligible compared to the first term. Then for each wavepacket, we

have

∂t 〈x̂〉 = ∂p̂H (1.34)

and

∂t 〈p̂〉 = −∂x̂H. (1.35)

With the semiclassical approximation, Ehrenfest’s theorem reduces to Hamilton’s

equations for the wavepacket on each interferometer arm, and the expectation values

of position and momentum on the jth arm follow the classical trajectories:

〈x̂j〉 (t) = xj(t) (1.36)

and

〈p̂j〉 (t) = pj(t). (1.37)

Notice that the semiclassical approximation requires variations of the Hamiltonian

to be small with respect to the size of the wavepacket on each interferometer arm,

but the variations need not be small with respect to the position or momentum

separations between interferometer arms. The semiclassical approximation therefore

remains valid in long-time, large-momentum-transfer atom interferometry (such as

the experiment described in Chapter 3) as long as the wavepackets on each arm are

sufficiently narrow in position and momentum.

As is shown in [13], the atom interferometer phase φ can then be written as

φ = φlaser + φprop + φsep. (1.38)

The first term, known as the “laser phase,” is given by

φlaser =
N∑
i=1

[(k1,i · x1(ti)− ω1,i ti + φ1,i)− (k2,i · x2(ti)− ω2,iti + φ2,i)] . (1.39)
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In this expression, the index i runs over the N atom-light interactions. The laser

wavevectors kj,i, frequencies ωj,i, and phases φj,i are defined as in Section 1.3.2.

The second term in the interferometer phase, called the “propagation phase,” is the

difference in the action computed along the classical trajectory of each interferometer

arm. It is given by

φprop =
1

~

∫ tf

t0

L(x1(t), p1(t), t) dt− 1

~

∫ tf

t0

L(x2(t), p2(t), t) dt (1.40)

where L is the Lagrangian, t0 is the time of the initial beamsplitter, and tf is the

time of the final beamsplitter.

The third term, the “separation phase,” is given by

φsep =
1

~
(p1(tf ) + p2(tf ))

2
(x2(tf )− x1(tf )). (1.41)

Notice that the semiclassical approximation reduces the calculation of the phase

shift from a quantum-mechanical problem to a classical one. In order to compute

the interferometer phase with this approximation, it is sufficient to know the classical

trajectory of each interferometer arm, and the dynamics of the wavepacket on each

interferometer arm can be ignored.

Although it provides a significant computational simplification, the semiclassical

approximation introduces calculational artifacts that complicate efforts to understand

the physical meaning of each term in the interferometer phase. These artifacts arise

because the classical trajectories of the interferometer arms need not overlap at the

time of the final beamsplitter pulse. In such cases, which are called “open interfer-

ometers,” the terms in the interferometer phase acquire the following properties:

• The separation phase becomes nonzero.

• The propagation phase becomes frame-dependent. Transforming to a coordinate

system that moves at a relative velocity v′ adds a term −mv′/~·(x1(tf )−x2(tf ))

to the propagation phase that is canceled by a term of the opposite sign in the

separation phase.
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• The laser phase and separation phase become dependent on which output port

is used to compute them. Using the opposite output port, which moves at a

relative velocity ~k/m, adds a term k · (x1(tf )− x2(tf )) to the laser phase that

is canceled by a term of the opposite sign in the separation phase.

It is worth emphasizing that there is no fundamental physical difference between

“open” interferometers and “closed” interferometers (in which the classical trajec-

tories overlap at the time of the final beamsplitter). In order to observe first-order

coherence in a particular region, the probability density |ψ|2 must have the form

|ψ|2 ∼ |ψ1 + ψ2|2 = |ψ1|2 + |ψ2|2 + ψ∗1ψ2 + ψ1ψ
∗
2. (1.42)

Here ψ1 and ψ2 represent the amplitudes of the wavefunction on two different tra-

jectories, and the phenomenon of interference is represented by the terms ψ∗1ψ2 and

ψ1ψ
∗
2. The interference terms are zero unless the region contains nonzero ampli-

tude from both trajectories. Physically speaking, every interferometer is closed. The

frame dependence and port dependence acquired by the phase terms in an “open”

interferometer have no physical meaning.

With these considerations in mind, we can reorganize the formalism from [13] to

make its physical content more obvious. In particular, rather than calculating the

interferometer phase in a single output port, we can calculate each phase term in

both output ports and average the results. The interferometer phase is then given by

φ = φ̄laser + φ̄loop (1.43)

where φ̄laser is the laser phase averaged between the two ports and φ̄loop ≡ φprop + φ̄sep

is the port-averaged sum of the propagation and separation phase. We may think of

φ̄loop as an integral around the closed interferometer trajectory, with φ̄sep providing

the last piece of the closed-loop integral that is missing from the open path integral

of φprop.

This way of arranging the phase terms has several advantages. First, unlike φprop

and φsep, φ̄loop is invariant under Galilean transformations. In fact, since it is an
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action, φ̄loop is invariant under point transformations (x, ẋ, t)→ (y(x, t), ẏ(x, ẋ, t), t).

Second, unlike φlaser and φsep, φ̄laser and φ̄loop do not depend on the arbitrary choice

of which output port to use for the calculation.

Physical effects are independent of one’s choice of coordinate system and calcu-

lational method. It is therefore not possible to assign a physical meaning to φprop,

φlaser, or φsep individually. However, it is reasonable to offer a physical interpretation

of φ̄laser and φ̄loop. We may think of φ̄laser as a sum of local measurements of the

positions of each interferometer arm with respect to the lasers during the atom-light

interactions. The phase φ̄loop, on the other hand, represents the phase shift due to

the difference in action between the two interferometer arms.

Further physical insight can be gained by considering the relationship between

φ̄laser + φ̄loop and the phase computed from the midpoint theorem. As we will show

in Chapter 7, whenever the semiclassical approximation is valid, the interferometer

phase φ is given by

φ = φ̄laser + φ̄loop (1.44)

= φ̄laser +
∑
i

(
k1,i + k2,i

2

)
(x2,i − x1,i) + φpotential (1.45)

= φMP + φpotential. (1.46)

Here φMP is the midpoint theorem phase, and

φpotential ≡
∑
n odd

∫ tf

t0

(n− 1)

2n−1 n!
Vn(x̄(t), t) ·∆x(t)n dt (1.47)

where Vn is the nth derivative of the potential V (x, t), x̄(t) is the midpoint position of

the interferometer at time t, and ∆x(t) ≡ x1(t)− x2(t) is the wavepacket separation

at time t.

One of the terms from φ̄loop (the second term on the right-hand side of Eq. 1.45) can

be combined with φ̄laser to give φMP. This term appears in φ̄loop because, in general,

an atom-light interaction that changes the interferometer midpoint trajectory induces

an action difference between the two arms. The midpoint theorem phase combines
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the phase imprinted during the atom-light interaction with the phase due to the

induced action difference, treating them as a single phase that arises from an effective

atom-light interaction.

We can see from Eqs. 1.46 and 1.47 that the midpoint theorem gives the full

interferometer phase if the potential V (x, t) is of degree 2 or lower in x. In such a

potential, it is possible to describe the phase evolution entirely in terms of the effective

atom-light interactions. The information needed to compute the phase consists of

the laser wavevector and the interferometer midpoint position at the time of each

interaction. The potential affects the phase solely by changing the interferometer

position with respect to the lasers.

On the other hand, a phase shift beyond the midpoint theorem occurs if the po-

tential is of degree greater than 2 on the length scale of the wavepacket separation.

This effect is represented by φpotential. We may think of φpotential as the part of the

action difference φ̄loop that cannot be inferred from the atom-light interactions. This

phase is “nonlocal” in the sense that it cannot be expressed in terms of the interfer-

ometer midpoint position, as is the case with φMP. Instead, φpotential is sensitive to

the potential difference over the wavepacket separation.

When φpotential is nonzero, the analogy between the atom interferometer and a

classical accelerometer presented in Sections 1.4.1 and 1.4.2 breaks down, and it

is no longer sensible to think of the interferometer as performing an acceleration

measurement. Nonlocal phase shifts such as the Aharonov-Bohm effect [24], which

has no analogue in classical mechanics, can be observed in this regime. Notably, no

experiment has yet observed a nonzero φpotential induced by a gravitational potential.

We propose such an experiment in Chapter 7.

1.5 General principles of precision measurement

Although experimental techniques differ among physics subfields, precision measure-

ments share several universal features. Understanding these general principles is

essential to the design and operation of a precise experiment.
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1.5.1 Symmetry

The most important characteristic of a precision measurement is its use of symmetry

to prevent undesired effects from influencing the result of the measurement. Suppose

we wish to make a measurement M of a dimensionful quantity x. Since measurements

are dimensionless, M necessarily depends on other dimensionful quantities {yi} as

well. We may think of the measurement as a function of these quantities: M(x, {yi}).
For example, a measurement of a position x performed with a ruler of wavevector k

may be represented as M(x, {k}) = k · x.

In general, the measurement may be sensitive to dimensionless combinations of

its arguments that do not include x or that include x in an undesired way. The role

of symmetry in precision measurement is to eliminate these unwanted dependencies

to the greatest extent possible.

Consider, for example, an acceleration measurement performed with a Ramsey-

Bordé atom interferometer [31]. The phase of the interferometer, which is the mea-

surement result MRB, is given by

MRB(g, {k, T, ~,m}) = −kgT 2 − ~k2

m
T (1.48)

where g is the acceleration, k is the beamsplitter wavevector, T is the time between

the beamsplitter and the middle pulse, ~ is Planck’s constant, and m is the mass

of the atom. The interferometer phase depends on g as desired for an acceleration

measurement, but it also contains a term (the recoil shift ~k2T/m) that does not

depend on g. As the accuracy of the measurement increases, this term will eventually

contribute uncertainty to the measurement.

The Ramsey-Bordé interferometer is sensitive to the recoil shift because the two

arms of the interferometer are treated asymmetrically by the interferometer sequence;

the upper arm receives momentum from the middle pulse, but the lower arm does

not, so the center-of-mass momentum transfer is nonzero. In a Mach-Zehnder inter-

ferometry sequence [30], on the other hand, the middle pulse transfers momentum to

both arms, and the center-of-mass momentum transfer in the middle pulse is zero.
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Consequently, the phase of the Mach-Zehnder interferometer is

MMZ(g, {k, T, ~,m}) = −kgT 2. (1.49)

The additional symmetry of the Mach-Zehnder sequence suppresses the dependence

of the interferometer phase on the recoil frequency. This feature makes the Mach-

Zehnder sequence preferable to the Ramsey-Bordé sequence for precise acceleration

measurements.

Now suppose that the interferometer evolves in a gravity gradient Tzz so that the

acceleration at height z is g + Tzzz. The phase of the Mach-Zehnder interferometer

in this case is given by

MMZ(g, {k, T, ~,m, Tzz}) = −kḡT 2 − ~k2

2m
TzzT

3 (1.50)

where ḡ is an appropriate time average of the acceleration along the initial geodesic.

The Mach-Zehnder interferometer is sensitive to the recoil frequency in a nonzero

gravity gradient because the first beamsplitter pulse changes the velocity of the atomic

center of mass by ~k/(2m), leading to a displacement of size ~kT/(2m) and an ad-

ditional acceleration Tzz · ~kT/(2m). As before, this dependence can be reduced by

increasing the symmetry of the interferometry sequence. Our EP measurement uti-

lizes a “symmetric Mach-Zehnder” interferometer in which the initial beamsplitter

does not change the center-of-mass motion of the atoms. As a result, the interferom-

eter is insensitive to the recoil frequency even in the presence of a gravity gradient.

This geometry is pictured alongside the Ramsey-Bordé and Mach-Zehnder geometries

in Fig. 1.1.

1.5.2 Switches

No matter how much the symmetry of a particular measurement is increased, the

measurement will still typically depend on some arbitrarily-chosen experimental pa-

rameters. The sensitivity of the result to these parameters can be explored by varying

(“switching”) their values. A collection of measurements containing such variations
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Figure 1.1: Schematic spacetime diagrams of several interferometer geometries in
the rest frame of the atom source. Left: Ramsey-Bordé interferometer. Middle:
Mach-Zehnder interferometer. Right: symmetric Mach-Zehnder interferometer.

has more symmetry than any single measurement and can therefore typically reach a

higher accuracy.

For example, the interferometer geometry used in our EP test consists of a se-

quence of two-photon transitions. The full sequence is symmetric between the two

interferometer arms, but the direction of the first beamsplitter pulse (up or down)

may be arbitrarily chosen. To reject any systematic effects that depend on the beam-

splitter direction, we take measurements using each direction and average the results.

In general, it is good practice to vary every experimental parameter on which the

measurement result could conceivably depend. In our EP test, we switch the detection

fringe direction, imaging order, and momentum difference between interferometer

arms in addition to the beamsplitter direction. More information about these switches

is contained in Chapter 5.

1.5.3 Differential measurement

Precision measurements are often motivated by a desire to search for new physics.

However, the signal in any experiment is also influenced by well-understood physical

effects that are independent of the proposed new physics under investigation. A com-

mon strategy to isolate the signature of “interesting” physics is to take the difference

between two measurements where one of the parameters y′ ∈ {yi} is varied. The

variation of y′ is chosen to provide sensitivity to a particular physical effect, while the
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subtraction of the two measurement results reduces sensitivity to other effects. This

technique is called “differential measurement.”

For example, in our EP test, the experimental signal is a differential measurement

δM of the relative accelerations of 85Rb and 87Rb with respect to the interferometer

lasers. We may represent this as

δM(g, {k, T}) = M(g, {i85, k, T})−M(g, {i87, k, T}) = −k ∆g T 2 (1.51)

where i85 and i87 label the two isotopes, g is the average acceleration, and ∆g is the

differential acceleration. The differential measurement is sensitive to the acceleration

difference between isotopes that would be induced by an EP violation. However,

δM does not depend on the average acceleration g. Temporal variations of g due

to vibrations have the same effect on the phase of each interferometer and therefore

cancel in the differential measurement. Indeed, in the ideal case, the differential

measurement is not sensitive to any known physical effects at all. If the equivalence

principle holds between 85Rb and 87Rb, then δM = 0; any nonzero result is evidence

of an EP violation.

1.5.4 Overlap and suppression

In an ideal differential measurement δM , the parameters {yi} are identical in the two

measurements M , except for the parameter y′ that is varied to produce the desired

signal. If instead the {yi} differ between measurements, then δM may gain additional

dependence on the {yi}.
To be concrete, consider the EP test discussed above in the presence of a gravity

gradient Tzz. The gravity gradient makes the acceleration of each interferometer

sensitive to its initial position z and velocity v, and the differential phase is given by

δM = M(g, {i85, k, T, Tzz, z85, v85})−M(g, {i87, k, T, Tzz, z87, v87}) (1.52)

= −k∆gT 2 − k∆zTzzT
2 − k∆vTzzT

3. (1.53)

Here ∆z ≡ z85 − z87 and ∆v ≡ v85 − v87 are the initial kinematic differences between
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the interferometers. These kinematic differences give rise to phase shifts proportional

to the gravity gradient, and as a result, δM no longer depends solely on ∆g as desired.

There are two ways to reduce the influence of systematic effects that arise due

to imperfect overlap of the {yi} in a differential measurement. First, the parameter

differences between measurements can be reduced. For instance, if ∆z and ∆v are

decreased in the EP measurement, then the phase shift due to the gravity gradient

becomes smaller relative to the phase shift due to ∆g. Second, the coefficient that

multiplies the parameter differences can be reduced. In the EP measurement, this

can be done by decreasing the gravity gradient Tzz or by adding an additional phase

shift that is proportional to ∆z + ∆vT . In our experiment, we shift the frequency of

the interferometer pulses to suppress the dependence of the differential phase on ∆z

and ∆v by two orders of magnitude. See Chapter 4 for details.

1.5.5 Blind measurement

In modern experiments that test for new physics, it has become common to “blind”

the measurement—that is, to withhold knowledge of the measurement’s result from

the experimentalists until the experiment and data analysis are complete. The justi-

fication for blind measurement is straightforward: it guarantees that the experimen-

talists are not basing any of their decisions (e.g. decisions about whether to continue

searching for systematic effects) on the current value of the measurement. Blind mea-

surement is no substitute for careful systematic analysis but is psychologically useful

for preventing the result from being unknowingly fed back to a desired value.

The design of a blind measurement involves tradeoffs. On the one hand, the

experimentalists must be prevented from calculating or inferring the result of the

measurement if they are to benefit from blinding. On the other hand, withholding

too much information about the measurement can obscure problems with the appa-

ratus that need to be solved. Ideally, the experimentalists have access to as much

“diagnostic” data as possible but remain ignorant of the particular features of the

data that imply the measurement result.

In our EP test, the proposed EP-violating differential phase scales as k∆gT 2,
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where ∆g = 0 if the equivalence principle holds. We take data with multiple different

values of k to observe this scaling. To blind the measurement, a random real number

φblind was chosen from a Gaussian distribution with mean zero and standard deviation

0.002. This number was added to the differential phase of each data set in proportion

to k during the analysis process, i.e. the 4~k data was shifted by φblind, the 8~k
data by 2φblind, and the 12~k data by 3φblind. The magnitude of the blind, which

corresponds to a 1σ relative acceleration difference of 7 × 10−12, was chosen so that

its range of plausible values was much larger than the measurement’s accuracy. After

the blind was removed, the result was made public without taking any additional

data or altering the data analysis procedure in any way.

1.6 Organization of this dissertation

The experimental apparatus, which includes a 10 m atomic fountain, is described in

Chapter 2. Chapter 3 discusses large-momentum-transfer atom interferometry, which

we have used to obtain a 90~k momentum difference and a 54 cm wavepacket separa-

tion between interferometer arms. Chapter 4 describes our technique for suppressing

the phase shifts associated with initial kinematic differences, and Chapter 5 presents

the results of our equivalence principle test. Chapter 6 discusses our observation of a

quantum system in curved spacetime. Chapter 7 proposes an experiment to observe

gravitational time dilation in an atom interferometer, and Chapter 8 describes our

current efforts to construct a high-power 780 nm laser system for future experiments.
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Apparatus

This chapter discusses the apparatus and experimental techniques used to obtain the

results in Chapters 3, 4, 5, 6, and 8. Because the core apparatus has been described

in previous work [32, 33, 34, 35, 12], we will focus primarily on recent additions and

upgrades.

2.1 Apparatus overview

Each iteration of the experiment begins with the production of an ultracold atomic

cloud. Rubidium atoms are loaded from background vapor into a two-dimensional

magneto-optical trap (MOT), where they are cooled and pushed through a differential

pumping stage into a 3D MOT located directly beneath the interferometry region. In

the experiments described in Chapters 3 and 6, the MOT contains 87Rb only. In the

equivalence principle test (Chapter 5) and associated work (Chapter 4), the MOT

contains both 87Rb and 85Rb. Typically, about 1010 atoms are loaded into the 3D

MOT in ∼ 6 s. Section 2.2 provides further details about the 2D and 3D MOT.

The atoms are then transferred into a magnetic quadrupole trap and cooled via

microwave evaporation. The final stages of evaporation employ either a time-orbiting

potential (TOP) trap or an optical plug to prevent atom loss via Majorana spin flips

at the magnetic field zero. With the TOP trap and atomic clouds of 87Rb only, we

can produce Bose-Einstein condensates (BECs) containing a few hundred thousand

28
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atoms. The dual-species evaporation is less efficient, and our highest dual-species

phase space densities are obtained in the optically plugged trap. Section 2.3 discusses

the evaporation sequence.

After evaporation is complete, the atomic cloud has a small spatial extent (about

50µm) and a velocity spread of 0.1 cm/s to 1.5 cm/s, depending on evaporation pa-

rameters. To further reduce the velocity spread, we diabatically weaken the magnetic

trap, inducing breathing-mode and center-of-mass oscillations in the cloud. Due to

their differing masses, 87Rb and 85Rb evolve differently in the trap. We turn off the

trap at a time when the two species have the same center-of-mass velocity and mini-

mal velocity spread. This procedure, which we call the “magnetic lens,” is described

in Section 2.4.

Next, the atoms are loaded into a blue-detuned optical lattice and launched into

the interferometry region. Section 2.5 describes the lattice launch. The interferometry

region consists of an ultra-high vacuum system that is 10 m tall, allowing a free-fall

time of up to 2.5 s. The vacuum chamber is surrounded by three layers of mu-

metal that act as a magnetic shield, and a solenoid coil within the shield creates a

uniform magnetic field. Once they enter the magnetic shield, the atoms are transferred

into magnetically insensitive m = 0 states by a sequence of microwave pulses. The

temperature of the interferometry region is monitored by thermocouples placed along

its length, and temperature stability is maintained by an air supply at the top of the

tower. Further details about the interferometry region can be found in Section 2.6.

While in free fall, the atoms interact with the interferometry lasers, which enter the

interferometry region from the top and are retroreflected by a mirror at the bottom

of the tower. A system of feedback loops is used to control the frequency spectrum

and intensity of the interferometry lasers. The retroreflection mirror is mounted on

a movable stage, and its angle with respect to the laboratory is changed during the

interferometry sequence to compensate for Earth’s rotation. Section 2.7 discusses the

interferometry lasers and the retroreflection system.

Once the interferometry sequence is complete, the atoms leave the interferometry

region and are detected by fluorescence imaging. The optics and cameras used to

image the atoms are described in Section 2.8.
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2.2 MOT

2.2.1 Overview

To prepare the atom source used in the experiment, rubidium atoms in the gas phase

must be cooled from room temperature (typical velocity 300 m/s) to a velocity spread

of . 10−2 m/s. The first stage in this cooling process is a magneto-optical trap

(MOT). In a MOT, forces are applied to atoms through the absorption of photons

from a laser. An atom that absorbs a photon of wavevector k receives a momentum

kick of ~k in the direction of the laser and transitions to an excited internal state.

After a time τ , the atom spontaneously emits a photon in a random direction. If the

atom returns to its original internal state, it can continue to absorb photons from the

laser. The atom can be accelerated at a rate of ∼ ~k/(mτ), which is ∼ 105 m/s2 for

a rubidium atom interacting with a laser tuned to the D2 transition at 780 nm. This

means that room-temperature rudibium atoms can be brought nearly to rest in the

laboratory frame in a few milliseconds via atom-light interactions.

Since photon absorption is a resonant process, its rate (and thus the force applied

to the atom by the laser) depends strongly on the detuning of the laser from the atomic

transition frequency. The idea of the MOT is to take advantage of this detuning

dependence to create cooling and trapping forces. A cooling force is produced by

overlapping two counter-propagating beams, each of which has a frequency below

that of the atomic transition. If an atom moves toward one of the beams, that beam

is shifted closer to resonance in the atom rest frame due to the Doppler effect, and

the atom preferentially scatters photons from that beam, slowing the atom down.

A trapping force is produced by placing the atom in a magnetic field gradient. The

magnetic field gradient shifts the energy of the atom’s magnetic sublevels as a function

of position and therefore shifts the detuning of each beam as a function of position.

With an appropriate choice of magnetic gradients and laser polarizations, the atom

will preferentially scatter photons from any beam toward which it is displaced. Thus,

the MOT simultaneously cools atoms (to ∼ 200µK, for rubidium) and traps them on

the millimeter length scale.
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In our apparatus, the atoms are initially loaded into a 2D MOT from the back-

ground vapor in a rubidium oven with partial pressure 10−6 to 10−7 Torr. The atoms

are then optically pushed through a differential pumping stage into a 3D MOT. To

maximize the atom number, the MOT beams are large (2 cm diameter) and are red-

detuned by 13.9 MHz and 14.4 MHz for 87Rb and 85Rb, respectively.

2.2.2 MOT laser system

The MOT beams are generated by a 780 nm extended cavity diode laser (Toptica

DL Pro) that is offset locked to the 85Rb F ′ = 3/F ′ = 4 crossover by saturation

spectroscopy. This laser is amplified by a 1 W tapered amplifier (TA, Eagleyard TPA-

1000), spatially filtered with an optical fiber, and split into several optical paths via

polarizing beamsplitters. The frequency of each path is adjusted by phase modulation

using fiber-coupled electro-optic modulators (Photline Technologies). One path is set

to the frequency of the 85Rb F = 3/F ′ = 4 cycling transition (“85 cooling light”),

and one path is set to the frequency of the 87Rb F = 2/F ′ = 3 cycling transition

(“87 cooling light”). The spectrum of each cooling path is produced by serrodyne

modulation [36], and the sawtooth waveform is generated by a nonlinear transmission

line [12]. A third path is modulated with a sinusoidal waveform, and the frequency

is chosen such that the first-order sideband is resonant with the 85Rb F = 2/F ′ = 3

transition and the second-order sideband is resonant with the 87Rb F = 1/F ′ = 2

transition. This “repump” light is necessary for the MOT because a 85Rb atom in the

F = 3 manifold will occasionally be excited by the cooling light to F ′ = 3, from which

it can decay into F = 2; likewise, a 87Rb atom in F = 2 will sometimes be excited

to F ′ = 2, from which it can decay into F = 1. The repump light returns 85Rb and
87Rb to F = 3 and F = 2, respectively, so that the atoms can continue to interact

with the cooling light. A fourth path generates the spectrum necessary to optically

pump each species prior to loading the magnetic trap (see Section 2.2.4). The optical

pumping light is combined on a fiber-coupled optical switch (Agiltron) with the light

used to produce absorption images of the atom source [35] and is delivered to the

atoms on the absorption imaging path.
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After phase modulation is applied, the cooling and repump beams are amplified

further. The 85Rb cooling light and 87Rb cooling light are amplified by fiber-coupled

2 W TAs (Thorlabs), while the repump light is amplified by a Thorlabs booster optical

amplifier and an Eagleyard 1 W TA. The cooling and repump paths are then combined

on a series of non-polarizing and polarizing beamsplitters, as shown in Fig. 2.1. One

of the resulting beams (“3D XY”), which contains cooling light for both species, is

delivered to the bottom of the tower via an optical fiber, where it provides light for

the x and y axes of the MOT. Another beam (“Z box 2”), containing repump light

and cooling light for both species, is delivered to the top of the tower. This beam is

directed into the interferometry region from above and provides light for the z axis

of the MOT, as shown in Fig. 2.2. A third beam (“2D XY”), which also contains

repump and cooling light, is delivered to the bottom of the tower, where it seeds an

Eagleyard 1 W TA that provides light for the 2D MOT. A fourth beam (“Z box 3”) is

directed into the interferometry region for the purpose of blowing away untransferred

atoms during the state preparation sequence. The spectrum of each beam can be

monitored with an optical cavity that is fiber-coupled to the output of a polarizing

beamsplitter on the 2D XY path. Further details about this laser system can be

found in [12].

To optimize MOT performance, it is important to ensure that each laser beam

has the correct polarization. In a magnetic quadrupole field, each axis should contain

two counterpropagating, circularly polarized beams, one of which drives σ+ transitions

and the other of which drives σ− transitions at each point in space. Light with the

opposite circular polarization produces anti-trapping forces that compete with the

MOT, so the incorrect polarization components should be minimized.

We measured the polarization of each MOT beam with a Thorlabs polarimeter.

The beam path was intended to deliver linearly polarized light to each side of the

MOT region, where the light would pass through a λ/4 waveplate to be circularly

polarized before entering the vacuum chamber. However, we found that the polariza-

tion of each beam became substantially elliptical before reaching its λ/4 waveplate

due to reflections off of steering mirrors. This effect was so large that one of the

purported λ/4 waveplates was actually a λ/2 waveplate, and the circular polarization
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on that path was being provided entirely by polarization rotation from reflections. To

improve the polarization, we added additional waveplates to each path as necessary

to ensure that the measured polarization was circular after the final waveplate. Fine

adjustments to the waveplate orientations were then made to maximize the MOT

atom number. These changes improved the atom number in the MOT by a factor of

2.

2.2.3 Vacuum leak and rubidium reloading

The 2D MOT chamber contains four rectangular windows that are clamped onto

indium strips to create a vacuum seal [32]. To prevent rubidium from accumulating

on them, the windows are heated by resistive heaters attached to their sides. In the

spring of 2019, the power supply for these heaters failed, and the 2D MOT chamber

developed a leak. The pressure in the 3D MOT chamber rose from 6× 10−11 Torr to

2×10−10 Torr, and we were no longer able to detect rubidium in the 2D or 3D MOT.

We attempted to seal the leak by applying Vacseal to the edges of the windows, which

induced several pressure spikes during the application process. We also activated a

turbopump and ion pump connected to the 2D MOT chamber, which reduced the

pressure in the 3D MOT chamber to 1.2× 10−10 Torr. We then attempted to observe

rubidium in the 2D MOT chamber by looking for resonantly scattered light and by

attaching a residual gas analyzer (SRS RGA 100) to the chamber. However, we

remained unable to detect rubidium in the 2D MOT chamber. It is likely that all of

the rubidium was oxidized due to the leak or during the repair process.

To refill the 2D MOT chamber with rubidium, we inserted a 1 g rubidium ampoule

into a thin vacuum bellows and attached the bellows to the 2D chamber via a valve.

The bellows was connected to a turbopump through a second valve. With the valve to

the 2D chamber closed, we pumped the vacuum bellows to below 10−6 Torr with the

turbopump, then closed the valve to the turbopump and broke open the Rb ampoule

by bending the bellows. We then opened the valve to the turbopump, and when the

pressure in the bellows dropped to below 10−6 Torr, we opened the valve to the 2D

MOT chamber. The bellows and surrounding vacuum components were subsequently
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heated to evaporate the rubidium into the 2D MOT chamber. Within a few days, we

were able to load the 2D and 3D MOTs once again, and the pressure in the 3D MOT

region ultimately decreased to 6× 10−11 Torr.

2.2.4 Optical molasses and optical pumping

The 2D MOT loads 1010 atoms into the 3D MOT in ∼ 6 s. Once the 3D MOT has

been loaded, an optical molasses stage is used to reduce the kinetic energy of the

clouds. To initiate the optical molasses, the detuning of the laser that addresses the
87Rb (85Rb) cooling transition is swept to 13 MHz (7 MHz) over 15 ms. The detuning

is then swept to 43 MHz (12 MHz) over 28 ms while the current in the quadrupole

coils is reduced from 6 A to 0 A. The repump power for each species is decreased

during these ramps by lowering the repump TA current and adjusting the amplitude

of the RF signal that drives the phase modulator for the repump light. During the

final millisecond of the second ramp, the repump light is completely off.

Immediately following the optical molasses stage, the 87Rb atoms are optically

pumped into the magnetically trapped state |F = 2,m = 2〉, and the 85Rb atoms are

optically pumped into |F = 3,m = 3〉. A ∼ 1 ms pulse of repump light transfers

the 87Rb (85Rb) atoms into the F = 2 (F = 3) manifold. The TOP coils are then

pulsed on for three intervals of 150µs, during which cooling light delivered along the

absorption imaging axis transfers atoms to m = 2 (m = 3). The radio frequency

drive of the phase modulator used for optical pumping is switched between the 87Rb

and 85Rb cooling frequencies during the pulse so that both species are pumped. The

phase of the TOP field and the delays between pulses are chosen so that the circularly-

polarized light drives the desired σ+ transitions. This procedure increases the atom

number of each species loaded into the magnetic trap by a factor of 2.
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2.3 Evaporation

2.3.1 Overview

By itself, the MOT has several shortcomings as an atom source for our experiment.

In a millimeter-scale MOT with 1010 rubidium atoms, light-assisted collisions inhibit

cooling below the Doppler temperature of 150µK [37], which corresponds to a typ-

ical velocity of 20 cm/s. Such atoms are too hot to be coherently launched into the

interferometry region, and even if they could be launched, almost all of the atoms

would leave the centimeter-scale interferometry laser before the interferometer was

complete. In principle, coherent processes such as Sisyphus cooling [38] can decrease

the temperature in a rubidium MOT to the recoil limit of 360 nK, which corresponds

to a typical velocity of 1 cm/s. However, such processes require the atomic density to

be lower. We can summarize these contraints with the notion of phase space density

(PSD), the number of atoms per unit of phase space with area ~. Rubidium MOTs

generally have PSD of order 10−5, which is not sufficient for long-time atom interfer-

ometry. In addition, accurate interferometry requires accurate knowledge of the initial

center-of-mass position and velocity of each atomic species. For our applications, the

initial kinematics are not constrained sufficiently well by the MOT.

To increase the phase space density and decrease the uncertainty in initial kine-

matic parameters, we transfer the atoms into a magnetic quadrupole trap and cool

them via microwave evaporation [22]. The 87Rb (85Rb) atoms are confined in the

|F = 2,m = 2〉 (|F = 3,m = 3〉) state, and blue-detuned microwaves drive transitions

of the 87Rb to the |F = 1,m = 1〉 anti-trapped state. Atoms with higher energy have

larger Zeeman shifts and thus lower detunings, so these atoms are preferentially re-

moved from the trap. Collisions between the atoms rethermalize the ensemble. As

evaporation continues, the hottest atoms are continuously removed, the temperature

of the remaining atoms decreases, and the PSD increases.

In a magnetic quadrupole trap, the magnitude of the magnetic field at the center

of the trap is zero. An atom that travels near the magnetic field zero can undergo a

Majorana transition [39] to a different magnetic sublevel, causing it to be lost from

the trap. This problem becomes more acute as the PSD increases because the atoms
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spend more time near the magnetic field zero.

We use two different approaches to prevent Majorana losses. In both cases, the

goal is to modify the trap so that the magnetic field at the trap minimum is nonzero.

First, a blue-detuned laser can be focused onto the location of the magnetic field zero.

This “optical plug” [40] repels atoms from the vicinity of the field zero via the Stark

shift. Second, a rotating magnetic bias field can be applied by additional Helmholtz

coils located on the radial axes of the trap. This bias field causes the magnetic field

zero to traverse a circle outside of the atom cloud. As long as the bias field rotation

is at a much higher frequency than the trap frequency1, the atoms effectively interact

with the time average of the magnetic field. The atoms remain trapped at the center

of the quadrupole field, but because of the additional bias field, the magnitude of

the magnetic field at the trap center is nonzero. This type of trap is known as a

time-orbiting potential (TOP) trap [41].

The choice between the optically plugged trap and the TOP trap involves tradeoffs

between evaporation time, final atom number, and PSD. In the optically plugged trap,

the potential is linear except in the immediate vicinity of the field zero. Thus, the

optically plugged trap can achieve high evaporation rates and high final atom number.

In contrast, the potential in the TOP trap is effectively harmonic. The TOP trap

has lower collision rates than the optically plugged trap, requiring longer evaporation

sequences, but its low peak density reduces three-body losses and enables a high final

PSD. When evaporating 87Rb alone, we have produced BECs of ∼ 3× 105 atoms in

the TOP trap, and the TOP trap was used for the experiments in Chapters 3 and 6.

The dual-species results described in Chapters 4 and 5 were obtained by using the

optically plugged trap.

The efficiency of evaporative cooling can be described by the ratio of the PSD

increase to the fraction of atoms lost during evaporation. We can compare different

evaporation techniques by the efficiency factor γ, where

γ =
log (PSDf/PSDi)

log (Ni/Nf )
, (2.1)

1The bias field rotation frequency must also be much lower than the Larmor frequency so that
the atoms remain in the desired magnetic sublevels.
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N is the atom number, and the subscripts i and f refer to the initial and final state,

respectively. When evaporating 87Rb alone, early stages of the evaporation process

can reach γ ∼ 2.5, and full evaporation to Bose-Einstein condensation in the TOP

trap can be performed with γ ∼ 2.

2.3.2 Evaporation simulation

To optimize experimental parameters and develop intuition, we simulated the early

stages of our experiment’s 87Rb evaporation procedure in the optically plugged mag-

netic quadrupole trap. Following the approach presented in [42], the simulation makes

the following assumptions:

• The trap potential is sufficiently ergodic that all relevant information about the

trap is contained in the density of states ρ(ε).

• At every time t, the atom cloud is close to thermal equilibrium at “temperature”

T (t).

• The edge of the trap (defined by the microwave detuning) is located at an energy

of η(t) · kT , where k is Boltzmann’s constant. Any atom with energy ≥ ηkT is

instantaneously removed from the trap.

• The energy of each atom is well-described by the sum of its kinetic energy and

the potential energy due to the trap.

• The total energy is given by the equipartition theorem.

• The atom cloud is statistically classical.

The first of these assumptions is valid for any realistic trap potential because small

experimental imperfections break all symmetries of the potential and rule out the

existence of additional conserved quantities. The second assumption is reasonable if

the evaporation rate Γev is sufficiently small compared to the elastic scattering rate Γes

and if the edge of the trap has sufficiently high energy compared to kT (i.e. η(t) & 8

for all t). The third assumption is a good approximation if the microwave transition
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Rabi frequency is high enough that most of the atoms with energy ≥ ηkT are removed

within a time 1/Γes. The fourth assumption holds as long as Γes is small compared to

the effective trap frequency. The fifth assumption requires that the thermal energy

kT is much larger than the energy splitting between adjacent states, and the sixth

assumption requires that the PSD is small compared to 1.

In our experiment, all six assumptions are valid during the initial stages of evap-

oration. As the density of the atom cloud increases, the elastic scattering rate can

eventually grow large enough that the interaction energy makes a non-negligible con-

tribution to the total energy, and the fourth assumption is violated. In addition, as

the PSD increases, the atoms will begin to follow boson statistics rather than clas-

sical statistics. We therefore expect the simulation to diverge from the experimental

results in the final stages of evaporation, when the cloud is strongly interacting and

has a comparatively high PSD, but we expect to see qualitative agreement between

the simulation and the experiment in the early stages of evaporation.

The potential of the magnetic quadrupole trap is given by

U(x, y, z) = µ A
√
x2 + y2 + 4z2 (2.2)

where µ is the magnetic moment and A is the quadrupole gradient. The optical

plug perturbs the potential near the magnetic field zero, but in the early stages of

evaporation, we can ignore this perturbation. The density of states is

ρ(ε) =
2π(2m)3/2

(2π~)3

∫
U≤ε

√
ε− U(x) d3x (2.3)

=
16
√

2m3/2

105π~3µ3A3
· ε7/2. (2.4)

A “power-law trap” is one in which the density of states is proportional to ε1/2+δ; the

magnetic quadrupole trap is a power-law trap with δ = 3.

The rate at which atoms are lost from the trap due to evaporation is equal to

the rate at which the tail of the Boltzmann distribution (with energy > ηkT ) is
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repopulated by elastic collisions. As shown in [42],

Ṅev = −N
2

V 2
σ v̄ e−η Vev. (2.5)

Here Ṅev is the evaporation rate, N is the atom number, V is the effective trap

volume, σ is the elastic scattering cross section,

v̄ =

(
8kT

πm

)1/2

(2.6)

is the effective velocity, and Vev is the effective volume in which evaporation can occur.

The effective trap volume is given by the cube of the thermal de Broglie wavelength

multiplied by the canonical partition function Z, i.e.

V =

(
2π~2

mkT

)3/2

Z (2.7)

and the partition function of the trap with edge at energy ηkT is related to the

partition function of the trap as η →∞, Z∞, by

Z = P (3/2 + δ, η) · Z∞ (2.8)

where

P (a, η) ≡ 1

Γ(a)

∫ η

0

ta−1e−t dt (2.9)

is the incomplete gamma function. Since P (a, η)→ 1 as η →∞, we will be approxi-

mating the incomplete gamma function by 1 wherever we find it; the resulting errors

are of order 0.1 or smaller for η ≥ 8. Now

Z∞ =
1

(2π~)3

∫
exp

[
−
(

p2

2m
+ U(x)

)
/(kT )

]
d3x d3p (2.10)

=

√
2

π
· m3/2

~3(µA)3
· (kT )9/2 (2.11)
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so

V ≈
(

2π~2

mkT

)3/2

Z∞ = 4π · (kT )3

(µA)3
. (2.12)

Similarly, as shown in [42],

Vev =

(
2π~2

mkT

)3/2

Z∞ · (η · P (3/2 + δ, η)− (5/2 + δ) · P (5/2 + δ, η)) (2.13)

≈ V · (η − 11/2). (2.14)

Putting it all together, the atom loss rate due to evaporation is

Ṅev = − N2

21/2π3/2
· (µA)3σ

m1/2(kT )5/2
· e−η(η − 11/2). (2.15)

The energy loss rate due to evaporation is

Ėev = Ṅev

(
ηkT +

Wev

Vev

kT

)
(2.16)

where

Wev = Vev −
(

2π~2

mkT

)3/2

Z∞ · P (7/2 + δ, η) (2.17)

≈ V · (η − 13/2). (2.18)

So we have

Ėev = Ṅev

(
η +

η − 13/2

η − 11/2

)
kT. (2.19)

The energy is given by

E = kT 2 ∂ logZ

∂T
≈ kT 2 ∂ logZ∞

∂T
=

9

2
NkT, (2.20)

so the rate of change of the temperature due to evaporation is

Ṫev =
Ėev − 9/2 ṄevkT

9/2 Nk
. (2.21)
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Defining an evaporation rate

Γev =
N

21/2π3/2
· (µA)3σ

m1/2(kT )5/2
· e−η(η − 11/2), (2.22)

we can write the differential equations for N and T as

Ṅev = −Γev ·N (2.23)

and

Ṫev = −2

9
Γev ·

(
η +

η − 13/2

η − 11/2
− 9/2

)
· T. (2.24)

These equations describe the evolution of the atom number and temperature due to

evaporation. We can follow the above procedure to include other physical processes

in the model as well. For each process that we wish to include, we compute the rate

of change of the atom number and energy, then use the relationship between energy

and temperature to derive the rate of change of the temperature as a result of the

process.

Our evaporation model incorporates four additional physical effects. First, we

include the atom loss due to collisions with background gas particles, which occur at

a rate Γbg. We assume that each atom is equally likely to undergo a collision with

the background gas and that such collisions always remove an atom from the cloud.

On average, energy 9/2 kT is lost from the cloud in each background gas collision, so

the background gas collisions do not change the temperature. We therefore have

Ṅbg = −Γbg ·N (2.25)

and

Ṫbg = 0. (2.26)

Second, we include losses due to nonadiabatic (Majorana) transitions near the

trap zero. As discussed in [41], the loss rate ṄM in a magnetic quadrupole trap can
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be estimated to be

ṄM = − ~
m

(
µA

kT

)2

·N (2.27)

where we have used kT/(µA) as the length scale of the cloud. The optical plug

suppresses Majorana losses by pushing atoms away from the trap zero. We model

the optical plug as a constant reduction of the Majorana loss rate by the factor f .

Defining

ΓM =
~
m

(
µA

kT

)2

· f, (2.28)

we have

ṄM = −ΓM ·N (2.29)

Atoms lost to nonadiabatic transitions have average kinetic energy ∼ 3/2 kT and

negligible potential energy because they are lost in the vicinity of the trap zero. The

temperature change due to Majorana loss is therefore

ṪM =
2

3
ΓM · T. (2.30)

Third, we include losses due to three-body inelastic collisions. Following [43], we

model the three-body inelastic collisions by a temperature-independent coefficient K3

so that the loss rate is

Ṅ3b = −Γ3b ·N (2.31)

where

Γ3b = K3N
−1

∫
n3 d3x =

K3N
2(µA)6

432π2(kT )6
(2.32)

for density n. We assume that all particles involved in a three-body collision leave

the trap. The average energy lost per particle can be obtained by adding the average

kinetic energy loss (3/2 kT , since atoms are equally likely to participate at all veloci-

ties) with the average potential energy loss U3b, given by the average of the potential

energy over the collisional density profile. We have

U3b = V 2C

∫
U(x) n3

1 d
3x = kT (2.33)
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where n1 ≡ n/N and C is a normalization constant chosen so that

V 2C

∫
n3

1 d
3x = 1. (2.34)

The energy lost per particle in a three-body collision is thus 5/2 kT , and the temper-

ature change is

Ṫ3b =
4

9
Γ3b · T. (2.35)

Fourth, we include the temperature change that results from the time dependence

of the quadrupole gradient during the evaporation sequence. As the quadrupole

gradient is increased, the atom number does not change, but the temperature increases

because work is performed on the system. The potential energy is U = 3kT = 2/3 E,

and the potential energy is proportional to the quadrupole gradient A, so the change

in energy due to the work is
Ėwork

E
=

2

3

Ȧ

A
(2.36)

and therefore
Ṫwork

T
=

2

3

Ȧ

A
. (2.37)

Combining all these effects, the evaporation model is given by

Ṅ = − (Γev + Γbg + ΓM + Γ3b)N (2.38)

and

Ṫ = −

(
2

9
Γev

(
η +

η − 13/2

η − 11/2
− 9/2

)
− 2

3
ΓM −

4

9
Γ3b −

2

3

Ȧ

A

)
T. (2.39)

We numerically solve these equations in Mathematica using as initial conditions the

atom number and temperature of the cloud loaded from the MOT into the quadrupole

trap. By varying the functional form of the quadrupole gradient A(t) and the mi-

crowave detuning ramp η(t)kT/~, we can simulate the effects of changes to the evap-

oration sequence and develop optimized evaporation protocols.

From the form of the rate equations for the atom number and temperature, we
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Figure 2.3: Trap parameters as a function of evaporation time. Left: radial
quadrupole gradient (linear plot). Middle: microwave detuning (linear plot). Right:
microwave detuning (log plot).

can immediately infer several desirable properties of an evaporation sequence. The

per-particle atom loss rate due to background gas collisions is independent of density,

while the evaporation rate is proportional to the density, and the three-body loss rate

is proportional to the square of the density. This implies that there is a particular

density at which the ratio of “good” atom losses (due to evaporation) to “bad” atom

losses (due to background collisions or three-body collisions) is maximized. An evap-

oration sequence should begin by ramping up the quadrupole gradient to increase

the density to this ideal value. The quadrupole gradient should then be continuously

decreased in order to keep the density constant as evaporation proceeds. The temper-

ature will decrease during the sequence due to the combined effects of evaporation and

the decreasing quadrupole gradient, so the microwave detuning must be continuously

decreased in order to keep the trap edge η at a constant multiple of the temperature.

2.3.3 Evaporation parameters and simulation results

Fig. 2.3 shows the radial quadrupole gradient and microwave detuning as a function

of time during the evaporation sequence. The gradient ramps are implemented by

adjusting the current supplied to the quadrupole coils. The microwave detuning is

set by mixing the output of a direct digital synthesizer (DDS) with the output of a

6.8 GHz microwave source that is detuned 10 MHz red of the 87Rb clock transition.

See [35] for further details about the magnetic trap and microwave system.
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Figure 2.4: Simulated 87Rb evaporation results as a function of evaporation time.
Upper left: atom number (log plot). Upper middle: temperature (log plot). Upper
right: phase space density (log plot). Lower left: density (log plot). Lower middle:
evaporation energy (linear plot). Lower right: evaporation efficiency (linear plot).

Fig. 2.4 and Fig. 2.5 show the results of simulating our 87Rb-only evaporation

sequence with initial atom number 3.5 × 109 and initial temperature 75 µK. Atoms

are loaded into the quadrupole trap by snapping up the quadrupole current to 24 A

in 700µs using a resonant circuit [12]. The atom number and temperature decrease

during evaporation, and the PSD increases from ∼ 10−5 to ∼ 10−1. The density

remains roughly constant until the final two seconds of evaporation, when it rises to

∼ 1014 /cm3. The evaporation rate increases to ∼ 1 /s, but the quadrupole gradient

is decreased rapidly enough to prevent “runaway evaporation,” which would lead to

rapid density increases and consequently large three-body losses. The three-body and

Majorana losses are negligible until the final second of evaporation, where the density

is high enough and the temperature low enough that these loss mechanisms have the

same order of magnitude as the evaporation rate. The full sequence has an efficiency

of γ ∼ 2.

This model is in quantitative agreement (within a factor of 2) with the atom

number and temperature observed via absorption imaging throughout the evaporation
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Figure 2.5: Atom loss rates as a function of evaporation time. Upper left: elastic
scattering rate (linear plot). Upper middle: evaporation rate (log plot). Upper right:
three-body loss rate (log plot). Lower left: Majorana loss rate (log plot). Lower
middle: ratio of evaporation rate to three-body loss rate (log plot). Lower right:
ratio of evaporation rate to Majorana loss rate (log plot).
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Figure 2.6: Simulated evaporation results as a function of time with no optical plug
(full Majorana losses), using the same evaporation parameters as in Fig. 2.3. The
vertical axes are the same as those of the corresponding plots in Fig. 2.4 and Fig. 2.5.
Left: temperature (log plot). Middle: Majorana loss rate (log plot). Right: ratio of
evaporation rate to Majorana loss rate (log plot).

sequence. To improve the model in the temperature regime reached in the final second

of evaporation, additional sources of heating may need to be considered, including

current noise in the quadrupole coils and spontaneous scattering of photons from the

optical plug laser. Furthermore, the cloud is noticeably reshaped near the end of the

sequence by atom-atom interactions and by the optical potential, which modify the

total energy so that it is no longer given by E = 9/2 kT . Modeling a full evaporation

to BEC would likely require the inclusion of these effects.

The simulation illustrates the importance of the optical plug, which makes efficient

evaporation possible by reducing Majorana losses. We model the optical plug by a

temperature-independent suppression factor that multiplies the Majorana loss rate.

Fig. 2.6 shows the temperature, Majorana loss rate, and ratio of evaporation rate

to Majorana loss rate without the optical plug. In the absence of the optical plug,

the cloud is continuously heated by the loss of the coldest atoms, preventing the

temperature from decreasing below 30µK. The evaporation rate never becomes large

compared to the Majorana loss rate, and after about 5 seconds of evaporation, the

atom loss has become too severe for evaporation to continue. The observed efficiency

γ ∼ 2 of our evaporation sequence implies that the optical plug suppresses Majorana

losses by a factor ≥ 10.

We use the same evaporation sequence to produce ultracold dual-species clouds
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of 85Rb and 87Rb. The comparatively small elastic scattering cross section of 85Rb

prevents intraspecies collisions from rethermalizing the 85Rb ensemble, but 85Rb can

be rethermalized through collisions with 87Rb. We perform dual-species evaporation

by adding a small amount of 85Rb (typically a few percent) to the 87Rb and relying

on 87Rb evaporation to sympathetically cool the 85Rb. Dual-species evaporation is

substantially less efficient than evaporating 87Rb alone. In addition to the extra

heat load that it provides, 85Rb has inelastic scattering cross sections (both with

itself and with 87Rb) that are an order of magnitude larger than the 87Rb - 87Rb

inelastic scattering cross section [44]. In the optically plugged trap, we can continue

dual-species evaporation until about 107 atoms of each species remain in the trap,

at which point the evaporation process becomes very inefficient (γ < 1). The dual-

species evaporated cloud typically contains ∼ 3×106 atoms of each species with PSD

∼ 10−2.

2.3.4 Optical plug installation

The optical plug beam enters the 3D MOT region from the north side. Due to the

difficulty of accessing this side of the tower from the bottom of the pit, the plug optics

were pre-assembled into a single unit, then lowered into the pit by a hoist. Fig. 2.7

shows the optical plug laser and optics after installation. The beam is generated by a

532 nm, 6 W laser (Sprout) and is directed through a lens that is mounted on a linear

stage to allow for fine adjustment of the focus. The beam alignment can be adjusted

by piezo linear actuators (Picomotors) located on the final steering mirror. A Point

Grey camera mounted behind this mirror allows the atom cloud to be imaged along

the plug axis.

Ideally, the plug laser is focused onto the location of the magnetic field zero. We

aligned the beam with the magnetic field zero by loading atoms into the magnetic trap

and performing a short evaporation sequence with the plug laser turned on. After

a few seconds of evaporation, the cloud was imaged along the plug axis. When the

plug beam is aligned with the magnetic field zero, a low-density “hole” in the center

of the imaged atom cloud is clearly visible.
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Figure 2.7: Plug laser and optics installed behind the 3D MOT chamber. The beam
is produced by the Sprout laser in the upper right of the image and is directed into
the 3D MOT region through the vacuum window on the right side of the image.
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2.4 Magnetic lens

2.4.1 Overview

The transfer efficiency of an interferometry pulse depends on the Rabi frequency,

which (for a two-photon process) is proportional to the intensity of the interferometry

laser. In order for an ensemble of atoms to be transferred efficiently, the position width

of the ensemble at the time of the pulse must be much smaller than the width of the

interferometry laser so that the Rabi frequency is homogeneous over the ensemble.

This requirement imposes strict constraints on the position width and velocity width

of the atom source. In a Mach-Zehnder interferometer of total duration 2T , the

atom source position width ∆x and velocity width ∆v must be small enough that

∆x < ∆xL and ∆v · 2T < ∆xL, where ∆xL is the width of the laser. In our

apparatus, ∆xL = 1 cm and T = 1 s, so the atom source must have ∆x < 1 cm and

∆v < 0.5 cm/s.

At the end of the evaporation sequence, the dual-species cloud has a position width

of 40µm and a velocity width of 1.5 cm/s. The evaporated cloud easily satisfies the

constraint on ∆x but violates the constraint on ∆v. Therefore, it is desirable to

rotate the phase space distribution of the ensemble so that ∆v is decreased while

∆x is increased. Such a rotation can be accomplished by diabatically weakening

the magnetic trap to excite breathing-mode oscillations, then turning off the trap

when the velocity width of the cloud is minimized. We refer to this procedure as the

“magnetic lens.” To implement the magnetic lens, we turn on the TOP trap, which

lowers the effective trap frequency.

In an ideal magnetic lens, the atoms would be confined in an isotropic harmonic

potential, the trap center would remain unchanged during the lens application, and

the trap frequency would be decreased isotropically by a factor a2. After a time

corresponding to one quarter period of the breathing-mode oscillation, the lens would

be turned off, leaving the atom ensemble with position width a ∆x and velocity width

∆v/a in each dimension.

In our apparatus, three complications greatly increase the required complexity

of the magnetic lensing sequence. First, due to the cylindrical symmetry of the
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TOP trap, the atoms have different trapping frequencies in the vertical and radial

directions. Second, the trap potential is modified by the laboratory’s acceleration

relative to a freely falling geodesic. Weakening the trap potential by turning on

the magnetic lens changes the position of the trap center, exciting center-of-mass

oscillations as well as breathing-mode oscillations. Third, although the magnetic

moments of 87Rb |F = 2,m = 2〉 and 85Rb |F = 3,m = 3〉 are identical, the masses

of the two species are different, which means that the two species have different trap

centers and trap frequencies. Nevertheless, it is possible to design lensing sequences

in which the velocity widths of both species are decreased in all dimensions at a time

when the center-of-mass velocity difference is zero. We use such a lensing sequence

as the final stage of our atom source preparation.

2.4.2 Magnetic lens potential

The potential energy of the magnetic lens Ulens is the sum of the potential energies

arising from the magnetic field and the laboratory acceleration. Using cylindrical

coordinates (ρ, θ, z), we have

Ulens(ρ, θ, z, t) = Umag(ρ, θ, z, t) + Uaccel(z) (2.40)

where

Umag(ρ, θ, z, t) = µB(ρ, θ, z, t) (2.41)

and

Uaccel(z) = mgz. (2.42)

Here µ is the magnitude of the magnetic moment of the atom, B is the magnitude

of the magnetic field, m is the atomic mass, and g is the laboratory acceleration. In

Eq. 2.41, we have assumed that the rotation frequency of the TOP bias field ωTOP is

much smaller than the Larmor frequency µB/~.

The magnitude of the magnetic field can be computed from the vector sum of

the quadrupole field and the TOP bias field. Using a cylindrical orthonormal basis



CHAPTER 2. APPARATUS 54

(ρ̂, θ̂, ẑ), the quadrupole field is given by

~Bquad = 2Az ẑ + Aρ ρ̂ (2.43)

for quadrupole gradient A, and the TOP bias field is given by

~BTOP = B0 cos(ωTOPt+ φ) x̂+B0 sin(ωTOPt+ φ) ŷ (2.44)

= B0 cos(ωTOPt+ φ− θ) ρ̂+B0 sin(ωTOPt+ φ− θ) θ̂ (2.45)

where B0 is the bias field magnitude and φ is the TOP phase. The full magnetic field

is then

~B = ~Bquad + ~BTOP ≡ Bz ẑ +Bρ ρ̂+Bθ θ̂, (2.46)

and the time-averaged magnetic field magnitude is

B̄ =
ωTOP

2π

∫ 2π/ωTOP

t=0

√
B2
z +B2

ρ +B2
θ dt (2.47)

=
ωTOP

2π

∫ 2π/ωTOP

t=0

√
| ~Bquad|2 +B2

0 + 2AB0ρ cos(ωTOPt+ φ− θ) dt. (2.48)

This expression can be rewritten in terms of elliptic integrals E(m) in the following

way:

B̄ =

√
| ~Bquad|2 +B2

0

π

[√
1− β E

(
−2β

1− β

)
+
√

1 + β E

(
2β

1 + β

)]
(2.49)

where

β ≡ 2AB0ρ

| ~Bquad|2 +B2
0

(2.50)

and

E(m) ≡
∫ π/2

0

√
1−m sin2 θ dθ. (2.51)

The time-averaged potential energy Ūlens is then

Ūlens(ρ, z) = µB̄(ρ, z) +mgz. (2.52)
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To gain insight into the dependence of this potential on the quadrupole gradient

and TOP bias field magnitude, we expand the potential in a Taylor series around the

trap minimum (0, zmin), where

zmin = − B0mg

2A
√

(2µA)2 − (mg)2
, (2.53)

to obtain the trap frequencies

ωρ =
((2µA)2 − (mg)2)

1/4
(((2µA)2 + (mg)2)

1/2

4µ
√
mAB0

(2.54)

and

ωz =
((2µA)2 − (mg)2)

3/4

µ
√

2mAB0

(2.55)

in the ρ and z directions, respectively.

From the form of these expressions, we can deduce three principles to guide the

design of our magnetic lensing sequence. First, since ωρ and ωz are both proportional

to B
−1/2
0 , changing B0 does not change the ratio ωz/ωρ and thus does not qualitatively

change the behavior of the breathing-mode oscillations. In order to obtain the largest

possible decrease in velocity width during the lens, one should make B0 as large as

possible. Second, since

ωz
ωρ

= 2

(
2− (2mg)2

(2µA)2 + (mg)2

)1/2

, (2.56)

the relative frequency of the radial and vertical oscillations can be tuned by adjusting

A. Third, the position of the trap minimum diverges when 2µA = mg. Physically,

this point corresponds to the value of the quadrupole gradient at which the vertical

acceleration due to the quadrupole field is the same as the laboratory acceleration.

If A < mg/(2µ), the atom will fall out of the trap. But if A is slightly larger than

mg/(2µ), then zmin, ωρ, and ωz depend strongly on A and on m. We therefore

search for an optimal lensing sequence by setting B0 to its maximum experimentally

achievable value and adjusting A in the vicinity of mg/(2µ).
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2.4.3 Simulation and lensing parameters

Due to the complexity of the lens potential, the trajectories of atoms in the magnetic

lens cannot be calculated analytically. To simulate the behavior of the magnetic lens,

we use a Monte Carlo program written by Susannah Dickerson and described in [35].

The center-of-mass trajectories and cloud widths predicted by this program agree

quantitatively with experimental results over a wide range of quadrupole gradient

and TOP bias field values.

Fig. 2.8 shows the simulated time evolution of each species in the magnetic lens.

The quadrupole gradient (A = 10.3 G/cm) and TOP bias field (B0 = 6.9 G) are set

to the values used in the EP experiment. The center-of-mass position of each species

oscillates with amplitude ∼ 1 cm in the vertical direction, and the 87Rb oscillation

amplitude is 10% larger due to its higher mass. At time t ∼ 240 ms, the center-

of-mass velocity difference between the two species is zero, and both species have

relatively low velocity widths in the radial and vertical directions. The magnetic lens

is diabatically turned off at that time, and the atoms are optically launched into the

interferometry region. Overall, the magnetic lens reduces the velocity width of each

species by a factor of 4 in the vertical direction and by a factor of 10 in the horizontal

direction.

2.4.4 TOP coil current stabilization

In order for the two species to be simultaneously launched, their center-of-mass veloc-

ities must be within 2~k ≈ 1 cm/s of one another so that both species can be loaded

into the lowest-energy band of the optical lattice. As shown in Fig. 2.8, the center-

of-mass velocity difference between 85Rb and 87Rb near t = 240 ms passes through

this range in a few milliseconds. Because the trap frequencies (and therefore the ideal

lensing time) scale with the TOP bias field amplitude B0, variations in B0 lead to vari-

ations in the center-of-mass velocities and instability in the launch. We observed such

instabilities when the experiment was operated continuously and attributed them to

variations in the TOP coil current due to heating of the TOP coils. Unlike the coils

that produce the quadrupole field, the TOP coils are not water-cooled.
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Figure 2.8: Time evolution of kinematic parameters in the dual-species magnetic lens.
Upper left: center-of-mass vertical position of 85Rb (red) and 87Rb (blue) relative to
the quadrupole field zero. Upper right: center-of-mass vertical velocity difference
between 85Rb and 87Rb. Lower left: radial velocity width of 85Rb (red) and 87Rb
(blue). Lower right: vertical velocity width of 85Rb (red) and 87Rb (blue). The
influence of trap anharmonicity is apparent in the evolution of the vertical velocity
widths. At t = 240 ms, the two species have the same center-of-mass vertical velocity
and a reduced velocity width in all directions.
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Figure 2.9: Schematic of TOP coil current feedback circuit for one coil pair. See
main text for description of each component.
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To stabilize the TOP coil current, we use the feedback circuit shown in Fig. 2.9.

The 2.6 kHz signal for each coil pair is generated by a Novatech 409B direct digi-

tal synthesizer. The amplitude is actuated by a Case voltage-controlled attenuator

(VCA) and connected via a switch to a Lab Gruppen FP9000 audio amplifier, which

drives the TOP coil pair. The current of the coil pair is monitored by a Hall effect

sensor, which delivers an AC analog voltage signal to a Red Pitaya data acquisition

platform. The Red Pitaya digitizes the signal, rectifies it, and applies a boxcar filter

with a duration that is equal to the period of the rectified signal. The resulting error

signal is low-pass filtered (cutoff frequency 800 Hz) and passed to an AOSense Oc-

toPID controller. The output of the OctoPID is added to the control voltage supplied

by the timing system, and the sum is used as the control voltage for the VCA.

2.5 Launch

2.5.1 Overview

After the magnetic lensing sequence is complete, the atoms are coherently launched

into the interferometry region by an optical lattice. The launch lattice consists of a

standing wave of light produced by the interference of a beam traveling downward

and a second, retroreflected beam traveling upward. As described in [34], the two

downward-going beams are spatially displaced by a few beam widths and reflect off

of the retroreflection mirror at a small angle; the launch lattice is formed by the inner,

downward-going beam and the inner, upward-going beam. This “W” geometry is used

to suppress the amplitude of the lattice formed by the other beam pair.2

To begin the launch, the intensity of the lattice lasers is slowly increased while the

frequency of one of the lasers is swept so that the launch lattice remains at rest with

respect to the atoms. This procedure ensures that the atoms are adiabatically loaded

into the lowest-energy band of the lattice. It is possible to load essentially all of the

2The undesired “parasitic” lattice causes atom loss through spontaneous emission. In addition,
when the atoms are at velocity v = 0 with respect to the retroreflection mirror, the parasitic lattice
freqeuncy is degenerate with the launch lattice frequency. At this velocity, a fraction of the atoms
loaded into the launch lattice can be transferred into the parasitic lattice and launched in the opposite
direction. The magnitude of this effect depends on the intensity ratio of the two lattices.
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atoms from both species into the lowest-energy band because the momentum width

of each species is small compared to the width of the Brillouin zone and because the

two species have the same center-of-mass velocity after the magnetic lens.

Once the atoms are loaded, the frequency of the lattice lasers is swept to accelerate

the atoms upward. During the lattice acceleration, the atoms undergo a sequence of

Bloch oscillations [45], each of which transfers 2~k momentum to each atom. When

the atoms reach the desired launch velocity of ∼ 13 m/s, the intensity of the lasers is

slowly decreased, adiabatically releasing the atoms from the lattice.

Since the lattice acceleration is a coherent process, the total momentum trans-

ferred to each atom during the launch is an integer multiple of 2~k. If the initial and

final lattice velocities vi and vf do not differ by an integer multiple of 2~k/m, where

m is the atomic mass, then the atoms will be released from the lattice in a super-

position of momentum states separated by 2~k. For a dual-species launch, therefore,

it is ideal to choose the final lattice velocity so that both 85Rb and 87Rb receive an

integer number of 2~k recoils. This implies that

vf − vi = N85 ·
2~k
m85

= N87 ·
2~k
m87

(2.57)

where N85 and N87 are integers corresponding to the number of Bloch oscillations for
85Rb and 87Rb, respectively. Since the fractional mass difference between 85Rb and
87Rb is ∼ 1/43, reasonable values of the launch velocity (in which N85 and N87 are

nearly integers) occur once every 86~k/m ≈ 0.5 m/s. We empirically tune the launch

height to maximize the number of atoms of both species that leave the lattice in a

2~k momentum window.

There are two significant atom loss mechanisms during the launch. First, atoms

can be lost to spontaneous emission if they are transferred to an optically excited

state by the absorption of a single photon from the lattice. In the limit of large

single-photon detuning, the per-atom spontaneous emission rate Rs is given by

Rs = η · Γ I/Isat

(2∆/Γ)2
(2.58)
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where Γ is the linewidth of the optical transition, I is the intensity of each lattice

beam, Isat is the saturation intensity, ∆ is the single-photon detuning, and

η ≈ 2k

Γ

√
~∆

m

√
Isat

I
(2.59)

is a suppression factor that arises in a blue-detuned lattice because the atoms are

pushed toward the nodes of the lattice, where the intensity is lower [34]. Second, the

atoms can be lost by Landau-Zener tunneling during the lattice acceleration. In each

Bloch oscillation, the per-atom probability of transitioning into a higher-energy band

of the lattice is given by

PLZ ≈ exp

[
−π

2
· Ω2

2ka

]
(2.60)

where ~Ω is the lattice depth and a is the lattice acceleration. The fraction N/N0 of

atoms that survives the launch is therefore given by

N

N0

≈ exp

[
−
(

~
m∆

)3/2(
I

Isat

)1/2

NB
Γ2k2

a

](
1− exp

[
−π

2
· Ω2

2ka

])NB
(2.61)

where we have used the fact that the total launch time δt is

δt = NB ·
2~k
m
· 1

a
(2.62)

for NB Bloch oscillations. Note also that Ω is proportional to the intensity I.

At a fixed launch velocity and single-photon detuning, maximizing the number

of launched atoms requires balancing the losses due to spontaneous emission (which

increase with higher intensity and lower acceleration) with the losses due to Landau-

Zener tunneling (which increase with lower intensity and higher acceleration). Em-

pirically, we obtain the largest fraction of launched atoms N/N0 ∼ 1/3 with a peak

intensity I = 3.5 W/cm2 per beam and a lattice acceleration a = 80 g.



CHAPTER 2. APPARATUS 62

2.5.2 Lattice laser system

A diagram of the lattice laser system is shown in Fig. 2.1 and Fig. 2.2. The light

originates in a Toptica DL Pro laser that is detuned from the rubidium D2 transition

by 90 GHz. After amplification by an Eagleyard 1 W TA, the light is delivered to

the optics area at top of the tower by an optical fiber (“Z box 1”). The light is split

into two paths, each of which is frequency modulated by a double-pass acousto-optic

modulator (AOM) and used to seed an additional Eagleyard 1 W TA. The outputs

of these amplifiers are fiber-coupled to a separate breadboard and combined on a

polarizing beamsplitter. A photodiode is used to control the intensity of each beam.

After passing through an atom filter to remove near-resonant light, the beams are

directed into the tower by a pickoff that is placed near the focus of the primary lens

in the interferometry laser telescope. Piezo linear actuators (Picomotors) on mirrors

prior to the pickoff are used to make fine adjustments to the lattice beam pointing.

At the entrance to the vacuum chamber, each beam has a 1/e2 radial waist of 1.9 mm

and a power of 200 mW; the lattice beams are separated by 4.2 mm and are displaced

by 2.25 cm from the center of the vacuum window.

2.6 Atomic fountain

2.6.1 Overview

The centerpiece of the apparatus is a 10 m tower in which the atoms can freely fall

for up to 2.5 seconds after being launched. The tower is located in an 8 m pit in

the basement of the Varian Physics building at Stanford. An ultra-high vacuum

(pressure ∼ 5 × 10−11 Torr) is maintained in the 10 cm aluminum vacuum chamber

by two 300 L/s ion pumps located at the top and bottom of the tower. The vacuum

chamber is surrounded by a solenoid coil that produces a uniform magnetic field

of 40 mG and by three layers of mu-metal magnetic shielding to suppress magnetic

fields from external sources. Each layer is continuous along its entire length and

was formed by welding together segments of length ∼ 1 m. The shield reduces the

average magnetic field gradient in the vertical direction to 0.4 mG/m, as discussed
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in Chapter 5. Further information about the construction and performance of the

magnetic shield can be found in [46].

2.6.2 Temperature stabilization

Until the fall of 2018, the laboratory space above the pit was separated from the

outdoors by a thin aluminum hatch. This hatch provided poor thermal insulation,

and the temperature in the optics box above the tower would often vary by 10 ◦C

or more over a 24-hour period. The interferometry and launch lattice optics would

become misaligned by thermal cycling of their optomechanical mounts, and it was

necessary to realign these optics every day. In addition, we observed thermal gradients

as large as 0.3 ◦C/m along the tower. Thermal gradients produce a systematic effect

in EP measurements by inducing a force on the atoms via blackbody radiation.

In the fall of 2018, Stanford constructed an air handler to replace the aluminum

hatch. The air handler supplies temperature-controlled air to the laboratory through

HEPA filters above the tower. The sensor for the air handler feedback loop is lo-

cated next to the optics box, where maintenance of a constant temperature is most

important. This system has dramatically improved the temperature stability of the

laboratory and reduced the thermal gradient along the tower. The temperature in

the space above the tower now drifts by less than 0.1 ◦C over several months, and the

thermal gradient in the interferometry region is below 0.1 ◦C/m throughout the year.
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Figure 2.10: Uppermost 2 m of the atomic fountain. A walkway provides access to
the space in the upper left of the image, where the timing system that controls the
apparatus is located. The interferometry lasers are directed into the tower from the
optics box directly above.
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Figure 2.11: 10 m atomic fountain. The outermost mu-metal shield is constrained
by the surrounding 80/20 aluminum frame. To access the bottom of the tower, one
uses the ladder in the lower-right corner of the image.
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Figure 2.12: Opening the aluminum hatch in preparation for its removal. The
1560 nm fiber amplifiers, optics box, and electronics above the tower were covered
with plastic sheets to protect against debris. Photo credit: Remy Notermans.

Figure 2.13: View of the Varian Physics building as the prefabricated air handler
was positioned above the tower by crane. Photo credit: Remy Notermans.
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Figure 2.14: Completed air handler as viewed from outside.

Figure 2.15: Completed air handler as viewed from within the laboratory. The
1560 nm fiber amplifiers and optics box are also shown.
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2.6.3 State preparation

Prior to the beginning of the atom interferometry sequence, the atoms must be trans-

ferred from the magnetically sensitive states in which they are evaporatively cooled

and lensed (|F = 2,m = 2〉 for 87Rb; |F = 3,m = 3〉 for 85Rb) into magnetically in-

sensitive states (|F = 2,m = 0〉 for 87Rb; |F = 3,m = 0〉 for 85Rb). The state prepa-

ration is carried out by a sequence of microwave pulses. It is possible to prepare the
87Rb in a magnetically insensitive state in the MOT chamber, prior to the launch, by

using the same microwave system that performs evaporative cooling. Unfortunately,

it is not possible to change the internal state of the 85Rb in the MOT chamber because

the 3.0 GHz microwaves cannot be transmitted through the 2-inch-diameter windows.

Both the 3.0 GHz and 6.8 GHz microwaves can enter the chamber through the 4-inch

windows in the detection region, and sufficiently high Rabi frequency for state prepa-

ration can be obtained for both species in the interferometry region. Therefore, we

carry out state preparation after the launch, once both species are ∼ 45 cm within

the magnetic shield.

Each microwave pulse changes the hyperfine state of the target atoms. For 87Rb,

the first pulse transfers atoms from |F = 2,m = 2〉 to |F = 1,m = 1〉, and the second

pulse connects |F = 1,m = 1〉 to |F = 2,m = 0〉. The 85Rb is transferred by four

pulses: from |F = 3,m = 3〉 to |F = 2,m = 2〉 to |F = 3,m = 1〉 to |F = 2,m = 0〉
to |F = 3,m = 0〉. The 87Rb pulse sequence and the first three pulses that address
85Rb are adiabatic rapid passage (ARP) pulses with sinusoidal intensity envelopes

and linear frequency sweeps [22]. The final 85Rb pulse is a square pulse with constant

intensity and frequency.

Note that the 87Rb pulse sequence contains both σ+ and σ− transitions, while

the 85Rb pulse sequence contains σ+, σ− and π transitions. We have observed that

the Rabi frequency of these transitions varies strongly as a function of microwave

polarization and height. Therefore, each pulse has a unique duration (ranging from

120µs to 4.5 ms) and frequency sweep range (from 0 kHz to 60 kHz) to optimize its

transfer efficiency. Ultimately, ∼ 90% of the 87Rb atoms and ∼ 75% of the 85Rb

atoms are transferred into the desired internal state by this technique.
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2.7 Interferometry lasers and optics

2.7.1 Overview

The beamsplitters and mirrors of a light-pulse atom interferometer consist of interac-

tions between the atoms and the interferometry lasers. Therefore, the performance of

such an interferometer is largely dictated by the quality of its laser system. The in-

terferometry beams must be larger than the cloud during the atom-light interactions

to ensure homogeneous coupling, and the wavefront variation across the beams must

be small in order to attain high interferometer contrast. Given a particular atom

source, these considerations guide the choice of beam size and the design of optics for

the interferometry laser.

At a fixed power and beam size, the detuning of the laser from the optical transi-

tion is chosen to balance the competing priorities of sufficiently high Rabi frequency

and sufficiently low spontaneous emission. The Rabi frequency Ω2 of a two-photon

transition is given by

Ω2 =
Ω2

2∆
(2.63)

where Ω is the single-photon Rabi frequency and ∆ is the detuning. Higher two-

photon Rabi frequency improves the transfer efficiency of an interferometry pulse by

decreasing the time scale of the pulse relative to the time scales associated with noise

processes and with inhomogeneities in the atom source. In particular, the velocity

width of the atoms that can be efficiently transferred by a pulse is proportional to

Ω2.

The two-photon Rabi frequency can be increased by decreasing the detuning.

However, atoms can also absorb and spontaneously emit a single photon from the

laser, which occurs (in the limit ∆� Ω) at a rate

Rs ∝
Ω2

∆2
. (2.64)

Atoms that undergo spontaneous emission acquire an unknown phase and a momen-

tum kick in an unknown direction, causing them to be lost from the interferometer.
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The spontaneous emission rate can be decreased by increasing the detuning. We

therefore choose the detuning to obtain sufficient Rabi frequency while keeping the

total losses from spontaneous emisson at an acceptably low level.3 With an avail-

able laser power of about 1 W per beam and a 1/e2 radius of 2 cm, a single-photon

detuning of 30 GHz yields a two-photon Rabi frequency of 20 kHz and spontaneous

emission losses of ∼ 15% in a 12~k interferometer.

A number of previous atom interferometers [8] have used Raman transitions to

implement the interferometer beamsplitters and mirrors. In a Raman transition, the

atom coherently exchanges two photons with a pair of laser beams while changing

its internal state. Since each atom occupies multiple internal states during a Raman

interferometer, the interferometer becomes sensitive to all physical effects that change

the relative energy of the two states, including AC-Stark shifts during the atom-light

interactions [22]. To reduce the influence of AC-Stark shifts, we use two-photon Bragg

transitions to impart momentum to the interferometer arms. The atoms remain in a

single internal state throughout the Bragg interferometer, which eliminates sensitivity

to relative energy differences between internal states.

Even in a Bragg interferometer, AC-Stark shifts are a significant source of system-

atic error in EP tests with rubidium, as discussed in Chapter 5. The optical spectrum

of the interferometry light is therefore carefully chosen to minimize the shifts of the
87Rb F = 2 and 85Rb F = 3 states. In a two-level system, a frequency compo-

nent with Rabi frequency Ω and detuning ∆ shifts the energy of the ground state by

~Ω2/(4∆). Since the sign of the shift depends on the sign of the detuning, a spectrum

that contains both red-detuned and blue-detuned frequency components can suppress

the overall AC-Stark shift. In our implementation, the optical spectrum of each beam

consists of equal-intensity red and blue sidebands with ±30 GHz detuning, as well as

a carrier located between the 87Rb F = 2 −→ F ′ and 85Rb F = 3 −→ F ′ transitions

with fractional intensity ∼ 10−3. The blue sidebands are used to drive Bragg transi-

tions, while the red sidebands and carriers provide AC-Stark compensation. Further

details about this spectrum can be found in Chapter 5.

3In a Bragg interferometer that utilizes two-photon transitions, the Rabi frequency must also
be kept small enough compared to the recoil frequency to avoid multi-photon transitions to higher
momentum states.
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The 780 nm light for the interferometry beams is produced by frequency doubling

amplified 1560 nm lasers in nonlinear optical crystals [47]. We control the spectrum

of the 780 nm doubled light by phase modulating the 1560 nm lasers. After phase

modulation, the magnitude of the electric field E1(x, t) of the 1560 nm light takes the

form

E1(x, t) ∼ E0 e
i(kx−ωt+ηφ(t)) (2.65)

where η is the modulation depth and φ(t) = sin(ωmt) for sinusoidal modulation at

frequency ωm. In the limit of low 780 nm power, where we can ignore depletion of the

1560 nm beam, the doubled electric field magnitude E2(x, t) takes the form

E2(x, t) ∼ E2
0 e

i(2kx−2ωt+2ηφ(t)). (2.66)

From this expression, we can see two important properties of the doubled phase-

modulated spectrum. First, frequency doubling increases the modulation depth but

does not change the modulation frequency ωm. Second, the doubled 780 nm power

increases rapidly as the 1560 nm pump power is increased. The laser system described

in the following section therefore provides phase modulation of the 1560 nm light at

30 GHz and uses a pair of 1560 nm fiber amplifiers to produce high-power 780 nm

beams.

2.7.2 Laser system

The optical path used to generate the high-power interferometry beams is largely un-

changed from the system described in [12]. A RIO Orion laser generates the 1560 nm

light, which is phase modulated at 30 GHz and amplified by two IPG 30 W fiber

amplifiers. The output of each amplifier is focused into a periodically-poled lithium

niobate (PPLN) nonlinear crystal. Each crystal is housed in an oven that maintains

its temperature at ∼ 150 ◦C so that its doubling bandwidth is centered at the carrier

frequency of the corresponding IPG output. The beam leaving each crystal contains

∼ 3 W at 780 nm, which is collimated and passed through a Rb vapor cell to remove

near-resonant light. A pair of AOMs is used to control the intensity of each path, and
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Figure 2.16: Optics for generation of high-power 780 nm light.

the two paths are fiber-coupled into the optics box above the tower (Path 1 and Path

2 in Fig. 2.2). The paths are combined on a polarizing beamsplitter and pass through

a λ/4 waveplate before entering the primary telescope, which expands the beam to a

1/e2 radial waist of 2 cm. A photograph of the box containing the frequency-doubling

optics is shown in Fig. 2.16.

When designing a high-power laser system, especially one that contains several

overlapped frequency components, it is important to consider the effects of back-

reflections from the optical elements. After a particular realignment of one of the

doubling paths, we found that at high 1560 nm power, the 780 nm beam had signifi-

cantly lower power than expected as well as a non-Gaussian shape. We determined

that this degradation of doubling performance occurred because a fraction of the un-

doubled 1560 nm light was reflecting off of the 780 nm collimation lens and re-entering
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the PPLN crystal from the other side. To prevent the back-reflected light from in-

terfering with the doubling process, we added a short-pass dichroic mirror between

the crystal and the lens that removes > 97% of the un-doubled 1560 nm light from

the optical path. The un-doubled 1560 nm light is directed by an additional steering

mirror into a beam dump. The 780 nm light passes through the short-pass dichroic

mirror without alteration.

When the laser system was originally installed, the vapor cell in each path con-

tained 87Rb but not 85Rb. We replaced these with vapor cells containing both isotopes

to ensure that any light that is nearly resonant with a transition in either species is

removed from the beam. In addition, we modified the MOT z axis path so that the

MOT light is no longer combined with one of the interferometry beams in the high-

power box. As shown in Fig. 2.2, the two interferometry beam paths are independent

of the MOT z axis path.

2.7.3 Frequency and intensity control

The optical spectrum of the interferometry lasers is shown in Fig. 5.5. The modula-

tion depth of the 1560 nm light is chosen so that the 780 nm light is nearly carrier-

suppressed, and most of the optical power in each interferometry beam is located in

the two first-order sidebands. We control the relative power of the two sidebands

by changing the temperature of the oven that houses the PPLN doubling crystal. A

temperature change of ∼ 0.1 ◦C alters the relative sideband power by a few percent.

The oven temperature is stable to ∼ 0.01 ◦C, and the relative sideband power is stable

at the 1% level during one day of operation.

To provide Stark shift compensation, the carrier power should be lower than the

sideband power by a factor of ∼ 10−3. The carrier power is monitored with an opti-

cal cavity and controlled by adjusting the voltage to a voltage-controlled attenuator

(VCA) that attenuates the 30 GHz modulation signal. Small changes (∼ 1 mV) in

the VCA voltage can change the carrier power by ∼ 10−3 relative to the sideband

power. The carrier frequency is monitored by interfering one of the interferometry

beams with the 87Rb cooling light and observing the beatnote on a spectrum analyzer.
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Figure 2.17: Schematic of intensity lock for interferometry lasers. The mixers are
used as voltage-controlled attenuators. Splitters: ZFRSC-42-S+ and ZFSC-2-Z. Low-
pass filter: BLP-5+ and BLP-21.4 in series. Switch: ZYSW-2-50DR. VCAs: ZAS-3.
Mixers: ZP-1H+. Photodiode: PDA36A.

Although the frequency drifts slowly as a function of time due to the temperature

dependence of the RIO laser, the frequency excursion is typically below 10 MHz dur-

ing one day of operation. The carrier frequency is controlled by adjusting the RIO

temperature.

To implement the interferometry pulses, an AOM couples each interferometry

beam from the high-power box into an optical fiber that delivers the beam to the

optics box above the tower. The temporal intensity profile of each interferometry pulse

is controlled by the timing system, and the maximum amplitude is set by a feedback

loop. Fig. 2.17 contains a schematic diagram of the intensity feedback system. The

79 MHz signal for the AOMs is generated by a Moglabs Agile RF Synthesizer, which

is multiplied by the signal representing the pulse temporal profile and split into two
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paths. Each path is further attenuated by two VCAs. One VCA is controlled by

the timing system, and the other is actuated by an AOSense OctoPID controller.

The beam intensity is monitored by a photodiode in the optics box above the tower,

which provides the error signal for the OctoPID. The intensity feedback operates in

a “sample-and-hold” mode. About 100 ms before each pulse zone, the interferometry

lasers are pulsed while the z-axis shutter is closed, and the resulting feedback signal

is used to actuate the VCA for the subsequent pulse zone.

The relative phase of the sidebands that drive a Bragg or Raman transition should

remain constant in the rest frame of the atoms during each interferometry pulse. To

control the relative phase, we use the feedback system shown in Fig. 2.18. Since

the two beams have very different relative frequencies during the Bragg and Raman

transitions, the feedback path depends on the type of interferometry pulse that is

applied.

The upper path in Fig. 2.18 is used for Bragg transitions, in which the frequency

difference between sidebands is . 30 MHz. A photodiode in the optics box above the

tower detects the beatnote produced by the Bragg sidebands. The photodiode signal

is filtered by a bias tee and a low-pass filter, then amplified by a logarithmic amplifier

and a linear amplifier in series. The purpose of the logarithmic amplifier is to provide

enough gain that the linear amplifier is saturated even at very low signal levels. This

ensures that the signal amplitude after the linear amplifier remains constant as the

photodiode signal amplitude varies due to the Gaussian pulse envelope. The output

of the linear amplifier is demodulated by mixing with the output of a timing system

DDS, then low-pass filtered. When the Bragg pulses occur, a switch connects this

feedback path with the frequency modulation input of the Moglabs synthesizer that

is used to drive the atom optics AOMs.

The lower path in Fig. 2.18 is used for Raman transitions, where the frequency

difference between sidebands is 3.0 GHz (for 85Rb) or 6.8 GHz (for 87Rb). A fiber

delivers light from the optics box to a fast photodiode, which produces a beatnote

signal that is amplified and mixed down to ∼ 50 MHz with the appropriate oscillator.

The 3.0 GHz reference is provided by a Rohde & Schwarz signal generator, and the

6.8 GHz reference is sourced by a Microwave Dynamics PLO-4000-06.80 oscillator.
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Figure 2.18: Schematic of phase lock for interferometry lasers. Bias tee: ZFBT-
6GW+. Low-pass filters: BLP-50, BLP-57, BLP-90. Amplifiers: ZFL-500, ZFL-
500LN, ZFL-500HLN+. High-pass filter: ZFHP-0R055-S+. Mixers: ZFM-3+,
Pasternack PE8650. Photodiode: PDA10A. Switch: ZYSW-2-50DR.
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Both of these frequency references are externally clocked. The resulting signal is low-

pass filtered, amplified, and passed to a double comparator, which serves the same

function as the logarithmic amplifier in the upper path. A high-pass filter removes the

DC offset of the comparator output, which is demodulated by mixing with a timing

system DDS and low-pass filtered. This feedback path is connected to the Moglabs

frequency modulation input during the Raman pulses.

2.7.4 Rotation compensation system

The interferometry lattice is formed by the interference of a downward-going beam

and an upward-going beam that has been retroreflected by a mirror at the bottom of

the tower. The direction of the lattice is therefore set by the normal direction of the

retroreflection mirror, and the angle of each pulse can be controlled by adjusting the

angle of the mirror. A change in angle between successive pulses causes the interfer-

ometer phase of each atom to depend on its horizontal initial conditions. Specifically,

if θi is the angle of the ith pulse in the xz plane and we choose coordinates so that

θ2 = 0, then the phase shift ∆φ of a Mach-Zehnder interferometer is given by

∆φ = kθ1x+ kθ3(x+ 2vxT ) (2.67)

where x and vx are the initial horizontal position and velocity, respectively, and we

have used the small-angle approximation sin θ ≈ θ. If the angle of the mirror is kept

constant in the laboratory frame, a phase shift arises due to the rotation of the Earth

with respect to the geodesic of the atoms. For a pure rotation, −θ1 = θ3 = ΩyT ,

where Ωy is the projection of the Earth’s angular velocity in the y direction. The

phase shift due to rotation ∆φR in the x direction is thus

∆φR = 2kΩyvxT
2. (2.68)

To remove this phase shift, the retroreflection mirror is rotated in the direction

opposite the Earth’s rotation so that the direction of the interferometry lattice remains

constant with respect to the atoms. The retroreflection mirror is mounted on three
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piezoelectric actuators, as described in [35], and changes to the mirror angle are

accomplished by varying the voltage applied to each piezo.

In addition to its role in counteracting the Earth’s rotation, the retroreflection

mirror is used to add horizontal spatial fringes to the detected atom clouds. The hor-

izontal position xD of an atom at the time of detection is given by xD = x+vx(2T+τ),

where τ is the drift time between the final interferometer beamsplitter and detection.

With the appropriate choice of θ1 and θ3, the horizontal phase shift ∆φ is proportional

to xD. Applying this “detection fringe” allows the interferometer phase and contrast

to be determined in a single shot, and in a dual-species interferometer, the detection

fringe suppresses differential phase shifts proportional to initial kinematic differences

between the isotopes. Further discussion of this phase readout technique is contained

in Chapter 5.

RCS angle control

Prior to 2019, the angle of the retroreflection mirror was set by actuating the piezo

voltages in an open-loop configuration. In order to improve linearity and stability,

we implemented a feedback loop to control the mirror angle. A schematic of the

feedback loop is shown in Fig. 2.19. The angle is monitored by reflecting a low-power

830 nm laser off of the back of the mirror and detecting the beam position with a

two-dimensional position-sensitive detector. In order to avoid etaloning, the beam

is reflected off of the mirror at a 4◦ angle. The voltages from the position-sensitive

detector are read out by a breakout box and delivered to a pair of PID controllers

by instrumentation amplifiers. These voltages are subtracted from setpoint voltages

provided by the timing system, and the resulting error signals are used to control the

piezo voltages.

Each of the PID controllers labeled “SRS (1)” and “SRS (2)” actuates a linear

combination of the three RCS piezos in order to feed back the beam position on

one quadrature of the position-sensitive detector. The three piezos are arranged in

an equilateral triangle beneath the retroreflection mirror mount. One of the piezos

(“Y”) is nearly aligned with one of the axes (“Y”) of the position-sensitive detector,

so the actuation for the “X” detector axis is independent of the “Y” piezo. The
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Figure 2.19: Schematic of RCS feedback system. SRS: Stanford Research Systems
SIM960 Analog PID Controller. The upper point in each PID controller represents
the input, the middle point represents the setpoint, and the lower point represents
the output. PSD: On-Trak Photonics Inc. PSM 2-4 Position Sensing Module. PSD
breakout box: On-Trak Photonics Inc. OT-301 Position Sensing Amplifier. Laser
controller: Arroyo 6300 ComboSource. Laser: LPS-PM830-FC. Ins: instrumentation
amplifier.
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actuation for the other detector axis (“Y”) involves all three piezos. Proportionality

constants are implemented by appropriate choices of the gains and offsets of each PID

controller. In addition, the voltage limits of each controller are set to ensure that the

voltage delivered to each RCS input is always between 0 V and 10 V. Table 2.1 lists

the voltage limits, gains, and offset of each PID controller.

SRS Limits (V) P I Offset (V)

1 (-1.2, 1.2) 0 3 0

2 (-1, 1) 0 3 0

3 (0, 10) 20 0 10

4 (0, 10) -10 0 7

5 (0, 10) -10 0 0

Table 2.1: Settings of each SRS PID controller used in the RCS feedback system. P:
proportional gain. I: integral gain. See Fig. 2.19 for wiring diagram.

2.8 Imaging

Once the interferometry sequence is complete, the two output ports of each interfer-

ometer drift apart with relative velocity 2~k/m ∼ 1 cm/s. After a drift time of 0.5 s,

the atoms leave the magnetic shield and fall through the detection region, which is

enclosed by four 4-inch windows. The atoms are detected by illuminating them with

near-resonant light and observing scattered photons. Specifically, the z-axis MOT

beam (which contains cooling and repump light for both species) is turned on for

2 ms, and each atom scatters ∼ 104 photons, about 1% of which are collected by the

50 mm imaging optics in front of each CCD camera. The imaging light is detuned to

the red of the cycling transition, so the atoms preferentially scatter photons from the

upward-going beam and are brought to rest with respect to the laboratory during the

imaging process.

The choice of imaging duration involves tradeoffs between signal size and spatial

resolution. On one hand, & 10 photons per atom must be collected by the imaging
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system so that the uncertainty in the detected interferometer phase is primarily lim-

ited by atom shot noise rather than photon shot noise. This implies that the atoms

should be imaged for at least 0.2 ms. On the other hand, the atoms are heated during

the imaging process due to the momentum kicks that they receive from the scattered

photons. As a result, the atoms diffuse during imaging, and the typical diffusion

distance becomes comparable to the resolution of the imaging system (∼ 100µm)

after a few milliseconds. Empirically, we have found that an imaging duration of 2 ms

provides the best signal-to-noise ratio for interferometer phase determination. In the

future, the atoms could be trapped in a 3D optical lattice during the imaging process,

which would allow for longer imaging times without sacrificing spatial resolution.

The atoms are brought to rest during the first ∼ 0.5 ms of imaging. The decelera-

tion process is sensitive to the detuning of the imaging light, which is adjusted during

imaging to maximize the spatial resolution in the vertical direction. The detuning is

11.5 MHz for the first 0.5 ms of imaging, 4 MHz for the next millisecond, and 3 MHz

for the remaining imaging duration. We also found that the vertical spatial resolu-

tion is sensitive to the magnetic field in the detection region, which we optimize by

adjusting the current of the upper z-axis bias coil in the MOT region.

The imaging system consists of a single refracting telescope containing two lenses

with 50 mm diameter. The lenses were custom-made by Thorlabs and were designed

by Peter Asenbaum using Zemax optical design software. The lens coefficients are

specified to allow the telescope to faithfully image objects across a wide field of view

(∼ 1 cm) at a distance of 5 cm. The telescope has a resolution of ∼ 100µm and a

magnification of 1/2.1. A magnification below 1 is used so that an image of the entire

atom cloud can fit onto a 1 cm CCD array.

The fluorescence light is detected by a pair of Princeton PIXIS: 400BR CCD

cameras located on the north and east sides of the tower. These cameras have excellent

quantum efficiency (95% at 780 nm), low dark current (0.03 electrons per pixel per

second), and low readout noise (rms noise 3 electrons per read event). The CCD

array is 2.68 cm× 0.8 cm, and each pixel is 20µm× 20µm. The pixels can be binned

into rectangular regions before readout in order to reduce the relative electronic read

noise. For the EP experiment, we use 10×4 (vertical x horizontal) bins on the North
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camera and 4 × 4 bins on the East camera. The full CCD array is read out twice

just before each fluorescence image in order to remove background counts. We use

the Lightfield software provided by Princeton Instruments to view the images and to

export them for analysis.



Chapter 3

Quantum superposition at

macroscopic scales

The quantum superposition principle allows massive particles to be delocalized over

distant positions. Though quantum mechanics has proven adept at describing the

microscopic world, quantum superposition runs counter to intuitive conceptions of

reality and locality when extended to the macroscopic scale [48], as exemplified by

the thought experiment of Schrödinger’s cat [49]. Matter wave interferometers [50],

which split and recombine wave packets in order to observe interference, provide a way

to probe the superposition principle on macroscopic scales [51] and explore the tran-

sition to classical physics [52]. In such experiments, large wave packet separation is

impeded by the need for long interaction times and large momentum beam splitters,

which cause susceptibility to dephasing and decoherence [48]. Here we use light-

pulse atom interferometry [31, 17] to realize quantum interference with wave packets

separated by up to 54 cm on the time scale of 1 s. These results push quantum super-

position into a new macroscopic regime, demonstrating that quantum superposition

remains possible at the distance and time scales of everyday life. The sub-nanokelvin

temperatures of the atoms and a compensation of transverse optical forces enable

a large separation while maintaining an interference contrast of 28%. In addition

to testing the superposition principle in a new regime, large quantum superposition

states are vital to exploring gravity with atom interferometers in greater detail. We

83
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anticipate that these states could be used to increase sensitivity in tests of the equiv-

alence principle [53, 54, 55, 56, 29], measure the gravitational Aharanov-Bohm effect

[57], and eventually detect gravitational waves [58] and phase shifts associated with

general relativity [29].

This chapter also appeared as Ref. [59] and was co-authored with Tim Kovachy,

Peter Asenbaum, Christine A. Donnelly, Susannah M. Dickerson, Alex Sugarbaker,

Jason M. Hogan, and Mark A. Kasevich.

3.1 Overview

Progress in the ability to manipulate quantum systems has enabled experimental tests

of the foundations of quantum mechanics. These include studies of entanglement [60],

tests of local realism with Bell experiments [61, 62], and exploration of wave-particle

duality in delayed choice experiments with photons [63] and atoms [64]. The quantum

superposition principle is a central axiom of quantum mechanics, and efforts to test its

universal validity have drawn much interest [48]. A breakdown of quantum superposi-

tion at large scales could arise from fundamental modifications to quantum dynamics

[52, 51], interaction with a field of cosmological origin [52], or quantum gravitational

effects [52, 48]. Currently, the best bounds on such decoherence mechanisms at large

length scales come from matter wave interference experiments [51, 48]. No violations

of the quantum superposition principle have yet been detected. To bound or discover

such violations at macroscopic scales requires a well-controlled system that limits

dephasing and decoherence from conventional and technical sources.

Atom interferometry offers a way to create and characterize atomic superpositions.

The field of atom interferometry has developed as a long series of experiments origi-

nating from Bordé’s realization of the importance of recoil effects in precision Ramsey

laser spectroscopy [65, 31], which led to the Bordé-Ramsey technique [65, 31]. Other

important developments include the demonstration of atom interferometers using me-

chanical gratings [66] and two-photon transitions [17].

To create large atomic quantum superpositions, a significant challenge is to com-

bine large momentum transfer (LMT) atomic beam splitters [67, 68] with long-time
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(> 2 s) atom interferometry [69, 70]. Interferometers with LMT beam splitters are sus-

ceptible to dephasing from laser intensity inhomogeneity and wavefront perturbations

across the atom cloud. These dephasing mechanisms are coupled to the transverse

expansion of the atom cloud and are therefore exacerbated by long interferometer

durations.

3.2 Experimental results

We achieve long free fall times by launching a Bose-Einstein condensed cloud of ∼ 105

ultracold 87Rb atoms into a 10 m atomic fountain using a chirped optical lattice

[69]. After the lattice launch, we use a sequence of optical pulses to apply a beam

splitter that places each atom into a superposition of two wave packets with different

momenta, corresponding to the two arms of a Mach-Zehnder interferometer [17]. We

then allow the two wave packets to spatially separate vertically during a drift time

T = 1.04 s. Subsequently, we redirect the two wave packets back toward each other

with additional optical pulses (the mirror sequence) and interfere them with a final

beam splitter when they once again spatially overlap after another T = 1.04 s drift

interval. Finally, we image the two interferometer output ports onto a CCD camera

(see Fig. 3.1).

The maximum spatial separation reached in the interferometer is ∆z = n(~k/m)T ,

where k is the laser wave number, n is the number of photon recoils (~k) transferred

by the beam splitter, and m is the atomic mass (~k/m is the velocity associated

with a single photon momentum recoil). Our LMT beam splitters transfer up to

90~k, yielding superpositions with much larger spatial separation than is possible

with conventional 2~k atom optics (54 cm for 90~k, as shown in Fig. 3.2). We realize

the beam splitters with sequential 2~k Bragg transitions [68] (see Section 3.3). The

laser beams that drive the Bragg transitions are sent into the atomic fountain from

the top and retroreflected by a mirror at the bottom.

To quantify the coherence of the macroscopic superposition states, we measure the

contrast of the interferometer. To determine the contrast, we record the amount of

variation in the normalized population in one of the output ports as it varies between
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Figure 3.1: Fountain interferometer. a, After evaporative cooling and a magnetic
lensing sequence (see Section 3.3), the ultra-cold atom cloud is launched vertically
from below the cylindrical magnetic shield using an optical lattice. (t = 0) The first
beam splitter sequence splits the cloud into a superposition of momentum states sep-
arated by n~k. (t = T ) The wave packet is fully separated, and a mirror sequence
reverses the momentum states of the two halves of the cloud. (t = 2T ) The clouds
spatially overlap, and a final beam splitter sequence is applied. After a short drift
time, the output ports spatially separate by 6 mm due to their differing momenta,
and the two complementary ports are imaged. This diagram is not to scale, and
the upward- and downward-going clouds are shown horizontally displaced for clar-
ity. b, Pulse sequence of a 16~k interferometer, see also Section 3.3. c, A moving
standing wave induces a Bragg transition of one specific velocity class and changes
its momentum by 2~k, e.g. from 2~k to 4~k.
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  54 cm  

Figure 3.2: Wave packets separated by 54 cm. We adjust the launch height of
the millimeter-sized atom cloud so that it passes the detector when the wave packets
are maximally separated. In order to visualize the full extent of the wave function,
we take 36 snapshots of different slices of the distribution. The images are taken at
slightly different times between the atom launch and the fluorescence imaging and
are stitched together according to the velocity of the atoms.

constructive and destructive interference. The normalized population in output port

i is Pi ≡ Ni/(N1 + N2), where Ni is the measured atom number in output port

i. Due to interference between the two arms of the interferometer, the population

oscillates between the two output ports [69]. Example fluorescence images showing

this population modulation are shown in Fig. 3.3.

Due to the large enclosed spacetime area ∆zT , the interferometer is highly sen-

sitive to acceleration. Specifically, the sensitivity of the interferometer phase φ to

an acceleration a can be expressed as [17] ∆φ = ma∆zT/~. This leads to an accel-

eration response for our interferometer of 2 × 108 rad/g for 2~k beam splitters and

8 × 109 rad/g for 90~k beam splitters (g is the acceleration due to gravity). Con-

sequently, the interferometer phase fluctuates by much more than 2π from shot to

shot due to vibration of the retroreflection mirror, causing the output ports to vary

randomly between constructive and destructive interference. Therefore, we see sig-

nificant contrast, but the large acceleration sensitivity prevents the observation of a

stable fringe as the phase is scanned (see Fig. 3.4). Since the contrast quantifies the

coherence of the macroscopic superposition states, the contrast is the relevant metric

for this work (as in photon recoil measurements with contrast interferometry [71]). In

many future experiments to explore gravitational physics, differential measurement

schemes [72] (e.g., gravity gradiometry) will be used to exploit the increased sensitiv-

ity offered by large superposition states while cancelling the vibration-induced phase
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Figure 3.3: Fluorescence images of output ports. The two atom clouds resulting
from the final beam splitter constitute the output ports of the interferometer. A single
fluorescence image allows us to extract the atom number in each port. a, The 2~k
interferometer shows high contrast with nearly full population oscillation between
the upper port (front image) and the lower port (back image). b, For the 90~k
interferometer the population oscillates by over 40%. Due to spontaneous emission
and velocity selectivity, the detected atom number is more than ten times smaller
than for 2~k. All displayed images are normalized to have the same peak height and
are labeled with δφ corresponding to the interferometer phase modulo 2π. The image
size is 13.8 x 9.7 mm, and the data is smoothed with a Gaussian filter with radius
0.5 mm.
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Figure 3.4: Examples of data showing interference contrast. Plots of P1 versus
experimental trial for 2~k, 30~k, 60~k, and 90~k. The red traces have small values of
δT and therefore display interference contrast. As discussed in the main text, we do
not observe a stable fringe because of the vibration of the retroreflection mirror. For
comparison, the gray traces have large values of δT so that contrast is eliminated,
and they therefore show the amount of background amplitude noise in P1. 2~~~k, Red
trace: δT = 0 µs. Gray trace: δT = 2 ms. 30~~~k, Red trace: δT = −15 µs. Gray
trace: δT = 100 µs. 60~~~k, Red trace: δT = 0 µs. Gray trace: δT = 100 µs. 90~~~k,
Red trace: δT = 1 µs. Gray trace: δT = −50 µs.

noise as a common mode [29, 57, 58]. In the work presented here, common-mode

cancellation of the vibration-induced phase noise between different parts of the atom

cloud allows us to observe contrast and additionally to see spatial interference fringes

across the atom cloud (see Fig. 3.6).

To further demonstrate interference, we measure the contrast envelope, i.e. the

variation of P1 as a function of a timing delay δT before the final beam recombin-

ing pulse sequence. At suitably large delays, contrast is suppressed, thus allowing

characterization of technical noise sources which might be conflated with contrast at

shorter delays. The timing asymmetry leads to a phase shift nkvzδT that depends

on the vertical velocity vz [69, 70]. Integrating over the vertical velocity distribution
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of the atom cloud after the interferometer (rms width ∆vz), the contrast is expected

to decay with δT as [73] Γ (δT ) ≡ exp [−n2k2∆v2
zδT

2/2] = exp [−δT 2/2δT 2
c ] with the

coherence time δTc ≡ 1/ (nk∆vz). Figure 3.5a displays the contrast envelopes and

comparison to theory for 30~k, 60~k, and 90~k beam splitters. We plot σ(P1), the

standard deviation of the set of observed P1 values after a sequence of 20 shots at

the specified δT (see also Fig. 3.4). Note that 2
√

2σ(P1) is approximately equal to

the contrast [67]. The data closely match the expected decay dependence Γ (δT ) for

the known values of n, k, and ∆vz. Given that the atom cloud has a known time

te = 2.6 s to expand, the vertical size of the interferometer output ports provides us

with an independent measurement of ∆vz = 0.20±0.04 mm s−1. The measured coher-

ence times, as determined by fits of the contrast envelope widths, show quantitative

agreement with their theoretically predicted values (see Fig. 3.5a).

Figure 3.5b shows the interference contrast for various values of n. To determine

the contrast value for a given n, we use maximum likelihood estimation on the data

corresponding to the highest point in the contrast envelope (see Section 3.3). The

model used to estimate the contrast corrects for the technical noise measured away

from the contrast peak (i.e. at large δT ). Also, Fig. 3.5b shows the exponential scaling

of atom loss with n. Atom loss derives from two factors: spontaneous emission decay

with 1/e point n = 75± 10 and residual velocity selection of the π-pulses.

A complementary demonstration of interference is the observation of spatial inter-

ference fringes across the atom cloud for small time offsets δT [70, 25]. The predicted

fringe wavelength is λz = 2πte/(nk|δT − δT0|), where te is the cloud expansion time

and δT0 accounts for velocity-dependent phase shifts from force gradients [25] (see

Section 3.3). Figure 3.6a shows an unsmoothed example of the directly observed

fringe from a single shot. The 1σ uncertainty in the phase extracted from fitting the

fringe is 0.1 rad, which is near the atom shot noise limit for the observed contrast. For

δT = −50 µs the fitted wavelength λz = 1.5± 0.1 mm (1σ error from fit uncertainty)

agrees with the theoretical value of λz = 1.4 mm (taking δT0 = 0). Assuming a

spherical Earth’s gravity gradient would shift the prediction to λz = 1.5 mm. This is

equivalent to δT0 = −3.5 µs, which is likely the reason why δT0 is slightly negative for

the contrast envelopes in Fig. 3.5a. While the overall position of the spatial fringes
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Figure 3.5: Contrast metrics. a, The contrast envelopes establish the interference
effect. The data points corresponding to the blue squares, black circles, and red
triangular marks are for 30~k, 60~k, and 90~k. The solid curves show the theory
A + B Γ(δT − δT0), with coherence time δTc, offset A, center δT0, and amplitude B
as fitting parameters. Examples of the traces that lead to the points in the contrast
envelopes are shown in Fig. 3.4. Inset: Comparison of fitted coherence times (points,
1σ error bars from fit uncertainty) to theory (gray curve). The gray, shaded region
indicates 1σ theoretical uncertainty arising from uncertainty in the measured velocity
spread ∆vz. b, Trends in maximum observed contrast (blue) and normalized atom
number Na in the output ports (red, inset) with n~k. The data points are for n = 2,
16, 30, 60, and 90. The atom number is normalized to the average number of atoms
after a 2~k interferometer. The thin, red curve shows the predicted atom number
based on the measured spontaneous emission loss rate and π-pulse velocity selectivity.
Error bars show 1σ uncertainties computed with the analysis discussed in Section 3.3.
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varies from shot to shot, the fringes on the two ports always have complementary

phases, as expected. Using principal component analysis on a set of 20 images, we

extract the two orthogonal modes describing the spatial fringe [69] (Fig. 3.6b).

Even for the 54 cm delocalization and a total of 180 applied optical Bragg pulses,

we observe a contrast of 28%. We attribute the ability to maintain this level of

contrast to two factors: the low temperature of the atoms and an absolute light

shift compensation technique (see Section 3.3). The ultra-cold cloud remains smaller

than 1 mm throughout the interferometer. This reduces the contrast loss due to

larger scale inhomogeneities in laser intensity and wavefront (e.g., from the 2 cm

laser radial waist). The small cloud also minimizes pollution of the output ports by

non-interfering atoms originating from spontaneous emission and imperfect transfer

efficiency. The importance of absolute light shift compensation is demonstrated by

the fact that operating without compensation almost fully eliminates the contrast

for a 30~k interferometer (see Fig. 3.7). To improve the contrast further at large

n~k likely requires reduction of wavefront perturbations, since these are intrinsically

imprinted on the cloud at each pulse.
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Figure 3.6: Spatial interference fringes. a, Horizontally integrated fluorescence
images of the two 30~k output ports (upper and lower panel) for a single run with
δT = −50 µs (red). The images are fit to a sinusoidally modulated Gaussian profile.
For comparison, the output ports for δT = 100 µs have a Gaussian profile without
interference fringes (blue). b, Cosine and sine principal components of a set of 30~k
interferometer runs with δT = −50 µs, which show the effects of a vertical phase
gradient across the cloud. All observed fringes are linear combinations of these basis
images. Red and blue regions are anti-correlated.
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3.3 Methods

3.3.1 Atom source

A 2D magneto optical trap (MOT) loads a 3D MOT in the center of our 10 m vacuum

tube for 4 s. We evaporate the 87Rb atoms in a time-orbiting potential (TOP) trap

for 14 s and apply a magnetic lensing sequence to further reduce their kinetic energy

[74]. The ultra-cold atoms are then launched upwards into the interferometer region

with a chirped optical lattice. Overall, we have a cycle time of roughly 22 s.

3.3.2 Atom optics

For the initial beam splitter, a π/2-pulse splits the interferometer arms in momentum

space by 2~k, followed by a sequence of (n/2− 1) π-pulses that selectively accelerate

one of the arms to increase the momentum splitting to n~k. The mirror sequence

consists of n − 1 sequential π-pulses that interchange the momenta of the two in-

terferometer arms [75, 68], and the final beam splitter sequence once again contains

(n/2− 1) π-pulses applied to one arm followed by a π/2-pulse.

Bragg transitions couple different momentum states of the hyperfine level F = 2,

mF = 0. In contrast to Raman transitions [17, 76], a Bragg scheme does not suffer

from light-shift-induced variations of the hyperfine splitting between F = 1 and

F = 2. The optical pulses that drive the Bragg transitions have Gaussian temporal

profiles with full width at half maximum (FWHM) 60 µs for π-pulses and 30 µs for

π/2-pulses. Before the first beam splitter, the vertical velocity width is filtered by a

300 µs π-pulse that transfers only a narrow velocity slice. The two atom optics laser

beams each contain 3 W of power 30 GHz detuned from the excited state resonance

and are generated by frequency doubling the outputs of 1560 nm fiber amplifiers

in nonlinear crystals [47]. These beams are combined on a polarizing beam splitter

and enter the atomic fountain from the top. They have a radial waist of 2 cm and

are retroreflected by a mirror at the bottom of the fountain. The mirror’s angle is

adjusted between pulse sequences by a piezo-actuated tip-tilt stage to compensate

for Coriolis forces from Earth’s rotation [69]. Given that the laser intensity is limited
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by the large beam waist, sequential 2~k Bragg transitions offer lower spontaneous

emission losses than higher order Bragg transitions [77].

3.3.3 Absolute light shift compensation

We implement a technique to compensate optical dipole forces on the atoms from

imperfections in the laser beam profile. Dipole forces arise from gradients in the laser

intensity, since the energy of an atomic state is shifted by an amount proportional

to the local laser intensity (light shift) [50]. These forces can distort the cloud and

cause large differential phase shifts across the cloud. The differential phase shifts

occur because the laser intensity profile varies with vertical position and is therefore

not fully common to the two interferometer arms. To perform this compensation,

we adjust the laser spectrum so that the absolute light shift from the blue-detuned

spectral content, including the frequency components that drive the Bragg transitions,

is cancelled by the absolute light shift from the red-detuned spectral content.

We achieve a light-shift-compensating spectrum by phase modulating each of the

two atom optics lasers at 30 GHz, with the carrier 3.4 GHz blue-detuned from res-

onance and nearly fully suppressed. The two atom optics lasers are offset by an

AOM shift of 160 MHz so that only one pair of sidebands drives Bragg transitions.

The modulation occurs on the 1560 nm light seeding the fiber amplifiers. To tune

the asymmetry between the red and blue sidebands, we adjust the temperature of

the frequency doubling crystals. We measure the optical spectrum with a scanning

Fabry-Perot cavity.

3.3.4 Contrast metrics data analysis

Following similar analysis from previous work [56], we model P1 as a random variable.

Our model for the probability density function (PDF) of P1 includes additive Gaussian

noise [56]. P1 is related to the phase Φ and contrast c of the interferometer by

P1(Φ, X; c, w) =
1

2
+
c

2
cos Φ +X(w). (3.1)
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Figure 3.7: Dependence of contrast on absolute light shift compensation.
For 30~k, the contrast as a fraction of its maximum value is plotted as a function of
the asymmetry between the red and blue sidebands for one of the atom optics laser
beams. To change the sideband asymmetry, we adjust the temperature of one of the
frequency doubling crystals while keeping the sidebands of the second atom optics
laser beam symmetric. Where Pred and Pblue are the respective optical powers in the
red and blue sidebands, we define an asymmetry parameter 1 − (Pred/Pblue). Since
the blue sideband is used to drive the Bragg transitions, we keep Pblue fixed in order
to maintain constant Rabi frequency. This prevents us from reaching large negative
values of the asymmetry parameter, because there is only enough total optical power
available to increase Pred slightly without suppressing Pblue. In order to achieve a
more negative effective value of the asymmetry parameter, we suppress the power
in the carrier to half its usual amount for the one negative point in the plot. The
carrier is blue detuned, so decreasing its power pulls the absolute light shift in the
same direction as decreasing Pblue. To account for this, we plot the fractional contrast
versus the effective asymmetry parameter that would yield the same light shift as the
one that we implement, but at a fixed carrier power. The observed dependence of
contrast on the sideband asymmetry indicates the importance of absolute light shift
compensation for LMT interferometry. Error bars show 1σ uncertainty.
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We assume that the interferometer phase is uniformly distributed, so the probability

density function (PDF) of Φ is given by fΦ(φ) = 1
π

where φ ∈ [0, π], and that the

amplitude noise X is normally distributed with standard deviation w, corresponding

to a PDF

fX(x;w) =
1

w
√

2π
e−x

2/2w2

. (3.2)

We also assume that Φ and X are independent, so the PDF of P1 in the presence of

noise X is equal to the convolution of the PDF of P1 in the absence of noise (w → 0)

with the PDF of X. In the absence of noise (w → 0), the PDF of P1 is given by

gP1(p; c) =
2

π

1√
c2 − (2p− 1)2

. (3.3)

This function is supported on
(

1
2
− c

2
, 1

2
+ c

2

)
and has asymptotes at the boundaries.

Therefore, the PDF of P1 for nonzero w is the convolution

fP1(p; c, w) =

∫ 1/2+c/2

1/2−c/2
gP1(τ ; c)fX(p− τ ;w)dτ. (3.4)

Since the contrast approaches zero for large δT , all remaining fluctuations in P1

at large δT are due to amplitude noise. Therefore, we estimate w by computing

the standard deviation of data taken at large values of δT . For the data reported

in this work, we typically find w ≈ 0.03 ± 0.005. To estimate c, we use maximum

likelihood estimation [78] on the data set corresponding to the highest point in each

contrast envelope, taking w to be a fixed parameter. The resulting contrast estimates

are plotted in Fig. 3.5b. To calculate the uncertainty in the contrast estimates, we

use the observed Fisher information for each data set [78]. We also propagate the

uncertainty in the measured value of w.

Specifically, for a sequence of shots {p1, ..., pm} at fixed δT , we compute the like-

lihood

L(c;w, {p1, ..., pm}) =
m∏
i=1

fP1(pi; c, w) (3.5)

taking the data points pi and the measured value of w to be fixed parameters. The
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most likely value of c given the data is found by maximizing L as a function of c, or

equivalently by solving

∂

∂c
lnL = 0 =⇒ ∂

∂c

m∑
i=1

ln fP1(pi; c, w) = 0. (3.6)

We maximize L numerically to generate the contrast estimates plotted in Fig. 4b.

The standard error σc(c) of the maximum likelihood method scales as the square root

of the inverse of the Fisher information in the limit of a large number of samples m.

The Fisher information F (c) is defined by

F (c) =

∫ (
∂

∂c
ln fP1(p; c, w)

)2

fP1(p; c, w)dp. (3.7)

In the asymptotic limit m→∞, we have

σc(c) =
1√
m

1√
F (c)

. (3.8)

For m ≥ 20, the error in the asymptotic approximation does not significantly con-

tribute to the uncertainty. We verify this by computing the observed Fisher informa-

tion Fo for each data set, where

Fo(c;w, {p1, ..., pm}) = − 1

m

∂2

∂c2

m∑
i=1

ln fP1(pi; c, w). (3.9)

Error bars for the atom number in Fig. 3.5b are computed from statistical standard

deviation. The curve showing the predicted atom number in Fig. 3.5b accounts for

atom loss due to spontaneous emission and imperfect π-pulse transfer efficiency. We

measure the spontaneous emission loss rate by illuminating the launched cloud with a

detuned interferometer pulse sequence. Specifically, all pulses are detuned from their

respective two-photon resonances so that there is no transfer. Therefore, the ratio of

the number of atoms remaining after such a pulse sequence to the number of atoms

remaining after a launch with no pulses allows us to determine the fraction of the

atoms lost due to spontaneous emission. To measure the π-pulse transfer efficiency,
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we apply a π/2-pulse followed by 44 π-pulses and compare the number of atoms in

the transferred peak (90~k total momentum kick) to the number of atoms in the peak

that is left untransferred by the π/2-pulse. Spontaneous emission loss is the same for

both peaks and therefore does not confound the measurement. We note that the two

peaks have the same height, while the transferred peak has a narrower vertical width

(e.g., see Fig. 3.2). This indicates that the imperfect transfer efficiency arises from

π-pulse velocity selectivity.

3.3.5 Spatial interference fringes

Due to the long expansion time te, the launched atom cloud is effectively a point

source, meaning that by the time of detection the vertical velocity distribution has

been mapped onto the vertical position z through the relation z ≈ vzte. The velocity

dependent phase shift nkvzδT then leads to a position dependent phase shift [25]

with corresponding wavelength λz = 2πte/(nk|δT − δT0|). Here δT0 accounts for any

velocity-dependent phase shifts from force gradients [25]. To observe the fringes, we

reduce the fluorescence imaging time to 2.5 ms (see Fig. 3.6). We choose δT = −50 µs

so that a full wavelength is visible on the atom cloud. For δT = 100 µs the smaller

fringe period is completely blurred out by imaging heating of the atom cloud. The

direct spatial interference contrast for δT = −50 µs is lower than the contrast with

δT = 0 reported in Fig. 3.5b due to this blurring.

We use principal component analysis (PCA) to extract spatial fringes from a

set of 20 interferometer runs. In addition to the fringe pattern, PCA is sensitive

to shot-to-shot variation of the center of mass position of the cloud. To minimize

crosstalk between these effects, we correct for the vertical and horizontal motion prior

to performing PCA. We find the position of the cloud center of mass for each shot

using Gaussian fits and then shift each image appropriately to remove the motion.

The data is also smoothed with a 400 µm Gaussian filter prior to PCA. We identify

the first principal component as the shape of the overall cloud envelope. Principal

components two and three correspond to the cosine and sine components of the fringe

pattern (Fig. 3.6).
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3.4 Conclusion and outlook

We probe the quantum superposition principle in an unprecedented regime. Table

3.1 compares the wave packet separation, duration, and mass of our superposition

states to those of other matter wave interferometers, showing that we occupy a new

region of large wave packet separation and long time.

When this work was originally published, it was believed that the interferome-

ter contrast at 90~k placed new constraints on the extension of quantum mechanics

proposed in [51]. As suggested by [79] and demonstrated in [80], these results do

not provide strong bounds on the model described in [51] because the model’s de-

coherence mechanism would induce a loss of first-order coherence but not a loss of

interferometer contrast at macroscopic length and time scales. Our results should

instead be understood to constrain all extensions of quantum mechanics that would

lead to contrast loss at macroscopic scales [81].

In addition, these large superposition states pave the way for a new generation

of fundamental physics tests using ultra-sensitive atom interferometers [29, 57, 58].

The wave packet delocalization and coherence time demonstrated here already meet

the requirements for certain proposed atomic gravitational wave detectors [58]. The

demonstrated enclosed space-time area combined with optical atomic clock states

could also enable the study of decoherence induced by general relativistic proper time

[82].
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Wave packet Acceleration sensitivity
Description separation ∆z (m) Duration T (s) Mass m (amu) factor m∆zT/~ (m/s2)−1

This work, Rb, 90 ~k 0.54 1.04 86.9 8× 108

Cs, 2012 9× 10−3 0.25 132.9 5× 106

Cs, 2009 3× 10−3 0.4 132.9 3× 106

Rb, 2013 4× 10−3 0.35 86.9 2× 106

Cs, 2001 1.1× 10−3 0.16 132.9 4× 105

Na, 1992 3× 10−3 0.05 23 5× 104

C284H190F320N4S12, 2013 ∼3× 10−7 1.2× 10−3 10123 60
Neutrons, 2002 0.07 4× 10−5 1.01 40
C70, 2002 ∼10−6 1.9× 10−3 840 30

Table 3.1: Comparison of superposition parameters to other matter wave interference
experiments. We compare the wave packet separation ∆z, the duration T between the
beam splitter and mirror sequences, and the mass m to those of a sodium interferom-
eter from 1992 [30], a cesium interferometer from 2001 [83], a neutron interferometer
from 2002 [84], a C70 molecular interferometer from 2002 [85], a cesium interferometer
from 2009 [86], a cesium interferometer from 2012 [87], a C284H190F320N4S12 molec-
ular interferometer from 2013 [88], and a rubidium interferometer from 2013 [70].
Additionally, we compare the factor m∆zT/~, which is directly related to the accel-
eration sensitivity. The wave packet separation in our experiment is nearly an order
of magnitude larger than the next largest value (from a neutron interferometer), and
the duration in our experiment is more than four orders of magnitude longer than in
the neutron interferometer with a nearly hundred times larger mass.



Chapter 4

Suppression of kinematic phase

gradients

In an ideal test of the equivalence principle, the test masses fall in a common inertial

frame. A real experiment is affected by gravity gradients, which introduce systematic

errors by coupling to initial kinematic differences between the test masses. Here we

demonstrate a method that reduces the sensitivity of a dual-species atom interfer-

ometer to initial kinematics by using a frequency shift of the mirror pulse to create

an effective inertial frame for both atomic species. Using this method, we suppress

the gravity-gradient-induced dependence of the differential phase on initial kinematic

differences by two orders of magnitude and precisely measure these differences. We

realize a relative precision of ∆g/g ≈ 6× 10−11 per shot, which improves on the best

previous result for a dual-species atom interferometer by more than three orders of

magnitude. By reducing gravity gradient systematic errors to one part in 1013, these

results pave the way for an atomic test of the equivalence principle at an accuracy

comparable with state-of-the-art classical tests.

This chapter also appeared as Ref. [89] and was co-authored with Peter Asenbaum,

Tim Kovachy, Remy Notermans, Jason M. Hogan, and Mark A. Kasevich.

102
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4.1 Overview

The equivalence principle lies at the heart of general relativity, and efforts to test its

validity with increasing precision for a variety of test objects are at the forefront of

experimental physics [90, 6, 91, 53, 54, 92, 8, 93, 94, 95, 13, 96, 97, 98]. Many of

these experiments probe the weak equivalence principle (WEP), which stipulates the

universality of free fall [99]. In addition to testing a fundamental aspect of general

relativity, WEP tests can be used to search for new interactions and for dark matter

[29, 3].

All WEP tests operate under the same general principle—they compare the gravi-

tational accelerations of two test masses of different composition. In an ideal thought

experiment, this comparison would occur in a uniform gravitational field, making the

measurement insensitive to the initial kinematics of the test masses. However, in

realistic experimental setups, gravity gradients are present. Gravity gradients cause

the measured acceleration of a given test mass to vary linearly as a function of its

initial position and velocity. As a consequence, mismatches in the initial kinematics

of the test masses can appear as a spurious WEP violation if not characterized to

the necessary accuracy. This coupling of initial kinematics to gravity gradients is a

leading systematic error in WEP tests based on atom interferometry [13, 100].

It is relevant to consider the ramifications of this effect for Earth’s gravity gradient,

which is approximately Tzz = 3× 10−7g/m in the vertical direction. To lowest order,

the differential acceleration that the gravity gradient induces between the test masses

A and B is gA − gB = Tzz[∆z + ∆v T ] ≡ Tzz∆z̄, where ∆z = zA − zB, ∆v = vA − vB,

gi, zi, and vi are the respective gravitational acceleration, initial position, and initial

velocity of test mass i ∈ {A,B}, and T is the time interval over which the acceleration

measurement occurs. This implies, for example, that an equivalence principle test

with relative accuracy 2(gA − gB)/(gA + gB) = (gA − gB)/g ≈ 10−14 requires relative

displacements arising from initial kinematics to be controlled at the level of 30 nm.
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4.2 Experimental results

In this work, we experimentally demonstrate a method to make a dual-species atom

interferometric WEP test [91, 53, 54, 92, 8, 93] insensitive to initial kinematics. Fol-

lowing the proposal of Roura [23], the optical frequency is shifted for the mirror se-

quence of a light-pulse Mach-Zehnder atom interferometer [31, 17], producing a phase

shift proportional to the average vertical displacement ∆z̄ during the interferometer

[101]. An appropriate choice of this frequency shift counteracts the corresponding

phase shift from the gravity gradient [23], creating an effective inertial frame. Al-

though the interferometer trajectories remain perturbed by the gravity gradient as a

function of initial position and velocity, the interferometer phase becomes insensitive

to these perturbations. We refer to this method as frequency shift gravity gradient

compensation (FSGG compensation). Using FSGG compensation in a long dura-

tion/large momentum transfer (long T/LMT) dual-species interferometer with 85Rb

and 87Rb, we demonstrate a reduction in sensitivity to ∆z̄ to 1% of its original value.

Moreover, we introduce a technique to determine the correct frequency shift without

needing to independently measure or calculate the gravity gradient. An analogous

method to FSGG compensation is not currently known for classical free-fall WEP

tests.

The core features of the experimental apparatus have been described in previous

work [69, 25, 74, 59, 102]. Some modifications to the atom source have been made

in order to generate an ultracold dual species cloud (earlier experiments used only
87Rb). Approximately 4× 109 87Rb atoms and 3× 108 85Rb atoms are loaded from a

2D-MOT into a 3D-MOT. Subsequently, forced microwave evaporation is performed

on the 87Rb atoms in a quadrupole and then a time-orbiting potential (TOP) trap.

The 85Rb atoms are sympathetically cooled. During evaporation, the 87Rb atoms

are in the |F = 2,mF = 2〉 state and the 85Rb atoms are in the |F = 3,mF = 3〉
state. Following a magnetic lensing sequence to collimate the atom clouds [74], an

optical lattice launches the atoms upward into a 10 m fountain. After the launch,

an optical dipole lens provides further collimation in the transverse dimensions [102],

and the atoms are prepared in Zeeman insensitive hyperfine sublevels by a sequence
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Figure 4.1: Implementation of the FSGG compensation scheme. (a) The interferom-
eters in a dual-species differential accelerometer are separated by an initial displace-
ment ∆z. Due to the gravity gradient Tzz, the interferometers experience a differential
acceleration Tzz∆z and a differential phase shift kTzz∆zT

2. To perform FSGG com-
pensation, the effective wavevector of the interferometer mirror pulses is changed by
∆k, which adds a differential phase shift −2∆k∆z. For ∆k/k = 1

2
TzzT

2, the differ-
ential phase becomes insensitive to the initial displacement ∆z. Alternatively, a scan
of ∆k provides information about ∆z [101]. (b) Raw fluorescence image of the dual-
species differential accelerometer operating at an LMT order of 10~k with initially
overlapped clouds and ∆f = 343 MHz, using phase shear readout to determine the
differential phase.
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of microwave pulses. Residual atoms that are not transferred by the state preparation

pulses are removed by momentum transfer from a resonant light pulse. At the time

of detection, the atom clouds have expanded to a radial size of approximately 1 cm.

Following the work described in [59, 102], the LMT beam splitter and mirror

sequences for the interferometer use absolute-AC-Stark-shift-compensated sequential

two-photon Bragg pulses. The Bragg pulses simultaneously address the 85Rb and
87Rb atoms so that phase shifts from optical path length fluctuations (e.g., due to

vibrations) cancel as a common mode in the differential measurement. Typical exper-

imental parameters are 10~k momentum splitting between the interferometer arms

and T = 900 ms pulse spacing (k denotes the wave number of the Bragg lasers). In

most of the experimental runs, the beam splitters operate in a symmetric or near-

symmetric configuration [103]. For instance, for a 12~k beam splitter, the lower

interferometer path receives a 6~k downward momentum kick and the upper inter-

ferometer path receives a 6~k upward kick. For a 10~k beam splitter, the lower

path receives a 6~k downward kick and the upper path receives a 4~k upward kick.

Symmetric sequences are used to reduce phase shifts associated with the differential

recoil velocity. Upward- and downward-kicking Bragg pulses occur sequentially and

are interleaved. Additional information about the experimental sequence is provided

in Section 4.3.

Figure 4.1(a) illustrates the dual species, FSGG compensated interferometer. The

Bragg lasers nominally have frequency f . For all the LMT pulses that make up the

interferometer mirror sequence, the laser frequency is shifted by an amount ∆f . In a

uniform gravity gradient, ∆f/f = ∆k/k = TzzT
2/2 results in perfect compensation

[23]. As the gradient in the 10 m fountain changes substantially as a function of

height [102], the optimal ∆f involves a weighted average T zz ∼ 2 × 10−7 g/m of

the gravity gradients experienced by the atoms at different heights (see Section 4.4).

A CCD camera records fluorescence images of the interferometer output ports for

both species. Because the 85Rb and 87Rb clouds overlap to within the cloud size,

we implement a staggered imaging sequence. First, near-resonant light for only one

species is pulsed on, stopping the atoms of that species in place. The atoms of the

other species are allowed to fall for an additional 0.9 ms before being stopped so that
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the output ports of the second species are imaged resolvably below the output ports

of the first species on the CCD [see Fig. 4.1(b)]. Horizontal spatial fringes are put

across the output ports by tilting the angle of the retroreflection mirror for the final

beam splitter sequence (phase shear readout) [25, 102]. Comparing the phase of these

fringes for 85Rb and 87Rb provides a differential acceleration measurement for each

run of the experiment.

To extract the differential phase from a fluorescence image, we bin each interfer-

ometer port vertically and compute the asymmetry A(x) ≡ (P1(x)−P2(x))/(P1(x) +

P2(x)) for each interferometer, where Pi(x) is the number of counts in port i as a

function of horizontal position x. Each interferometer asymmetry is then filtered and

fit to a sinusoid. For the data presented in this work, the single-shot differential phase

uncertainty is typically ∼ 40 mrad.

An accurate, a priori determination of the compensation frequency shift ∆f would

require a sequence of many gravity gradient measurements with high spatial resolu-

tion. It is more convenient to determine ∆f empirically by directly minimizing the

sensitivity of the interferometer to initial kinematics. Initial kinematic mismatches

∆z and ∆v enter both the gravity-gradient-induced and FSGG-compensation phase

shifts via the quantity ∆z̄ [23]1. Since the interferometer is intrinsically velocity-

selective, it is most convenient to vary ∆z̄ by adjusting ∆z. To optimize ∆f , we used

a 87Rb-only gravity gradiometer consisting of two simultaneous, vertically-displaced

interferometers (see [102] for a description of the gradiometer sequence). The opti-

mal ∆f is determined by minimizing the displacement dependence of the differential

phase shift between these interferometers (see Fig. 4.2). This technique is opera-

tionally similar to methods for finding magic wavelengths in precision spectroscopy

[104, 105] and assumes that the gravity gradient is temporally stable.

As a confirmation, we obtained the same value for ∆f using the dual species

interferometer. Specifically, for multiple values of ∆f , we measure the variation of

the differential phase when the initial displacement ∆z between the 85Rb and 87Rb

1In a spatially varying gravity gradient, there is an additional velocity-dependent correction if
the interferometer trajectory is not perfectly symmetric in time around the middle pulse. In our
apparatus, the associated systematic errors are below one part in 1013 and can be suppressed by
shifting the final beamsplitter frequency. See Section 4.4.
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Figure 4.2: (a) Raw data from 87Rb-only (10~k momentum splitting, T = 900 ms)
gravity gradiometer used to determine the optimal frequency shift ∆f . The upper
and lower pairs of output ports correspond to the two vertically displaced interfer-
ometers. The two interferometers use opposite input ports, which would give them a
differential phase of π in the absence of any gravity gradients. Upper image: with-
out FSGG compensation. Lower image: with FSGG compensation. Without FSGG
compensation, the differential phase is visibly shifted away from π. With FSGG
compensation, the differential phase is π, illustrating the cancellation of the gravity
gradient phase shift. (b) Gradiometer phase vs. baseline for ∆f = 0 MHz (blue
points), ∆f = 320 MHz (light red points), and ∆f = 340 MHz (dark red points).
Error bars are smaller than the points.
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Figure 4.3: Dependence of differential phase on mirror pulse frequency shift ∆f
and initial separation ∆z. (a) Differential phase as a function of ∆f for two initial
separations differing by 5.5 mm. The slope of each linear fit is used to determine the
quantities ∆z̄ = −3.21± 0.07 mm (red points) and ∆z̄ = 2.3± 0.1 mm (blue points).
Each point is the average of ∼ 20 experimental shots. For ∆f = 345 ± 11 MHz,
the differential phase at the two separations is equal and therefore insensitive to the
gravity gradient. (b) Differential phase as a function of relative position shift for
∆f = 0 MHz (black points, ∼ 30 shots per point), ∆f = 510 MHz (blue points,
∼ 100 shots per point), and ∆f = 343 MHz (red points, ∼ 100 shots per point). The
intersection point of all three lines provides the relative position shift required to set
∆z̄ = 0, 2.47± 0.04 mm. The slope of the red linear fit is (−0.7± 1.3)% of the slope
of the black linear fit, demonstrating the reduction of differential phase sensitivity to
initial kinematic mismatches. All differential phases are referenced to the differential
phase at ∆f = 0 MHz and ∆z̄ = 2.3± 0.1 mm.
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clouds is shifted by 5.5 mm. The optimal ∆f is that for which the differential phases

are equal, as shown in Fig. 4.3(a). Note that this procedure does not reduce sensitivity

to WEP violations, which does not depend on initial kinematic offsets [23]. Figure

4.3(b) shows that FSGG compensation cancels the Tzz∆z̄ phase shift to (0.7± 1.3)%

of its uncompensated value, limited by statistical uncertainty.

The data shown in Fig. 4.3 require the ability to independently adjust the posi-

tions of the 85Rb and 87Rb clouds at the start of the interferometer. These adjustments

are accomplished with the aid of two-photon Raman transitions [17, 106]. Unlike the

Bragg transitions used in the interferometer, Raman transitions change the atomic

hyperfine state. Since 85Rb and 87Rb have significantly different ground state hy-

perfine splittings (3 GHz vs. 6.8 GHz) [107, 108], Raman transitions can transfer

momentum to one species while being far off resonance from the other. An initial

velocity-selection Bragg pulse occurs 130 ms before the first interferometer beam

splitter. Next, a Raman pulse delivers a 2~k momentum kick to the 87Rb atoms.

A corresponding Raman pulse for the 85Rb atoms can either be applied immediately

following the 87Rb Raman pulse or after a delay of up to 120 ms, during which the two

clouds move relative to each other. During this delay time, an additional momentum

offset between the 85Rb and 87Rb atoms can be achieved by further accelerating the
87Rb atoms with Bragg pulses. We typically use a total momentum offset of 8~k. At

the end of the delay time, a Bragg pulse deceleration sequence reverses these auxil-

iary momentum kicks. Varying the delay time allows for the tuning of the relative

position shift between the two species. With this technique, we can tune ∆z̄ to zero

with an accuracy of 40 µm, limited by the uncertainty of the slopes in Fig. 4.3(b).

Combined with the suppression of initial kinematic sensitivity provided by FSGG

compensation, this reduces the relative differential phase shift associated with Tzz∆z̄

to (6 ± 12) × 10−14. Improved statistical resolution, which will be present during

the integration over many shots for an equivalence principle test, should allow the

accuracy to which ∆z̄ is tuned to zero to be improved by more than a factor of 10.

This would bring the systematic error from Tzz∆z̄ to below 1× 10−14.

Because the interferometer output ports have a finite spatial extent, the gravity

gradient induces a phase shift across each output port in the vertical direction. If
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Figure 4.4: (a) Output ports of a 87Rb interferometer with (blue) and without (red)
a phase shift in the vertical direction. Each port is divided into four vertical bins.
(b) Phase shift as a function of vertical position at two LMT orders (12~k, light blue
points; 20~k, dark blue and red points), with (red) and without (light blue, dark
blue) FSGG compensation. Distances are referenced to the top of each port. The
ratio of the slopes of the light blue and dark blue linear fits is 0.62± 0.03, consistent
with the ratio of the LMT orders. The slope of the red linear fit is (−3± 3)% of the
slope of the dark blue linear fit. All phase shifts are referenced to the phase shift at
the same cloud position of a 12~k interferometer with FSGG compensation.
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the ports are vertically binned to extract the interferometer phase, averaging over the

position-dependent phase shift reduces the contrast of the interferometer [23]. This

effect is suppressed by FSGG compensation. Fig. 4.4 shows the phase shift across

one port of a 20~k 87Rb interferometer with and without FSGG compensation. To

calculate the phase shift as a function of vertical position, we divide each port into

four vertical bins and compute the phase shift of each bin relative to the top bin.

FSGG compensation reduces the position-dependent phase shift by a factor of 30,

limited by statistical uncertainty. This method is conceptually similar to the rota-

tion compensation methods of [109, 13, 87, 25], where rotation-induced phase shifts

from transverse velocity inhomogeneities are compensated by additional position- and

velocity-dependent phase shifts. We note that methods similar to those employed for

rotation compensation can be used to compensate off-axis gravity gradients Txz and

Tyz. Differential phase offsets from these couplings are currently below our experi-

mental resolution.

4.3 Details of the experimental sequence

4.3.1 Laser cooling and evaporation

To begin the experimental sequence, 87Rb and 85Rb atoms are loaded from a 2D

magneto-optical trap (MOT) into a 3D MOT for ∼ 5 seconds. About 4 × 109

87Rb atoms and 3 × 108 85Rb atoms are transferred from the MOT into a mag-

netic quadrupole trap in the states |F = 2,m = 2〉 and |F = 3,m = 3〉, respectively.

Both species are then cooled via forced microwave evaporation of the 87Rb atoms (the
85Rb atoms are sympathetically cooled through collisions with 87Rb). After initial

evaporation in the quadrupole trap, the atoms are transferred into a time-orbiting

potential (TOP) trap for further evaporation. There are ∼ 1 × 106 atoms of each

species remaining at the end of the evaporation sequence.
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4.3.2 Magnetic lens

To further reduce the velocity spread of the atoms after evaporation, we diabatically

weaken the magnetic trap by increasing the TOP bias field. This induces breathing

mode oscillations of both atomic species in the radial and vertical directions. Since

the |F = 2,m = 2〉 state of 87Rb and the |F = 3,m = 3〉 state of 85Rb have the same

magnetic moment, the trap frequencies in each direction are approximately the same

for both species. Due to gravity, the trap zero moves downward when the mag-

netic trap is weakened, inducing vertical center-of-mass oscillations in both species.

We allow the atoms to oscillate in this weaker magnetic trap (“magnetic lens”) for

232 ms, at which point the center-of-mass velocities of the two species are equal,

and both species have a reduced velocity spread in the radial and vertical directions

(corresponding to temperatures of ∼ 1 µK).

4.3.3 Optical lattice launch

After exiting the magnetic lens, the atoms are loaded adiabatically into the lowest-

energy band of a vertically oriented optical lattice. The lattice frequency is ∼ 80 GHz

blue-detuned from the D2 transition, and the lattice depth is ∼ 50 times the recoil

frequency. To launch the atoms, the lattice is accelerated at ∼ 80g to a velocity of

∼ 13 m/s in the lab frame. The lattice is then adiabatically turned off, allowing

the atoms to propagate freely into the interferometer region. Since the momentum

transferred to each atomic species is quantized in units of 2~k, where k is the lattice

wavenumber, the final lattice velocity is chosen so that each species is transferred

adiabatically into a single velocity class when the lattice is turned off.

4.3.4 State preparation and optical dipole lens

After the 87Rb atoms enter the homogenous magnetic field of the interferometer re-

gion, the atoms are transferred from the |F = 2,m = 2〉 state to the |F = 1,m = 0〉
state with a series of microwave pulses. In the same way, the 85Rb atoms are trans-

ferred from the |F = 3,m = 3〉 state to the |F = 2,m = 0〉 state. The radial velocity
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spread of the atoms is then reduced by turning on a ∼ 1 THz red-detuned laser (“opti-

cal dipole lens”) for ∼ 5 ms. The optical dipole lens reduces the effective temperature

of the atoms to ∼ 250 nK in the radial direction.

4.3.5 Velocity selection and position overlapping

Prior to interferometry, the initial kinematics of each atomic species are set by a series

of velocity selection and position overlapping pulses. First, a Bragg π-pulse (Gaussian

pulse envelope, Rabi frequency reduced by a factor of ∼ 3 compared to interferometer

pulses) is used to select a narrow velocity class from both species. Next, a Raman

π-pulse (square pulse envelope, full Rabi frequency) is applied to the 87Rb atoms so

that the velocities of the 87Rb and 85Rb atoms differ by 2~k. The 87Rb atoms can be

subsequently accelerated by additional Bragg π-pulses (Gaussian pulse envelope, full

Rabi frequency). After a variable drift time, any additional Bragg π-pulses applied to

the 87Rb atoms are reversed, and a Raman π-pulse (square pulse envelope, full Rabi

frequency) is applied to the 85Rb. At the end of the position overlapping sequence,

both species are in the upper hyperfine state with m = 0. As shown in the main text,

this procedure allows us to spatially overlap the two species to ∼ 40 microns, limited

by statistical uncertainty.

4.3.6 Atom interferometry

The atom interferometer consists of a large momentum transfer π
2
− π − π

2
sequence

in which each beamsplitter and mirror is composed of sequential 2~k Bragg pulses

with Gaussian pulse envelopes. The interferometer is operated in a symmetric or

near-symmetric configuration. For instance, in an 8~k interferometer sequence, the

first beamsplitter sequence imparts +4~k momentum to the upper arm and −4~k
momentum to the lower arm. The symmetric configuration is used to suppress differ-

ential phase shifts arising from the differential recoil velocity δvr between 87Rb and
85Rb. In a symmetric interferometer, the center-of-mass trajectory is not deflected

by the interferometer pulses, so the dual-species symmetric interferometer contains

no differential phase shifts at first order in δvr.
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The atom optics lasers are 30 GHz detuned and AC-Stark-shift compensated to

reduce spontaneous emission and intensity-dependent phase shifts, respectively. The

Rabi frequency is typically ∼ 20 kHz. A rotation compensation system is used to re-

move phase shifts associated with the rotation of the Earth and also to imprint spatial

fringes for phase shear readout. During an interferometer sequence, the atom optics

laser frequencies are chirped to compensate for the Doppler shift. FSGG compensa-

tion is applied by shifting the laser frequencies for all pulses in the mirror sequence.

4.3.7 Detection

The atoms are detected with a spatially resolved imaging system. After the final

interferometer beamsplitter, the atoms drift for ∼ 500 ms before reaching the detec-

tion region. In this time, the two output ports of each interferometer (which differ

in momentum by 2~k) spatially separate by ∼ 6 mm. To spatially resolve the 87Rb

and 85Rb, the two species are imaged asynchronously. We first turn on light that is

∼ 5 MHz red-detuned from the 87Rb D2 (F = 2, F ′ = 3) transition for ∼ 2 ms, along

with repump light on the (F = 1, F ′ = 2) transition. This light brings the 87Rb atoms

to rest in the lab frame and images them via resonant scattering. The 85Rb atoms

continue to fall during the imaging of the 87Rb atoms. About 1 ms later, after the

two species have separated by ∼ 1 cm, we turn on light that is near-resonant with the
85Rb D2 (F = 3, F ′ = 4) transition, along with repump light on the (F = 2, F ′ = 3)

transition, to image the 85Rb atoms. The imaging system optics demagnify the im-

ages by a factor of ∼ 2, and the images shown in the main text are 14 mm × 8 mm

(pixel size 0.32 mm vertical × 0.16 mm horizontal). The visibility of the vertically

binned spatial fringes is typically ∼ 30% for both species.
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4.4 Theory of kinematic suppression in a spatially-

varying gravity gradient

In a uniform gravity gradient Tzz, the differential phase dependence of a dual-species

Mach-Zehnder atom interferometer on initial kinematic offsets ∆z0 and ∆v0 is elimi-

nated at first order by applying a second pulse frequency shift ∆k2 given by

∆k2

k
=

1

2
TzzT

2. (4.1)

Here we consider corrections arising from non-uniform gravity gradients Tzz(z). The

main results are the following:

1. If the unperturbed interferometer midpoint trajectory z̄(0)(t) (i.e. the trajec-

tory neglecting Tzz) is symmetric in time around the middle interferometer pulse,

so that Tzz(z̄
(0)(T − t)) = Tzz(z̄

(0)(T + t)), and the wavepacket separation of each

interferometer is sufficiently small compared to the length scale of variations in Tzz,

then to first order in Tzz, the first-order differential phase dependencies on ∆z0 and

∆v0 are eliminated by setting
∆k2

k
=

1

2
I0 (4.2)

where

I0 ≡
∫ 2T

T

∫ t′

0

Tzz(z̄
(0)(t′′)) dt′′dt′ −

∫ T

0

∫ t′

0

Tzz(z̄
(0)(t′′)) dt′′dt′. (4.3)

2. If z̄(0)(t) is symmetric in time around T + δT , then choosing ∆k2 according to

Eq. (4.2) leaves a residual initial velocity dependence of

k(I1 − I0)∆v0T (4.4)

where

I1 ≡
1

T

[∫ 2T

T

∫ t′

0

Tzz(z̄
(0)(t′′)) · t′′ dt′′dt′ −

∫ T

0

∫ t′

0

Tzz(z̄
(0)(t′′)) · t′′ dt′′dt′

]
(4.5)
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and to first order in δT
T

,

I1 − I0 =
δT

T
· 2
∫ 2T

T

[∫ t′

T

Tzz(t
′′)dt′′ − Tzz(t′)(t′ − T )

]
dt′ + · · · . (4.6)

In our apparatus, this residual sensitivity is 2.6% of the uncompensated sensitivity

to ∆v0, which is given by kI1∆v0T .

3. For general Tzz(z) and z̄(0)(t), it is not possible to find ∆k2 such that the first-

order dependencies of the differential phase on ∆z0 and ∆v0 both vanish. However,

these dependencies can both be set to zero by applying frequency shifts of the second

and third interferometer pulses. If the wavepacket separation of each interferometer is

sufficiently small compared to the length scale of variations in Tzz, then to first order

in Tzz, the appropriate frequency shifts ∆k2 and ∆k3 are given by the following:

∆k2

k
= I0 −

1

2
I1; (4.7)

∆k3

k
= I0 − I1. (4.8)

4.4.1 Taylor expansion around the center-of-mass trajectory

To demonstrate the above claims, we begin by approximating the trajectory of a

particle with the initial center-of-mass coordinates of the two interferometers. We

denote the position of the jth arm of the ith interferometer by zi,j(t). At the time

t = 0 just before the first interferometer pulse, the two arms of each interferometer

are kinematically identical, i.e. z1,1(0) = z1,2(0) and z2,1(0) = z2,2(0). We define

z̄0 ≡
z1,1(0) + z2,1(0)

2
; v̄0 ≡

ż1,1(0) + ż2,1(0)

2
(4.9)

to be the initial center-of-mass position and velocity, respectively, of the two interfer-

ometers and g0 to be the gravitational acceleration at position z̄0.

The trajectory z̄(t) of a particle with initial position z̄0 and initial velocity v̄0 is
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given by solving

¨̄z(t) = g0 +

∫ z̄(t)

z̄0

Tzz(z
′) dz′. (4.10)

Since Tzz(z) is typically many orders of magnitude smaller than g0 in a laboratory

experiment, we can use the Born approximation to solve iteratively for z̄(t), treating

Tzz(z) as a perturbation. The unperturbed trajectory z̄(0)(t) is given by

z̄(0)(t) = z̄0 + v̄0t+
1

2
g0t

2. (4.11)

The first-order acceleration perturbation due to Tzz(z) is therefore

δg0(t) =

∫ z̄0+v̄0t+
1
2
g0t2

z̄0

Tzz(z
′) dz′ (4.12)

and to first order in Tzz(z), the trajectory is

z̄(1)(t) = z̄(0)(t) +

∫ t

0

∫ t′

0

δg0(t′′) dt′′dt′. (4.13)

For our purposes, this level of approximation is sufficient, so we will use z̄(t) ≈ z̄(1)(t).

We note that the phase shift of an interferometer composed of very massive parti-

cles traveling along trajectory z̄(t) can be computed from Borde’s midpoint theorem

[19] as

φ̄ = k · z̄(0)− 2k · z̄(T ) + k · z̄(2T ) (4.14)

where the interferometer pulses occur at times t ∈ {0, T, 2T} and k is the effective

wavenumber of the interferometer sequence. Rewriting in terms of the acceleration

g0 + δg0(t), we have

φ̄ = k

[∫ 2T

T

∫ t′

0

(g0 + δg0(t′′)) dt′′dt′ −
∫ T

0

∫ t′

0

(g0 + δg0(t′′)) dt′′dt′

]
. (4.15)

Next, we will use the above approach to calculate the trajectory of each interfer-

ometer arm. We denote the initial kinematic differences between the interferometers
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by

∆z0 ≡ z1,1(0)− z2,1(0); ∆v0 ≡ ż1,1(0)− ż2,1(0). (4.16)

For arm 1 of interferometer 1 and 0 ≤ t ≤ T , the unperturbed trajectory is

z
(0)
1,1(t) = z̄0 +

∆z0

2
+

(
v̄0 +

∆v0

2
+

~k
2m1

)
t+

1

2
g0t

2 (4.17)

= z̄(0)(t) +
∆z0

2
+

(
∆v0

2
+

~k
2m1

)
t (4.18)

where m1 is the mass of atomic species 1. To first order in Tzz(z), the acceleration is

z̈1,1(t) ≈ g0 +

∫ z̄(0)(t)+
∆z0

2
+
(

∆v0
2

+ ~k
2m1

)
t

z̄0

Tzz(z
′) dz′ (4.19)

= g0 +

∫ z̄(0)(t)

z̄0

Tzz(z
′) dz′ +

∫ z̄(0)(t)+
∆z0

2
+
(

∆v0
2

+ ~k
2m1

)
t

z̄(0)(t)

Tzz(z
′) dz′ (4.20)

= g0 + δg0(t) + δg1,1(t) (4.21)

where we have defined

δg1,1(t) ≡
∫ z̄(0)(t)+

∆z0
2

+
(

∆v0
2

+ ~k
2m1

)
t

z̄(0)(t)

Tzz(z
′) dz′. (4.22)

We can approximate δg1,1(t) by expanding Tzz(z) around the unperturbed center-of-

mass trajectory z̄(0)(t). Then

Tzz(z) = Tzz
(
z̄(0)(t)

)
+ T ′zz

(
z̄(0)(t)

) (
z − z̄(0)(t)

)
+ · · · (4.23)

and

δg1,1(t) = Tzz
(
z̄(0)(t)

) [∆z0

2
+

(
∆v0

2
+

~k
2m1

)
t

]
+

1

2
T ′zz
(
z̄(0)(t)

) [∆z0

2
+

(
∆v0

2
+

~k
2m1

)
t

]2

+ · · · . (4.24)



CHAPTER 4. SUPPRESSION OF KINEMATIC PHASE GRADIENTS 120

For T ≤ t ≤ 2T , the unperturbed trajectory z
(0)
1,1(t) is given by

z
(0)
1,1(t) = z̄(0)(t) +

∆z0

2
+

∆v0

2
t+

~k
2m1

T − ~k
2m1

(t− T ). (4.25)

The acceleration perturbation is therefore

δg1,1(t) = Tzz
(
z̄(0)(t)

) [∆z0

2
+

∆v0

2
t+

~k
2m1

T − ~k
2m1

(t− T )

]
+

1

2
T ′zz
(
z̄(0)(t)

) [∆z0

2
+

∆v0

2
t+

~k
2m1

T − ~k
2m1

(t− T )

]2

+ · · · .

(4.26)

Likewise, for arm 2 of interferometer 1 and 0 ≤ t ≤ T , the unperturbed trajectory is

z
(0)
1,2(t) = z̄(0)(t) +

∆z0

2
+

(
∆v0

2
− ~k

2m1

)
t (4.27)

and the acceleration perturbation is

δg1,2(t) = Tzz
(
z̄(0)(t)

) [∆z0

2
+

(
∆v0

2
− ~k

2m1

)
t

]
+

1

2
T ′zz
(
z̄(0)(t)

) [∆z0

2
+

(
∆v0

2
− ~k

2m1

)
t

]2

+ · · · . (4.28)

For T ≤ t ≤ 2T , the unperturbed trajectory is

z
(0)
1,2(t) = z̄(0)(t) +

∆z0

2
+

∆v0

2
t− ~k

2m1

T +
~k

2m1

(t− T ) (4.29)

and the acceleration perturbation is

δg1,2(t) = Tzz
(
z̄(0)(t)

) [∆z0

2
+

∆v0

2
t− ~k

2m1

T +
~k

2m1

(t− T )

]
+

1

2
T ′zz
(
z̄(0)(t)

) [∆z0

2
+

∆v0

2
t− ~k

2m1

T +
~k

2m1

(t− T )

]2

+ · · · .

(4.30)
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As before, we have

z̈1,2(t) ≈ g0 + δg0(t) + δg1,2(t). (4.31)

We can now use Borde’s midpoint theorem to compute the phase φ1 of interferometer

1:

φ1 = k

[ ∫ 2T

T

∫ t′

0

(
g0 + δg0(t′′) +

δg1,1(t′′) + δg1,2(t′′)

2

)
dt′′dt′

−
∫ T

0

∫ t′

0

(
g0 + δg0(t′′) +

δg1,1(t′′) + δg1,2(t′′)

2

)
dt′′dt′

]
. (4.32)

The above calculation also allows us to compute the acceleration perturbations

δg2,1(t) and δg2,2(t) as well as the phase φ2 of interferometer 2. Each step in the

calculation is the same except that ∆z0 → −∆z0, ∆v0 → −∆v0, and m1 → m2,

where m2 is the mass of atomic species 2.

4.4.2 Differential phase and kinematic suppression

From the above results, the differential phase between interferometers 1 and 2 is given

by

φ1 − φ2 = k

[ ∫ 2T

T

∫ t′

0

(
δg1,1(t′′) + δg1,2(t′′)

2
− δg2,1(t′′) + δg2,2(t′′)

2

)
dt′′dt′

−
∫ T

0

∫ t′

0

(
δg1,1(t′′) + δg1,2(t′′)

2
− δg2,1(t′′) + δg2,2(t′′)

2

)
dt′′dt′

]
.

(4.33)

Inserting the expressions for δg1,1(t), δg1,2(t), δg2,1(t), and δg2,2(t), we have

φ1 − φ2 = k

[ ∫ 2T

T

∫ t′

0

Tzz
(
z̄(0)(t)

)
[∆z0 + ∆v0t

′′] dt′′dt′

−
∫ T

0

∫ t′

0

Tzz
(
z̄(0)(t)

)
[∆z0 + ∆v0t

′′] dt′′dt′
]

+ · · · (4.34)

In this expression for the differential phase, we have ignored all terms that do not

depend on ∆z0 or ∆v0 at first order since those terms are irrelevant to the coefficients



CHAPTER 4. SUPPRESSION OF KINEMATIC PHASE GRADIENTS 122

of ∆z0 and ∆v0. We have also ignored terms that involve spatial derivatives of Tzz

multiplied by the wavepacket separation, e.g. terms of the form T ′′zz ·
(~k
m
T
)2

∆z0, since

we assume that the spatial variation of Tzz is negligible at this scale. We note that in

a spatially varying gravity gradient, Borde’s midpoint theorem is not strictly valid,

and there are corrections to the differential phase. However, at first order in ∆z0 and

∆v0, these corrections all involve spatial derivatives of Tzz multiplied by powers of

the wavepacket separation and can be safely ignored.

Using the definitions of I0 and I1 from Eqs. (4.3) and (4.5), we can rewrite (4.34)

as

φ1 − φ2 = k (I0∆z0 + I1∆v0T ) + · · · . (4.35)

To lowest order in Tzz, a frequency shift ∆k2 of the second pulse induces a differential

phase shift −2∆k2 (∆z0 + ∆v0T ), and a frequency shift ∆k3 of the third pulse induces

a differential phase shift ∆k3 (∆z0 + 2∆v0T ). Including these phase shifts, we have

φ1−φ2 = k

(
I0 − 2

∆k2

k
+

∆k3

k

)
∆z0 +k

(
I1 − 2

∆k2

k
+ 2

∆k3

k

)
∆v0T + · · · . (4.36)

Solving for ∆k2 and ∆k3 such that the coefficients of ∆z0 and ∆v0 both vanish, we

have
∆k2

k
= I0 −

1

2
I1 (4.37)

and
∆k3

k
= I0 − I1. (4.38)

If Tzz is constant, then I0 = I1 = TzzT
2, and we recover the result

∆k2 =
1

2
kTzzT

2 (4.39)

∆k3 = 0.

For general Tzz(z) and interferometer trajectory z̄(0)(t), I1 6= I0, so the simultaneous

suppression of differential phase shifts associated with ∆z0 and ∆v0 requires a third

pulse frequency shift as well as a second pulse frequency shift. In atomic fountain

experiments, the need for a third pulse frequency shift is substantially reduced by
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the approximate time symmetry of the interferometer trajectories around the middle

interferometer pulse, as we demonstrate in the following sections.

4.4.3 Time-symmetric gravity gradients

Next, we will show that if Tzz(z̄
(0)(T − t)) = Tzz(z̄

(0)(T + t)), then I1 = I0. Changing

variables to τ = t − T and suppressing the dependence on z̄(0)(t), we want to show

that∫ T

0

∫ τ ′

−T
Tzz(τ

′′) dτ ′′dτ ′ −
∫ 0

−T

∫ τ ′

−T
Tzz(τ

′′) dτ ′′dτ ′

=
1

T

[∫ T

0

∫ τ ′

−T
Tzz(τ

′′) · (τ ′′ + T ) dτ ′′dτ ′ −
∫ 0

−T

∫ τ ′

−T
Tzz(τ

′′) · (τ ′′ + T ) dτ ′′dτ ′

]
(4.40)

with the assumption that Tzz(τ) = Tzz(−τ). Two of the terms on the right hand side

of Eq. 4.40 are identical to the left hand side. We therefore want to show that the

remaining terms on the right hand side are equal to zero, i.e. that∫ T

0

∫ τ ′

−T
Tzz(τ

′′) · τ ′′ dτ ′′dτ ′ −
∫ 0

−T

∫ τ ′

−T
Tzz(τ

′′) · τ ′′ dτ ′′dτ ′ = 0. (4.41)

Now Tzz(τ) is an even function of τ , so Tzz(τ) · τ is odd, and the antiderivative

F (τ) ≡
∫ τ

−T
Tzz(τ

′) · τ ′dτ ′ (4.42)

is even. Thus ∫ T

0

F (τ ′) dτ ′ −
∫ 0

−T
F (τ ′) dτ ′ = 0 (4.43)

as desired.

By a similar argument, one can show that if Tzz(t) is instead symmetric around

some other point T + δT , i.e. Tzz(T + δT − t) = Tzz(T + δT + t), then to first order
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in δT
T

,

I1 − I0 =
δT

T
· 2
∫ 2T

T

[∫ t′

T

Tzz(t
′′)dt′′ − Tzz(t′)(t′ − T )

]
dt′ + · · · . (4.44)

For small δT
T

, the difference between I1 and I0 can be linearly suppressed by making

the trajectory more symmetric around the middle interferometer pulse.

4.5 Numerical simulation of gravity gradient

phase shifts in our apparatus

The gravity gradient in our apparatus is not constant as a function of height. As

shown in [102], the gradient is given approximately by the function

Tzz(z) =
L

1 + exp(−k0(z − z0))
+ b (4.45)

where L = (9.9 ± 0.3) · 10−7 s−2, k0 = (2.15 ± 0.16) m−1, z0 = (6.77 ± 0.03) m,

and b = (1.39 ± 0.01) · 10−6 s−2. With launch height h = 8.35 m, T = 0.9 s, and an

offset of δT = 0.14 s between the second pulse and the apex of the trajectory, the

trajectory of the atoms is given by

z(t) = h+
1

2
g (t− (T + δT ))2, (4.46)

and I0 and I1 can be numerically computed to be

I0 = (1.752± 0.001)× 10−6 (4.47)

I1 = (1.799± 0.005)× 10−6. (4.48)

The integrals I0 and I1 are nearly equal because the trajectory of the atoms is nearly

symmetric in time around the second interferometer pulse. The uncertainties in

I0 and I1 are computed from the uncertainty in the model parameters. Numerical

simulations indicate that possible inaccuracies in the functional form of the model do
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not contribute significantly to the uncertainty.

In our current implementation of FSGG compensation, ∆k3 = 0, and we find the

optimal ∆k2 by setting the coefficient of ∆z0 to zero. We therefore set

∆k2

k
=

1

2
I0. (4.49)

The gradient model predicts an optimal ∆k2 of 337 ± 0.5 MHz, which is consistent

with the measured optimum of 341±4 MHz. The residual coefficient of ∆v0T is then

k(I1 − I0) = (4.6± 0.5)× 10−8k (4.50)

which is 2.6% of the uncompensated coefficient kI1.

The velocity selection and overlapping pulses can be used to constrain the differ-

ential velocity between 85Rb and 87Rb to ∆v0 = 138 ± 11 µm/s. The velocity offset

arises from the differential recoil velocity of 85Rb and 87Rb from the Bragg veloc-

ity selection pulse, while the uncertainty arises from velocity pulling due to imperfect

alignment of the launch velocities and Raman pulse velocities with the Bragg-selected

velocities.

There are thus two systematic uncertainties associated with ∆v0. For an 8~k
symmetric interferometer with T = 0.9 s, the velocity offset coupled to the uncertainty

in I1 − I0 leads to a phase shift of

k(0.5× 10−8)∆v0T = 4× 10−5 rad (4.51)

which corresponds to a relative uncertainty of 8 × 10−14. In addition, the velocity

uncertainty coupled to the residual sensitivity to ∆v0 gives rise to a phase shift of

k(I1 − I0)(11 µm/s)T = 3× 10−5 rad (4.52)

which corresponds to a relative uncertainty of 6× 10−14.

Further improvement in the simultaneous suppression of the ∆z0 and ∆v0T coef-

ficients could potentially be achieved by implementing a third pulse frequency shift



CHAPTER 4. SUPPRESSION OF KINEMATIC PHASE GRADIENTS 126

and using

∆k2 =

(
I0 −

1

2
I1

)
k = 328 MHz; (4.53)

∆k3 = (I0 − I1) k = −18 MHz. (4.54)

Additionally, improved suppression could be obtained by making the interferometer

trajectory more symmetric in time. In the current setup, a timing offset δT 6= 0 is

necessary for technical reasons, but a technically feasible reduction in δT by a factor

of 3 would reduce the residual coefficient of ∆v0T to 1% of its uncompensated value.

Implementing both improvements, assuming that the correct ∆k2 and ∆k3 can be

identified to within a few MHz, would suppress these gravity gradient systematic

errors to below 1× 10−14.

4.6 Conclusion and outlook

The dual-species interferometer demonstrated in this work exhibits unparalleled sen-

sitivity to accelerations. For a 10~k interferometer with T = 900 ms, the differential

acceleration sensitivity is 6.4 × 108 rad/g. Together with the single-shot differential

phase uncertainty of ∼ 40 mrad, this implies a relative precision of ∆g/g ≈ 6× 10−11

per shot or 3 × 10−10/
√

Hz, which improves on the best published result for a dual-

species interferometer by more than three orders of magnitude [8]. Suppressing the

relative phase shifts associated with gravity gradients to below 10−13 is an important

step toward allowing this acceleration sensitivity to be utilized for an atom inter-

ferometric test of the equivalence principle at an accuracy that is competitive with

classical tests [90, 6]. We anticipate that planned improvements in the atom source

and imaging protocol can improve the single-shot phase resolution by an order of

magnitude. In combination with the improvements in initial kinematic control de-

scribed above, this would pave the way for an atomic equivalence principle test at the

10−14 level, comparable to the accuracy recently realized in a classical space-based test

[5]. FSGG compensation could also be useful for space-based tests of the equivalence



CHAPTER 4. SUPPRESSION OF KINEMATIC PHASE GRADIENTS 127

principle with even longer interferometer durations [96, 98]. In addition to its applica-

tion for WEP measurements, the determination of the gravity-gradient-compensating

∆f could be a valuable tool for precision gravity gradiometry and for measurements

of Newton’s gravitational constant [76]. After submission of this manuscript, a first

demonstration of FSGG compensation in such an experiment was reported in [110].



Chapter 5

Atom-interferometric EP test

Does gravity influence local measurements? Freely falling atoms are ideal test masses

to search for equivalence principle violation. We use a dual-species atom interferome-

ter with 2 s of free-fall time to measure the differential acceleration between 85Rb and
87Rb. Systematic errors arising from kinematic differences between the isotopes are

suppressed by calibrating the angles and frequencies of the interferometry beams. We

find η = [1.6 ± 1.8 (stat) ± 3.4 (sys)]× 10−12, consistent with zero violation. With

a resolution of up to 1.4 × 10−11 g per shot, we demonstrate the highest sensitivity

to η obtained in a laboratory setting.

This work was performed in conjunction with Peter Asenbaum, Minjeong Kim,

Joseph Curti, and Mark A. Kasevich.

5.1 Overview

The equivalence principle (EP), which posits that all gravitational effects disappear

locally [111], is the foundation of general relativity [112] and other geometric theories

of gravity. Most theoretical unification attempts that couple gravity to the Standard

Model lead to EP violations [1]. In addition, tests of the equivalence principle search

for perturbations of geometric gravity and are sensitive to exotic interactions [4] that

couple differently to the test masses. These tests are complementary to searches for

large-scale variations of unknown fields [3] and are carried out with local probes that

128
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can be precisely controlled.

EP tests are often characterized by the Eötvös parameter η, which is the relative

acceleration of the test masses divided by the average acceleration between the test

masses and the nearby gravitational source. With classical accelerometers, EP vio-

lation has been constrained to η < 1.8 × 10−13 by torsion balances in a laboratory

setting [6] and to η < 1.3×10−14 by the concluded space mission MICROSCOPE [5].

We perform an equivalence principle test by interferometrically measuring the rel-

ative acceleration of freely falling clouds of atoms. Atom clouds are ideal test masses

because they spend 99.9% of the interrogation time in free fall and the remainder

in precisely controlled interactions with the interferometry lasers. Compared to clas-

sical tests, atom-interferometric (AI) EP tests are influenced by different sources of

systematic error. In addition, AI EP tests can be performed between isotopes that

differ only in neutron number, and quantum tests are especially sensitive to partic-

ular violation mechanisms [113]. However, previous AI EP tests [53, 54, 92, 8] have

been limited to η < 3 × 10−8 in dual-species comparisons [8] and η < 1.4 × 10−9 in

comparisons between ground states of a single species [94], largely due to a lack of

sensitivity compared to classical experiments.

In this work, we report an atom-interferometric test of the equivalence principle

between 85Rb and 87Rb with η = [1.6 ± 1.8 (stat) ± 3.4 (sys)]×10−12, consistent with

zero violation at the 10−12 level. This result improves by four orders of magnitude

on the best previous dual-species EP test with atoms [8]. We achieve high sensitivity

by utilizing a long interferometer time T and a large momentum splitting between

interferometer arms. At a resolution of 1.4 × 10−11 g per shot, the interferometer

attains the highest sensitivity to η of any laboratory experiment to date [6].

5.2 Experimental results

The relative acceleration between 85Rb and 87Rb is measured with a dual-species

atom interferometer. The experimental apparatus is described in [89]. We prepare

ultra-cold clouds of 85Rb and 87Rb by evaporative cooling in a magnetic trap. The
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subsequent magnetic lensing sequence lowers the kinetic energies to 25 nK but intro-

duces a 1.8 mm vertical offset between the two isotopes. The other kinematic degrees

of freedom (DoFs) remain matched. The clouds are then trapped in a vertical 1D

optical lattice and accelerated to 13 m/s in 20 ms. This laser lattice launch transfers

an even number of photon recoil momenta ~k to the atoms. The final velocity, and

therefore the launch height (∼ 8.5 m), is carefully chosen to match the vertical veloc-

ities of the two isotopes. To spatially overlap the clouds, we apply species-selective

Raman transitions that kick the two isotopes in opposite directions. After a 77 ms

drift time and removal of untransferred atoms, the Raman transitions are reversed,

and the clouds are overlapped to better than 65µm. The Raman pulses also provide

velocity selection, and the detunings of the Raman pulses allow the average vertical

velocity of each isotope to be individually controlled.

The interferometer beamsplitters consist of sequences of two-photon Bragg tran-

sitions [89] that transfer 4~k, 8~k, or 12~k momentum. These pulses split the cloud

symmetrically in the vertical direction. The symmetric interferometer geometry guar-

antees that the midpoint trajectory [19] of each cloud remains essentially unperturbed.

The interferometer duration 2T is 1910 ms. After a total drift time of 2.5 s, the output

ports (separated by 2~k momentum) are imaged with two orthogonal CCD cameras

along the horizontal directions. One isotope is imaged with a time delay of 1 ms so

that the two species can be individually resolved. The phase of each interferometer

is given by the population ratio of its output ports. Fig. 5.1A shows a schematic of

the interferometer sequence.

In an EP test configuration, the differential phase between 85Rb and 87Rb is

close to zero. To distinguish small positive from small negative differential phases, a

precise phase offset is needed. By adjusting the angles of the interferometer beams,

we imprint a horizontal phase gradient so that each image contains a full interference

fringe. This “detection fringe” is highly common to both isotopes and allows the

contrast and phase of each interferometer to be extracted from a single shot. Fig. 5.1B

shows a fluorescence image in which the detection fringe is visible.

The differential phase is proportional to the relative acceleration between the

atoms. We achieve a single-shot differential phase resolution of 8 mrad in an 8~k
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Figure 5.1: (A) Simultaneous 85Rb and 87Rb interferometer. In pulse zone 1 (t = 0),
each atom cloud is split into two interferometer paths with ~k1 momentum difference.
In pulse zone 2 (t = T ), the paths are reflected toward each other with wavevector k2.
In pulse zone 3 (t = 2T ), the paths are recombined and interfered with wavevector
k3. The wavevectors k1, k2, and k3 differ slightly in orientation and length to create
a tailored phase response to kinematic initial conditions. The center of mass of each
isotope remains unperturbed throughout the interferometer. (B) Single fluorescence
image of 85Rb and 87Rb output ports (0~k and −2~k) with 8~k beamsplitters. The
detection fringe allows precise single-shot phase extraction.

interferometer, which corresponds to a relative acceleration sensitivity of 1.4×10−11 g

per shot with duty cycle 15 s. In each data run, the initial beamsplitter direction,

number of photon recoils per beamsplitter (4, 8, or 12), detection fringe direction,

and imaging order are permuted to suppress systematic errors. A full run consists

of about 20 shots in each configuration (480 shots total). The statistical sensitivity

is derived from three full runs taken on three separate days. Throughout the data-

taking and analysis process, the EP result was blinded by the addition of an unknown

offset to each differential phase measurement.

Systematic errors arise from effects that shift the 85Rb interferometer phase rel-

ative to the 87Rb phase. In our experiment, there are three significant sources of
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systematic error: differences in kinematic DoFs, differences in the interaction with

the electromagnetic field, and imaging errors. A summary of the systematic errors is

presented in Table 5.1. The most significant systematic effects are described in the

text below, and all indicated errors are discussed in Section 5.3.

The relevant kinematic DoFs are the initial position and velocity of each species

in the vertical and horizontal directions. Each species is coupled by its kinematic

DoFs to gravity and to the wavefront of the interferometer beams. In order to reduce

the associated systematic errors, we minimize differences in the kinematic DoFs and

suppress the sensitivity of the interferometer to them. The phase sensitivity to the

vertical DoFs can be minimized by adjusting the frequency of the interferometry

lasers between each pulse zone, and the phase sensitivity to the horizontal DoFs can

be minimized by adjusting the angles of the lasers (Fig. 5.2).

To be concrete, suppose that the average frequency of the interferometer lasers

during pulse zone 2 is f . Changing the average frequency of pulse zone 1 to f + ∆f1

adds a phase shift 2π/c n∆f1z, where n is the number of photon recoils and z is the

initial vertical position. Similarly, if the average frequency of pulse zone 3 is f + ∆f3,

the added phase shift 2π/c n∆f3(z+2vzT ) depends on the initial vertical velocity vz.

Gravity gradients cause systematic errors that are proportional to the vertical initial

conditions [102, 89]. By choosing the appropriate combination of ∆f1 and ∆f3, we

can simultaneously minimize the phase sensitivity to z and vz, realizing a generalized

version of the compensation technique reported in [89]. To calibrate the pulse zone

frequencies, we vertically displace the two isotopes in each DoF and choose ∆f1 and

∆f3 to minimize the dependence of the differential phase on the displacement.

An analogous technique can be used to suppress the sensitivity of the interferom-

eter to horizontal DoFs. Suppose that the beam angle during pulse zone 2 is θ2 = 0.

Setting the angle of pulse zone 1 to θ1 in the xz plane adds the phase shift kθ1x, where

x is the initial horizontal position. Likewise, the angle θ3 in pulse zone 3 adds the

phase shift kθ3(x+ 2vxT ), where vx is the initial horizontal velocity. An appropriate

choice of angles in each horizontal direction provides complete compensation of linear

phase gradients from the interferometer wavefront. Such phase gradients arise due to

the rotation of the Earth [25].
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We control the angle of the interferometer lasers in each pulse zone by setting

the angle of the mirror that retroreflects them. This angle is adjusted during the

interferometer to undo the velocity-dependent phase that would otherwise be im-

printed by the Earth’s rotation. To calibrate the rotation rate, we add and subtract

an additional velocity-dependent phase to an 87Rb interferometer and null the fringe

frequency difference [25]. This procedure suppresses phase shifts proportional to hor-

izontal velocity by a factor of 1000. For the EP test, we imprint a horizontal phase

that is proportional to the detected position (a combination of initial position and

initial velocity). The use of a detection fringe for phase readout avoids systematic

errors from initial horizontal displacements between the isotopes.

Figure 5.2: Compensation method for kinematic DoFs. Changing the angle (fre-
quency) of pulse zone 1 creates a horizontal (vertical) position-dependent phase.
Changing the angle (frequency) of pulse zone 1 by −θ (−∆f) and pulse 3 by θ (∆f)
creates a horizontal (vertical) velocity-dependent phase. The angle and frequency
steps are calibrated to eliminate phase sensitivity to kinematic DoFs.

These compensation techniques allow us to suppress all phase shifts that arise from

linear horizontal or vertical phase gradients. However, the atom clouds also have a

finite width that can couple to higher-order horizontal wavefront perturbations. To

bound this effect, we correlate the cloud width with the differential phase and measure

the phase difference between the middle and the edge of each cloud.

To extract the relative acceleration between 85Rb and 87Rb, we compare the differ-

ential phase of interferometers with beamsplitter momentum n~k, where n ∈ {4, 8, 12}
(Fig. 5.3). The relative acceleration is given by the linear dependence of the differ-

ential phase on n. We vary n by adding additional 2~k pulses to each pulse zone.
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This approach eliminates systematic errors that arise from the finite duration and

detuning of the initial and final π/2 beamsplitter pulses [20, 114], which are the same

for all n.

Figure 5.3: EP data (1481 shots). (A) Time series of differential phase measurements,
color-coded by interferometer order (4~k red, 8~k gray, 12~k blue). (B) Histogram of
the phase difference as a function of interferometer order, averaged over beamsplitter
direction, detection fringe direction, and imaging order.

The direction of the initial and final beamsplitters determines the momenta of the

interferometer output ports (either {2~k, 0~k} or {0~k,−2~k} with respect to the

launched clouds). We switch the beamsplitter direction to identify phase shifts that

scale with k2. Such phase shifts arise due to parasitic recoil interferometers [115] that

are caused by imperfect transfer efficiency. The phase of a recoil-sensitive interfer-

ometer scales as ~k2T/m, and the dependence on the mass m creates a systematic

error in the EP measurement. When the beamsplitter direction is reversed, the recoil

phase shifts change sign relative to the acceleration-induced phase shift, allowing the

two effects to be distinguished.

Electromagnetic interactions cause significant systematic errors in two ways. First,

a differential acceleration arises from off-resonant forces (AC-Stark shifts) induced by

the interferometry lasers. This effect is reduced by using an optical spectrum that

suppresses the shifts of the 87Rb F = 2 and 85Rb F = 3 states. To lowest order

in the wavepacket separation, the differential Stark shift ∆φS in our interferometer
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geometry is given by

∆φS = (f85/m85 − f87/m87) 2π(n− 1) β (n~kT ) , (5.1)

where β is the fractional intensity gradient at the height of the middle pulse zone

and fi is a factor that characterizes the Stark shift suppression of isotope i. The

interferometry beams are retroreflected at an angle of 0.5 mrad to avoid etaloning,

which creates a fractional intensity gradient β = 1× 10−3/(5 cm).

Our optical spectrum is designed to achieve fi ∼ 10−2 for both isotopes simulta-

neously. The 780 nm spectrum of each interferometry beam is created by frequency

doubling a 1560 nm laser that is phase modulated at 30 GHz. After doubling, the spec-

trum consists of two strong sidebands and a highly suppressed carrier with relative

intensity ∼ 10−3. The carrier frequency is positioned between the 87Rb F = 2 −→ F ′

transitions and the 85Rb F = 3 −→ F ′ transitions, which are separated by 1 GHz.

The blue-detuned sidebands are used to drive Bragg transitions, and the red-detuned

sidebands compensate the optical forces from the blue-detuned sidebands [59]. To

bound the magnitude of the residual AC-Stark effect, we add additional off-resonant

pulses to an 8~k interferometer. We observe no statistically significant differential

phase shift with these additional pulses, which implies that residual AC-Stark effect

induces a differential acceleration of less than 2.7× 10−12 g.

Second, the two isotopes are differentially accelerated by magnetic forces. This

effect is reduced by creating a nearly uniform magnetic field in the interferometry

region via a solenoid coil and three layers of magnetic shielding [46]. The atoms

enter the shielded region in the magnetically sensitive states |F = 3,mF = 3〉 (85Rb)

and |F = 2,mF = 2〉 (87Rb). A series of microwave pulses transfers the atoms to the

magnetically insensitive states |F = 3,mF = 0〉 (85Rb) and |F = 2,mF = 0〉 (87Rb).

Nevertheless, the second-order Zeeman effect causes a phase shift

φi = −2 (~/mi) αiB (∂zB) kT 2 (5.2)

of each isotope, where αi is the second-order Zeeman coefficient of isotope i, B is

the magnetic field magnitude, ∂zB is the vertical magnetic field gradient, and mi
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is the mass of isotope i. To measure ∂zB, we compare the phase of a 87Rb inter-

ferometer in state |F = 2,mF = 1〉 with the phase of an 87Rb interferometer in state

|F = 2,mF = 0〉. At B = 41 mG, the |F = 2,mF = 1〉 interferometer has an increased

sensitivity to magnetic field gradients by five orders of magnitude. The magnetic field

gradient in the interferometry region averages to (−0.41 ± 0.036) mG/m, which cor-

responds to a differential acceleration of (5.9±0.5)×10−12 g in the EP measurement.

The phase of each interferometer is encoded in the spatial position of the imaged

detection fringe. Therefore, imaging differences between the isotopes can give rise

to systematic errors. To image both species in a single CCD frame, the fluorescence

light for one species is delayed by 1 ms, during which the two isotopes drift apart

by 1 cm. The CCD axis is misaligned with respect to the drift direction by 4 mrad,

which causes a differential phase shift of 40 mrad. To eliminate this phase shift, we

rotate the camera images in software. We also switch the imaging order and reverse

the direction in which the detection fringe is imprinted, each of which changes the

sign of imaging-related phase shifts relative to the EP signal. The imaging order and

detection fringe direction can each be reversed with fidelity > 0.99. Together, these

reversals ensure that imaging effects do not contribute significantly to the systematic

error.
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Parameter Shift Uncertainty

Total kinematic 1.5 2.0

∆z 1.0

∆vz 1.5 0.7

∆x 0.04

∆vx 0.04

∆y 0.2

∆vy 0.2

Width 1.6

AC-Stark shift 2.7

Magnetic gradient -5.9 0.5

Pulse timing 0.04

Blackbody radiation 0.01

Total systematic -4.4 3.4

Statistical 1.8

Table 5.1: Error budget in units of 10−12 g. The parameter ∆z (∆vz) includes all
errors that are linearly proportional to the initial vertical position (velocity) difference
between the two isotopes. Likewise, ∆x (∆vx) includes all errors proportional to
the initial position (velocity) difference in the detection fringe direction, and ∆y
(∆vy) includes all errors proportional to the initial position (velocity) difference in
the orthogonal horizontal direction. See Section 5.3 for descriptions of systematic
errors. All uncertainties are 1σ.
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5.3 Supplemental information

5.3.1 Data analysis

Each dual-species interferometer image contains four output ports (two for each iso-

tope) separated vertically by ∼ 2.5 mm on the CCD array. To analyze the images,

we bin each port in the vertical direction and construct the asymmetry

A(x) =
P1(x)− P2(x)

P1(x) + P2(x)
(5.3)

of each interferometer, where Pi(x) is the atom number in the ith port as a function

of horizontal pixel number. Ideally, the asymmetry is given by

A1(x) = c cos(kx(x− x0) + φ) (5.4)

where c is the interferometer contrast, kx is the detection fringe frequency, x0 is a

reference point chosen to be in the center of the port, and φ is the interferometer phase.

Our asymmetry model incorporates two additional effects. First, the interferometer

contrast varies slowly as a function of horizontal position due to Rabi frequency

inhomogeneity. Second, the photon collection efficiency of the imaging system varies

as a function of vertical position. We therefore use the model

A2(x) =
(1− r) + (1 + r) exp [−(x− x0)2/(2σ2)]A1(x)

(1 + r) + (1− r) exp [−(x− x0)2/(2σ2)]A1(x)
(5.5)

where σ characterizes the length scale of the contrast variation and r is the collection

efficiency ratio between the two output ports. As r −→ 1 and σ −→∞, this expres-

sion reduces to Eq. 5.4. A typical fit of this model to the data is shown in Fig. 5.4.

We verified that the fitted interferometer phase φ is insensitive to the precise form of

the model.

Each interferometer is fit independently, and the relevant information from each

image is the differential phase φ85 − φ87 between the two interferometers. The EP

signal is the linear dependence of the differential phase on the number of photon
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Figure 5.4: Asymmetries and fits of a single shot. The x axis represents the horizontal
pixel number on the CCD array (1 pixel = 170µm).
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recoils n, where n ∈ {4, 8, 12}. This signal was blinded throughout the data-taking

and analysis process by adding an unknown offset n/4·φblind to each differential phase,

where φblind was randomly chosen from a Gaussian distribution with mean zero and

standard deviation 2 mrad (corresponding to a 1σ fractional acceleration difference

of 7 × 10−12). After removing the blind, the result was published without taking

additional data or altering the data analysis in any way.

5.3.2 Systematic errors

I. Kinematic effects

We suppress the linear phase gradients associated with all six kinematic DoFs by

adjusting the frequency and angle of each pulse zone, as described in Section 5.2.

To calibrate the compensation for a particular DoF, the two clouds are differentially

displaced in that DoF, and the resulting differental phase shift is observed. The initial

position difference in the vertical direction is adjusted by varying the time between

the Raman velocity selection pulses, during which the two isotopes have a differential

velocity of 2~k/m. The initial velocity difference in the vertical direction is adjusted

by varying the frequencies of the Raman velocity selection pulses. To change the initial

position and velocity differences in the horizontal directions, we adjust the position of

the optical lattice that is used to launch the atoms. During the EP measurement, the

uncertainties in the differential kinematic DoFs are (65, 20, 20)µm for (∆z,∆x,∆y)

and (60, 50, 40) µm/s for (∆vz,∆vx,∆vy).

There is a nonzero shift associated with the vertical velocity difference because the

frequency of the Raman velocity selection pulse for each species was chosen to optimize

the transfer efficiency of the first beamsplitter pulse, which selects distinct velocity

classes of the two isotopes due to the recoil velocity difference. This velocity difference

multiplies with a residual velocity-dependent phase gradient that was observed after

the EP data-taking was completed.

In order to suppress phase shifts proportional to horizontal velocity by a factor of

1000, the beam angles are set with a precision of 50 nrad. The angle of the retroreflec-

tion mirror is controlled by a feedback loop. A position-sensitive detector measures
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the position of a laser that is reflected off of the back of the mirror, and the mirror

angle is adjusted by changing the voltage across the three piezoelectric actuators on

which the mirror is mounted.

Since the two species are fit with the same weighting function in the x direction,

the differential phase is insensitive to quadratic wavefront perturbations on that axis.

However, a quadratic wavefront perturbation in the y direction induces a differential

phase due to the cloud width difference. We bound the magnitude of this effect by

correlating the width difference in the y direction with the differential phase. In

addition, we estimate the phase shift in the y direction from the observed quadratic

dependence of the phase in the x direction. This estimate provides the uncertainty

quoted in Table 5.1.

II. AC-Stark shift

In a Bragg interferometer, each atom remains in a single internal state throughout the

interferometry sequence, so the interferometer is not sensitive to relative energy shifts

between internal states (as in [8]). However, the AC-Stark effect induces a differential

phase shift if the laser intensity on the interferometer arms differs during the middle

pulse zone. As described in Section 5.2, the optical spectrum of the interferometry

lasers is designed to reduce the magnitude of the AC-Stark shift. Fig. 5.5 contains a

schematic of the optical spectrum. About 25% of the power of each beam is transferred

into the second-order sidebands (not shown).

We compute the Stark shift of the measured spectrum and control the carrier

frequencies, carrier amplitudes, and sideband asymmetries to maintain Stark shift

compensation. The differential Stark shift depends primarily on the amplitudes of the

carriers, which are ideally suppressed to a fractional intensity of 7.5× 10−4 compared

to the sidebands.

To bound the systematic error associated with the AC-Stark effect, we operate a

dual-species 8~k interferometer with twice as many pulses in each pulse zone. The

additional pulses (“Stark shift zones”) are detuned from the two-photon resonance

and do not cause Bragg transitions, but they double the magnitude of the residual

Stark shift. The difference in the differential phase of the 8~k interferometer with and
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Figure 5.5: Optical spectrum. The carriers, located between the 85Rb and 87Rb
transitions, are separated by 158 MHz. The frequency difference between the blue
sidebands (Bragg pair) is adjusted to be resonant with the two-photon Bragg tran-
sition for each pulse. The red sidebands (compensation pair) are separated by an
additional 316 MHz and do not drive Bragg transitions. AC-Stark compensation for
both isotopes is achieved by controlling the intensity ratio between carriers and side-
bands. Figure is not to scale.

without Stark shift zones is below 0.96 mrad, which limits the systematic uncertainty

in the EP measurement to 2.7× 10−12.

III. Magnetic gradient

As described in the main text, a magnetic field gradient induces a differential acceler-

ation between the two isotopes through the second-order Zeeman effect. We charac-

terize the magnetic gradient with a 4~k 87Rb gradiometer in which one interferometer

is in the magnetically sensitive state |F = 2,mF = 1〉. The other interferometer is in

the magnetically insensitive state |F = 2,mF = 0〉 and acts as a phase reference. The

two interferometers are spatially overlapped to within 1 cm.

Fig. 5.6 shows the differential phase of the 87Rb gradiometer as a function of

interferometer time T . The gradiometer phase varies by much more than 2π as the

interferometer time is increased. To determine the scale of the phase variation, we

took data with small timing offsets near T = 655 ms.

The sub-quadratic scaling of the gradiometer phase with T indicates that the

magnetic gradient varies over the interferometry region, and the gradiometer phase

is proportional to an average of the magnetic gradient on the interferometer trajec-

tory (see supplement of [89] for an analogous calculation). To estimate the average

magnetic gradient for the EP measurement, we fit several low-order polynomials to



CHAPTER 5. ATOM-INTERFEROMETRIC EP TEST 143

Figure 5.6: Magnetically sensitive interferometry. Main plot: phase difference be-
tween magnetically sensitive and insensitive interferometer as a function of interfer-
ometer time. The extrapolations used to estimate the phase shift at T = 955 ms are
also shown. Inset: measurements with small timing offsets near T = 655 ms.

the measured gradiometer phase and extrapolate to T = 955 ms. Specifically, we use

the model y = ax3 + bx2 + cx + d, with various combinations of {a, b, c, d} as free

parameters. The quoted uncertainty is derived from the range of values predicted by

these extrapolations.

IV. Pulse timing

The phase of an atom interferometer generally depends on the time between each

interferometer pulse. We operate the interferometer with a ∼ 3 ms delay between

pulses, which improves contrast and suppresses spurious interferometers associated

with imperfect transfer efficiency. The pulses have a Gaussian temporal profile and

a maximum Rabi frequency of 20 kHz. The pulse area is controlled with a precision

of 0.15% by a photodiode that monitors the intensity of a sampled beam. A timing
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error δT in a single pulse produces a differential phase shift of ∼ 2k(∆vz + ∆r)δT ,

where ∆r = ~k/m85 − ~k/m87 is the recoil velocity difference between isotopes. The

term proportional to ∆vz is already included in the kinematic error, but the term

proportional to ∆r is an additional source of uncertainty if the timing error is not

constant when the beamsplitter direction is reversed.

We bound pulse timing errors by using an oscilloscope to record the intensity of

the interferometry lasers as a function of time during the interferometry sequence.

The center of each pulse is identified by fitting the temporal profile of the pulse to

a Gaussian. There is a 40 ns offset between the expected and observed location of

each π/2 pulse, with the π/2 pulses occurring earlier than expected. This offset may

be caused by the finite bandwidth of the acousto-optic modulator that is used to

control the pulse intensity. The associated phase shift reverses with beamsplitter

direction and does not scale with interferometer order, so it does not contribute to

the EP uncertainty. The remaining pulses are correctly timed to within 5 ns, which

corresponds to an additional uncertainty of 4× 10−14 in the EP result.

V. Blackbody radiation

A thermal gradient in the interferometry region creates a blackbody radiation gradi-

ent that exerts forces on 85Rb and 87Rb [116, 117]. Although the two isotopes have

the same ground-state polarizability, the resulting differential acceleration is nonzero

because of the mass difference. We monitor the temperature in the interferometry

region with a series of thermocouples placed at ∼ 1 m intervals along the length of

the 10 m vacuum chamber. The thermal gradient in the vertical direction is below

0.1◦C/m, and a numerical simulation indicates that the resulting differential acceler-

ation is below 10−14 g.

5.4 Conclusion and outlook

We have tested the equivalence principle between 85Rb and 87Rb at the level of 10−12 g.

The result is consistent with η = 0, which places generic constraints on new interac-

tions that would differentially accelerate the two isotopes. The systematic uncertainty
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is primarily limited by the AC-Stark shift, which can be reduced by using a laser sys-

tem with larger single-photon detuning and higher power. Such a system could also

allow the momentum transfer in each pulse zone to be increased, improving the single-

shot sensitivity and reducing the time required to characterize systematic errors. The

shift due to the magnetic gradient can be reduced by tailoring the current through

each segment of the solenoid within the magnetic shield. By demonstrating that the

high sensitivity of large-area atom interferometers can be utilized in precision mea-

surement applications, this work provides a proof of concept for future AI EP tests

[118] and gravitational wave detectors [119, 120].



Chapter 6

Gravity in a quantum system

Spacetime curvature induces tidal forces on the wavefunction of a single quantum

system. Using a dual light-pulse atom interferometer, we measure a phase shift as-

sociated with such tidal forces. The macroscopic spatial superposition state in each

interferometer (extending over 16 cm) acts as a nonlocal probe of the spacetime mani-

fold. Additionally, we utilize the dual atom interferometer as a gradiometer for precise

gravitational measurements.

This chapter also appeared as Ref. [102] and was co-authored with Peter Asen-

baum, Tim Kovachy, Daniel D. Brown, Jason M. Hogan, and Mark A. Kasevich.

6.1 Overview

A longstanding goal in matter-wave interferometry has been to resolve a phase shift

associated with spacetime curvature across a particle’s wavefunction [121, 122, 123,

124, 125, 126, 127]. The conceptual significance of such a tidal phase shift (φtidal) arises

from the fact that acceleration and spacetime curvature have different physical origins

in general relativity: local acceleration arises from non-gravitational forces, while

curvature characterizes the spacetime manifold [122]. Unlike phase shifts arising from

local acceleration, curvature-induced phase shifts have been described as representing

the first true manifestation of gravitation in a quantum system [121, 122, 123, 124,

125].

146
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In prior gravitational measurements exploiting de Broglie wave interference [10,

30, 128, 129, 130, 101, 131, 132], the interferometer arm separation was small enough

that the spacetime curvature across the wavefunction (i.e. gravity gradient across

the interferometer arms) did not produce an identifiable tidal phase shift. For the

purpose of understanding gravitational effects in these experiments, the trajectory of

each interfering particle is well-described by a single geodesic that is defined by that

particle’s initial position and velocity before the interferometer. The interferometer

phase measures the local acceleration of this geodesic relative to the interferometer

beam splitters and mirrors.

To clarify this distinction, we consider as an example the case of light-pulse Mach-

Zehnder atom interferometry with momentum transfer n~k and pulse spacing T . We

denote the position (velocity) of a given particle i at the time when the first beam

splitter is applied as zi (vi), the local gravitational acceleration at position zi as gi,

and the atomic mass as m. For simplicity, we consider a uniform gravity gradient Tzz.

We initially consider the regime in which the interferometer arm separation is small

enough that tidal forces across the arms can be neglected. With this assumption, we

compute the phase shift for two different cases: first, with the lasers that generate

the interferometer beam splitters and mirrors following the particle’s geodesic; second,

with the lasers fixed in the lab frame. In the first case, the phase shift is zero. In the

second case, the phase shift is φlab = nkgiT
2 + nkviTzzT

3 + (7/12)nkgiTzzT
4 [133].

Since the phase shift is zero when the lasers move along the particle’s geodesic, the

entire phase shift φlab can be understood as arising from the relative motion of the

lasers and this geodesic [134]. This phase shift includes the effect of the coupling of

initial conditions to the gravity gradient [128] but does not include φtidal.

If the interferometer arm separation is made large enough that there are resolvable

tidal forces across the spatial extent of the interferometer, then the wavefunction

of an interfering particle can no longer be approximated as traveling along a single

populated geodesic. Instead, the two arms follow separate trajectories that accelerate

with respect to one another. A tidal phase shift can be observed in this regime–it

appears as [133] φtidal = (~/2m)n2k2TzzT
3 in this example regardless of whether

the lasers are fixed in the lab frame or follow the geodesic defined by the particle’s
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initial position and velocity. From these considerations, φtidal is a manifestation of

gravitational curvature that cannot be interpreted as simply arising from the relative

motion of a single atomic trajectory and the interferometer lasers.

6.2 Experimental results

We report the first observation of a tidal phase shift. In our experiment, this phase

shift is induced by a 84 kg proof mass in a geometry chosen so that the interferometer

wave packet separation is comparable to the length scale of the change in the gravi-

tational field. We employ large momentum transfer light-pulse atom interferometry

[75, 67, 68, 103] and long interogation times [59] to achieve wavepacket separations

in excess of 10 cm. We identify φtidal by observing the interferometer phase shift as a

function of wavepacket separation and proof mass position.

The core apparatus has been described previously [69, 74, 59]. Each experimental

run begins with the preparation of an ultracold 87Rb atom cloud. The atoms are

launched vertically into a 10 m tall atomic fountain using an optical lattice. Subse-

quently, the atoms are collimated by an optical dipole lens (1 mm waist, red-detuned

laser beam) in the transverse dimensions. This lens is applied ∼100 ms after the end

of the launch. Ultimately, the launched atom cloud contains ∼ 106 atoms with an

effective temperature of ∼ 50 nK in the transverse dimensions.

A dual interferometer configuration [135, 68, 101] is used to suppress spurious

phase shifts arising from vibrations in the laser delivery optics (see Fig. 6.1). The LMT

atom optics consist of sequences of absolute AC Stark-shift compensated, two-photon

Bragg transitions [59]. Figure 6.1(a) illustrates the spacetime diagram associated

with a single-source dual interferometer sequence [68]. An initial LMT beam splitter

sequence splits the atom cloud into two wave packets with momenta differing by N1

photon momentum recoil kicks (N1~k, where k is the wave number of the laser used to

drive the Bragg transitions) in the vertical direction. The wave packets are allowed to

freely drift apart for a time τ . Next, the initially accelerated arm is decelerated by an

LMT sequence so that the momentum splitting between the wave packets is reduced

to 2~k. The two wave packets are vertically separated by a baseline L = (N1~k/m)τ
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Figure 6.1: (a) Spacetime diagram of the centers of the wave packets for a dual
interferometer sequence, neglecting gravitational acceleration. An initial atom source
is split into two clouds that drift apart with momentum difference N1~k for time
τ , ultimately separating by the baseline L. Each cloud is used as the source for
a Mach-Zehnder interferometer with momentum splitting n~k and pulse spacing
T . The path separation between the two interferometer arms reaches a distance
of ∆z = (n~k/m)T . The numerical values in parentheses indicate typical experimen-
tal parameters. In this work, k is negative for the initial splitting and interferometer
pulses, i.e. the interferometer trajectories are below the unperturbed launch height.
Data plots: fluorescence images of spatial interference fringes for an interferometer
with (b) ∆z = 4 cm (n = 10) and (c) ∆z = 12 cm (n = 30).
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and are the respective sources for the dual interferometers1. Before the initial beam

splitter sequence, the vertical velocity distribution is filtered by two long-duration

π-pulses (Gaussian temporal profile, FWHM 200µs).

The interferometers are initiated by a beam splitter sequence like the one used to

split the initial atom cloud (the two vertically displaced wave packets use opposite

input ports of the first interferometer beam splitter, since their momenta differ by

2~k). We use a Mach-Zehnder interferometer sequence with pulse spacing T . The

momentum difference between the interferometer arms is denoted by n~k. The laser

system and optics configuration used to drive the Bragg transitions is described in

[59].

We measure the differential phase shift between the two interferometers (gra-

diometer phase) by imaging one output port from each interferometer onto a CCD

camera using resonant scattering. Because of the large vertical displacement between

the two interferometers, we deliver an additional momentum kick −N2~k to the lower

port of each interferometer, so that the lower port of the upper interferometer and

the upper port of the lower interferometer fit into the CCD camera’s field of view at

the time of detection [see Fig. 6.1(a)]. We use phase shear readout [25, 70] to extract

a value for the gradiometer phase from each individual run of the experiment. Specif-

ically, the angle of the Bragg laser beams is slightly tilted for the final beamsplitter

sequence using a piezo tip-tilt stage on the retro-reflection mirror, imprinting a hori-

zontal phase gradient across the cloud. This leads to horizontal spatial fringes in the

interferometer output ports [see Fig. 6.1(b)-(c)], allowing for single-shot determina-

tion of phase and contrast [25] in a single port. The relative phase between the two

interferometers is then determined (see Section 6.3). We implement measurements

using interferometers with path separations ∆z of up to ∆z = 16 cm with L = 20 cm,

n = 38, and T = 700 ms.

We placed several lead bricks near the apex of the interferometer trajectory and

observed their effect on the gradiometer phase. The bricks produce a phase shift

of 1.0 rad [Fig. 6.2(a)-(b)], in agreement with the theoretical prediction obtained

by numerically calculating the propagation, laser, and separation phases along the

1The finite duration of the optical pulses leads to small corrections to calculated distances.
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Figure 6.2: (a) Schematic representation of the experimental setup for measuring
the gravity gradient of seven lead bricks (total mass 84 kg). (b) Measured gradiome-
ter phase of a sequence with h = 8.45 m, L = 32 cm, n = 20, and T = 600 ms
(∆z = 7 cm), with (solid circles) and without (open circles) the bricks present. (c)
Gradiometer phase difference (with and without bricks present) as a function of launch
height with L = 10 cm, n = 30, and T = 900 ms (∆z = 16 cm). The black, solid curve
represents the full phase shift calculation.
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perturbed interferometer trajectories [136, 133, 13]. We find the systematic error

of the gradiometer phase due to changes in the horizontal position of the atoms to

be small (see Section 6.3). Figure 6.2(c) compares the difference in the gradiometer

phase (with and without bricks present) to its predicted value as a function of launch

height.

The macroscopic spatial and temporal scales of the interferometers allow the in-

terferometers to resolve the tidal phase shift. The momentum recoil kicks that the

atoms receive during the beam splitter and mirror interactions lead to wave packet

trajectory deflections with characteristic size equal to the interferometer path sepa-

ration ∆z = (n~k/m)T . Tidal forces over this distance scale lead to the tidal phase

shift φtidal ' (~/2m)n2k2TzzT
3 = (1/2)nk∆zTzzT

2, which scales with the wave packet

separation.

In a uniform gravity gradient, φtidal would be the same for the upper and lower

interferometers and thus would not be present in the gradiometer phase. To circum-

vent this limitation, we use the gravitational field of the lead bricks, which has a

spatially varying gradient [Fig. 6.3(a)-(b)]. The gradiometer phase difference there-

fore depends on the spatial variation of Tzz, and the difference in φtidal manifests as

∆φtidal ' (~/2m)n2k2 (∆Tzz)T
3 [131]2. Figure 6.3(d) shows the difference between

the gradiometer phase measured with and without bricks as a function of the LMT or-

der of the interferometer n. These measurements are compared to a theoretical model

that does not include ∆φtidal. To remove ∆φtidal from the calculation, we artificially

consider trajectory deflections from the interferometer atom optics to be negligible

(small-recoil trajectory). The small-recoil phase shift corresponds to the phase shift

of the interferometer in the limit of highly massive interfering particles. The measure-

ments deviate strongly from this model and agree with the model that includes the

full phase shift calculation. Without the tidal contribution, the gradiometer phase

difference would increase linearly with n (see discussion of φlab in introduction) with

the slope determined by the spatial variation of g over the baseline L.

2In contrast to this work, the experiment described in [131] measured local accelerations at three
heights to compute ∆Tzz
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Figure 6.3: (a) Spacetime diagram for a gradiometer with h = 8.25 m, L = 32 cm,
T = 550 ms, and n = 30. (b) Calculated gravitational acceleration induced by the
bricks as a function of height along the interferometer axis. (c) Schematic of the
interferometer trajectories, neglecting gravitational acceleration: upper (solid red)
and lower (solid blue) arms, midpoint line (dashed gray), and the trajectory with-
out recoil from interferometer atom optics (dashed black). (d) Gradiometer phase
difference of a sequence with h = 8.25 m, L = 32 cm, and T = 550 ms as a function
of n (∆z = 2 cm to ∆z = 10 cm). The black, dashed curve is the phase calculated
without including the tidal phase shift. The solid red and blue curves are ∆φu and
∆φl, respectively (see main text). The gray, dashed (black, solid) curve is the phase
predicted by the midpoint line (full phase shift) calculation. Each data point is the
average of 15 shots.
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The tidal phase shift is negligible unless the two arms of one interferometer ex-

perience accelerations that differ at the scale of the acceleration sensitivity—that is,

there must be resolvable tidal forces across the wavefunction. To illustrate this, we

separate the full phase shift into contributions representing the local gravitational ac-

celeration along each interferometer arm. Labeling the two interferometers as A and

B, the phase shift of interferometer α ∈ {A,B} is approximately given by Bordé’s

midpoint theorem [19]:

φα = nk
(
zαu (0)+zαl (0)

2

)
− 2nk

(
zαu (T )+zαl (T )

2

)
+ nk

(
zαu (2T )+zαl (2T )

2

)
. (6.1)

Here zαu (t) is the position of the upper arm of interferometer α at time t, and zαl (t)

is the position of the lower arm of interferometer α at time t. Note that φα =

1/2 (φαu + φαl ), where φαu ≡ nkzαu (0) − 2nkzαu (T ) + nkzαu (2T ) and φαl ≡ nkzαl (0) −
2nkzαl (T ) + nkzαl (2T ). Each of the quantities φAu , φAl , φBu , and φBl corresponds to the

phase shift of a Mach-Zehnder interferometer subject to the local acceleration along

one interferometer arm.

We define the quantities ∆φu ≡ φAu −φBu and ∆φl ≡ φAl −φBl . At the experimental

resolution, ∆φu > ∆φl holds for large enough wave packet separation [Fig. 6.3(d)], i.e.

φAu − φAl > φBu − φBl . This indicates that in at least one of the interferometers A and

B, the upper and lower arms experience resolvably different forces. Therefore, the

phase shift of this interferometer is not determined by the local acceleration along a

single populated trajectory, demonstrating that the atomic wavefunction is a nonlocal

probe of the spacetime manifold3.

The techniques demonstrated above are useful for applications involving precise

measurement of gravitational gradients. The gradiometer achieves a resolution of 3 E

per shot with parameters L = 32 cm, n = 20, and T = 600 ms (1 E = 10−9 s−2;

see 6.3). This corresponds to a differential acceleration sensitivity of 1 × 10−10g per

shot (5× 10−10g/
√

Hz given the 22 s cycle time) and is near the estimated shot noise

limit of ∼ 1 E per shot. Improvements in the atom source and imaging system would

increase the atom number and contrast, allowing higher sensitivity, while a more

3Bordé’s midpoint theorem implies that the phase shift can also be approximately written in
terms of the acceleration along the midpoint line, which is not a populated trajectory.
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Figure 6.4: (a) Schematic of the interferometer and surrounding mass, to scale, with
indicated launch heights. (b) Measured gravity gradient (blue points) as a function
of launch height h for a gradiometer with L = 10 cm, n = 10, and T = 500 ms. The
red, dashed curve is a model of the interferometer response to the gravity gradient
produced by a spherical Earth, including the effects of the cylindrical pit and basement
in which the interferometer is located. The model has one free parameter, the density
of Earth’s surface near the interferometer, which fits to ρ = 2.3 g/cm3. The black,
solid curve is an interpolation (logistic fit, all parameters free). Each data point is
the average of 50 shots. Statistical uncertainties are ≈6 E (error bars smaller than
data points).

advanced cold atom source [137] could reduce the cycle time to several seconds.

As an example of this capability, we measure the gravity gradient as a function of

vertical position in the apparatus. This is done by varying the lattice launch velocity.

Fig. 6.4 shows the measured gravity gradient as a function of launch height. The

observed spatial variation of the gravity gradient is reasonably consistent with a model

that includes the PREM (preliminary reference earth model) [138], the cylindrical pit

surrounding the interferometer, and the basement in which the lab is located. An

interpolation of the measured gravity gradient is used to predict the gradiometer phase

as a function of launch height h for other measurements, such as those described by

Fig. 6.2 and Fig. 6.3.
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6.3 Supplemental material

Gradiometer phase vs. launch position
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Figure 6.5: Gradiometer phase for different launch positions with h = 8.45 m, L =
32 cm, n = 20, and T = 600 ms. Spread of Tzz for the different positions: 1.8 E (red),
2.4 E (green), 4.7 E (blue), 2.4 E (black).

We study the systematic effect of the launch position on the gradiometer phase. By

changing the position of the dipole lens, we vary the position at detection by ±3 mm

in the x (North-South) and y (East-West) direction. For the data runs presented

in the main text, we control the launch position to better than 1 mm to avoid a

systematic error (see Fig. 6.5).

Phase shear readout phase extraction

To extract the differential interferometer phase from the fluorescence images, we as-

sume that the image of output port i of an interferometer is given by

Gi(x, y)(1 + Ci cos (2πfx+ Φi))/2,
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where Gi is the 2D cloud envelope, Ci the output contrast, f the phase shear fringe

frequency, and Φi the interferometer phase for the ith port. In the least squared

fitting of this model to the data, there is a strong correlation between the fringe

frequency and phase. The fringe frequency is determined by the tilt of the final π/2

pulse in the interferometer and the expansion time until the cloud is imaged, which

are constant from shot to shot. As the fringe frequency is assumed to be constant, it

is first estimated by performing an initial run of non-linear least square fits for each

shot and taking the average best fit value. A second run of fits is then performed

assuming f to be constant to estimate Φ. This process was carried out for the two

imaged ports from each interferometer, the final gradiometer phase output then being

the phase difference between the two. One noticeable noise source using this method

was from low spatial frequency fluctuations in the cloud shape Gi from shot to shot,

which coupled into noise in the estimation of Φ. It was found that a high fringe

frequency should be used to avoid this noise source. A typical example of how this

model fits to the data is shown in Fig. 6.6.
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(a) Full fluorescence image
including the two ports (one from
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(b) Analysis of single port

Figure 6.6: Typical model fit to data. Data taken from an experiment using n = 10
and T = 200 ms, image size 1000×666 pixels. Shown is the analysis of a port from
one of the interferometers and the best fit parameters. In this case the best fit was
achieved using Gaussian shaped clouds in x and y, and a fixed fringe wavelength of
29 px. The overall phase uncertainty of this shot is 21 mrad.



CHAPTER 6. GRAVITY IN A QUANTUM SYSTEM 159

6.4 Conclusion and outlook

Our approach differs from that employed by previous precision atomic gravity gra-

diometers [129, 130, 101], which used independently generated atom clouds separated

by a baseline as the sources for two accelerometers. These gradiometers were subject

to uncertainty in the baseline length due to source position fluctuations. In contrast,

the baseline of the single-source gradiometer presented here is insensitive to the atom

source position4. The idea of using LMT atom optics to create a single-source gra-

diometer was first demonstrated in a proof-of-concept experiment for a short baseline

(∼ 70 µm) [68] and has been proposed in the context of a spaceborne gradiometer

[140].

The observed phase stability of our gradiometer (e.g., 130 mrad per shot for L =

32 cm, n = 30, and T = 550 ms) can be used to constrain extensions of quantum

mechanics that would manifest themselves through additional noise in the gradient

measurement, due to, for example, anomalous wave packet localization at a length

scale of ∼10 cm [51]. Bounding the phase noise of widely-separated, macroscopic

interferometers is complementary to previous work [59, 79, 81], which was designed

to be sensitive to spurious phase shifts that would occur inhomogeneously [59, 81].

With a suitable source mass configuration, the dual interferometer could be used to

measure the gravitational Aharonov-Bohm effect [57] and the gravitational constant

[141, 76].

4An alternative approach is to characterize the atom source position based on the position or
time at which the atom cloud is detected [139].



Chapter 7

Gravitational time dilation

7.1 Introduction

As discussed in Chapter 1, the equivalence principle implies that gravity cannot be

observed in any local experiment. An experiment is “local” if its acceleration sensi-

tivity is smaller than the product of its length scale and the gravitational curvature.

All prior observations of quantum systems fall into this category; such measurements

[10] can provide tests of the equivalence principle but are not sensitive to any further

details of the gravitational interaction.

Chapter 6 describes our observation of a quantum system in curved spacetime and

the associated tidal phase shift. The tidal phase shift demonstrates that the interfer-

ometer arms experience resolvably different accelerations during the interferometer

sequence. Nevertheless, the interferometer phase can still be computed from the

midpoint theorem, which means that the information contained in the interferometer

phase could equally well be obtained from a classical accelerometer traveling along the

midpoint trajectory. The interferometer remains equivalent to an accelerometer, even

in curved spacetime, and our observation of the tidal phase shift can be understood

as a confirmation that the delocalized quantum system has the same center-of-mass

acceleration as a classical test object. In other words, the motion of a delocalized

quantum system in curved spacetime is correctly predicted by general relativity.

As we suggested in Chapter 1, the analogy between an atom interferometer and

160
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a classical accelerometer breaks down when the midpoint theorem is no longer valid.

This occurs when spatial derivatives of the potential of degree ≥ 3 are non-negligible

on the scale of the wavepacket separation. In that case, the interferometer phase φ is

given by

φ = φMP + φpotential (7.1)

where φMP is the midpoint theorem phase and φpotential is the additional phase shift

due to the potential difference integrated along the arms. In the context of gravity,

we may think of φpotential as encoding the gravitational time dilation that occurs as

the interferometer propagates through a curved spacetime.

We note that unlike “gravitational redshift” [142], which is actually a special-

relativistic effect that exists in flat space, the gravitational time dilation described

by φpotential is zero if the spacetime curvature is negligible on the scale of the interfer-

ometer. This phase shift represents a genuine gravitational effect and is not caused

by relative acceleration between the interferometer arms and the laser pulses. The

observation of such a phase shift would demonstrate that in the context of gravity,

an atom interferometer is more than an accelerometer—the interferometer phase is

also sensitive to gravitationally-induced proper time differences between the arms. In

other words, the atoms are “clocks,” not just “rocks.”

In the remainder of this chapter, we will derive an expression for φpotential in

the case where the semiclassical approximation is valid (Section 7.2), provide exam-

ple calculations with time-independent and time-dependent gravitational potentials

(Section 7.3), propose an experiment to observe φpotential based on the results of a nu-

merical simulation (Section 7.4), and finally discuss the relationship between φpotential

and the Aharonov-Bohm effect (Section 7.5). I would like to thank Mark Kasevich,

Tim Kovachy, Peter Asenbaum, Jason Hogan, and Thomas Hensel for many helpful

discussions.
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7.2 Relationship between the midpoint theorem

and the classical action

In this section, we will show that if the semiclassical approximation is valid, then the

interferometer phase can be written as

φ = φMP + φpotential (7.2)

where

φpotential ≡
1

~
∑
n odd

∫ tf

t0

(n− 1)

2n−1 n!
Vn(x̄(t), t) (x1(t)− x2(t))n dt. (7.3)

Here Vn(x̄(t), t) is the nth spatial derivative of V (x, t) around the interferometer

center-of-mass trajectory x̄(t), i.e.

V (x, t) =
∞∑
n=0

Vn(x̄(t), t)

n!
(x− x̄(t))n. (7.4)

7.2.1 Definitions

The interferometer arms are labeled 1 and 2, and the output ports are labeled A and

B. As shown in [13], when the semiclassical approximation is valid, the interferometer

phase φ can be calculated by

φ = φAlaser + φAprop + φAsep = φBlaser + φBprop + φBsep (7.5)

where

φAprop = φBprop =
1

~

∫ tf

t0

L(x1(t), ẋ1(t), t)dt− 1

~

∫ tf

t0

L(x2(t), ẋ2(t), t)dt (7.6)

for Lagrangian L and beamsplitter times t0 and tf ,

φClaser =
N∑
i=1

[(k1,i · x1(ti)− ω1,i ti + φ1,i)− (k2,i · x2(ti)− ω2,i ti + φ2,i)] (7.7)
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where the sum is taken over the N light pulses and calculated using the parameters

corresponding to the Cth output port, and

φCsep =
mẋ1(tf ) +mẋ2(tf )

2
(x2(tf )− x1(tf )), (7.8)

again using the positions xj(t) and velocities ẋj(t) corresponding to the Cth output

port. We also define the average phases

φ̄prop =
φAprop + φBprop

2
= φAprop = φBprop, (7.9)

φ̄laser =
φAlaser + φBlaser

2
, (7.10)

and

φ̄sep =
φAsep + φBsep

2
. (7.11)

7.2.2 Proof

We begin by expanding the potential in a Taylor series around the center of mass

trajectory:

V (x, t) =
∞∑
n=0

Vn(x̄(t), t)

n!
(x− x̄(t))n. (7.12)

The force is given by

F (x, t) = −∂V (x, t)

∂x
= −

∞∑
n=1

n · Vn(x̄(t), t)

n!
(x− x̄(t))n−1. (7.13)

The force on each interferometer arm is therefore

F (x1(t), t) = −
∞∑
n=1

Fn(x1(t), t) = −
∞∑
n=1

n · Vn(x̄(t), t)

n!
(x1(t)− x̄(t))n−1 (7.14)

= −
∞∑
n=1

n · Vn(x̄(t), t)

n!

(
x1(t)

2
− x2(t)

2

)n−1

(7.15)
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and

F (x2(t), t) = −
∞∑
n=1

Fn(x2(t), t) = −
∞∑
n=1

n · Vn(x̄(t), t)

n!
(x2(t)− x̄(t))n−1 (7.16)

= −
∞∑
n=1

n · Vn(x̄(t), t)

n!

(
x2(t)

2
− x1(t)

2

)n−1

. (7.17)

We note that for even n, Fn(x1(t), t) = −Fn(x2(t), t), while for odd n,

Fn(x1(t), t) = Fn(x2(t), t). Thus, the average force is

F̄ (x1(t), x2(t), t) =
F (x1(t), t) + F (x2(t), t)

2
= −

∑
n odd

Fn(x1(t), t) (7.18)

and the average acceleration induced by the potential is

a(x1(t), x2(t), t) = F̄ (x1(t), x2(t), t)/m. (7.19)

To calculate the propagation and separation phases, we transform to the coordi-

nate system in which the interferometer center of mass is at rest at the origin at all

times. We call the coordinates of the interferometer arm positions in this reference

frame y1(t) and y2(t). The coordinate transformation from {x(t), ẋ(t)} to {y(t), ẏ(t)}
is

y(t) = x(t)− x̄(t); (7.20)

ẏ(t) = ẋ(t)− ˙̄x(t).

These coordinates have the property that

y1(t) + y2(t) = 0 =⇒ y2(t) = −y1(t) (7.21)

and

ẏ1(t) + ẏ2(t) = 0 =⇒ ẏ2(t) = −ẏ1(t). (7.22)

First, we compute the portion of the propagation phase φ̄prop, off accumulated in
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between light pulses (i.e. while there is no atom-light interaction). Using the short-

pulse approximation1, we will treat the atom-light interactions as occurring at discrete

times {ti} with durations {δti} that are negligible compared to the interferometer time

tf − t0. In between light pulses, the interferometer center of mass has acceleration a,

and in the center-of-mass rest frame, there is a fictitious force

FCM = −ma = −F̄ (7.23)

on each interferometer arm. As a function of y1(t), we have

FCM(y1(t), t) =
∑
n odd

n · Vn(x̄(t), t)

n!
y1(t)n−1. (7.24)

The potential in the center-of-mass rest frame is given by

VCM(y, t) =
∞∑
n=0

Vn(x̄(t), t)

n!
yn −

∫ y

FCM(y1(t), t) dy′ (7.25)

=
∞∑
n=0

Vn(x̄(t), t)

n!
yn −

∫ y

y′=0

∑
n odd

n · Vn(x̄(t), t)

n!
y1(t)n−1 dy′ (7.26)

=
∞∑
n=0

Vn(x̄(t), t)

n!
yn −

∑
n odd

n · Vn(x̄(t), t)

n!
y1(t)n−1 · y (7.27)

where we have chosen to set VCM(0, t) = V (x̄(t), t). The Lagrangian in the center-of-

mass rest frame is thus

LCM(y, ẏ, t) =
1

2
mẏ2 − VCM(y, t). (7.28)

Computing the propagation phase, we have

φ̄prop, off =
1

~

∫ tf

t0

[LCM(y1(t), ẏ1(t), t)− LCM(y2(t), ẏ2(t), t)] dt (7.29)

1This approximation, which is used to simplify the calculation, is not necessary for the result.
The same result is obtained if the light pulses occur over finite intervals or if they are considered to
be part of the potential V .
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=
1

~

∫ tf

t0

[
1

2
mẏ1(t)2 − VCM(y1(t), t)− 1

2
mẏ2(t)2 + VCM(y2(t), t)

]
dt (7.30)

=
1

~

∫ tf

t0

[
1

2
mẏ1(t)2 − VCM(y1(t), t)− 1

2
m(−ẏ1(t))2 + VCM(−y1(t), t)

]
dt (7.31)

=
1

~

∫ tf

t0

[VCM(−y1(t), t)− VCM(y1(t), t)] dt. (7.32)

Simplifying the integrand, we have

VCM(y1(t), t) =
∞∑
n=0

Vn(x̄(t), t)

n!
y1(t)n −

∑
n odd

n · Vn(x̄(t), t)

n!
y1(t)n (7.33)

and

VCM(−y1(t), t) =
∞∑
n=0

(−1)n
Vn(x̄(t), t)

n!
y1(t)n +

∑
n odd

n · Vn(x̄(t), t)

n!
y1(t)n, (7.34)

so we have

VCM(−y1(t), t)− VCM(y1(t), t) =
∑
n odd

2(n− 1)

n!
Vn(x̄(t), t) y1(t)n (7.35)

and the propagation phase accumulated between light pulses is

φ̄prop, off =
1

~
∑
n odd

∫ tf

t0

2(n− 1)

n!
Vn(x̄(t), t) y1(t)n dt. (7.36)

Rewriting this result in terms of the original coordinates, we have

φ̄prop, off =
1

~
∑
n odd

∫ tf

t0

(n− 1)

2n−1 n!
Vn(x̄(t), t) (x1(t)− x2(t))n dt = φpotential. (7.37)

Next, we compute the part of the propagation phase φ̄prop, on accumulated at the

times {ti} when the atom-light interactions occur. During the interaction at time ti,

momentum ~kj,i is transferred to the jth interferometer arm over a short duration δti.
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The interferometer center-of-mass acceleration alaser due to the light pulse is

alaser =
~(k1,i + k2,i)

2m
· 1

δti
, (7.38)

which corresponds to a fictitious force

Flaser = −malaser = −~(k1,i + k2,i)

2
· 1

δti
(7.39)

and an additional term in the potential

Vlaser(y, ti) = −
∫ y

0

Flaser dy =
~(k1,i + k2,i)

2
· y
δti

(7.40)

in the center-of-mass rest frame. We therefore have

φ̄prop, on =
∑
i

1

~

∫ ti+δti/2

ti−δti/2
[Vlaser(−y1(ti), ti)− Vlaser(y1(ti), ti)] dt (7.41)

=
∑
i

1

~

∫ ti+δti/2

ti−δti/2

~(k1,i + k2,i)

2
· −2y1(ti)

δti
dt (7.42)

=
∑
i

(k1,i + k2,i)

2
· (x2(ti)− x1(ti)). (7.43)

Finally, we compute the average separation phase φ̄sep in the center-of-mass rest

frame. We have

φ̄sep = 0 (7.44)

because ˙̄y(tf ) = 0.

We have computed the quantity

φ̄prop + φ̄sep = φ̄prop, on + φ̄prop, off + φ̄sep (7.45)

=
∑
i

(k1,i + k2,i)

2
· (x2(ti)− x1(ti)) + φpotential (7.46)

in the center-of-mass rest frame, and each of the terms on the right-hand side of
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Eq. 7.46 has been written in terms of the original coordinates {x(t), ẋ(t)}. Since

φ̄prop + φ̄sep is invariant under point transformations, the expression for the full inter-

ferometer phase in the original coordinates is

φ = φ̄laser + φ̄prop + φ̄sep (7.47)

= φ̄laser +
∑
i

(k1,i + k2,i)

2
· (x2(ti)− x1(ti)) + φpotential. (7.48)

We conclude by noting that

φ̄laser +
∑
i

(k1,i + k2,i)

2
· (x2(ti)− x1(ti)) = φMP (7.49)

where φMP is the midpoint theorem phase defined in Eq. 1.12. Thus, we have

φ = φMP + φpotential (7.50)

as desired.

7.2.3 Alternative derivation and closed-form expression

We can also prove the above result by performing the entire calculation in the original

coordinate system. Defining

x̄(t) =
x1(t) + x2(t)

2
(7.51)

and

∆x(t) = x1(t)− x2(t), (7.52)

the propagation phase is

φ̄prop =
1

~

∫ tf

t0

(
1

2
mẋ2

1 − V (x1, t)

)
dt− 1

~

∫ tf

t0

(
1

2
mẋ2

2 − V (x2, t)

)
dt (7.53)

=
1

~

∫ tf

t0

(m∆ẋ ˙̄x− [V (x1, t)− V (x2, t)]) dt. (7.54)
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Integrating the first term by parts, we obtain

φ̄prop =
1

~

[
m∆x ˙̄x

]tf
t0

+
1

~

∫ tf

t0

(−m∆x¨̄x− [V (x1, t)− V (x2, t)]) dt (7.55)

=
m

~
∆x(tf ) ˙̄x(tf ) +

1

~

∫ tf

t0

(−m∆x¨̄x− [V (x1, t)− V (x2, t)]) dt. (7.56)

The average separation phase is

φ̄sep = −m
~

∆x(tf ) ˙̄x(tf ), (7.57)

which cancels with the boundary term in φ̄prop, so we have

φ̄prop + φ̄sep =
1

~

∫ tf

t0

(−m∆x¨̄x− [V (x1, t)− V (x2, t)]) dt (7.58)

=
1

~

∫ tf

t0

([
V (x2, t)−

∆x

2
mẍ

]
−
[
V (x1, t) +

∆x

2
mẍ

])
dt (7.59)

which is identical to Eq. 7.32. The terms proportional to ẍ correspond to the fictitious

forces in the center-of-mass rest frame.

We can then complete the derivation by Taylor expansion of the potential around

the center-of-mass position as in the previous section, noting the finite contributions

to the integral from the times at which the laser pulses occur. Alternatively, we can

obtain a closed-form expression for φpotential by noting that

−m¨̄x =
1

2

(
∂V (x1, t)

∂x
+
∂V (x2, t)

∂x

)
(7.60)

when the laser is off, which implies that

φ̄potential =
1

~

∫ tf

t0

(
∆x

2

[
∂V (x1, t)

∂x
+
∂V (x2, t)

∂x

]
− [V (x1, t)− V (x2, t)]

)
dt. (7.61)

This expression demonstrates that φpotential measures the difference between two quan-

tities: (i) the potential difference between the arms, and (ii) the potential difference

that one would infer from the average acceleration.
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7.3 Example calculations

As expected from the midpoint theorem, the first nontrivial contribution to φpotential

comes from the cubic term in the potential. In this section, we will perturbatively

calculate the lowest-order contribution φpotential in a Mach-Zehnder interferometer

geometry.

7.3.1 Static potential

We begin by considering a static, cubic potential in the laboratory frame,

V (x) = −m
(
gx+

1

2
Tzzx

2 +
1

6
Qzzzx

3

)
. (7.62)

The atoms are launched from height x(0) = 0 with launch velocity vL, and the first

beamsplitter pulse occurs at time t = 0. To calculate the interferometer trajectories

x1(t) and x2(t), we need to solve the differential equation

X ′′(t) = g + TzzX(t) +
1

2
QzzzX(t)2. (7.63)

This equation does not have a known analytic solution, but we can solve it perturba-

tively by starting with the known solution X(0)(t) to the simpler equation

X ′′(0)(t) = g + TzzX(0)(t). (7.64)

Writing X(t) = X(0)(t) +X(1)(t), we have

X ′′(0)(t) +X ′′(1)(t) = g + Tzz
(
X(0)(t) +X(1)(t)

)
+

1

2
Qzzz

(
X(0)(t) +X(1)(t)

)2
(7.65)

=⇒ X ′′(1)(t) = TzzX(1)(t) +
1

2
Qzzz

(
X(0)(t) +X(1)(t)

)2
(7.66)

≈ TzzX(1)(t) +
1

2
Qzzz

(
X(0)(t)

)2
. (7.67)
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This approximation is justified as long as X(1)(t) is sufficiently small compared to

X(0)(t) that its coupling to Qzzz produces negligible position shifts. In the limits that

we will be considering below, this condition is met.

The initial conditions for the interferometer trajectories are

x1(0) = 0, x′1(0) = vL +
~k
m

; x2(0) = 0, x′2(0) = vL. (7.68)

Solving for the trajectories to fourth order in t, we have

x1(t) =

(
vL +

~k
m

)
t+

1

2
gt2 +

1

6

(
vL +

~k
m

)
Tzzt

3 (7.69)

+
1

24

(
v2
L + 2

~k
m
vL +

~2k2

m2

)
Qzzzt

4 +
1

24
gTzzt

4 + · · ·

and

x2(t) = vLt+
1

2
gt2 +

1

6
vLTzzt

3 +
1

24
v2
LQzzzt

4 +
1

24
gTzzt

4 + · · · . (7.70)

We therefore have

x̄(t) =

(
vL +

~k
2m

)
t+

1

2
gt2 +

1

6

(
vL +

~k
2m

)
Tzzt

3 (7.71)

+
1

24

(
v2
L +

~k
m
vL +

~2k2

2m2

)
Qzzzt

4 +
1

24
gTzzt

4 + · · ·

= x̄0(t) + δx̄(t) (7.72)

and

x1(t)− x2(t) =
~k
m
t+

1

6

~k
m
Tzzt

3 +
1

24

(
2
~k
m
vL +

~2k2

m2

)
Qzzzt

4 + · · · (7.73)

= ∆x0(t) + δ∆x(t), (7.74)

where we have defined

x̄0(t) =

(
vL +

~k
2m

)
t+

1

2
gt2, (7.75)
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δx̄(t) =
1

6

(
vL +

~k
2m

)
Tzzt

3 +
1

24

(
v2
L +

~k
m
vL +

~2k2

2m2

)
Qzzzt

4 +
1

24
gTzzt

4 + · · · ,

(7.76)

∆x0(t) =
~k
m
t, (7.77)

and

δ∆x(t) =
1

6

~k
m
Tzzt

3 +
1

24

(
2
~k
m
vL +

~2k2

m2

)
Qzzzt

4 + · · · . (7.78)

We want to consider the limit in which the trajectory perturbations δx̄ and δ∆x

are small compared to every term in the unperturbed trajectories x̄0 and ∆x0, respec-

tively. In this limit, all dimensionless combinations of Tzz and Qzzz with kinematic

parameters are small. Explicitly, we consider the limit where

TzzT
2 � 1, vLTzzT

2 � ~k
m
,

~k
m
TzzT

2 � vL, vLTzzT � g,
~k
m
TzzT � g,

(7.79)

gTzzT
3 � vL, gTzzT

3 � ~k
m

and

~k
m
QzzzT

3 � 1, vLQzzzT
3 � 1,

(
~k
m

)2

QzzzT
3 � vL, v2

LQzzzT
3 � ~k

m
, (7.80)(

~k
m

)2

QzzzT
2 � g,

~k
m
vLQzzzT

2 � g, v2
LQzzzT

2 � g.

In this limit, the third derivative of the potential evaluated on the center-of-mass

trajectory is given by

V3(x̄(t)) = V3(x̄0(t) + δx̄(t)) (7.81)

= V3(x̄0(t)) +
V3(x̄0(t) + δx̄(t))− V3(x̄0(t))

δx̄(t)
δx̄(t) (7.82)

≈ V3(x̄0(t)) + V4(x̄0(t)) δx̄(t) + · · · . (7.83)

We note that V3(x̄0(t)) is the leading-order contribution to V3(x̄(t)) even if V4(x̄0(t)) is

not identically zero in the laboratory frame, as it is in our example. The leading-order
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contributions to the position difference are

(∆x0(t) + δ∆x(t))3 ≈ (∆x0(t))3 + 3(∆x0(t))2 δ∆x(t) + · · · . (7.84)

Next, we consider the n = 3 term of φpotential,

φ
(3)
potential =

1

~

∫ 2T

t=0

1

2

V3(x̄(t))

3!
(x1(t)− x2(t))3 dt (7.85)

=
1

12~

∫ 2T

t=0

V3(x̄0(t) + δx̄(t)) (∆x0(t) + δ∆x(t))3 dt. (7.86)

Expanding the integrand, the leading-order terms of φ
(3)
potential are

1

12~

∫ 2T

t=0

V3(x̄0(t)) (∆x0(t))3 dt+
1

12~

∫ 2T

t=0

V4(x̄0(t)) δx̄(t) (∆x0(t))3 dt (7.87)

+
1

4~

∫ 2T

t=0

V3(x̄0(t)) (∆x0(t))2 δ∆x(t) dt+ · · · .

The second and third integrals, which have integrands that are linear in the trajectory

perturbations δx̄ and δ∆x, vanish compared to the first integral in the limits imposed

by Eq. 7.79 and Eq. 7.80. We therefore have

φ
(3)
potential ≈

1

12~

∫ 2T

t=0

V3(x̄0(t)) (∆x0(t))3 dt. (7.88)

To lowest order, φ
(3)
potential can be written solely in terms of the unperturbed trajectories

x̄0 and ∆x0.

For ease of computation, we assume that the unperturbed trajectories are sym-

metric around t = T , so we have x̄0(T + t) = x̄0(T − t) and ∆x0(T + t) = ∆x0(T − t).
Then we may write

φ
(3)
potential ≈

1

6~

∫ T

t=0

V3(x̄0(t)) (∆x0(t))3 dt. (7.89)
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Performing the integral for the static, cubic potential, we have

φ
(3)
potential ≈

1

6~

∫ T

t=0

−mQzzz

(
~k
m
t

)3

dt (7.90)

= − 1

24

~2k3

m2
QzzzT

4. (7.91)

Even in the limit of small trajectory perturbations, φ
(3)
potential can be order 1 or larger.

We see this by writing

~2k3

m2
QzzzT

4 =

(
~k
m
QzzzT

3

)(
~k2

m
T

)
. (7.92)

The first term in the product on the right-hand side, which dimensionlessly compares

Qzzz to 1, is constrained to be small by Eq. 7.80. However, the second term (which is

the effective recoil frequency multiplied by the interferometer time) is not constrained

by Eq. 7.79 or Eq. 7.80 and may be arbitrarily large.

Since φpotential is not included in the midpoint theorem phase, a Mach-Zehnder

interferometer in which φpotential is resolvably nonzero cannot be conceptualized as a

three-point acceleration measurement. In fact, the phase φpotential contains informa-

tion about the potential beyond what one could obtain by measuring the interferom-

eter center-of-mass position at any time.

If one uses a coordinate system in which the potential on the interferometer arms is

independent of time, one might suppose that the interferometer can still be described

as an accelerometer, albeit a more general accelerometer that has some sensitivity

to the acceleration in between interferometer pulses. As we will show in Section 7.5,

however, any distinction between “force-induced” and “force-free” contributions to

φpotential is a coordinate-dependent notion. Ultimately, φpotential contains information

about the potential that one cannot obtain from any local acceleration measurement,

as we will demonstrate by considering time-dependent potentials in the following

section.
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7.3.2 Time-dependent potential

Example 1 (Strong, transient potential)

In a uniform gravitational field, the initial interferometer trajectories are given by

x1(t) =

(
vL +

~k
m

)
t+

1

2
gt2; x2(t) = vLt+

1

2
gt2. (7.93)

Suppose we add a potential perturbation given by

δV (x, t) = −m · f(x, t) · δt δ(t− T ). (7.94)

Here δt is a scale factor that gives the strength of the potential (roughly speaking, δt

is proportional to the length of time that the potential is turned on), and

f(x, t) =
1

6
Qzzzx

3 − 1

2

[(
vL +

~k
2m

)
t+

1

2
gt2
]
Qzzzx

2

+
1

2

(
vLt+

1

2
gt2
)[(

vL +
~k
m

)
t+

1

2
gt2
]
Qzzzx+ C (7.95)

for some constant C. This potential has been chosen so that it is identically zero for

t 6= T and so that at t = T , it exerts no force on either interferometer arm:

∂

∂x
δV (x1(T ), T ) =

∂

∂x
δV (x2(T ), T ) = 0. (7.96)

Since the potential perturbation exerts no force, the trajectory perturbations vanish.

However, there is a phase shift due to the potential given by

φpotential =
1

~

∫ 2T

t=0

1

12
(−mQzzz) δt δ(t− T )

(
~k
m
t

)3

dt (7.97)

= − 1

12

~2k3

m2
QzzzT

3δt. (7.98)

A time-dependent cubic potential can therefore cause phase shifts beyond the mid-

point theorem without perturbing the trajectories of the interferometer arms.
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Example 2 (Ride-along potential)

The potential perturbation need not be well-localized in time in order to create a

trajectory-perturbation-free phase shift. From t = 0 to t = T , let

δV (x, t) = −m · f(x, t) (7.99)

where f(x, t) is defined by Eq. 7.95. This potential has the property that for all

t ∈ {0, T},
∂

∂x
δV (x1(t), t) =

∂

∂x
δV (x2(t), t) = 0, (7.100)

so the trajectory perturbations vanish. The phase shift is given by

φpotential =
1

~

∫ T

t=0

1

12
(−mQzzz)

(
~k
m
t

)3

dt (7.101)

= − 1

48

~2k3

m2
QzzzT

4. (7.102)

This is the same phase shift that we calculated for the static, cubic potential (see

Eq. 7.91), and it can be arbitrarily large for the same reason. In this case, however,

the potential perturbation does not induce any accelerations.

Since φpotential can be nonzero even in the absence of trajectory perturbations, it

is clear that φpotential contains information about the potential beyond that of any

classical measurement of the interferometer acceleration. In a high-order potential,

the atom interferometer cannot be regarded as an accelerometer at all. It is, in-

stead, a hybrid of a three-point accelerometer (via the midpoint theorem phase) and

a clock (via the phase shift φpotential). The observation of a nonzero φpotential in a

high-order gravitational potential would demonstrate unambiguously that the atom

interferometer is sensitive to gravitationally-induced proper time differences between

the interferometer arms. Such a measurement would also be the first observation of

gravitational time dilation in a single quantum system.
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7.4 Proposal to observe gravitational time dilation

in an atom interferometer

There are two main challenges associated with the observation of a gravitationally-

induced φpotential in an atom interferometer. First, one must find an interferometer

geometry that allows the phase shift φpotential to be distinguished from the midpoint

phase. Second, one must design a source mass distribution that produces sufficiently

large higher-order derivatives of the gravitational potential on the length scale of the

interferometer wavepacket separation. This section discusses each of these considera-

tions in order to demonstrate that gravitational time dilation can feasibly be observed

in our apparatus.

7.4.1 Interferometer geometry

As shown in Section 7.2, the phase φ of an interferometer evolving in a high-order

potential is given by

φ = φMP + φpotential (7.103)

where φMP is the midpoint phase. In order to associate the observation of φ with a

measurement of φpotential, one must independently measure and subtract φMP.

Our proposed interferometer geometry is motivated by the fact that φMP depends

solely on the positions of the interferometer arms at the time of the light pulses, while

φpotential is sensitive to the potential difference over the interferometer wavepacket sep-

aration. To distinguish φMP from φpotential, we can compare two different experiments:

(i) an interferometer with large wavepacket separation ∼ N~kT/m, and (ii) two in-

terferometers with small wavepacket separation ∼ n~kT/m, where n � N , each of

which travels along one arm of the large interferometer.

A diagram of this interferometer geometry is shown in Fig. 7.1. The trajectories

of the small interferometers can be chosen to ensure that they have the same center-

of-mass positions as the corresponding arms of the large interferometer during the

light pulses. As we will show in the two examples below, the average phase of the

two small interferometers (multiplied by the sensitivity ratio N/n) is equal to the



CHAPTER 7. GRAVITATIONAL TIME DILATION 178

t

x

Figure 7.1: Spacetime diagram of proposed interferometer geometry for observing
a phase shift beyond the midpoint theorem. The two smaller interferometers (red)
measure the midpoint phase of the larger interferometer (blue). A symmetric Mach-
Zehnder geometry is not required to observe φpotential, and the calculations in this
section are performed for an ordinary (asymmetric) Mach-Zehnder geometry.
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midpoint phase of the large interferometer. The phase shift φpotential of the large

interferometer can therefore be distinguished by comparing the phase of the large

interferometer with the average phase of the small interferometers.

Example 1 (Linear potential):

For simplicity, we set vL = 0, Tzz = 0, and Qzzz = 0. The potential is given by

V (x) = −mgx. (7.104)

The interferometer with N~k beamsplitters will be called interferometer A. The

n~k interferometer that travels on the upper trajectory will be called interferometer

B, and the n~k interferometer that travels on the lower trajectory will be called

interferometer C. The trajectories of the interferometer arms are given by

xA1 (t) =

N~k
m
t+ 1

2
gt2, 0 ≤ t < T

N~k
m
T + 1

2
gt2, T < t ≤ 2T

(7.105)

xA2 (t) =

1
2
gt2, 0 ≤ t < T

N~k
m

(t− T ) + 1
2
gt2, T < t ≤ 2T

(7.106)

xB1 (t) =


(N+n/2)~k

m
t+ 1

2
gt2, 0 ≤ t < T

(N+n/2)~k
m

T − (n/2)~k
m

(t− T ) + 1
2
gt2, T < t ≤ 2T

(7.107)

xB2 (t) =


(N−n/2)~k

m
t+ 1

2
gt2, 0 ≤ t < T

(N−n/2)~k
m

T + (n/2)~k
m

(t− T ) + 1
2
gt2, T < t ≤ 2T

(7.108)
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xC1 (t) =


(n/2)~k
m

t+ 1
2
gt2, 0 ≤ t < T

(n/2)~k
m

T + (N−n/2)~k
m

(t− T ) + 1
2
gt2, T < t ≤ 2T

(7.109)

xC2 (t) =

−
(n/2)~k
m

t+ 1
2
gt2, 0 ≤ t < T

− (n/2)~k
m

T + (N+n/2)~k
m

(t− T ) + 1
2
gt2, T < t ≤ 2T.

(7.110)

The phase of interferometer A is

φA = φAMP = NkgT 2. (7.111)

The phase of interferometer B is

φB = φBMP = nkgT 2 − nN~k2

m
T. (7.112)

The phase of interferometer C is

φC = φCMP = nkgT 2 +
nN~k2

m
T. (7.113)

Averaging together the phases of interferometers B and C, then multiplying by the

sensitivity ratio N/n, we have

φA =
N

n

(
φB + φC

2

)
(7.114)

as desired.

Example 2 (Cubic potential):

For simplicity, we set vL = 0, g = 0, and Tzz = 0. The potential is given by

V (x) = −m · 1

6
Qzzzx

3. (7.115)
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Using the perturbative solution to the equations of motion, the arm trajectories of

interferometer A are

xA1 (t) =


N~k
m
t+ 1

24
N2~2k2

m2 Qzzzt
4, 0 ≤ t < T

N~k
m
T + 1

24
N2~2k2

m2 QzzzT
4 + 1

6
N2~2k2

m2 QzzzT
3(t− T )

+1
4
N2~2k2

m2 QzzzT
2(t− T )2, T < t ≤ 2T

(7.116)

and

xA2 (t) =

0, 0 ≤ t < T

N~k
m

(t− T ) + 1
24
N2~2k2

m2 Qzzz(t− T )4, T < t ≤ 2T.
(7.117)

The perturbative solution is a good approximation as long as

ε ≡ N~k
m

QzzzT
3 � 1. (7.118)

The arm trajectories of interferometer B are

xB1 (t) =



(N+n/2)~k
m

t+ 1
24

(N+n/2)2~2k2

m2 Qzzzt
4, 0 ≤ t < T

(N+n/2)~k
m

T + 1
24

(N+n/2)2~2k2

m2 QzzzT
4 − n

2
~k
m

(t− T )

+1
6

(N+n/2)2~2k2

m2 QzzzT
3(t− T )

+1
4

(N+n/2)2~2k2

m2 QzzzT
2(t− T )2

− (n/2)
6

(N+n/2)~2k2

m2 QzzzT (t− T )3

+ (n/2)2

24
~2k2

m2 Qzzz(t− T )4, T < t ≤ 2T

(7.119)
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and

xB2 (t) =



(N−n/2)~k
m

t+ 1
24

(N−n/2)2~2k2

m2 Qzzzt
4, 0 ≤ t < T

(N−n/2)~k
m

T + 1
24

(N−n/2)2~2k2

m2 QzzzT
4 + n

2
~k
m

(t− T )

+1
6

(N−n/2)2~2k2

m2 QzzzT
3(t− T )

+1
4

(N−n/2)2~2k2

m2 QzzzT
2(t− T )2

+ (n/2)
6

(N−n/2)~2k2

m2 QzzzT (t− T )3

+ (n/2)2

24
~2k2

m2 Qzzz(t− T )4, T < t ≤ 2T.

(7.120)

For interferometer C, we have

xC1 (t) =



n
2
~k
m
t+ (n/2)2

24
~2k2

m2 Qzzzt
4, 0 ≤ t < T

n
2
~k
m
T + (n/2)2

24
~2k2

m2 QzzzT
4 + (N−n/2)~k

m
(t− T )

+ (n/2)2

6
~2k2

m2 QzzzT
3(t− T ) + (n/2)2

4
~2k2

m2 QzzzT
2(t− T )2

+ (n/2)
6

(N−n/2)~2k2

m2 QzzzT (t− T )3

+ 1
24

(N−n/2)2~2k2

m2 Qzzz(t− T )4, T < t ≤ 2T

(7.121)

and

xC2 (t) =



−n
2
~k
m
t+ (n/2)2

24
~2k2

m2 Qzzzt
4 0 ≤ t < T

−n
2
~k
m
T + (n/2)2

24
~2k2

m2 QzzzT
4 + (N+n/2)~k

m
(t− T )

+ (n/2)2

6
~2k2

m2 QzzzT
3(t− T ) + (n/2)2

4
~2k2

m2 QzzzT
2(t− T )2

− (n/2)
6

(N+n/2)~2k2

m2 QzzzT (t− T )3

+ 1
24

(N+n/2)2~2k2

m2 Qzzz(t− T )4, T < t ≤ 2T.

(7.122)

The midpoint phase of interferometer A is given by

φAMP = Nkx̄A(0)− 2Nkx̄A(T ) +Nkx̄A(2T )

=
5

24

~2N3k3

m2
QzzzT

4 (7.123)
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and to first order in ε, we have

φApotential =
1

~

∫ 2T

t=0

1

2

V3(x̄0(t))

3!
(∆x0(t))3 dt (7.124)

=
1

12

1

~

[∫ T

t=0

−mQzzz

(
N~k
m

t

)3

dt

+

∫ 2T

t=T

−mQzzz

(
N~k
m

T − N~k
m

(t− T )

)3

dt

]
(7.125)

= − 1

24

~2N3k3

m2
QzzzT

4. (7.126)

The phase of interferometer A is thus

φA = φAMP + φApotential =
1

6

~2N3k3

m2
QzzzT

4. (7.127)

Next, we compute the phase shift of interferometer B. We have

φBMP = −2nk

(
xB1 (T ) + xB2 (T )

2

)
+ nk

(
xB1 (2T ) + xB2 (2T )

2

)
(7.128)

= −~nNk2

m
T +

3

8

~2nN2k3

m2
QzzzT

4 +
1

16

~2n3k3

m2
QzzzT

4. (7.129)

Now φBpotential is given by

φBpotential =
1

12

1

~

[∫ T

t=0

−mQzzz

(
n~k
m

t

)3

dt

+

∫ 2T

t=T

−mQzzz

(
n~k
m

T − n~k
m

(t− T )

)3

dt

]
(7.130)

= − 1

24

~2n3k3

m2
QzzzT

4, (7.131)

so the phase of interferometer B is

φB = −~nNk2

m
T +

3

8

~2nN2k3

m2
QzzzT

4 +
1

48

~2n3k3

m2
QzzzT

4. (7.132)
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Similarly for interferometer C, we have

φCMP = −2nk

(
xC1 (T ) + xC2 (T )

2

)
+ nk

(
xC1 (2T ) + xC2 (2T )

2

)
(7.133)

=
~nNk2

m
T +

1

24

~2nN2k3

m2
QzzzT

4 +
1

16

~2n3k3

m2
QzzzT

4. (7.134)

and

φCpotential = φBpotential = − 1

24

~2n3k3

m2
QzzzT

4, (7.135)

so the phase of interferometer C is

φC =
~nNk2

m
T +

1

24

~2nN2k3

m2
QzzzT

4 +
1

48

~2n3k3

m2
QzzzT

4. (7.136)

Comparing the phases of interferometers B and C to that of interferometer A as

in the previous example, and taking the limit N � n so that the arm splitting of

interferometer A is much larger than that of interferometers B and C, we have

lim
N�n

N

n

(
φB + φC

2

)
=

5

24

~2N3k3

m2
QzzzT

4 = φAMP (7.137)

and therefore

φA − lim
N�n

N

n

(
φB + φC

2

)
= φApotential. (7.138)

This demonstrates that interferometers B and C collectively measure the midpoint

phase of interferometer A. A differential measurement between these configurations

is an observation of φApotential.

Finally, we show that the midpoint trajectories of interferometers B and C agree

with those of the arms of interferometer A at the times of the laser pulses. Computing

the center-of-mass positions, we have

x̄B(T ) =
N~k
m

T +
1

24

N2~2k2

m2
QzzzT

4 +
1

96

~2n2k2

m2
QzzzT

4 (7.139)

= xA1 (T ) +
n

N
· ε · 1

96

~nk
m

T (7.140)
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where ε was defined in Eq. 7.118. Similarly, we have

x̄C(T ) = xA2 (T ) +
n

N
· ε · 1

96

~nk
m

T, (7.141)

x̄B(2T ) = xA1 (2T ) +
n

N
· ε · 1

12

~nk
m

T, (7.142)

and

x̄C(2T ) = xA2 (2T ) +
n

N
· ε · 1

12

~nk
m

T. (7.143)

In the limit N � n, there is no trajectory difference between the center of mass of

interferometer B or C and the corresponding arm of interferometer A at first order in

ε. That is why the average of the phase shifts from interferometers B and C equals

the midpoint phase of interferometer A in this limit.

In summary, we have proposed an interferometer geometry to measure φpotential

and computed the interferometer behavior in the simplest nontrivial case (a static,

cubic potential). The perturbative approach demonstrated in this section can be

generalized to compute the lowest-order contribution to φpotential in an arbitrary static

potential. If the experiment involves a time-dependent potential, it is more convenient

to use a numerical simulation to compute the interferometer phase. The results of a

numerical simulation of our proposed source mass distribution are described in the

following section.

7.4.2 Source mass design

Since the gravity gradient in our laboratory is significantly non-uniform [102], the

Earth itself could conceivably be used as the source mass in an experiment to ob-

serve φpotential. In order to control systematic effects, however, it is advantageous to

have the ability to remove the source mass while calibrating the interferometer. We

will therefore induce higher-order terms in the gravitational potential through the

installation of local source masses.

The first nontrivial contribution to φpotential comes from the third derivative of

the gravitational potential (i.e. the first derivative of the gravity gradient). Suppose

that an object of uniform density ρ and length scale r is placed a distance ∼ r
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away from the interferometer. The mass of the object scales as m ∼ ρr3, and in a

multipole expansion of the object’s gravitational potential, the term of interest scales

as m/r4 ∼ ρ/r. It is therefore beneficial to use dense materials, such as lead, and to

use small source masses that can be placed close to the interferometer.

To study the feasibility of observing φpotential with various source mass configura-

tions, we numerically simulate the interferometer trajectory perturbations and phase

shift due to the gravitational potential of the source mass. The simulation uses the

analytic solution for the gravitational potential of a rectangular solid and treats the

source mass as a collection of many rectangular solids. The effect of the laboratory

gravity gradient is included as well. Preliminary studies indicate that the placement

of ∼ 100 kg of lead near the apex of the interferometer trajectory can induce a phase

shift of ∼ 1 rad in a 30~k gradiometer with T = 0.9 s and a baseline of 10 cm. Of

this phase shift, ∼ 0.1 rad (10% of the total) is due to φpotential, with the remainder

arising due to the midpoint theorem phase shift. With a static source mass, it is

impossible to induce a significant φpotential without also inducing a comparably large

midpoint theorem phase shift, which illustrates the importance of distinguishing the

two phase shifts via the interferometer geometry described in Section 7.4.1.

Time dependence of the source mass can be realized by mounting the source

mass on a linear translation stage. To generate significant time dependence in the

laboratory frame, the stage must be capable of translating ∼ 100 kg over a distance of

∼ 1 m at a velocity of ∼ 1 m/s. Simulations indicate that the use of a time-dependent

source mass can reduce the size of the midpoint theorem phase shift compared to

φpotential by a factor of 2 or more. In the next section, we will discuss whether the

use of a time-dependent potential changes the interpretation of the interferometric

measurement.

7.5 The physical relevance of time dependence

In Section 7.3, we saw that a time-dependent gravitational potential can induce a

nonzero phase shift φpotential even in the absence of trajectory perturbations. This
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“force-free” phase shift resembles the scalar Aharonov-Bohm effect in electromag-

netism [24], where a charged particle can obtain a nonzero phase shift due to the

electromagnetic potential difference between two trajectories even if the electric field

(and thus the Coulomb force) vanishes on both trajectories.

In experimental demonstrations of the Aharonov-Bohm effect, it has historically

been considered important to show that the phase shift attributable to forces on

the interferometer arms is negligible compared to the observed phase shift [143, 144,

145]. In the case of the scalar Aharonov-Bohm effect, this condition implies that the

potential used in the experiment must be time-dependent. For a static potential V

and any trajectory x(t), we have

V (x(t)) =

∫ t dV (x(t′))

dx
ẋ(t′) dt′ =

∫ t

−F (x(t′)) ẋ(t′) dt′ =

∫ x

−F (x′) dx′,

(7.144)

where F (x(t)) is the force on the trajectory. Up to an inconsequential constant, the

potential at any point on the trajectory can be inferred from the force. On the other

hand, if the potential is an explicit function of time, then we have

V (x(t), t) =

∫ t(∂V (x(t′), t′)

∂x
ẋ(t′) +

∂V (x(t′), t′)

∂t

)
dt′, (7.145)

which cannot be expressed in terms of the force because of the second term on the

right-hand side. On the basis of this argument, it might seem that the idea of a

“force-free” component of the phase shift is a physically meaningful notion.

However, suppose we perform a Galilean transformation to the coordinate system

(y, τ) = (x− vt, t) (7.146)

that is moving at a constant velocity v with respect to the x coordinates. The

potential in this coordinate system V ′(y, τ) is given by

V ′(y, τ) = V (x(y, τ), t) = V (y + vt, t) (7.147)

and if we perform the same decomposition of the potential in the y coordinates, we



CHAPTER 7. GRAVITATIONAL TIME DILATION 188

obtain

V ′(y(τ), τ) =

∫ t(∂V ′(y(τ ′), τ ′)

∂y
ẏ(τ ′) +

∂V ′(y(τ ′), τ ′)

∂τ

)
dt′ (7.148)

=

∫ y

−F ′(y′) dy′ +
∫ t(∂V

∂x
v +

∂V

∂t

)
dt′. (7.149)

where F ′ is the force measured in the y coordinates. Note that F ′ 6= F , which means

that the two coordinate systems do not agree about how to divide the phase shift into

“force-induced” and “force-free” components. In fact, the two coordinate systems do

not even agree in general about whether the potential is time-dependent. A static

potential in the x coordinates is time-dependent in the y coordinates and vice versa.

Physical effects are independent of the coordinate system in which they are de-

scribed. To be physically meaningful, any division of φpotential into multiple terms

must be invariant under point transformations y(x, t), which leave the Lagrangian

unchanged. We have already seen in Section 7.2 that point transformations can mix

the kinetic and potential terms in the Lagrangian; a phase shift that is kinetic in one

coordinate system (e.g. the term proportional to ¨̄x in Eq. 7.59) can arise from the

potential of a different coordinate system. In light of these considerations, it seems

unlikely that one can physically distinguish a “force-free” phase shift if the poten-

tial difference induces any trajectory perturbations at all—and in a real experiment,

changing the potential will always induce trajectory perturbations at some level.

Finally, even if it is possible to define the force-free component of φpotential in

nonrelativistic classical mechanics, the definition will not survive in general relativ-

ity, where general coordinate transformations allow arbitrary mixing of the space

and time coordinates. From a general-relativistic perspective, the main impact of

an observation of φpotential is that it would demonstrate the sensitivity of the inter-

ferometer to gravitationally-induced proper time differences between interferometer

arms. We will therefore refer to the physical effect that produces a nonzero φpotential

as “gravitational time dilation,” whether or not the gravitational potential is static

in a particular coordinate system.



Chapter 8

Current work: a 40 W laser system

at 780 nm

We demonstrate a narrow-linewidth 780 nm laser system with up to 40 W power and

a frequency modulation bandwidth of 230 MHz. Frequency components separated by

300 GHz are efficiently overlapped on nonlinear optical elements. Serrodyne modula-

tion with a high-quality sawtooth waveform is used to perform frequency shifts with

efficiencies of 98.5% at 3 MHz and 96.5% at 28 MHz. The observed phase noise is

below −112 dBc/Hz at a 100 kHz offset. This system meets the power, frequency

agility, and phase stability requirements of next-generation atom interferometers.

This work was performed in conjunction with Minjeong Kim, Peter Asenbaum,

Remy Notermans, Joseph Curti, and Mark A. Kasevich.

8.1 Overview

Narrow-linewidth, high-power laser systems are of substantial interest due to their

applications in atomic physics and precision measurement. In particular, the perfor-

mance of precise atom interferometers is often limited by the characteristics of the

laser that diffracts and interferes the atoms. Such experiments require high-power

lasers with low phase noise [102], frequency agility of tens to hundreds of MHz [89],

and an optical spectrum that contains frequency components separated by tens of

189
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GHz or more [74].

In this chapter, we demonstrate a 40 W, 780 nm laser system with high frequency

agility and low phase noise. The 780 nm light is produced by frequency doubling

amplified 1560 nm lasers. We efficiently overlap four different frequency components

during and after the doubling process to generate an optical spectrum that spans 300

GHz. The frequency of each component can be shifted by serrodyne modulation of

the 1560 nm laser with efficiency > 96.5% over tens of MHz. Phase stabilization of

the 780 nm light is accomplished by phase modulation of the 1560 nm lasers.

8.2 Experimental results

We use two 1560 nm fiber lasers (NKT Photonics Koheras BASIK X15) as the master

lasers. Each fiber laser has a fixed output power of 30 mW and a linewidth of less

than 1 kHz. The two wavelengths are centered around 1560 nm and are 1.5 nm apart.

Each laser output is split 50 : 50 and coupled into a pair of electro-optic modulators

(EOM, EOSpace PM-5S5-10-PFA-PFAP-UV) with half-wave voltages Vπ . 3 V at

1 GHz. One of the two EOMs in each path is used for frequency shifting, and the

other is used for phase locking. Each EOM output is sent to a fiber amplifier (IPG

Photonics EAR-30-LP-SF) and is amplified to a maximum power of 30 W.

The outputs of fiber amplifiers seeded by different NKT lasers are paired and

frequency doubled using the optics configuration shown in Fig. 8.1. Each beam

in each pair is frequency doubled in a separate PPLN nonlinear crystal (Covesion

custom MSHG1550-1.0-40) [47]. The doubling efficiency is maximized by individ-

ually optimizing the temperature of each crystal. The crystals are mounted inside

ovens (Covesion PV40) for thermal stability and are temperature-controlled using the

Covesion OC2 controller. For the frequencies used in the current setup, the optimized

crystal temperatures are in the range of 144 ◦C to 152 ◦C.

The output of each PPLN crystal passes through a shortpass dichroic mirror

(SPDM) to deflect the remaining 1560 nm light into a beam dump. Each 780 nm

beam proceeds into a plano-convex lens and is collimated to a radial waist of 1 mm. A

half- and a quarter-wave plate are used for polarization birefringence compensation.
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Figure 8.1: Schematic of the laser system. The (red, blue) beams denote (1560 nm,
780 nm) light. Figure is not to scale. NKT: NKT Photonics fiber laser, EOM: electro-
optic modulator, PL: phase lock, IPG: IPG Photonics fiber amplifier, λ/2: half-wave
plate, λ/4: quarter-wave plate, PPLN: periodically-poled lithium niobate crystal,
SPDM: short-pass dichroic mirror, BD: beam dump, AOM: acousto-optic modulator,
ISO: Faraday isolator, aGP fiber: aeroGuide-Power polarization-maintaining single-
mode fiber. Bottom gray box: optics layout. Upper left purple box: beam profile of
780 nm light produced by IPG 1 after the aGP fiber, with powers (a) 5 mW, and (b)
5 W.

To overlap the two 780 nm frequency components on each path, the 780 nm output

from the first PPLN crystal is spatially overlapped on a SPDM with the 1560 nm

light that is directed into the second crystal. Since the doubling bandwidth of the

PPLN crystal is ∼ 30 GHz and the 780 nm light from the first crystal is detuned by

300 GHz, the 780 nm light from the first crystal passes through the second crystal

without alteration as the 1560 nm light is frequency doubled. The output of the

second crystal consists of a beam that contains both 780 nm frequency components.

This method provides an efficient way to overlap the two 780 nm frequencies without

much loss. The total 780 nm power in both paths after doubling at full power is

40 W.
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To control the intensity on each beam path, an acousto-optic modulator (AOM)

acts as a switch. The diffracted beam continues along the path while the undiffracted

beam is picked off and directed to a beam dump. An RF synthesizer (Moglabs

Agile RF Synthesizer RF-421) supplies the 80 MHz RF signals that drive the two

AOMs. The amplitude of each RF signal is shaped by a voltage-controlled attenuator

(Mini Circuits Frequency Mixer ZP-1H+, ZP-1LH) that is controlled by an arbitrary

function generator (Tektronix AFG3102). This technique allows the production of

laser pulses with arbitrary shape. Intensity stabilization can be implemented by

adjusting the amplitude of the RF signals.

The diffracted beam from each AOM is sent through a Faraday isolator and cou-

pled into a 5 m polarization-maintaining single-mode fiber (aeroGuide-Power, NKT

Photonics). This fiber has a large mode field diameter (12.5 µm), and its collimators

(OZ Optics, HPUCO-15-780-P) are custom-made to withstand high power. Fig. 8.1

shows the beam profile of the fiber output at both low and high power. To image

the 5 W beam, the beam was pulsed on for 10 µs at a repetition rate of 1 Hz. The

beam profile is Gaussian and has no noticeable fringes or aberrations at either output

power.

The frequency of each beam can be shifted by phase modulation of the 1560 nm

lasers via the EOMs. For a carrier signal with amplitude E0 and frequency ω0, the

phase-modulated signal is given by

E = E0 exp [i (ω0t+ h φ(t))] (8.1)

where h is the modulation depth and φ(t) is the modulation waveform. We employ

serrodyne modulation [36] to suppress undesired sidebands. The idea of serrodyne

modulation is to use

φ(t) = ωmt mod
2π

h
(8.2)

as the modulation waveform, where ωm is the desired frequency shift. In the ideal

case, serrodyne modulation transfers all the carrier power to a single sideband with

frequency ω0 + ωm. However, bandwidth limitations provide a lower bound on the
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fall time of the sawtooth waveform described by Eq. 8.2 and lead to additional side-

bands in the phase-modulated spectrum. The efficiency of serrodyne modulation thus

depends on the bandwidth of the applied waveform.

In our apparatus, the sawtooth waveform is generated by an arbitrary waveform

generator (AWG, Tektronix AWG5014) with an analog bandwidth of 230 MHz. Fig.

8.2 shows a log plot of the unmodulated input and the modulated output spectra for

3 MHz and 28 MHz modulation. Negative-frequency modulation can be carried out

by applying the negative-slope sawtooth from the negative output port of the AWG.

For 3 MHz modulation, the transfer efficiency is 98.5% with the carrier suppressed by

−41 dB and the largest sideband suppressed by −26.6 dB. For 28 MHz modulation,

the efficiency is 96.5%, the carrier suppression is −30 dB, and the largest sideband

is suppressed by −26 dB. In both cases, the amplitude of the sawtooth modulation

was 2.29 Vpp. The serrodyne modulation was tested at frequencies of up to 400 MHz,

where the efficiency is 63.3% at a modulation amplitude of 4.12 Vpp.

The modulation frequency retains its original value even after the modulated beam

is frequency doubled [35]. This can be seen from the fact that the frequency-doubled

field is proportional to the square of the input field. Squaring Eq. 8.1, we obtain

E2 = E2
0 exp [i (2ω0t+ 2h φ(t))] . (8.3)

Eq. 8.3 indicates that when the modulated signal is frequency doubled, the carrier

frequency and the modulation depth are doubled, but the modulation frequency ωm

remains unchanged.

We implement a phase lock to stabilize the relative phase of the two beam paths.

The error signal consists of the beating signal obtained by interfering a small fraction

of the light from each path after the high-power fibers. This signal is amplified,

demodulated, low-pass filtered, and used as the input of a PID controller (Liquid

Instruments Moku:lab PID controller). The PID controller has an input bandwidth

of 200 MHz and an output bandwidth of > 300 MHz (3 dB point). The error signal

and output of the PID controller are connected to a SPDT switch to disable the

feedback while the light is off. The output of the PID controller is amplified and
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applied to the corresponding EOM.

The performance of the phase lock was measured for continuous wave (CW) oper-

ation and for pulses of duration 90 µs to 2 ms at repetition rates of 100 Hz to 1 kHz.

Each pulse is initially turned on at a lower power for 20 µs to allow the phase lock to

acquire. For a 500 Hz, 165 µs pulse, the RMS phase noise is 0.12 rad with a phase

variance of 0.0083 rad2, as shown in Fig. 8.3. In CW operation, we observe phase

noise below −112 dBc/Hz at an offset of 100 kHz.

8.3 Conclusion and outlook

In summary, we have developed a 780 nm laser system with up to 40 W of power

in frequency components separated by 300 GHz. These frequency components are

efficiently overlapped on PPLN nonlinear crystals. Serrodyne modulation using a

high-bandwidth sawtooth waveform allows us to perform frequency shifts with ef-

ficiencies of up to 98.5% at 3 MHz and 96.5% at 28 MHz. Intensity shaping of

the beam is accomplished by amplitude modulation of the RF source that drives a

pair of AOMs, and the relative phase noise between the two beam paths is below

−112 dBc/Hz at 100 kHz offset during CW operation. We expect this system to im-

prove the performance of current and future high-precision measurements with atom

interferometry.
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Figure 8.2: Log plots of the reconstructed optical spectra of the serrodyne-modulated
beam and the unmodulated carrier. The modulated spectrum (red curve) is nor-
malized to the carrier (black curve) power. (a) 3 MHz modulation. The efficiency
is 98.5%, with the carrier suppressed to −41 dB below peak power and the largest
sideband suppressed to −26.6 dB. (b) 28 MHz modulation with efficiency 96.5%,
carrier suppression of −30 dB, and largest sideband suppression of −26 dB.
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Figure 8.3: Phase lock performance. The top red curve is the pulse intensity, and the
bottom blue curve is the phase error calculated from the phase lock PID error signal.
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