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Abstract

This thesis describes experiments performed using the MIT atom interferometer,
which has recently been upgraded to provide increased experimental precision and
flexibility.

The three-gratings comprising our Mach-Zehnder interferometer have been in-
stalled on a vibration isolated platform which has reduced rms motion of the gratings
by a factor of two. The arrangement of gratings on the platform can be reconfigured
at will, and the entire platform removed from the vacuum chamber for purposes of
alignment.

We have performed a series of experiments related to decoherence in an atom in-
terferometer. We have explored decoherence due to photon scattering, in particular
the transition from single- to multiple-photon decoherence, and have quantitatively
verified the decoherence rate constant in the many-photon regime. We have also ex-
amined decoherence due to background gas scattering. Finally, we have investigated
the distinction between decoherence and classical dephasing by comparing experi-
ments which illustrate each of these phenomena.

We have made new measurements of the index of refraction of argon for sodium
matter-waves. Our results are twice as precise previous measurements but suffer from
significant systematic error. A detailed study of systematics is presented along with
concrete proposals for minimizing their effect in future matter-wave index of refraction
measurements.

Thesis Supervisor: David E. Pritchard
Title: Professor of Physics
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Chapter 1

Introduction

This thesis describes experiments performed using an atom interferometer: a device

which coherently splits and recombines matter waves to form a spatial interference

pattern. In this chapter I present a brief historical introduction to matter-wave inter-

ferometry1, review previous atom interferometer experiments, and give an overview

of the work to be described in the thesis.

1.1 Historical Introduction to Atom Interferome-

try

Optical interferometers which coherently split and recombine light waves have been

a standard tool of the experimental physicist for over a century, and have produced

many beautiful experiments and precise measurements. With the development of

quantum mechanics came the realization that massive particles also possess wavelike

properties, as epitomized by the famous deBroglie relation: λdB = h/mv. Matter-

wave interferometry is therefore a natural extension of the earlier work with light

interferometers, and is proving to be a valuable tool in its own right.

A fundamental requirement for building a matter-wave interferometer is some

method for coherently splitting a matter wave into two distinct components. Devel-

1For a more complete overview of matter-wave interferometry see Refs. [16, 10, 12]
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oping such a “beamsplitter” proved easier for neutron matter waves, which can be

transmitted through solid material, and electron matter waves which can be reflected

or refracted by static electromagnetic fields than for atoms. As a result the first

matter-wave interferometers were built for electrons [76, 77, 81] in the 1950’s and

neutrons [75, 91] in the 1960’s and 1970’s, while the first atom interferometers did

not appear until the early 1990’s [60, 21, 59, 94]. Compared to electron or neutron

interferometry, atom interferometry offers greater richness due to the atom’s inter-

nal structure, the wide range of properties possessed by different atoms (e.g. mass,

magnetic moment, absorption frequencies, and polarizability), and the variety of in-

teractions between atoms and their environment (e.g. static E-M fields, radiation,

and other atoms). However atoms, with rare exception, stick to solid surfaces rather

than bouncing from or passing through them, and as neutral particles are only weakly

affected by static electromagnetic fields. Thus, the same beamsplitters used to build

electron or neutron interferometers could not easily be applied to atoms.

Beamsplitters for atoms have since been developed, using two different general

techniques. The first employs laser beams, tuned near an atomic transition, to im-

plement stimulated scattering, in which an atom absorbs a photon from one traveling

laser beam and is stimulated to emit the photon into a second beam. Stimulated

scattering imparts momentum equal to the difference of the two photon momenta,

and thus can be used to change the direction of a matter wave. If the two light

beams are coherent, the coherence of the atom’s wave function is maintained. A com-

plete beamsplitter is realized by arranging that there is some amplitude for coherent

scattering to leave the atom in two (or more) final momentum states.

Nanofabricated structures offer an alternative way to coherently manipulate mat-

ter waves. In particular, nanofabricated diffraction gratings have been produced

which, in exactly the same fashion as optical diffraction gratings, coherently split an

incoming matter wave into multiple diffracted orders. Because diffraction is a coherent

process, the grating represents a coherent beamsplitter. Nanofabricated beamsplitters

differ from those based on light forces in a number of ways: they are amplitude grat-

ings (with corresponding loss of transmission intensity), they are species-independent,
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their scale size can be several times smaller than attainable with light, and they can

be arbitrarily patterned.

A variety of atom and molecule interferometers have been built using these two

beamsplitting technologies. A majority have used a three-grating configuration in

which the first grating splits the incident beam, the second reverses the differential

momenta given by the first, and the third recombines the two beams at the location

where they overlap. Both material and light gratings have been developed and used

in the Raman-Nath, Bragg, and adiabatic regimes to obtain interference fringes in

either position or internal state space. Thermal or supersonic beam interferometers

have been made for Ar*, Ca, Cs, He*, K, Mg, Ne*, Rb, and Na2 and I2 molecules,

interferometers starting with trapped atoms have been made for Cs, Ca, He*, Mg,

and Rb, and interferometers using Bose-Einstein condensates have been demonstrated

with Na and Rb.

1.2 Previous Atom Interferometry Experiments

In the decade since their creation, atom interferometers have been used to perform

a broad variety of experiments. These experiments can be classified into three cate-

gories: inertial sensing, fundamental physics, and measurements of atomic and molec-

ular properties.

1.2.1 Inertial Sensing

When a separated beam atom (or light) interferometer is subject to an acceleration

or rotation, the interference fringes are shifted in phase by an amount proportional

to the rotation/acceleration [104]. Partly because of the extremely short wavelength

of matter waves with respect to light, atom interferometers are potentially much

more sensitive to these inertial effects than light interferometers. Indeed, an early

study of rotation sensing with an atom interferometer [71] demonstrated a sensitivity

to rotations equal to that of the best commercially available laser gyroscopes, and

subsequent experiments have improved upon this result by more than four orders
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of magnitude [50]. The sensitivity of atom interferometers to acceleration has been

exploited to measure and map out gradients in the Earth’s gravitational field [88, 110].

1.2.2 Fundamental Physics

Atom interferometers have been used to demonstrate and study a host of interesting

phenomena predicted by quantum mechanics. Several interferometer experiments,

including one described in this thesis, have explored the phenomena of decoherence

and wave-particle duality (see Chapter 3). Others have investigated the Aharanov-

Bohm [82] and Aharanov-Casher [80, 132] effects — the simplest of the so-called

“topological” phases discovered by M.V. Berry [14]. A more complicated topolog-

ical phase arising when a neutral, polarizable particle (i.e. atom) which moves in

crossed electric and magnetic fields has been predicted and is being pursued experi-

mentally [128, 84]. A number of theorists have proposed interferometric techniques

for measuring the quantum state of both the transverse [57, 40, 64, 124, 73], and

longitudinal [29, 66, 92] degrees of freedom of atoms in an atomic beam. A two-slit

atom interferometer has been used to tomographically reconstruct the Wigner func-

tion for the transverse degree of freedom of an atomic beam [69], and an experiment

in our own group has measured an atomic beam’s longitudinal quantum state [100].

As inertial sensors, atom interferometers hold promise for making sensitive tests of

general relativity [49]. Recently, atom interferometery with Bose-Einstein conden-

sates has been demonstrated, and has already been used to study long range phase

coherence [6, 53, 52, 15, 85], solitons [28], mean field effects [106], and vortices [1].

1.2.3 Precision Measurements

Finally, atom interferometers have proven to be valuable tools for making precision

measurements of fundamental atomic and molecular parameters. Our own group has

measured interferometrically the polarizability of sodium to 10 times the precision of

any other technique [35]. Part-per-billion measurements of h̄/mCs [125] are underway

which will eventually lead to a new measurement of α, the fine-structure constant.
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Atom-atom scattering within an interferometer has been used to study interatomic

potentials, though it is not yet as sensitive as other techniques for determining these

potentials [39] (see also Chapter 4 of this thesis.)

1.3 Overview of the Thesis

The remainder of this thesis is divided into three chapters:

Chapter 2 describes the atom interferometer apparatus, focusing on improvements

implemented over the past two years. It also describes the nanofabricated diffraction

gratings that are the enabling feature of our interferometer, and includes a study

of next-generation gratings of smaller period than the gratings currently used. Ap-

pendix A describes an analytical model which we use to extract various atom beam

and diffraction grating parameters from measured diffraction patterns.

Chapter 3 describes four experiments relating to decoherence within an atom

interferometer. Included in Appendix B is a recently published [65] article describing

the most important of these: a study of decoherence due to photon scattering which

explores the transition from single- to multiple-photon decoherence.

Chapter 4 describes recent advances in our group’s ongoing study of the matter-

wave index of refraction. New measurements of the refractive index of argon for

sodium matter waves are presented, as well as an analysis of several systematic errors

that must be taken into account as the experiment progresses.
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Chapter 2

Apparatus

2.1 Introduction

The MIT atom interferometer uses nanofabricated diffraction gratings to split and

recombine sodium matter waves, creating a spatial interference pattern which is then

detected. The interferometer has been in operation since 1991, and is described in

detail in several theses written between 1991 and 1997 [24, 34, 54, 61]. In 1997,

major modifications were made to the vacuum system housing the interferometer

to create additional space, leaving the atom beam source and detector unchanged.

The additional space had two intended purposes: to accommodate longitudinal atom

optical elements for new series of longitudinal interferometry experiments [98, 108],

and to allow the entire atom interferometer to be assembled on a rigid, vibration

isolated platform for increased experimental flexibility and stability. This platform

was put into operation in 1999, and a the improved atom interferometer was used to

perform the experiments described in this thesis.

In this chapter, I will briefly describe the atomic beam machine, then the re-

designed atom interferometer. The latter description will focus on the newly imple-

mented interferometer platform. Finally, I will discuss the 200 nm period diffraction

gratings used for the experiments in this thesis, and present an analysis of smaller

period (100 nm) gratings that our group hopes to use in future work.
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2.2 Beam Machine

Our atomic beam machine (Figure 2-1) consists of three regions: a source region in

which the atomic beam is generated, a main region in which the diffraction gratings

are arranged, and a detector region in which atom flux is measured.

2.2.1 Source Region

The source region is subdivided into three differentially pumped chambers. In the

first, the oven chamber, we employ a standard supersonic source [51] to generate an

intense beam of sodium atoms. Sodium metal (melting point = 98◦C, boiling point

= 883◦C) is heated to 580◦C in stainless steel oven, generating ≈ 5 Torr of sodium

vapor. Within the oven, the sodium vapor mixes with ≈ 1800 Torr of a carrier

gas before expanding adiabatically through a 70 µm nozzle. The oven chamber is

maintained at moderate vacuum (< 1 mTorr) using a Varian VHS-6 diffusion pump.

The sodium/carrier gas mixture expands isenthalpically into this vacuum, generating

a beam with a peaked velocity distribution (σv/v = 3 − 7%). The mean velocity of

the beam can be varied between 500 and 3000 m/s depending on the choice of carrier

gas.

The beam passes via a 0.5 mm diameter skimmer into the second source chamber,

maintained at 1−2∗10−7 Torr using a Varian VHS-10 diffusion pump. In this chamber

are a series of transverse collimation slits, 5 mm tall and ranging in width between

10 and 50 µm (see “1st slit” in Figure 2-1). Any one of the slits can be translated

into the beam path using a manual vacuum feedthrough. An anti-reflection coated

glass window allows optical access to the beam just prior to the 1st collimation slit

for optical pumping (see Section 3.3.4).

A 2 cm diameter hole opens into the third source chamber, which is held at

a pressure < 10−7 Torr by a Varian VHS-4 diffusion pump. A solenoid actuated,

mechanical beam block within this chamber acts as a convenient on/off switch for the

atomic beam.

The entire source region can be disconnected and rolled away from the rest of the
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Figure 2-1: Scale drawing of the atomic beam machine housing the MIT atom inter-
ferometer. The beam machine is divided into source, main, and detector regions as
described in the text. Also shown are the various beam collimation elements, and the
interferometer platform (gray).
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beam machine on an independent, wheeled frame. Disconnecting the source region

is sometimes necessary when inserting/removing the experimental platform into the

main region.

2.2.2 Main Region

A 1 cm diameter gate valve leads from the source to the main experimental region of

our beam machine. The main region of our beam machine consists of five identical

six-way crosses, each 20 inches long and with an inner diameter of 12 inches. A

2− 3∗ 10−7 Torr vacuum is maintained using a Balzers-Pfeiffer TPU510 turbo pump.

When higher vacuum is desired, a cold-finger extending into the chamber is filled

with liquid nitrogen creating a cold surface upon which condensibles (such as water)

freeze. With the cold-finger, chamber pressures below 10−7 Torr are achieved.

The top and side ports of each six-way cross accept standard 10 inch ISO flanges.

These interchangeable flanges may have windows for optical access, high-vacuum

feedthroughs (i.e. electronic, liquid, gas), or tapped holes as necessary for the exper-

iment at hand. The beam defining elements are mounted from these flanges. These

include: a two-wire Stern-Gerlach magnet and a 2nd series of transverse collimation

slits (“2nd slit”) identical to those in the source region. Also within the main region

are a pair of adjustable height vertical collimation slits — one located near the source

region and one near the detector region. Together, the two pairs of collimation slits

allow control over the atom beam height (0-3 mm) and width (20-100 µm). The

Stern-Gerlach magnet was used to diagnose optical pumping of the atomic beam.

A rigid platform upon which a three-grating Mach-Zehnder atom interferometer

is assembled is suspended within the main region. The platform and interferometer

are new for the work reported here and described in detail in Section 2.3.

2.2.3 Detector Region

Another 1 cm gate valve leads from the main region into the detector region. In

this region, atoms are detected when they hit a vertically oriented, 50 µm diameter
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Rhenium wire, resistively heated with a 140 mA current to a temperature of ≈ 800K.

The detector chamber is pumped by is own turbo pump (Varian V-80) and a liquid

nitrogen cold trap. Typical pressures in the detector region are 8− 9 ∗ 10−8 Torr.

Because the work function of the wire (7.88 eV)is greater than the sodium ion-

ization potential (5.139 eV), a large fraction (> 1/2) of the atoms which hit the wire

are ionized. The sodium ions are focused and accelerated via an electric field into a

high-gain channeltron electron multiplier (CEM) with an integrated amplifier which

outputs a +5 V TTL pulse for each incident ion. The TTL pulses are collected via

a computer controlled data-acquisition system. The raw atom beam flux is too large

to be accurately measured > 1000 kCounts/sec, but is reduced to between 1 and

100 kCounts/sec when the collimation slits and diffraction gratings are in place.

To keep the hot-wire free of impurities (which can lower it’s efficiency or lead

to undesired background counts) a wire current of 200 mA is maintained between

experimental runs, keeping the wire at a temperature near 1000K. Before each run,

to increase the ionization efficiency of the hot-wire surface, the detector region is

filled with 0.1 Torr O2 for two minutes. The hot wire is then turned down in 10 mA

increments every 10 minutes until the operating current is reached.

Typical background counting rates, with electric fields optimized for detection of

the atomic beam, are between 0.1 kCounts/sec and 1 kCount/sec. Because the hot

wire is primarily sensitive to atoms with a small ionization potential (i.e. alkalis),

the background count rate is most likely due to residual sodium built up on the

chamber walls or adsorbed on the hot wire itself. We typically observe an increased

background count rate for several days after the detector chamber has been opened

for maintenance, possibly because this residual sodium has been dislodged. The

background rate is also higher and exhibits large noise “spikes” just after replacing

the CEM detector–decreasing to nominal levels within a week or two. This most

likely results from contaminants on the CEM surface which are either pumped away

or disloged by sodium ions as the CEM is used. Finally, the lowest background rates

are only obtained when using the liquid nitrogen cold trap, upon which sodium (and

other detectable alkalis) freeze.
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2.3 MIT Atom Interferometer

2.3.1 Overview

The MIT atom interferometer is a device which splits matter waves into two coherent

components which propagate along spatially distinct paths and are then recombined.

For the experiments in this thesis, coherent beam-splitting was accomplished using

three 200 nm period transmission gratings (described in Section 2.4). After reviewing

how interference fringes are formed and detected, I will describe the newly imple-

mented interferometer platform and discuss some of it’s advantages and disadvan-

tages.

2.3.2 Forming and Detecting an Atom Interference Pattern

Figure 2-2 is a simplified illustration of how atoms are made to interfere, and how

that interference is detected. The first of the three diffraction gratings splits incident

atom waves into several diffracted orders (with > 95% of the atomic probability going

into the 0th and ±1st orders). As the diffracted beam propagates towards the second

grating, the orders separate transversely, diverging at the diffraction angle θ = λdB/λg

where λdB = h/mv is the deBroglie wavelength of the atoms (λdB = 0.06 Åfor a

3000 m/s sodium atom beam and = 0.17 Åfor a 1000 m/s beam) and λg is the grating

period. The 0th and 1st diffracted orders are redirected by the second grating. At the

third grating, the redirected orders overlap, forming a spatial interference pattern as

shown in the inset of Figure 2-2. The third grating acts as a mask; transmitting few

atoms when the grating bars are aligned with the maxima of the interference pattern,

and many atoms when aligned with the interference minima. (In this Mach-Zehnder

geometry, the period of the interference pattern is rigorously equal to the period of

the diffraction gratings, if the gratings are equally spaced.)

To measure the atom interference pattern, we recorded the transmitted flux as

a function of the phase of the spatial fringes with respect to the third grating bars.
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  Ψ2

P = +Ψ Ψ1 2
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0th Order

+1st Order

Hot wire
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Photo-diode

HeNe Beam

Atom Beam

1st grating

2nd grating 3rd grating

Figure 2-2: Formation and detection of atom interference fringes. The 0th and 1st
diffracted atomic orders from the 1st grating are redirected by the second grating and
overlap in the plane of the 3rd grating to form a spatial interference pattern. The
pattern was detected as the transmitted flux through the 3rd grating, which acts as
a mask. A parallel optical interferometer was used to track the relative positions of
the atomic gratings.

25



This phase, called the “grating phase,” is given by [104]:

φg =
2π

λg

(x1 − 2x2 + x3) (2.1)

where xi is the transverse position of the ith grating with respect to an arbitrary zero

position. A unique feature of the Mach-Zehnder interferometer geometry is that it is

“white-fringe,” the grating phase is independent of the velocity of the sodium atoms

(i.e. independent of the matter wavelength). We varied the grating phase using a

piezoelectric transducer (PZT) to drive the translation stage upon which one of the

three gratings is mounted.

Because the PZT has a hysteretic voltage response, and because the grating po-

sitions may also vary due to mechanical noise, we required an independent measure-

ment of φg in order to reconstruct the interference pattern. This measurement was

accomplished using a laser interferometer, whose geometry parallels that of the atom

interferometer. The optical and atom gratings are fixed to the same mounts so that

they move together. The laser interference signal has a phase identical to Eqn. 2.1

with λg replaced by the optical grating period (λ′g = 3.33̄ µm):

φ′g =
2π

λ′g
(x1 − 2x2 + x3). (2.2)

To measure interference fringes we drove the PZT with a triangle wave (frequency

0.5-2 Hz), then made simultaneous measurements of the atomic flux and optical

interferometer phase. The optical phase was used to determine φg according to the

relation φg = φ′gλ
′
g/λg. The flux was measured by recording the number of atoms

counted in a 1 ms binning interval. Since the bin time was much shorter than the

period of PZT driven grating motion, we assumed that the grating phase was constant

over an entire bin.

Figure 2-3 shows a high-contrast atom interference pattern plotted as atom flux
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Figure 2-3: High contrast (52%) atom interference fringes obtained from 16 seconds
of data (atom flux versus optical interferometer signal). The mean atomic flux is
3.94 kCounts/sec, and the signal-to-noise ratio is 32.4.

versus grating phase. The data are fit to a simple sinusoid:

I(φg) = I0[1 + C cos(φg + θ)], (2.3)

to determine the mean count rate, I0, contrast, C, and phase, θ, of the atom inter-

ference pattern. For the experiments described in this thesis, typical contrast values

were between 10% and 30%, and mean count rates ranged from 1− 50 kCounts/sec.

2.3.3 Interferometer Platform

The mechanical platform upon which the atom interferometer is mounted was a new

innovation for the experiments described in this thesis. Originally, the three matter-

wave diffraction gratings were mounted on independent vacuum flanges within the

main region. They vibrated with the apparatus, and changed their relative positions

as the vacuum chamber was stressed mechanically or thermally. In the new design, the

main region accommodates an 8 foot long, 6 inch wide removable optical breadboard

upon which the three atom diffraction gratings are mounted. The breadboard is

inserted/removed by detaching the main region from the source region and sliding
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1st grating mount2nd grating mount3rd grating mount

36" 36"

27.5" 27.5"

96"
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b)

a)

Figure 2-4: Scale drawing of the interferometer platform in two different configura-
tions. The arrangement of diffraction gratings and geophone velocity sensors used for
the photon decoherence experiment is shown in (a), while that for the index of refrac-
tion experiment is shown in (b). The distance from the 3rd grating to the detector
was 40.5± 0.5 inches for the photon experiment and 21± 0.5 inches for the index of
refraction experiment. The 2nd grating mount was redesigned between experiments
(see Section 2.3.3).

the breadboard in lengthwise.

Figure 2-4 is a schematic of the breadboard with mounted gratings. All three sets

of atom+optical gratings are mounted on motorized translation stages so that they

may be moved in and out of the atom beam. Each mount accommodates up to two

atom gratings. The extra gratings make available a greater variety of open fractions or

allow two independent interferometers using different period gratings to be operated

without breaking vacuum. The first and third gratings are mounted on motorized

tilt plates which allow them to be rotationally aligned about the atomic beam axis

(see Section 2.3.3). The tilt plates have a range of ±20 mrad. Also mounted on

the breadboard are three geophone velocity sensors, used to monitor the platforms’

inertial motion.

Previous studies [54] have suggested that the nanofabricated gratings may, over

time, become clogged with sodium or diffusion pump oil carried into the main region

from the source. The clogging reduces the grating open fraction, and increases the

rms open fraction variation. To minimize clogging, the 1st, 2nd, and 3rd grating
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mounts were designed with integrated heaters and temperature sensors connected to

a feedback circuit which stabilizes the grating temperatures at 125◦C, 100◦C, and

90◦C, respectively.

The entire breadboard is suspended from two points on the inside of the main

vacuum chamber using a modified 4-bar linkage (Figure 2-5). The height of the

breadboard could be adjusted via linear motion feedthroughs at both suspension

points connected to a lever assembly from which the breadboard hangs. We chose

to use only two suspension points to minimize the coupling of mechanical vibrations

from the vacuum chamber to the breadboard. Underneath the breadboard, at each

of the two suspension points, are held a stack of four stainless steel masses which

together more than double the suspended weight from 26 kg to 56 kg. The extra

weight serves to lower the resonant frequency of the breadboard’s “bounce” mode,

resulting in better high-frequency vibration isolation (see Section 2.3.3).

The 4-bar linkage was designed so that the transverse position of a centered grating

does not change when the distribution of weight on the breadboard changes (see

Figure 2-5). This factor is important during beam alignment when we do not wish

the position of a already aligned grating to be perturbed when another grating is

translated into place. With the 4-bar linkage as implemented, the displacement of one

grating when another is translated in was typically only a few tens of microns — less

than the width of the gratings.

Electrical control lines for the various positioning motors, heaters/thermocouples,

piezoelectric transducer, and inertial sensors are connected through a single break-out

panel mounted on the board. The outgoing wires are thin gauge and strain-relieved

to introduce as little vibration noise as possible.

Platform Advantages and Disadvantages

The advantages of the removable breadboard are threefold:

• Vibration Isolation - The random motion of the gratings due to mechanical

noise (measured using the parallel laser interferometer) has been reduced from

50 nm rms to 10 nm rms.
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b) c)

a)

Figure 2-5: Schematic of the suspension system for the interferometer platform. (a)
The platform sits on two stacks of stainless steel masses which hang within the main
vacuum chamber from a pair of springs. (b) The assembly at each mount point
constitutes a “4-bar linkage” which has the unique feature that no matter where
the center of mass of the platform, an aligned atom grating will always lie directly
underneath the suspension point (c).
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• Improved Grating Alignment - The gratings can be aligned to < 1 mrad out-

side the beam machine, eliminating the need for time-consuming in-vacuum

alignment.

• Flexible Interferometer Configuration - The length of the interferometer and

position of the gratings relative to optical access ports can be re-configured to

meet changing experimental requirements.

Following a discussion of each of these advantages below, we will describe two unex-

pected problems with the new design: increased susceptibility to inertial noise and

the observation of variable period interference fringes.

Vibration Isolation

Vibration (seismic/acoustic) noise transmitted to the gratings causes them to move

relative to each other, resulting in a grating phase that varies erratically in time,

resulting in a reduced contrast [104]:

C → C e−
1
2
σ2

φ , (2.4)

where σφ = 2π
λg

σx, and σx is the rms grating motion due to vibrations. Because of the

λg dependence, the same amount of vibration noise becomes a bigger problem when

using smaller period gratings. If vibration noise is present, the signal-to-noise ratio

S/N = C
√

I0 is reduced, increasing the statistical error bars on any phase/contrast

measurement. Although the co-propagating laser interferometer is designed to mea-

sure grating motion (including both random and PZT driven motion), only one phase

measurement can be associated with each binning period. Thus, motion which occurs

on a time scale shorter than the bin time cannot be corrected for with the optical

interferometer signal.

For the interferometer as originally constructed in 1991, σx was typically 35-45 nm.

Major improvements in vibration isolation made in 1995 reduced the typical σx to

15-20 nm [54]. The most significant improvement was to hang the entire apparatus
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"Bounce" Mode

Pendulum Mode

Rotation

Mode

Rotation

Mode

Figure 2-6: The fundamental modes of oscillation of the interferometer platform. The
platform is free to bounce up and down on the springs from which it hangs, to swing
from side to side as a pendulum, or to rotate about an axis normal to it’s surface.
The resonant frequency of the “bounce” mode is ≈ 5 Hz, of the pendulum mode is
≈ 1.5 Hz, and of the rotation mode ≈ 2 Hz.

from the ceiling of the lab. The “pendulum” mode of the hanging apparatus acts

as a low-pass mechanical resonator which attenuates any vibrations with frequency

above it’s sub-hertz resonance. Other routes from vibration sources to the gratings

(i.e. vacuum and cooling lines, electrical connections, airborne acoustic waves) short

circuit the pendulum and continue to contribute to grating motion.

The vibration isolation of the new breadboard improves upon the previous design.

We have incorporated two separate stages of isolation: a pendulum of resonant fre-

quency ' 1.5 Hz and a set of springs with resonant frequency ' 5 Hz (see Figure 2-6).

The only short circuit around these mechanical resonators to the gratings is through

electrical connections made inside of the vacuum chamber. These improvements have

further reduced σx to ≈ 10 nm, without the need for to suspend the entire 1.5 ton vac-

uum apparatus. At these noise levels, it has proven possible to observe high-contrast

interference fringes with 100 nm period gratings (see Section 2.4).

Improved Grating Alignment

The contrast of an atom interference pattern depends critically on the rotation align-

ment of the three diffraction gratings. Intuitively, if the gratings are misaligned by

32



half a grating period over the height of the atomic beam (100 nm/1 mm= 0.1 mrad),

then the interference fringes formed at the top and bottom of the beam will be 180◦

out of phase and cancel each other out. A complete derivation of the contrast re-

duction as a function of beam height and grating misalignment can be found in the

thesis of C. Ekstrom [34].

Once the gratings are nearly aligned, their rotation can be optimized by maximiz-

ing contrast with respect to small adjustments in the grating rotation. However, this

requires that the gratings are sufficiently aligned that some contrast can be measured.

Even using the smallest possible beam height that still provides a reasonable signal

(≈ 0.1 mm) this implies that the gratings must be aligned to ≈ 1 mrad before they

are installed in the vacuum chamber or that a time-consuming 2-dimensional search

in rotation space must be performed.

When the gratings had been mounted on independent vacuum flanges, the initial

alignment procedure consisted of mounting each flange upside down (with the grating

outside the chamber), then observing the diffraction of a HeNe laser beam through

the grating’s 2− 4 µm support structure (see Section 2.4). The gratings were rotated

until the diffracted spots from each lined up on the same vertical plumb. The ultimate

accuracy of this technique was limited by the fact that the flanges themselves could

not be reproducibly mounted to better than a few mrad. This resulted occasionally

in multiple-day experimental runs being required to discover the correct rotation

alignment.

Mounted on the breadboard, the gratings can now be aligned to < 1 mrad rou-

tinely using the same HeNe diffraction technique as before. Because the board is

rigid, this alignment is preserved once the board is inserted into the chamber. We

have had remarkable success with this alignment procedure: after a new set of grat-

ings has been installed, we typically have needed to search only for an hour or two to

find a small atom interference signal (using the reduced height atom beam).

An additional alignment consideration is the longitudinal spacing between grat-

ings. When the distance between the first and second gratings is different from that

between the second and third gratings (∆L = L12 − L23 6= 0), the difference in path
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Figure 2-7: Interference contrast plotted as a function of longitudinal spacing error
∆L (see Eqn. 2.5). Parameters from the photon decoherence experiment were used
for this calculation: L = 27.5 in., ws = 0.02 mm, wd = 0.05 mm, and λg = 200 nm.

length between the two arms of the interferometer is no longer velocity independent

(i.e. the “white-light” character of the interferometer is destroyed). The reduction in

contrast as a function of this grating spacing error is given by [23]:

C = C0

∣∣∣∣∣sinc

(
πws∆L

λg L

)
sinc

(
πwd∆L

λg L

)∣∣∣∣∣ , (2.5)

where ws and wd are the widths of the 2nd collimating slit and detector respectively,

This function is plotted in Figure 2-7 as a function of ∆L for typical experimental

parameters.

Again, because of inaccuracy in the placement of the large vacuum flanges on

which the gratings were mounted, the spacing error is estimated to have been as large

as 1-2 mm resulting in a 4−15% contrast reduction. In the current design, the grating

spacing can be adjusted with high-precision (< 1 mm) outside the vacuum chamber,

and will remain accurate after insertion into the main chamber.

Flexible Interferometer Configuration

For many atom interferometry experiments, it is necessary to introduce electromag-

netic fields or additional atom optics, at specific positions with respect to the atom

gratings. Because the location of the additional elements is limited by available
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Atom Beam

Figure 2-8: Schematic of a three-grating Mach-Zehnder interferometer showing some
of the additional diffraction orders not considered in a simple two-path description
of the interference signal. This more complete picture indicates the presence of more
than one set of interfering paths (dashed lines). Also shown are other diffracted orders
which do not contribute to any interference signal, but merely add to the background
count rate and thus reduce the signal/noise ratio. Line thickness corresponds to the
amplitude of a given path.

vacuum ports/windows or interior mount points, it is extremely valuable that the

breadboard design allows gratings to be placed at any desired position within the

chamber.

In this thesis, the decoherence experiment (Chapter 3) required optical access

just in front of the third grating, and the index of refraction experiment (Chapter 4)

required mounting a thin target-gas cell from an upper vacuum flange just before

the second grating. Both of these arrangements, which would have been difficult to

implement using the previous interferometer apparatus, were easily accomplished by

adjusting the grating positions on the breadboard.

This flexibility can also be used to increase the signal to noise. The simple picture

of two-path interference is complicated by the various other orders that are generated

by the diffraction gratings as depicted in Figure 2-8. By choosing the distance between

gratings and between the third grating and the detector appropriately, we can min-

imize the contribution of unwanted orders that overlap with the desired interference

order in the detector plane [23].
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Susceptibility to Inertial Noise

One drawback of the new design is that the board is essentially unconstrained in the

horizontal direction and its rotation mode (see Figure 2-6) is easily excited via low

frequency noise. Because all three gratings are moving together, this mode does not

contribute to an increased σx, nor does it effect either φg or φ′g. However, it does cause

a phase variation via the Sagnac effect [71, 54]. Just as before, this phase variation

results in lower signal-to-noise and contrast fluctuations. The effect of Sagnac phase

variations on contrast is described by Eqn. 2.4 with:

σφ =
4π m L2λdb/λg

h
σΩ, (2.6)

where m is the sodium mass, L is the distance between gratings, and σΩ is the rms

rotation rate of the breadboard.

To monitor the Sagnac rotation phase we mounted inertial sensors on the bread-

board which produce a voltage proportional to velocity, and were used to measure the

rotation of the board in the same way that the laser interferometer measures relative

grating position. Using the sensors, we have measured σΩ under standard experi-

mental conditions (vacuum pumps turned on, water flowing through cooling lines,

etc. . . ) and typically less than 1% contrast loss for λg = 200 nm period gratings.

This measurement was made during the evening when most of our interference data

is typically collected.1

Observation of Variable Period Fringes

In a properly aligned, three grating Mach-Zehnder interferometer, the spatial period

of the interference fringes is rigorously equal to the period of the diffraction grat-

ings. However, our first interference fringes taken using the redesigned interferometer

seemed to have a different period than the diffraction gratings. This early interference

1During daylight hours when there is more outside activity to cause low frequency seismic noise,
the contrast loss due to rotation can be much greater. As a result, it has been impossible to collect
interference data during the daytime over the past year, especially because construction activity in
the lot adjacent to the building housing the atom interferometer.
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data was best fit using a modified form of Eqn. 2.3:

I(φg) = I0[1 + C cos(βφg + θ)], (2.7)

where β, the inverse period of the atom interference fringes, varied between 0.5 and

3 as opposed to the expected value 1.

Further investigation revealed several notable features of this variable period prob-

lem:

• The best-fit value of β was most significantly different from unity just after a

tilt adjustment of whichever grating was being driven by the PZT (for these

observations, the 1st grating).

• The best-fit value of β depended strongly on the frequency and amplitude of

the PZT drive.

• We consistently observed β < 1 when interference data was taken while the PZT

was retracting (i.e. the voltage applied to the PZT was decreasing). Conversely,

we consistently observed β > 1 when interference data was taken while the PZT

was extending (i.e. the voltage applied to the PZT was increasing).

These observations are summarized in Figure 2-9 which shows the best-fit value

of β as a function of time after making a tilt adjustment. Three sets of data were

taken at different PZT “slopes” (amplitude times frequency of the PZT drive voltage),

with the smallest slope showing the largest deviation from β = 1. Each set of data

is also split into two groups (shown in black versus gray on the plot) depending on

whether the PZT drive voltage was increasing or decreasing while a particular fringe

was acquired.

Our best hypothesis for the origin of this variable period problem is that PZT

was not only translating the desired grating back and forth, but was also driving the

breadboard’s rotation mode (see Figure 2-6). Such driving would not be surprising

given that grating mount being moved by the PZT was heavy (≈ 6 kg) and located

close to one end of the breadboard. Any rotation of the breadboard will add an
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Figure 2-9: Inverse period of atom interference fringes, β, plotted versus the number
of seconds after having made a tilt adjustment that the fringe data was taken. The
legend indicates at which of three different PZT “slopes” (amplitude times frequency
of the PZT drive) the data was collected. The black (gray) symbols indicate data
acquired while the PZT drive voltage was increasing (decreasing).
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oscillating Sagnac phase to the atom interference pattern whose sign depends on the

sense of the rotation (and therefore on the direction of PZT travel). This additional

phase will cause more/fewer oscillation of the atom interference signal to be observed

in a given time interval, giving the appearance of increased/reduced period fringes.

This hypothesis does not fully explain all of the experimental observations. For

example, the dependence on time after a grating tilt adjustment is not clear. Un-

fortunately, the geophone velocity sensors mounted on the breadboard could not be

used to confirm that the board was indeed rotating because they lose sensitivity below

5 Hz (the PZT drive frequency was ≤ 1 Hz).

Our solution to this problem was to first change our operating configuration so

that the 2nd atom grating, the closest to the middle of the breadboard, was the one

being driven by the PZT. This change had the added advantage that the same amount

of grating phase shift could be applied with only half the absolute motion of the PZT

(see Eqn. 2.1). We also redesigned the 2nd grating mount to reduce the mass being

driven by the PZT from 6 kg to < 1 kg. Since these modifications, the best-fit value

of β has consistently been within error of unity.

2.4 Diffraction Gratings

2.4.1 Overview

Nanofabricated diffraction gratings are the enabling atom-optical technology for our

interferometer. An SEM micrograph and schematic of one of the 200 nm period

gratings used for the experiments in this thesis is shown in Figure 2-10. The grating

is formed in a thin (100 nm) silicon nitride membrane lying on top of a thicker 250 µm

silicon substrate. A window (typically 3-5 mm tall and 40− 500 µm wide) is etched

into the silicon to allow the atoms to pass unobstructed through the grating. The

support structure visible in the SEM image is necessary to keep the grating bars from

warping or breaking. Between 3 and 6 grating windows are fabricated together on an

≈ 1 cm × 1 cm chip.
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Figure 2-10: (Left) SEM micrograph of a 200 nm period atom diffraction grating
fabricated by former members of this group in collaboration with staff of the National
Nanofabrication Facility at Cornell University. The period of the horizontal support
structure is 6.5 µm. (Right) The diffraction grating is written into a 100 nm thick
silicon nitride membrane atop a standard (250 µm thick) silicon wafer. A window
has been etched into the silicon wafer that atoms may pass through it.
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Matter-wave diffraction gratings have been fabricated using two different tech-

niques: electron beam (e-beam) lithography and achromatic interferometric lithogra-

phy (AIL). The e-beam technique was developed by our group in collaboration with

staff of the National Nanofabrication Facility in Cornell (particularly Mike Rooks),

and used to make a large number of 400, 200, 160, and 140 nm period gratings [62, 96].

The e-beam process, refined over several years, consistently produces high-quality

gratings, but suffers from the drawback that it takes several hours to write a single

grating chip.

The AIL technique was developed by the group of Prof. H. Smith of the MIT

Electrical Engineering Department, and has been used to create gratings both for

atom optics experiments and x-ray diffraction/spectroscopy. It involves generating a

standing wave optical interference pattern using two laser beams at a large angle of

incidence [102]. So far, only 100 nm period gratings have been produced, although a

project to create 50 nm period gratings is underway. The main advantage of AIL is

the ability to expose an entire wafer (up to 10 grating chips) at once, using relatively

standard optical lithographic components. As we will see below, the AIL gratings

produced thus far not been suitable for atom interferometry, but refinements to the

process continue and there is an active effort to improve AIL grating quality to the

level of the e-beam gratings.

Although the gratings used for the experiments in this thesis were all fabricated

at NNF by previous graduate students using the e-beam technique, significant effort

over the past few years has been devoted to evaluating AIL gratings and providing

feedback on their design. The remainder of this section will discuss the evaluation

of the most recently studied (“2nd generation”) 100 nm period gratings. We begin

with a discussion of the important parameters that determine grating quality (for the

purposes of atom interferometry). We then present atom diffraction and interference

studies of the new AIL gratings. We end with a comparison of e-beam gratings and

the two generations of AIL gratings.
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2.4.2 Important Grating Parameters

When evaluating gratings for use in the atom interferometer, we are primarily con-

cerned with three factors: open fraction, open fraction variation, and phase coherence.

Open Fraction

The contrast observed in our atom interferometer depends on the open fraction, f ,

(ratio of gap width to grating period) of the gratings comprising it. The optimal

open fractions, determined by maximizing the signal to noise ratio of the detected

fringes, are between 0.4 and 0.6, varying slightly depending on the experimental con-

figuration (atom beam collimation, distance between gratings, distance from the last

grating to the detector, and velocity of the sodium beam). We have developed a

numerical simulation to predict the theoretical maximum contrast as a function of

grating open fractions for any given interferometer configuration. We used this sim-

ulation to choose from among the open fractions available in our grating inventory.

Table 2.1, reproduced from Ref. [54], lists the contrast and signal-to-noise ratios ex-

pected for a variety of open fractions in two different interferometer configurations.

Typically, 60% - 70% of the calculated maximum contrast is measured experimentally,

with losses attributed to one of two possible sources: apparatus imperfections (i.e. vi-

brations, rotation noise, and stray magnetic field gradients) and grating imperfections

(i.e. variations in the grating bar widths and positions).

Open Fraction Variations

If the open fraction of a grating is not uniform over its face, there will be a exponential

damping of intensity in the higher order diffraction peaks (see Appendix A):

In

I0

= e−(nπσf )2sinc2(nπf), (2.8)

where In is the intensity of the nth order diffraction peak and σf is the rms variation

in open fraction. The intensity lost in the higher order diffraction peaks appears

as a broad, incoherent background peak centered around the 0th order. Since, the
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f1 f2 f3 S/N Contrast (%) Note:
Slow Atom Beam Configuration

0.56 0.50 0.37 41.4 65.4 Best
0.48 0.48 0.48 38.2 59.0 Best, all same f

Fast Atom Beam Configuration
0.60 0.43 0.37 92.1 29.5 Best
0.43 0.43 0.43 82.8 30.4 Best, all same f

Table 2.1: Comparison of signal-to-noise (S/N) and contrast predicted for grat-
ings with different open fractions for two different interferometer configurations
from Ref. [54]. The upper three rows refer to a slow atomic beam configuration
(v = 1000 m/s, using 20 µm collimating slits). The lower three rows refer to a fast
beam configuration (v = 3000 m/s, using 50 µm collimating slits). In both config-
urations, the distance between gratings was 66 cm, and the distance from the third
grating to the detector was 29 cm. “Best” implies highest signal to noise (S/N) for
the configuration. S/N values depend on the (velocity-dependent) atom beam flux,
and are therefore not comparable between the configurations.

largest possible contrast is, in general, achieved when the intensity of the first order

diffraction peak is maximized, significant open fraction variation can substantially

reduce contrast (see Figure 2-11).

Phase Coherence

In order to observe high-contrast interference, the phase of the interfering matter

waves must be uniform over their entire transverse area. Because the gratings es-

sentially imprint a phase onto the matter wave, this becomes a requirement on the

phase coherence of the gratings. A collimated atomic beam is typically ≈ 1 mm tall

and ≈ 30 µm wide, thus, for optimal contrast, the phase of the grating bars must

be uniform over this entire area. If the phase of the grating bars drifts by π radians

(i.e. 100 nm displacement of the grating bars relative to their ideal location) over the

1 mm beam height, no contrast will be observed. W therefore require phase coherence

at the several ppm level in order to observe interference.

Phase errors come about in different ways for the two fabrication techniques. In

the electron beam case, they arise when there is drift or an abrupt shift in the position

of the electron beam when writing a grating [54]. In the AIL case, phase errors result

from imperfections in the optics used to collimate and focus the laser light used to
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Figure 2-11: Contrast loss due to rms open fraction variation, σf . The nominal open
fractions are those listed as “Best” in Table 2.1. Solid circles (•) refer to the slow
atom beam configuration, and open circles (◦) to the fast atom beam configuration.

form the optical standing wave.

2.4.3 Characterization of 100 nm Period Gratings

In the thesis of T. Hammond [54], a set of 100 nm period diffraction gratings “1st

generation” was studied. Disappointingly low contrast was observed and was at-

tributed poor grating quality combined with experimental factors such as clogging

of the smaller period gratings with diffusion pump oil. We have recently studied

two sets of 2nd generation 100 nm gratings that benefit from several changes to the

fabrication process meant to improve their phase coherence and reduce open fraction

variation. For identification purposes, the most significant difference between the two

sets of gratings we studied was the width of the free-standing silicon-nitride grating

window: 0.2 mm in one case, and 1 mm in the other.

Expected Performance of 0.2 mm Wide Gratings

The open fraction of the gratings was determined prior to the search for interference

by performing fits to atomic diffraction patterns such as Figure 2-12. We were pleased

to observe, in high-resolution scans, up to seventh order diffraction peaks. The open

fraction of all the grating windows we examined was found to be roughly constant.
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Figure 2-12: Sodium diffraction data taken with 0.2 mm wide, 100 nm period trans-
mission gratings. Solid line is a least-squares fit which determines the open fraction
to be 59.0± 0.3%

The gratings windows we eventually used to search for interference had open fractions

f1 = 59%, f2 = 58%, f3 = 58%. The measured diffraction patterns also place a limit

on the open fraction variations in these gratings: σf < 0.1, albeit with some uncer-

tainty due to theoretical subtleties in modeling the effect of open fraction variation

on diffraction patterns. These parameters yield a predicted contrast of 39.5% for the

interferometer geometry shown in Figure 2-4a, using a fast atom beam configura-

tion (v = 3000 m/s using 50 µm collimating slits) and 49.8% for a slow atom beam

configuration (v = 1500 m/s using 20 µm collimating slits).

Measured Performance of 0.2 mm Wide Gratings

With the gratings rotationally aligned to better than 0.1 mrad we observed 13.9%

contrast in the fast (v = 3000 m/s) atomic beam configuration, 38% of the predicted

value. We obtained this contrast only when the atomic beam was vertically restricted
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Figure 2-13: Contrast versus height of the atomic beam at the position of the first
grating (left) or third grating (right). In both cases, the interferometer is operating in
the fast atomic beam configuration (v = 300 m/s) with 0.2 mm wide 100 nm period
gratings. While the height of the beam at the 1st (3rd) grating was varied, the height
at the 3rd (1st) grating was held constant at ≈ 0.1 mm.

to a height of 50 µm. As shown in Figure 2-13, the contrast decreased to less than

1% when we attempted to use the entire 1 mm height of the atomic beam.

In a slower (1500 m/s) neon separated beam configuration, we observed 8% con-

trast with a 1 mm tall atomic beam. (The lower flux of a neon seeded beam made

it impossible to further decrease the atomic beam height.) This is only 16% of the

expected value. Our observation of a relatively smaller fraction of expected contrast

for the slow versus the fast atomic beam configuration suggests that up to 50% of

the contrast lost may have been due to inertial noise, the magnitude of which scales

exponentially as λ2
db or v−2 (see Section 2.3.3).

Analysis of 0.2 mm Wide Gratings

The strong variation in contrast as a function of beam height indicates one of two

potential problems: the gratings were not well-aligned rotationally, or there is a

phase/period variation in the grating as a function of height. The first alternative

can be entirely ruled out:

• The exhaustive search through rotation space for the correct alignment, with

resolution better than 0.1 mrad. (This misalignment would cause only ≈ 5%
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reduction in contrast.)

• Widening the beam on either the first or third gratings resulted in a contrast

reduction of roughly the same magnitude. This implies that both first and third

gratings would have to have been misaligned with respect to the second grating.

• We observed a variation in contrast as we scanned the atomic beam from top to

bottom of the third grating, with beam height held constant. Because, in this

case, the height of that atomic beam does not change, this observation cannot

be accounted for by rotation misalignment.

• We observed that the phase of the interference remains constant as a function

of vertical position. This observation is not consistent with a rotation error,

which would cause a linearly varying phase as a function of vertical position.

The strong implication from these observations is that these 100 nm gratings suf-

fered from poor phase coherence. While this may have been due to residual problems

in the fabrication process, it is also possible that our mechanism for mounting the

gratings may have caused or exacerbated a vertical variation in phase/period. In

these experiments, the grating chip was held in place within the vacuum apparatus

by clamping one edge. The force of the clamp may have stressed the silicon nitride

membrane forming the grating, causing it to warp or spread. To avoid the stressing

the membrane, we now epoxy the entire chip to a small aluminum mount. This not

only eliminates the clamping stress, but also permits easy handling of these delicate

structures.

Performance of 1 mm Wide Gratings

In analyzing diffraction (e.g. Figure 2-14) from the 1 mm wide gratings, three features

came immediately to our attention:

• In contrast to the 0.2 mm wide gratings, diffraction peaks beyond the first order

were barely visible.
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Figure 2-14: Two diffraction patterns obtained from a single 1 mm wide 100 nm
grating. The diffraction pattern taken with the atomic beam passing through the
edge of the window (≈ 0.48 mm from the center) shows first order diffraction peaks
corresponding to a 65% open fraction (σf ≈ 0.1). The diffraction pattern taken
with the atomic beam passing through the center of the window shows first-order
diffraction peaks corresponding to a 73% open fraction (σf ≈ 0.3). The smearing of
the peaks in the latter case is explained by the large open fraction variation. The
difference in overall background count level between the two patterns is related to
detector conditions and is not important.

• There was strong variation in open fraction over the face of the grating: typically

73% in the middle of the grating window and 65% on the edges.

• The ≈ 70% open fraction of these windows are not ideal for a high-contrast

interferometer, yielding signal-to-noise ratios an average of two to three times

smaller than for a set of three 48% open gratings.

Given the poor quality of the 1 mm window diffraction patterns, we made only a

brief, unsuccessful attempt to look for interference with these gratings.
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Analysis of 1 mm Wide Gratings

Our measurements conclusively demonstrate that the open fraction in the middle

of these gratings is significantly larger than on the edges.Two possible explanations

are: non-uniform exposure or etching of the grating bars during fabrication, or a

large number of broken bars in the middle of the grating window. Given a large

open fraction variation, the inability to observe higher order diffraction peaks follows

directly from Eqn. 2.8.

We examined the 1 mm gratings in using a SEM, and found that most of the bars

in the middle of the grating window were either broken or stuck together (see Figure 2-

15). Because this damage was not observed when the gratings were initially examined

in the SEM (just after fabrication), we hypothesized that their unusually large width

made them especially susceptible to damage during handling/experimentation. The

graduate student who fabricated the gratings (Tim Savas), suggested that the warping

of the grating bars might have resulted from mistakenly applying the gratings’ silicon

nitride layer under compression rather than under tension as is usual (and necessary

for the bars to remain straight).

2.4.4 Conclusion

Our attempts to use 100 nm diffraction gratings in the atom interferometer are sum-

marized in Table 2.2. We have discussed our results with Prof. Smith’s group and, as

a result, several improvements to the AIL process for grating fabrication have been

implemented including narrower and smaller period support structure, smaller win-

dow width, and better alignment of the standing wave optics. We have received a set

of 3rd generation 100 nm period gratings that incorporate these improvements, but

have not yet attempted to use them in the atom interferometer. Such an attempt

will be carried out by subsequent graduate students on this project.
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Figure 2-15: SEM micrograph of the 1 mm wide 100 nm period grating correspond-
ing to the diffraction pattern in Figure 2-14. This image (taken near the center
of the grating window) reveals that nearly all of the grating bars are stuck together,
explaining the large open fraction variation inferred from sodium diffraction patterns.
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2nd Generation 2nd Generation
1st Generation (0.2 mm Wide) (1 mm Wide)
T. Hammond D. Kokorowski D. Kokorowski

Tested By (1996) (1999) (1999)
Open Fraction 62% 58% 65-73%
Measured Contrast
(fast beam configura-
tion)

2.9% 14.9% No contrast

(slow beam configura-
tion)

4.8% (1000 m/s) 8% (1500 m/s) No contrast

Predicted Contrast
(fast beam configura-
tion)

10.4% 39.2%

(slow beam configura-
tion)

37.0% (1000 m/s) 50% (1500 m/s)

Table 2.2: Summary of our measurements of atom interference using 100 nm period
gratings. With these gratings, we have only been able to obtain 10-40% of the the-
oretically predicted contrast, compared to typically 60-70% using 200 nm gratings
fabricated using e-beam lithography.
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Chapter 3

Measuring Decoherence with an

Atom Interferometer

3.1 Introduction

This chapter presents a series of experiments related to decoherence in an atom in-

terferometer. Decoherence arises because no quantum system can be completely

isolated from it’s environment (which formally consists of everything in the universe

other than the system itself). Decoherence is the result of interactions between a

quantum system and this external environment, and manifests as the transformation

of coherent quantum superpositions into incoherent mixtures. In the context of sep-

arated beam atom interferometry, decoherence refers to those interactions between

an atom and its external environment (e.g. E-M fields, background gas particles, or

material structures) that destroy the spatial coherence between the two interfering

paths.

3.1.1 Motivation

There are several reasons for ongoing study of the phenomena surrounding deco-

herence. It is of general interest to understand how quantum mechanics reduces to

classical mechanics in the macroscopic world. Decoherence is a fundamental limit to
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large-scale quantum computation [118] and communication [17] and must be over-

come before such devices can be practical. Finally, decoherence has thus far been

studied only in a few, relatively simple systems, many of which exhibit common be-

havior. A wealth of phenomena predicted using decoherence theory has yet to be

explored experimentally, even in a qualitative way [7].

Reasons to study photon scattering as a cause of decoherence, and in particular

to extend previous studies from the single- to the multiple-photon regime include the

following:

• Photon scattering is one of the most significant causes of decoherence for the

macroscopic objects of everyday life (see Table 3.2).

• The atom-photon interaction is well understood quantum mechanically. Unlike

more complicated systems, the results of a photon decoherence experiment can

be compared to first-principles calculations of the expected decoherence rate. No

such explicit comparison with theory has been performed in the many-photon

limit.

• In the many-photon limit, photon decoherence exhibits the same general behav-

ior as predicted for many other decohering environments. In the single-photon

limit, photon decoherence exhibits qualitatively different behavior. The transi-

tion between these two has never been explored.

3.1.2 Chapter Outline

After a brief overview of the main concepts of decoherence theory and previous ex-

perimental work, four decoherence experiments employing the atom interferometer

are discussed:

• A measurement of decoherence due to spontaneous photon scattering (Sec-

tion 3.3).

• A measurement of decoherence due to two successive photon scattering envi-

ronments (Section 3.3.4).
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• A measurement of decoherence due to background gas scattering (Section 3.5).

• A comparison between the decoherence due to a photon scattering environment

and the dephasing (a “decoherence-like” loss of contrast) caused by determin-

istic scattering from a diffraction grating (Section 3.6).

3.2 Theory and Previous Experiments

3.2.1 General Decoherence Theory

The theory of decoherence is an attempt to explain the “difference in appearance

between quantum and classical [behavior] under the assumption of a universally valid

quantum theory” [131]. It arose from the observation that not all conceivable quan-

tum superpositions are found in nature. For example, superpositions of states with

different electric charge or of integer and half-integer spin are allowed quantum me-

chanically but have never been directly observed. And superpositions of macroscopi-

cally distinct states (Schroedinger cat states) have been observed only fleetingly.

The first attempts at a theory of decoherence consisted of postulated “superse-

lection rules” that excluded the never-observed superpositions either on an ad hoc

basis [126, 127, 112], or on the hypothesis that macroscopic and microscopic objects

are simply not governed by the same physical laws [2]. These original theories were

challenged by the apparent universality of quantum theory, as well as the fact that

certain unlikely superpositions can in fact be experimentally observed, albeit under

highly controlled conditions [3].

In fact, effective superselection rules exist within standard Copenhagen quantum

mechanics. For example, in the Feynman gedankenexperiment discussed above, it

is the interaction with photons that destroys the electron interference pattern and

leads to particle-like (non-interfering) behavior. This idea of interaction with an

external environment leading to classical behavior has evolved into a formal theory

of “Environmentally-Induced Superselection” (EIS), which offers a prescription for

determining the superselection rules that are enforced by a particular environment.
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More important than this prescription is the realization that all classical behavior

arises from interactions with an uncontrolled environment. The decoherence of any

quantum system can, in principle, be understood by correctly accounting for these

system-environment interactions. Conversely, quantum mechanical features remain

when a system is isolated from any external environment.

In many cases, decoherence can be related to a flow of quantum information from

the system to the environment where it quickly becomes (for all practical purposes)

inaccessible. In the case of the Feynman light microscope, for example, loss of vis-

ibility of the interference pattern occurs when the light wavelength is shorter than

the separation between the two slits, allowing which-path information to be obtained

from a single scattered photon. The direct connection between fringe visibility in an

interferometer and the transmission of which-way information to the environment has

been proven under very general conditions [37] and verified experimentally [33].

The general procedure for computing the time evolution of a quantum system

coupled to an external environment involves first calculating the time evolution of

the combined system+environment density matrix, then ignoring the environment by

tracing over all environment degrees of freedom. If ρ = ρs ⊗ ρe is the initial density

matrix of system+environment (a direct product of the density matrices for system

and environment alone), the total density matrix at any later time can be computed

using the Heisenberg equation of motion:

ih̄ρ̇ = −[ρ,H], (3.1)

where H = Hs + He + Hse is the Hamiltonian for the system which can in general

be divided into a sum of operators that act only on the system (Hs), only on the

environment (He), and on both system and environment (Hse). At any later time,

the reduced density matrix, ρs, of the system alone can be calculated from ρ by a

basis-independent trace over environment degrees of freedom:

ρs(t) = Treρ(t). (3.2)
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Environment Master Equation

Scalar

Field [119]

ρ̇s =
1

ih̄
[Hs, ρs] +

γ

ih̄
[x, {p, ρs}]− 2γmh(t, T )

h̄2 [x, [x, ρs]]

−4γf(t, T )

h̄
[x, [p, ρs]]

Thermal Bath

of Oscillators [20]

ρ̇s =
1

ih̄
[Hs, ρs] +

γ

ih̄
[x, {p, ρs}]− 2γmkBT

h̄2 [x, [x, ρs]]

Monoenergetic

Scatterers [58]

ρ̇s =
1

ih̄
[Hs, ρs]− Γ[x, [x, ρs]]

Table 3.1: The master equations for a variety of decohering environments, with ref-
erence to the original derivation.

The trace is formally equivalent to measuring all of the environment degrees of free-

dom, then ignoring the results. Given this complete ignorance of the state of the

environment, all remaining knowable information about the system is contained in

ρs.

In many cases, a master-equation for ρs can be derived which contains terms

accounting for the influence of the environment on the system, but which requires

knowledge only of general characteristics of the environment (i.e. temperature) and

does not explicitly include each environment degree of freedom. Several such master

equations, for a variety of decohering environments, are presented in Table 3.1.

We will be particularly interested in the master equation describing an environ-

ment of monoenergetic scatterers, written here in the position basis and neglecting
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10 µm Dust Particle Bowling Ball
Lab Vacuum (10−11 torr) 1023 1031

300K Photons 1019 1027

Cosmic Microwave Background 106 1017

Solar Neutrinos 101 1013

Table 3.2: Localization Rates (cm−2s−1). These order of magnitude estimates
from Ref. [115] indicate the relative importance of various environments (including
photons, gas particles, and neutrinos) for decoherence of two “macroscopic” objects:
a 10 µm diameter dust particle and a bowling ball. The localization rate, Γ, deter-
mines how quickly the spatial coherence of an object dissipates due to interaction
with an external environment (see Eqn. 3.4).

internal dynamics of the system (i.e. assumed Hs = 0):

ρ̇s(x, x′) = −Γ(x− x′)2ρs(x, x′). (3.3)

We will return to the issue of non-negligible internal dynamics in Section 3.3.4 below.

The solution to Eqn. 3.3 is [4]:

ρs(x, x′, t) = e−Γ2 |x−x′|2 t ρs(x, x′, 0). (3.4)

where Γ(k0) is determined by the energy and density of the scatterers as well as

the scattering cross section. This solution represents exponential damping of off-

diagonal terms in the system’s spatial density matrix. Because these terms represent

the coherence between spatially separate components of the system’s wavefunction,

coherence which disappears at a rate proportional to the square of the separation

between components. All of the master equations listed in Table 3.1 with a term

proportional to [x, [x, ρs]] are expected to exhibit this Gaussian behavior in some limit

(i.e. in the high temperature limit for a thermal bath of oscillators). Theorists have

warned, however, that this Gaussian behavior is not necessarily universal [7]. Already,

counterexamples in which decoherence has a different spatial or time dependence have

been predicted [42, 7] and, in one case, experimentally confirmed [26].
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3.2.2 Previous Experiments

A variety of experiments have been performed which demonstrate the basic features

of decoherence or study a specific decohering environment.

Our own group studied the transition from coherent diffraction to classical dif-

fusion of atoms through standing wave light grating as the number of decohering,

spontaneous photon scattering events was increased [46]. Pfau et. al. [89] measured

the destruction of a two-slit diffraction pattern due to a single spontaneously scattered

photon in a direct realization of the Feynman gedakenexperiment discussed above.

Our group performed a study of the loss of coherence in an atom interferometer due to

a single spontaneously scattered photon, and demonstrated that the coherence could

be recovered if an appropriate measurement could be made of the scattered photon’s

final direction [25]. Clauser and Li [27] demonstrated that an atom interference pat-

tern could be observed in a non-white fringe interferometer by using Doppler sensitive

photon scattering to selectively decohere a single velocity class. More recently, Mei

and Wietz [79] demonstrated that interfering contrast in a multiple-path Ramsey

interferometer could actually be increased using spontaneous photon scattering to

selectively decohere an out-of-phase path.

The general decoherence behavior predicted by Eqn. 3.4 arises and has been stud-

ied in the context of an atom interacting with a high-Q cavity [18], and trapped

ions interacting with a fluctuating electric field [83]. Although not framed in the

language of decoherence, interferometry experiments with neutrons interacting with

a disordered solid explored decoherence phenomena a regime where the decoherence

rate is independent of spatial separation [113]. A more recent experiment studied a

similar long-range “saturation” of decoherence by introducing a disordered collection

of microspheres into an optical interferometer [26].

Finally, the role played by decoherence in establishing quantum-classical corre-

spondence has been studied in chaotic systems such as the delta-kicked rotor [43, 5].
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3.3 Decoherence due to Photon Scattering in an

Atom Interferometer

In this experiment, we studied the spatial decoherence caused by an environment of

photons. The MIT atom interferometer was used to prepare atoms which are coher-

ently separated into components up to 20 µm apart, and also to monitor coherence

via the interference fringe contrast. Atoms were subject to significant decoherence

through the scattering of laser light whose mode and intensity are easily controlled.

These features allowed us to quantitatively study decoherence as a function of the

‘size’ of an object as well as on the number of elementary scattering events. We

observed a qualitative change in decoherence versus path separation as the number

of photons increases, and verified quantitatively the decoherence rate constant in

the many-photon limit. This experiment was the subject of a recent publication in

Physical Review Letters [65], which is reproduced as Section B of this thesis. The

discussion below will begin with a brief overview of the theory, experiment, and major

results, then discuss experimental details not described in the published article.

3.3.1 Photon Decoherence Theory

We begin by considering an atom whose transverse wavefunction is peaked at two

positions which we may label x and x+d. If the atom spontaneously scatters a single

photon, the atom and photon become entangled:

|ψ〉i =
(
|x〉+ |x + d〉

)
⊗ |k0〉 scat.−→

|x〉 ⊗ |φx〉+ |x + d〉 ⊗ eik0d|φx+d〉, (3.5)

where |φx〉 is the wavefunction of a photon spontaneously emitted from position x,

|k0〉 is the initial (plane wave) state of the photon, and the factor eik0d accounts for the

difference in spatial phase of the initial photon between the two positions. We rewrite

Eqn. 3.5 as a density matrix and, following the procedure outlined in Section 3.2.1,

trace over the basis of scattered photon states to derive a reduced density matrix for
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the atom alone:

ρ(x, x + d)
scat.−→ ρ(x, x + d) β(d), (3.6)

where β(d) is known as the decoherence function and has the properties |β(d)| ≤ 1

and β(0) = 1. The decoherence function is equal to the inner product of the two

possible final photon states, which are identical apart from an overall translation:

β(d) = eik0d 〈φx|φx+d〉 = eik0d〈φx|e−i k̂x d|φx〉
=

∫
d∆k P (∆k) e−i∆kd, (3.7)

where the operator k̂x is the generator of photon translations along the x̂ axis. The

resulting decoherence function is also equal to the Fourier transform of a probability

distribution P (∆k), with ∆k representing the change in momentum of the photon

along the x̂ axis.

A similar expression for β(d) is derived by Chapman [24] starting directly from

the observation that when an atom within the interferometer scatters a photon into

a particular final direction, the phase between the interfering paths is shifted:

|ψ〉i =
(
|x〉+ |x + d〉

)
⊗ |k0〉 scat.−→

(|x〉+ ei∆φ|x + d〉)⊗ |kf〉. (3.8)

The magnitude of the phase shift is given by:

φ = (~kf − ~k0) · ~d = ∆kd, (3.9)

where ~k0 is the initial momentum of the photon, ~kf is the final photon momentum

and again ∆k = (~kf −~k0)x. Rewriting Eqn. 3.8 as a density matrix and, tracing over

the allowed final momentum states of the photon we derive the same expressions as

before for the reduced density matrix (see Eqns. 3.6-3.7).

When more than one photon is scattered, as long as successive scattering events

are independent, the total decoherence function simply includes one factor of β for
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each scattered photon:

βtotal(d) =
∞∑

n=0

P (n)βn(d), (3.10)

where P (n) refers to the probability that n photons were scattered. The distribution

P (n) can be measured or calculated, though the number of photons scattered by a

particular atom is intrinsically uncertain. The sum in Eqn. (3.10) is essentially a

trace over this additional degree of freedom of the environment.

3.3.2 Apparatus and Procedures

The setup used to measure photon decoherence in an atom interferometer is shown

in Figure 3-1. We added to the basic interferometer a region of resonant laser light

(λ = 590 nm) between the second and third gratings. As the atoms (which had

been optically pumped into the 3S 1
2
|F = 2, mf = +2〉 state) passed through the laser

beam, they absorbed and spontaneously emitted (i.e. scatter) laser photons on the

3S 1
2
|2, +2〉 → 3P 3

2
|3, +3〉 transition. The number of scattered photons was controlled

via the intensity and mode of the laser light. The longitudinal position of the laser

beam was adjusted to address a range of interfering path separations, d, between 0

and ≈ 1.5λ.

Our experiments consisted of measuring the contrast reduction and phase shift

of the atom interference fringes as a result of interaction with decohering light of a

particular mode and intensity. We first measured the interfering contrast (C) and

phase (φ) with the atoms exposed to the laser light at some chosen path separation d.

We will refer to this as the “decoherence-on” configuration below. We then measured

the contrast (C ′) and phase (φ′) with the atoms exposed to the same laser light

applied after the third grating (outside of the interferometer). We refer to this as

the “decoherence-off” configuration. From these measurements we determined the

magnitude of β as the ratio C/C ′, and the phase of β as φ− φ′.
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Figure 3-1: A schematic overview of the photon decoherence experiment. Before
entering the atom interferometer, sodium atoms were optically pumped into the
3S 1

2
|F = 2,mf = +2〉 state. The efficiency of optical pumping was monitored by

measuring the deflection of the atomic beam in the gradient field produced using a
two-wire Stern-Gerlach magnet. Within the interferometer, atoms continuously ab-
sorbed and spontaneously emitted photons from a variable intensity “decoherence”
laser beam. Decoherence due to spontaneous emission results in reduced contrast in-
terference fringes. The longitudinal position z of the laser beam could be continuously
adjusted to address different atomic path separations d. The optical pumping and
decoherence laser light was locked on resonance using the doppler technique described
in Ref. [45].
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3.3.3 Results

A recently published paper describing our study of photon decoherence has been

included as Appendix B. In this section, we simply highlight the main results.

Figure 3-2 demonstrates the approximately exponential reduction of spatial co-

herence as a function of the average number of scattered photons, while leaving the

path separation fixed1.

Figure 3-3 shows the Gaussian reduction in contrast as a function of path separa-

tion for two different laser intensities.

Figure 3-4 shows measurements of the decoherence function for laser intensities

corresponding to an average number of scattered photons, n̄, ranging from ' 1 to

' 8.

1The non-exponential asymptotic behavior at larger photon number is explained in detail in
Appendix B
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3.3.4 Experimental Details

In addition to a working interferometer, this experiment required an optical pumping

region for state preparation and a laser decoherence region. The laser source for both

of these consisted of a Coherent 699 ring dye laser pumped by an Coherent Sabre Ar-

gon ion laser, the combination providing approximately 400 mW of single-mode light.

The laser was locked to the sodium 3S 1
2
|2, +2〉 → 3P 3

2
|3, +3〉 transition using the

Doppler fluorescence technique described in Ref. [45]. The laser light passed through

an electro-optic modulator to create sidebands at 1.713 GHz, then was coupled into

30 m of polarization preserving optical fiber for transport to the atom interferometer.

A coupling efficiency of 30-40% was typical, providing more than enough light to meet

the experimental requirements.

Optical Pumping

Approximately 20 mW of the laser light was used to optically pump the sodium atoms

into their 3S 1
2
|F = 2,mf = +2〉 ground state just prior to the first collimation slit.

The optical pumping setup was essentially identical to the one described in Ref. [24],

with the notable addition of an intensity stabilizer to compensate for observed long-

term fluctuations in the laser intensity. These fluctuations were primarily due to

instabilities in the dye jet of the Coherent 699, resulting from an underpowered dye

pump. This could easily be fixed by installing a larger pump. Also, we noticed a

long-term drift in the polarization of light output from the optical fiber. Because we

used a polarizing beam cube to divide the laser light between optical pumping and

decoherence regions, this polarization drift caused intensity drift in both regions.

The efficiency of the optical pumping scheme was studied using the strong gradient

field of a 2-wire Stern-Gerlach magnet (described in Ref. [108]). By comparing the

state sensitive deflection of the atomic beam in the Stern-Gerlach magnet, with we

found that > 95% of the atoms in the atomic beam were pumped into the correct

state.
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Laser Decoherence Region

The decoherence environment consisted of photons from a laser beam directed along

the x̂ axis which intersects both interfering paths (see Figure 3-1). The circularly

polarized laser light is tuned to the same 3S 1
2
|2, +2〉 → 3P 3

2
|3, +3〉 transition used

for optical pumping. Because the atoms are dipole forbidden from decaying to any

state other than 3S 1
2
|2, +2〉, they can continuously scatter photons without falling

out of resonance (the natural linewidth is ∼ 200 photon recoils wide).

The optical setup for the decoherence region is shown in Figure 3.3.4. An variable

attenuator was used to control and stabilize the intensity of the laser light. Combined

with an adjustable beam waist (described below), this allowed us to vary the average

number of photons scattered per atom from < 1 to ≈ 12.

A telescope (composed of fixed lens L2 and translatable lens L3) was used to adjust

the laser beam waist in the horizontal direction (along the atomic beam axis) between

100 µm and 1 mm. Cylindrical lens L1, oriented horizontally, provided a laser waist

of ≈ 1 cm in the vertical direction (perpendicular to the atomic beam), so that the

entire 1mm height of the atomic beam would be nearly uniformly illuminated.

In order to address path separations from 0-1.5λ it was necessary to translate the

laser beam longitudinally by ±15 mm. This was accomplished by refracting the laser

light through a pair 1/2 inch thick glass (BK7) windows (n = 1.509) oriented at an

angle to the incident laser beam (see Figure 3.3.4). When the optical flats are rotated,

the laser beam is translated while remaining perpendicular to the atomic beam. This

was important because if the angle had changed by as little as a few milliradians, the

laser light would have been Doppler shifted out of resonance with the atoms. This

system for translating the laser beam represents an improvement over the setup used

in our group’s previous photon scattering experiments [24].

The laser beam waist and intensity together determined the distribution P (n)

of number of photons scattered per atom. For every laser waist setting used in the

experiment, the average number of photons scattered per atom, n̄, was determined

as a function of laser intensity, I, by measuring the deflection of the atomic beam
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Figure 3-5: Optical system used to control the intensity, polarization, shape, and po-
sition of the decoherence laser light. The laser intensity was controlled using an
Intensity stabilizer. The light was then circularly polarized to drive the sodium
3S 1

2
|2, +2〉 → 3P 3

2
|3, +3〉 transition. Cylindrical lens L1 controlled the height of

the laser beam, while the pair L2-L3 controlled its width along the atomic beam axis.
A pair of rotatable, 1/2 inch thick glass windows were used to translate the laser
beam longitudinally (and thereby address different path separations). For diagnostic
purposes, a 10 µm slit mounted in front of a photodiode on a translation stage could
be used to measure the laser beam’s horizontal profile.
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with the laser on versus off (each scattered photon contributes, on average, 1 h̄k of

transverse momentum to the atom).

We also measured, for each waist and laser intensity, the increase in width of

the atomic beam with laser on versus off. From this measurement we extracted the

rms spread, κ, in transverse momentum transferred to the atoms by the scattered

photons. This spread includes a contribution both from the spread in number of

scattered photons, σn, and the spread in transverse momentum, σk, accompanying

a single spontaneous emission (σk = 2
5
k0 for the circularly polarized light used in

this experiment). The value of σn accounts both for the intrinsic randomness of the

spontaneous emission process, as well as the different amount of time that atoms of

different velocities spend traveling through the laser beam. In Figure 3.3.4, measure-

ments of the total momentum spread, given by:

κ =
√

n̄σ2
k + σ2

nk2
0, (3.11)

are plotted as a function of the average number of scattered photons, for a laser waist

of 350 mm.

The results of our measurements of n̄ and κ were used to make the theoretical

predictions with which our data are compared.

Zero Phase Drift

For any given set of data, we would ideally find that all of the interference fringe pat-

terns measured in the decoherence-off configuration have the same phase. However, it

is generally the case that these measurements of this decoherence-off or “zero-phase”

drift at a rate of up to a few radians per hour. One source of this drift is thermally

induced changes in the relative position of the atom gratings versus the optical grat-

ings used to determine their position. Another possibility is that imperfect alignment

coupled with pointing instability causes the phase of the optical interferometer to

drift in time.

Figure 3-7 shows a typical series of zero-phase measurements taken over the course
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Figure 3-7: Plot of the interfering phase measured in the “decoherence-off” configura-
tion (i.e. the “zero-phase”) as a function of time. Statistical error bars are too small
to be visible. Phase drift rates of 1-2 mrad/hour are typical, and much reduced com-
pared to experiments performed before the implementation of the new interferometer
platform.

of an hour. Also shown is a polynomial fit to the phase data, which is our best pre-

diction for how the true zero-phase varied as a function of time during this particular

data set. The decoherence-on phase measurements for this data set were interspersed

between the zero-phase measurements. We determined the phase of the decoherence

function by subtracting the interpolated zero-phase from the measured decoherence-

on phase.

Spread in d

In our analysis, we have assumed that the separation between the two interfering

paths at the point of light scattering is fixed, and is exactly the same for every atom

in the beam. This assumption neglects the fact that the atom paths are converging

as they approach the third grating, so that the path separation is not constant as

the atoms pass through the finite-width laser beam. Taking the path separation to
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be constant is equivalent to neglecting Hs in the master equation for monoenergetic

scatters (see Table 3.1). Furthermore, because the atom diffraction angle is velocity

dependent, atoms of different velocities have different path separations at the point

of intersection with the decoherence light.

We can account for both of these effects by replacing Eqn. 3.10 for the total

decoherence function, with the following expression:

βtotal(d1, d2, . . . , dn) =
∞∑

n=0

P (n)β(d1)β(d2) . . . β(dn), (3.12)

where β is the single-photon decoherence function. Unfortunately, while we could

determine the average atom path separation at the center of the laser beam simply

by measuring the distance between the laser beam and the third grating, we had no

way of determining the individual di. It was therefore impossible to use Eqn. 3.12

to make quantitative theoretical predictions to compare against our experimental

results.

We can however derive an approximate expression for βtotal by setting di = d̄+∆di,

and expanding Eqn. 3.12 with the ∆di as small parameters:

βtotal(d̄) =
∞∑

n=0

P (n)βn(d̄) + O
((

∆di/d̄
)2

)
, (3.13)

where d̄ is defined as the average path separation for all scattered photons (i.e. d̄ =
∑

i di/n). For our experimental parameters, ∆di ¿ d̄, and Eqn. 3.13 gives a value for

βtotal within a 1− 2% of Eqn. 3.12.

To make theoretical predictions using Eqn. 3.13 for comparison with our mea-

surements, we needed to know the value of d̄. We chose to extract d̄ from the phase

of the decoherence function itself. In the many-photon limit, this phase is equal to

arg(βtotal) = n̄d̄k0 (see Eqn. 9 of Appendix B). To obtain d̄ we first determined n̄ from

independent atom beam deflection measurements, then calculated d̄ = arg(βtotal)

n̄k0
.
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Figure 3-8: In the experiment to study decoherence from two successive environments,
atoms are prepared in the 3S 1

2
|F = 2,mf = 2〉 ground state as before. However the

decohering light is no longer tuned to a cycling transition, but rather is applied
between the 3S 1

2
|F = 2〉 − 3P 3

2
|F = 2〉 manifolds. With each photon scattered,

therefore, the atom has a chance to fall into the “dark” ground manifold 3S 1
2
|F = 1〉.

3.4 Decoherence from Two Successive Environ-

ments

In this experiment we measured the decoherence caused by two successive photon

decoherence environments. The experiment illustrates the concept of environmentally-

induced superselection (EIS), and demonstrates that an atom’s spatial coherence may

be maintained even when it changes internal state within the interferometer.

The “superselected” states of a system are defined as those states towards which

the system evolves under the influence of a given environment, typically the stationary

solutions (ρ̇s → 0) of the relevant master equation2. For the master equation describ-

ing many-photon decoherence (Eqn. 3.3), ρ̇s → 0 when either ρs(x, x′) ∝ δ(x− x′) or

Γ → 0. We can arrange Γ = 0 by exploiting the fact that different internal states of

the atom interact differently with the environment (i.e. the light field).

Consider a sodium atom optically pumped into the 3S 1
2
|F = 2,mf = 2〉 state. If

the atom is subject to decohering light resonant with its 3S 1
2
|F = 2〉 − 3P 3

2
|F = 2〉

2When no such stationary solutions exist, a set of approximate classical states may be identified
as those which minimize the entanglement between system and environment [134].
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transition3, it will eventually be optically pumped into the 3S 1
2
|F = 1〉 state (see

Figure 3-8). Because the light field does not interact strongly with atoms in the

3S 1
2
|F = 1〉 state, Γ = 0 for these atoms. Any spatial coherence remaining when the

atom arrives in the 3S 1
2
|F = 1〉 state is immune from further decoherence.

To demonstrate this, we implemented a pair of decohering environments E1, E2

within the interferometer (see Figure 3-9). The intensity of the light in environment

E1 was sufficient to scatter ≈ 3 photons from every atom. Because E1 was located just

behind the first grating where d ¿ λ, this environment caused no significant spatial

decoherence (the contrast in Figure 3-9b is essentially equal to that in Figure 3-9a).

Roughly the same intensity light was used in environment E2, located between the

second and third gratings, but because d À λ for this region, a single scattered photon

caused essentially complete spatial decoherence (Figure 3-9c).

When the atom is exposed to both decohering environments, spatial coherence is

regained (Figure 3-9d). The reason is that within E1, the atom has been optically

pumped into the F=1 manifold so that Γ = 0 and therefore ρ̇s = 0 in E2. The change

in internal state of the atom has no effect on the interference pattern because the

internal state provides no which-path information. The spatial superposition state

of the atom upon reaching E2 is already one of that environment’s “superselected”

states, and does not further decohere. Although atoms exist in a non-classical super-

position state throughout the experiment, because this superposition is not decohered

by either environment E1 or E2, we refer to the atoms as being in a “decoherence-

free subspace” (DFS) of the available quantum states [86, 30, 130, 74, 129, 9]. More

complicated DFS’s have been studied in entangled multi-particle systems [70].

3.5 Decoherence due to Background Gas Scatter-

ing

In this experiment, we measured the spatial decoherence caused by increasing the am-

bient pressure within the interference chamber, increasing the collision rate between

3The mf quantum number is unimportant for a basic understanding of the experiment
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Figure 3-9: Decoherence due to two successive photon environments (E1 and E2). (a)
With the light turned off in both E1 and E2, interference fringes are observed. (b)
Environment E1 alone causes little spatial decoherence. (c) Environment E2 alone
causes nearly complete spatial decoherence. (d) Because, in E1, atoms are optically
pumped into a classical (dark) state, they are no longer subject to spatial decoherence
in E2.
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interfering atoms and background gas particles. We demonstrated that decoherence

is not always proportional to the number of scattering events.

Referring to Table 3.2, we see that scattering of background gas particles can be

a much more significant source of decoherence for macroscopic objects than photon

scattering — even at ambient pressures of 10−11 Torr. The localization rates in the

table were calculated using the formula:

Γ = k2σn (3.14)

where k = 2π/λ is the wavevector and n the flux of scattering particles and σ is

the cross section of the macroscopic object for the scattering particles. Although

the flux of room-temperature blackbody photons is six orders of magnitude larger

that of gas particles at 10−11 Torr, the deBroglie wavelength (which sets the scale for

how effectively an environment particle can “measure” the position of the quantum

system) of massive particles at room temperature is roughly five orders of magnitude

smaller than the photon wavelength.

We studied spatial decoherence due to gas scattering by measuring the contrast

of our atom interference signal as a function of background gas pressure. Using

a controlled leak, we varied the pressure in our main region between 2 ∗ 10−7 and

2 ∗ 10−6 Torr, corresponding to a range of mean free paths for atom in the beam

between roughly 1 m and 10 cm. The results of this experiment, both contrast and

mean atom flux as a function of pressure, are displayed in Figure 3-10.

We can see the effect of background gas scattering in the reduction of atomic flux:

atoms are lost from the atomic beam at high main chamber pressures. However, no

statistically significant contrast reduction is apparent.

The explanation is that, after scattering from a background gas particle, the vast

majority of sodium atoms end up with enough change in momentum that they no

longer reach our hot wire detector. In other words, the cross section for scattering
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Figure 3-10: Interfering contrast and mean atom count rate plotted as a function
of the pressure in the main vacuum chamber. Despite the decohering effect of the
scattering from background gas particles, contrast remains constant as the pressure
increases by an order of magnitude, because our hot-wire selectively detects those
atoms which have not scattered. The fraction of atoms reaching the detector which
have scattered, plotted in the lower half of the figure, is less than 0.1% over the entire
pressure range studied.
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into the solid angle, ∆Ω, subtended by the hot-wire detector:

σdet =
∫

∆Ω

dσ

dΩ
dΩ, (3.15)

is much smaller than the total scattering cross section σtot. To quantify this claim,

we computed the ratio σdet/σtot using a simple hard sphere (radius = 4Å) model for

the sodium-background gas potential. For the conditions under which the data in

Figure 3-10 were taken, (v = 3000 m/s and a 1 mm tall by 50 µm wide detector

wire), we find σdet/σtot ≈ 10−4.

The number of atoms which reach the detector after scattering is given by:

FNσdet, (3.16)

where F is the atom beam flux, N is the number of scatterers, and σdet is the cross

section for scattering into the solid angle subtended by the detector. Similarly, the

number of atoms which reach the detector without having scattered is given by:

F (A−Nσtot), (3.17)

where A is the area of the atomic beam and σtot is the total scattering cross section.

Those atoms which have not scattered are not subject to decoherence.

Using Eqns. 3.16 and 3.17, we calculate as a function of background gas pressure

the fraction of atoms reaching the detector which have scattered and are therefore

subject to decoherence as:

fdecoh(P ) =
Fσdet

F A− Fσtot + Fσdet

=
1

σtot

σdet
− 1

I(P = 0)− I(P )

I(P )
, (3.18)

where I(P ) is the count rate as a function of background gas pressure. This fraction,

plotted in the lower half of Figure 3-10, grows with pressure, but remains less than

0.1% for the entire range of pressures we studied. Thus, our claim that most of the

atoms reaching the detector are not subject ot decoherence, is justified. Our current

77



apparatus does not have sufficient signal-to-noise to study higher background gas

pressures for which fdecoh may become significant.

3.6 Decoherence versus Dephasing

3.6.1 Introduction

Despite decades of work and hundreds of papers published on the subject, there

currently exists no single, well-accepted definition of decoherence. In some sense,

no such definition is necessary. What is more important is that the physical model

describing how a given system’s density matrix evolves appropriately includes any

influence of its environment. However, to the extent that any of broad class of different

“environments” similarly influence a variety of different quantum systems, it is useful

to group them together under the single label “decoherence.”

The atom-photon scattering which leads to loss of contrast in our atom interfer-

ometer is one member of this class of “decoherence” processes. The essential feature

of this process is the entanglement between the atom’s position and the quantum

state of the scattered photon. This entanglement is what makes “which-path” infor-

mation available in the environment, and is the starting point for explaining the loss

of interfering contrast.

There exist another set of “dephasing” processes which also reduce interfering con-

trast, but which do not involve entanglement, and therefore differ fundamentally from

atom-photon decoherence. To make this often subtle distinction between dephasing

and decoherence more clear, we have performed an experiment which is formally

nearly identical to the photon decoherence experiment, but which would generally

be considered an example of inhomogeneous broadening. Inhomogeneous broadening

occurs when different members of an ensemble have a different value of some classical

parameter (e.g. position, velocity) that influences their phase. This leads to what we

will call “classical dephasing.”
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Figure 3-11: Schematic of an experiment to demonstrate the distinction between de-
phasing and decoherence. A fourth diffraction grating is introduced (a) into the Mach-
Zehnder interferometer, causing a length difference between the interfering arms. A
resulting loss of contrast can be explained as arising from different times of arrival (b)
for atomic wavepackets traversing each path, or simply as a sum over the out-of-phase
interference patterns (c) formed by each velocity component of the atom beam.
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Figure 3-12: A comparison of the contrast loss versus path separation due to multiple-
photon scattering (from Figure 3-3) and the addition of a fourth diffraction grating.
In both cases, the contrast decreases exponentially with path separation squared.

3.6.2 Fourth-Grating (Dephasing) Experiment

The experiment (see Figure 3-11) consisted of introducing a fourth grating into the

second half of the interferometer, then selectively measuring the interference pattern

produced by those atoms which are first order diffracted at the fourth grating.4 The

contrast of this pattern, measured as a function of the longitudinal position of the

fourth grating, is displayed in Figure 3-12. The results show a Gaussian reduction

in contrast as a function of path separation at the point of diffraction — identical in

form to the contrast loss observed in the multiple-photon decoherence experiment.

3.6.3 The “Decohering Environment”

To make as close an analogy as possible to the photon experiment, we first consider

what might act as the decohering environment in the fourth-grating experiment. The

first order diffraction of an atom by the fourth grating is formally equivalent to photon

4Further details of this experiment will be included in the forthcoming thesis of Tony Roberts.
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scattering, and results in a phase shift between interfering arms analogous to Eqn. 3.9:

∆φ(v) = k′gd(v). (3.19)

The only difference from the photon case is that here the momentum transferred to

the atom is fixed by the period of the grating k′g = 2π/λ′g. (Here, the primes indicate

that the period of the momentum transfer grating may be different from that of the

three gratings forming the interferometer.)

We note that the diffraction angle, θD = λdB/λg and therefore the path separation,

d, are a function both of the interferometer grating period and the atom’s deBroglie

wavelength. The symmetric Mach-Zehnder geometry ensures that d = 0, independent

of velocity, at the position of the third grating. But at the position z of the fourth

grating, the path separation is velocity dependent:

d(v) =
λdB

λg

z =
h

λgmv
z. (3.20)

Because diffraction at the fourth grating causes a velocity dependent phase shift

via the velocity dependent path separation, when we average over the velocity dis-

tribution of the beam, the contrast of the resulting interference pattern is reduced.

This should be compared to Eqn. 3.9 where a phase difference between paths is as-

sociated with each possible direction of a scattered photon. It was the average over

this unobserved photon degree of freedom that caused a reduction in contrast. In the

same way, averaging over the longitudinal velocity distribution of our atomic beam,

P (v), causes a reduction in contrast:

C = C0

∫
dvP (v)ei∆φ(v), (3.21)

Note the similarity between this expression and Eqn. 3.7 for contrast loss in the

photon case: longitudinal velocity v is analogous to the change in photon momentum

∆k, and formally plays the role of an ignored environment degree of freedom since

our detector is not sensitive to longitudinal velocity.
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3.6.4 Comparison with Photon Decoherence

In the photon case, we were able to derive contrast loss from two perspectives: which-

path and phase-diffusion. Equation 3.21 suggests that we might equivalently consider

the loss of contrast in the fourth-grating experiment to be a form of phase diffusion.

However, in the photon case, a scattered photon is in a coherent superposition of

all of its possible final momentum states, whereas the longitudinal quantum state

of the atom beam is totally incoherent [99]. In the fourth grating experiment, it

is therefore appropriate to think of each atom as having a particular, well defined

longitudinal velocity. Thus, the average over longitudinal velocity is really an average

over different atoms. This differs from the average over photon momentum in the

photon decoherence experiment, which can be considered an average over a single

photon’s coherent momentum components. Thus, although the expressions we have

derived for contrast loss are similar in the photon decoherence (Eqn. 3.7) and fourth-

grating (Eqn. 3.21) experiments, the physical origin is somewhat different in the two

cases.

We now explore whether the fourth-grating experiment can be explained in terms

of the which path point of view (see Figure 3-11b). When the fourth grating is

in place, the two paths of the interferometer are of different lengths. Thus it is

possible, in principle, to determine which path the atom takes by measuring the

time of flight between the paths’ mutual starting and ending points. However, in

order to measure the time of flight, it would be necessary to prepare each atom at

a known position, time, and mean velocity prior to entering the interferometer. The

preparation procedure modifies the atoms’ longitudinal density matrix, introducing

off-diagonal elements [90], and thus is not perfectly analogous to the experiment

actually performed.

In attempting to explain the loss of contrast in the fourth-grating experiment both

from phase-diffusion and which-path points of view, we have identified fundamental

differences between the fourth-grating and photon-decoherence experiments. These

differences suggest the possibility that the fourth grating experiment is an example
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of classical dephasing and does not represent “decoherence” in the same sense as the

photon experiment.

3.6.5 Distinguishing between Decoherence and Dephasing

Wojciech Zurek has proposed [133] an informal test to distinguish between dephas-

ing and decoherence. His argument is based on decoherence experiments in which

it is theoretically possible to recover lost coherence by measuring the state of the

decohering environment (i.e. the momentum of the scattered photons in our photon

decoherence experiments). He claims that in a true decoherence experiment, in order

to recover coherence it will be necessary to know (either by measurement or explicit

state preparation) the quantum state of the environment both before and after the

environment-system interaction has occurred. If a single measurement of the envi-

ronment, either before or after the system-environment interaction, is sufficient for

full contrast recovery, then the experiment represents nothing more than classical

dephasing.

Applying this test, the fourth-grating experiment falls clearly into the category of

classical dephasing. If the longitudinal velocity of an atom is measured, either before

or after the atom passes through the interferometer, then the phase shift of that

atom’s interference fringes (Eqn. 3.19) is completely determined. The loss of contrast

evident in Figure 3-12 can be completely recovered by binning the detected atoms

according to their measured longitudinal velocity to build up a separate interference

pattern for each velocity class, then shifting the phase of each pattern by the amount

calculated from Eqn. 3.19. When the fringe patterns from separate velocity classes

are now combined, they will all be in phase, and would show no evidence of contrast

loss. Since only one measurement is required, the grating experiment fails Zurek’s

test for true decoherence.

In the photon decoherence experiment, lost contrast can be recovered if the final

(momentum) state of any scattered photons is measured. Just as in the grating

case, the atoms can be binned according to the measurement results, and the fringe

pattern in each bin can be adjusted in phase by an amount ∆φ = ∆Kd, where
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∆K = kfinal − kinitial. But this phase correction depends on both the initial and

final momentum state of the photon. In our case, the initial state was not measured,

but rather each photon was prepared in the same momentum state |k0〉 by the laser.

Because knowledge of both the initial and final state was necessary to determine ∆φ,

the photon experiment satisfies Zurek’s decoherence test.

We can design a nearly identical photon experiment which again fails Zurek’s test

(see Figure 3-13). In this thought experiment, we excite the atom before it enters the

interferometer. This amounts simply to changing the atom’s internal state, and thus

has no effect on the interfering contrast. We can arrange for the atom to spontaneously

decay within the interferometer with near certainty by making the interferometer

long enough. This spontaneous emission process imparts a random phase between

the two atom paths ∆φ = kfinal d, and if the path separation is sufficiently large, no

interference pattern will be observed. There will be a loss of contrast that results

from the average over the final photon momentum alone (i.e. replacing P (∆K) with

P (kfinal) in Eqn. 3.7).5

A single measurement (for each atom) of the direction of the emitted photon can

be used to determine ∆φ, and thereby recover lost contrast as in Ref. [25]. Because

full contrast can be recovered with only a single measurement this experiment would

not qualify as an example of decoherence according to Zurek’s definition.

I propose modifying Zurek’s test and suggest that, if lost contrast can be recovered

by measuring the quantum state of the environment before the system-environment

interaction has occurred, then the interaction does not represent decoherence, but

rather classical dephasing. This definition excludes the grating experiment, but in-

cludes both incarnations of the photon decoherence experiment, as intuition dictates.

The definition specifies only “measurement” not “measurement and preparation” of

the environment, because it is often possible to prepare an environment that causes

no decoherence (i.e. detuning the laser light in the photon decoherence experiment so

5For simplicity, we imagine that the path separation in this hypothetical experiment is constant,
so that the phase shift after scattering ∆φ = kfinald is independent of where, within the interfer-
ometer, the spontaneous emission occurs.
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Figure 3-13: Schematic of a thought experiment in which contrast lost due to pho-
ton scattering can be recovered in a single measurement. Atoms are excited before
entering an interferometer with path separation d, and spontaneously decay within
the interferometer. Because photon absorption occurs outside the interferometer, the
initial photon momentum state is essentially irrelevant to the experiment.
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that no photons are scattered). Note that this definition also excludes some published

experiments which claim to study decoherence. For example, in the paper of Myatt

et. al. [83], decoherence is caused by a random voltage applied to the electrodes of an

ion trap. Though impractical, full contrast could in principle have been recovered in

their experiment by measuring this random voltage before it is applied to the ions,

then correcting the measured interference signal according to the applied voltage.

The physics of contrast loss in the fourth-grating experiment is obviously straight-

forward. However, the ambiguity that arises when casting this experiment into the

language of decoherence suggest the need for clarification of the distinction between

decoherence and classical dephasing. Zurek’s heuristic test and my proposed mod-

ification represent only a beginning. Future work will hopefully achieve a rigorous

and precise definition of “decoherence,” sharpening our understanding of this phe-

nomenon.
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Chapter 4

Measuring the Matter-Wave Index

of Refraction with an Atom

Interferometer

4.1 Introduction

This chapter presents preliminary results of an experiment to measure the index

of refraction of an argon gas for sodium matter waves (“sodium-argon index”). In

analogy to classical optics, the index of refraction is a measure of the phase shift and

attenuation of an incident matter wave as it propagates through a target medium.

4.1.1 Motivation

Measurements of the matter-wave index of refraction can yield detailed information

about the atom-atom interaction potential, V (r). Ab initio calculations of these

potentials are prohibitively complex for all but the simplest of atomic systems. Where

simpler theoretical models exist, they contain free parameters which can only be

determined experimentally. Until more experimental data becomes available, it is

impossible to determine which models provide the best approximation of the true

potentials. Compared to the several types of experiments (see Section 4.2.1) from
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which information about the interatomic potential has been obtained, measurements

of the matter-wave index of refraction are distinguished by their sensitivity to the

long-range form of V (r) [39].

Studies of the matter-wave index of refraction also promise to reveal atom opti-

cal analogies to well-known optical phenomena. Originally discovered as an optical

phenomenon, “glory scattering” is known to be a feature of atom optics as well. In

atom-atom collisions it manifests as “glory oscillations” in the magnitude and phase

of the forward scattering amplitude as a function of collision energy. Previous atom-

atom scattering experiments have explored glory oscillations in the total scattering

cross section [120], but no experiment has yet been sensitive to glory oscillations in

phase. A previous attempt by our group [54] to observe glory oscillations in phase

and amplitude was inconclusive, but suggested that the phenomenon would become

apparent if statistical error bars were reduced and systematic effects addressed.

4.1.2 Chapter Outline

Section 4.2 of this chapter reviews previous theoretical and experimental studies of

the sodium-argon interaction potential. A technique for measuring the matter-wave

index of refraction using an atom interferometer is then presented, along with previous

sodium-argon index measurements. Apparatus and analysis refinements are next

discussed which have lead to significantly reduced statistical error compared with

previous experiments (Section 4.3). Next (Section 4.4), a study is made of possible

systematic errors and methods developed to minimize them. Finally, implications

and prospects for future work are discussed (Section 4.5).

4.2 Theory and Previous Measurements

4.2.1 Ground State Sodium-Argon Interaction Potential

A large existing body of theoretical and experimental work on the sodium-argon

system, made it an attractive candidate for our own study. The interaction potential
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Figure 4-1: Sodium-argon interaction potentials. Long range van der Waals at-
traction and short range electrostatic repulsion combine to create a well of depth
≈ 2 ∗ 10−4 Hartrees (≈ 40 cm−1) at an internuclear spacing of ≈ 5 Å. The solid curve
is a theoretical model based on a modified form of the Born-Mayer potential [114].
The dotted curve is a Morse potential (fit to data from various atom-atom scatter-
ing experiments) to which a van der Waals tail (calculated theoretically) has been
added [39]. The dashed curve is a modified 6-12 potential with parameters determined
from measurements of the differential sodium-argon scattering cross section [31].

between a sodium and argon consists of a short range repulsion (due to the exchange

interaction and electrostatic repulsion) and a long range van der Walls attraction

forming a well at an intermediate distance about ≈ 5Å (see Figure 4-1).

A variety of experiments have probed the sodium-argon interatomic potential.

These experiments fall into of three general categories: measurements of the differen-

tial or total sodium-argon scattering cross section, measurements of sodium optical

line broadening in the presence of an argon gas, and NaAr molecular spectroscopy.

In analyzing the experimental results, a relatively simple functional form with several

free parameters is typically used to approximate the true potential. The parameters

are adjusted to give the best fit to experimental data. Among the most commonly

invoked approximate functional forms are the Lennard-Jones 6-12 potential,

V (r) =
−λ6

r6
+

λ12

r12
, (4.1)
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the Morse potential,

V (r) = D
[
e−2α(r−r0) − 2e−α(r−r0)

]
, (4.2)

and the modified Born-Mayer potential,

V (r) = Ae−Br − ∑

n=6,8,10

Cn

rn
, (4.3)

where, in each case, r refers to the internuclear separation. As more experiments have

been performed, variations of these potentials have been introduced to allow more

flexibility in fitting experimental results. To date, the cross-section measurements

have provided the most precise overall determination the sodium-argon ground state

potential, with spectroscopic results more accurate near the potential minimum. Ab

initio calculations of the potential have been performed [11, 87, 103], but due to

uncertainty in how to handle the hard core, they differ significantly in their prediction

of the well-depth and location.

An estimate of the mutual consistency of previous experiments and calculations

can be obtained from a comparison of the potential minimum, De, and its location,

rm, derived from each (see Table 4.1). Although this comparison is hindered by the

lack of error estimates, the agreement between theory and experiment on the value

of rm is reasonably good, while the theoretical predictions for De are 10-20% greater

than experimental results.

4.2.2 Matter-Wave Index of Refraction: Theory

Interferometric measurements of the matter-wave index of refraction [55, 105] have

shown promise as a new method for the refinement of interatomic potentials [39].

These measurements are sensitive simultaneously to the short- and long-range inter-

action potential, and thus are a valuable complement to existing experiments. In this

section, we introduce the matter-wave index of refraction and derive its relationship

to the interatomic potential.

Consider an atomic plane wave passing through a region of target gas located
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Source De (10−4a.u.) rm(Å)
Exp. (Molecular Spectroscopy) [107] 1.77 4.99
Exp. (Scattering Cross Section) [32] 1.88 4.8
Exp. (Scattering Cross Section) [19] 2.04 5.01
Exp. (Scattering Cross Section) [31] 1.95± .05 5.05± 0.1
Theory (Pseudopotential) [11] 2.29 4.97
Theory (Pseudopotential) [87] 1.97 5.03
Theory (Configuration Interaction) [103] 2.52 5.01
Theory (Self-Consistent Field Theory +
long range van der Waals) [114]

2.33 4.91

Table 4.1: A summary of published values for the sodium-argon potential minimum
(De) and its location (rm). The first four sets of parameters were obtained from fits
to experimental data; the type of experiment is indicated in parenthesis. The last
four were derived from ab initio calculations; the method of calculation is indicated
in parenthesis.

Incident

atom wave
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atom wave
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Figure 4-2: Illustration of the attenuation and phase shift of matter waves as they
pass through a target-gas region located between 0 < x < L. Within the gas re-
gion, incident atoms are subject to an average attractive potential which causes their
wavevector to increase and leaves them phase shifted with respect to a reference wave
when they emerge. The target gas also scatters a fraction of the incident atomic
flux out of the original beam path. These two effects are parameterized in the real
(phase shift) and imaginary (attenuation) components of the matter-wave index of
refraction.
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between x = 0 and x = L (see Figure 4-2). For x < 0, we assume a wavefunction of

the form:

ψx<0(x) = eik0x, (4.4)

where k0 is the wavevector of the incident atom. Within the target-gas region, the

atom interacts with the atoms/molecules of the target gas and emerges phase shifted

and with a reduced amplitude in the forward direction:

ψx>L(x) = eik0xeiφ̂NLe−σ̂NL +
∑

~k 6=k0x̂

c(~k)〈x|~k〉, (4.5)

where N is the column density of scatterers in the gas, L is the length of the gas

region, and φ̂, σ̂ are dimensionless parameters. The first term in Eqn. 4.5 represents

the portion of the atom wave that continues in the original direction, while the second

term represents the amplitude for the incident atom to scatter into a different final

momentum state.

The attenuation and phase shift of the atom wave that occurs within the gas

region can be parameterized into a single, complex-valued index of refraction:

ψx>L(x) = ei(n−1)k0Leik0x +
∑

~k 6=k0x̂

c(~k)〈x|~k〉, (4.6)

where:

n = 1 +
1

k0

(φ̂ + iσ̂)N. (4.7)

This matter-wave index of refraction is directly related to the forward scattering

amplitude, f(|~k|, θ = 0), for a collision between an atom and gas particle [8, 38, 121]:

n = 1 +
2π

k0

〈
f(kr, 0)

kr

〉
N (4.8)

where kr is the atom’s wavevector in the center of mass frame of the collision. The 〈〉
indicate an average over kr to account for the velocity distribution of the target-gas

atoms (see Section 4.2.4). Comparing Eqns. 4.7 and 4.8, we arrive at expressions for
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the two dimensionless parameters:

σ̂ = 2π

〈
Im[f(kr, 0)]

kr

〉

φ̂ = 2π

〈
Re[f(kr, 0)]

kr

〉
. (4.9)

Of several different techniques for calculating f(kr, 0), partial wave theory is the

most commonly used in literature discussing the matter-wave index of refraction.

Using partial wave theory, the real and imaginary parts of f(kr, 0) are calculated as

a sum over the angular momentum components of the collision [101]:

Im[f(kr, 0)] =
∑

l

(2l + 1)

kr

sin2 δl

Re[f(kr, 0)] =
∑

l

(2l + 1)

2kr

sin 2δl (4.10)

where δl is the phase shift for the partial wave of angular momentum l.

The δl’s are commonly calculated using either the eikonal or JWKB approxima-

tions. The JWKB method is more accurate and more computationally intensive of

the two methods. The method is valid in regions where the interatomic potential

varies slowly compared to the incident atom’s wavelength. Near classical turning

points where this assumption breaks down, standard formulas are used to smoothly

connect the wavefunctions on either side of the turning point. The result is derived

in many texts [101]:

δl =

√
2µ

h̄

∫ ∞

0

√√√√E − V (r)− h̄2l(l + 1)

2µr2
dr +

π

2
l − krr0 +

π

4
(4.11)

where µ is the reduced mass of the system and r0 is the classical turning point.

A slightly less accurate [54] result can be obtained using the eikonal approximation

in which one assumes that the incident atom travels past the scatterer along a straight-

line trajectory. To calculate the phase shift for a partial wave of angular momentum l,

one assumes a trajectory with impact parameter, b, chosen to give the appropriate

angular momentum (i.e. b = l/vr, where vr = h̄kr/µ). The phase shift is computed
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Figure 4-3: Schematic of the apparatus needed to measure the matter-wave index of
refraction. A target-gas cell is introduced around one arm of a two path interferome-
ter. The real and complex components of the matter-wave index of refraction can be
deduced from the phase shift and attenuation that occurs when the cell is filled with
gas.

as the integral of the interatomic potential along this trajectory:

δl =
−1

h̄vr

∫
V

(√
b2 + z2

)
dz. (4.12)

To calculate the theoretical curves presented in this chapter, we have used the eikonal

approximation exclusively.

4.2.3 Interferometric Measurement of the Index of Refrac-

tion

This section describes how a separated-beam atom interferometer may be used to

measure the matter-wave index of refraction. The only additional apparatus needed

is a cell, introduced around one interfering arm, which can be empty or filled with

target-gas. A schematic of this arrangement is shown in Figure 4-3.

With no gas in the cell, the interference signal (atom flux versus grating phase) is

given by:

I(φg) = b + |a1|2 + |a2|2 + 2|a1a2| cos(φg + φ12)
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= I0[1 + C cos(φg + θ)] (4.13)

where a1,2 are the amplitudes of the two interfering paths, φ12 is their phase difference,

and b is the background count rate (i.e. from other, non-interfering diffraction orders).

In the second line of Eqn. 4.13, we have introduced the mean count rate, I0, contrast,

C, and phase, θ, of the interference pattern:

I0 = b + |a1|2 + |a2|2

C =
2|a1a2|

b + |a1|2 + |a2|2
θ = φ12. (4.14)

At this point, we also identify the amplitude of the sinusoidal interference fringes,

CI0 = 2|a1a2|, which is independent of the background count rate.

When the cell is filled with gas, the atom wave passing through the cell will be

phase shifted and attenuated according to Eqn. 4.5:

a1 → a1e
iφ̂ηe−σ̂η. (4.15)

(For reasons discussed in Section 3.5 and in Ref. [54], we can neglect the second

term in Eqn. 4.6 and considered only the forward-scattered portion of the incident

atomic flux). Also, because the density of gas within the target cell is in general not

a constant, we have replaced the factor NL from Eqn. 4.5 with an effective number

of scatterers defined by the integral:

η =
∫ ∞

−∞
dxN(x), (4.16)

where N(x) is the column density of gas in the target cell.

Using Eqn. 4.15 we find that the measured interference pattern with gas in the

cell is given by:

I(φg) = b + |a1|2e−2σ̂η + |a2|2 + 2|a1a2|e−σ̂η cos(φg + φ12 + φ̂η)

95



= I ′0[1 + C ′ cos(φg + θ′)], (4.17)

where,

I ′0 = b + |a1|2e−2σ̂η + |a2|2

C ′ =
2|a1a2|e−σ̂η

b + |a1|2e−2σ̂η + |a2|2
θ′ = φ12 + φ̂η, (4.18)

and the new interference fringe amplitude is C ′I ′0 = 2|a1a2|e−σ̂η.

From the interference patterns measured with and without gas in the cell, we

obtain the two experimental parameters:

φexp = θ′ − θ = φ̂η (4.19)

σexp = − ln

[
C ′I ′0
CI0

]
= σ̂η. (4.20)

Because it is impractical to measure the density profile N(x) of gas in the target cell

(needed to compute η), we instead compute the ratio,

ρexp =
φexp

σexp

=
φ̂η

σ̂η
=

φ̂

σ̂
(4.21)

which we can compare directly with a theoretical prediction based on Eqns. 4.9.

4.2.4 Velocity Averaging and Glory Oscillations

Before a direct comparison between theory and experiment can be made, Eqns. 4.9

must be appropriately averaged over a distribution of collision wavevectors, kr. The

appropriate distribution function, for a target gas of mass mt in thermal equilibrium

(at temperature T ) and an incident atomic wave of mass m and fixed velocity v0 =

h̄k0/m has been derived by Champenois et. al. [22]:

P (vr) =
2v2

r

α
√

πv2
0

mt

m + mt

e−
v2
0+v2

r

α2

[
cosh

(
2vrv0

α2

)
− α2

2vrv0

sinh
(

2vrv0

α2

)]
(4.22)
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Figure 4-4: Two calculations of the sodium-argon index of refraction, based on the
modified morse potential published in Ref. [39]. The thin, jagged line represents
a calculation with no thermal averaging, while the dotted line includes an average
over the velocity distribution of an argon target gas in thermal equilibrium at room
temperature (300K). The fine-scale structure in the unaveraged curve results from
imperfect numerical integration and is not physical.

where α = 2kbT/mt. This velocity distribution can be converted into a wavevector

distribution with the substitution kr = µvr/h̄, where µ is the reduced mass of the

colliding particles.

Figure 4-4 shows the effect of velocity averaging on the predicted functional form

of ρNaAr. The unaveraged curve exhibits large-scale oscillations in ρNaAr as a function of

velocity. These are the glory oscillations referred to at the beginning of the chapter.

They result from the interference of the two forward-scattered paths in a sodium-

argon collision (see Figure 4-5). The phase difference between these paths varies

with relative collision velocity and the paths alternately interfere constructively and

destructively. This interference causes the characteristic oscillations in the phase and

amplitude of the total forward-scattered wavefunction.

The damping of glory oscillations at beam velocities ≤ 1500 m/s is the most

significant effect of velocity averaging (see Figure 4-4). Because the velocity average
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b

Figure 4-5: Schematic illustration of various atom-atom scattering trajectories as
they depend on impact parameter, b. At large impact parameter, the incident atom
continues undeflected (i.e. is forward scattered). At intermediate impact parameters,
the atoms experience a van der Waals attraction, and at very small impact parameters,
they experience hard-core repulsion. In between these two regimes is another impact
parameter for which the incident atom is forward scattered.

makes glory oscillations more difficult to observe, one goal for future experiments is

to narrow the velocity distribution of the target-gas atoms (see Section 4.5).

Strictly, an average over the velocity/wavevector distribution of the atomic beam

(v0 = h̄k0/mNa) must also be performed. It is important to note that the procedure for

averaging over k0 is different from that for kr. Whereas each individual incident atom

interacts coherently with thousands of target atoms [54], the ensemble of atoms in

the beam exist in an incoherent superposition of different velocities [99], each velocity

forming its own independent interference pattern. What is ultimately measured is a

classical average over these patterns. To average over k0, it is the weighted average of

interference patterns that must be calculated, rather than average values of σ̂ and φ̂.

Because of the relatively narrow velocity distribution of a supersonic beam compared

to a thermal gas, this second average can be safely neglected at the level of sensitivity

of current experiments. However, it may be important to include an average over k0

in future experiments.
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4.2.5 Previous Index of Refraction Measurements

Two previous experiments have been performed to measure the matter-wave index

of refraction, both using the MIT atom interferometer. In 1995, Schmeidmeyer et.

al. [105] measured the index of refraction of nine target gases (including argon) for

sodium matter waves, but only at a single1 sodium beam velocity (≈ 1000 m/s). The

results obtained were in rough agreement with theoretical predictions, but were not

precise enough to be useful in refining interatomic potentials [22].

In 1997, Hammond et. al. [54, 55] studied the velocity dependence of the sodium-

argon index. With the goal of observing glory oscillations, ρNaAr was measured over a

range of sodium-beam velocities between 1000 and 2500 m/s. The data obtained suf-

fered from unexpectedly large statistical errors. These errors were ultimately blamed

on problems with the hot-wire/CEM detector and on large zero-phase drifts which

occurred while the gas cell was filled/evacuated (see Section 4.4.5). The results were

also systematically higher than theoretical predictions.

The results of these two previous experiments are shown in Figure 4-6. Also shown

are theoretical predictions based on three representative interatomic potentials. A

comparison of the theory and data suggests two requirements for any future studies

of the sodium-argon index. First, the statistical error bars should be reduced in

order for the damped glory-oscillation structure to become visible in the experimental

data. Second, any factors that might be systematically affecting the measurements

(especially at high-velocities) should be identified and either eliminated or corrected

in post-analysis. The new measurements of ρNaAr described in this chapter address

both of these issues.

4.3 Experiment

This section describes new measurements of ρNaAr as a function of sodium beam veloc-

ity. A description is given of the apparatus and procedures, highlighting improvements

1A limited amount of data was collected at other atom-beam velocities, but, due to questionable
accuracy, was not published.
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Figure 4-6: Previous measurements of ρNaAr. The filled circles (•) are values pub-
lished by Schmeidmeyer et. al. [105] combined with unpublished results taken at the
same time. The open circles (◦) are values obtained by Hammond et. al. [54, 55].
Also shown are three theoretical predictions for ρNaAr based on the model potentials
displayed in Figure 4-1.
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over previous experiments. The new measurements are then presented and discussed.

4.3.1 Apparatus and Procedures

The apparatus (see Figure 4-7) and data-collection procedures for the current index

of refraction experiment were largely similar to the previous two [54, 105]. We re-

used the target-gas cell employed by Hammond et. al., consisting of a 10 µm thick

silicon wafer (the “septum”) bonded to a 2 inch diameter glass flat into which a 3 mm

tall, 5 mm deep channel had been cut (see Figure 4-8). The cell is connected to a

low-pressure gas reservoir via 1/4 inch diameter tubing. The cell could be filled with

gas from the reservoir by opening valve PV1 and closing valve PV2 — this will be

referred to as the “gas-on” configuration below. To empty the gas cell, we closed valve

PV1 and opened PV2, allowing gas in the cell to vent through two feet of 1/4 inch

diameter tubing into the main vacuum chamber — this valve setting will be referred

to as the “gas-off” configuration.

The equilibrium “gas-on” pressure of argon in the target cell is proportional to the

argon pressure in the target-gas reservoir. We estimate the pressure in the target-gas

cell to have been ≈ 1/7 of that in the target reservoir, based on beam attenuation

measurements combined with calculations of the total scattering cross section. We

operated the reservoir at argon pressures between 1 and 5 mTorr, adjusted by bal-

ancing the flow into the reservoir of pure argon gas from a high-pressure gas cylinder

against the pumping speed of a turbo pump connected to the reservoir. The flow into

the reservoir was controlled via an adjustable leak valve (LV). The pumping speed

was restricted by partially closing a gate valve (GV) just above the pump inlet (see

Figure 4-7).

To set up the experiment, we began by measuring a reference diffraction pattern

produced by a collimated atom beam through the first diffraction grating. We then

inserted the target-gas cell, which is located a few centimeters upstream of the second

diffraction grating, such that the septum was positioned halfway between the 0th and

1st diffracted orders (the two orders that would eventually form the atom interferom-

eter). The septum was wide enough that, even when carefully aligned, it attenuated
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Figure 4-7: Schematic of the apparatus used to measure ρNaAr. (a) A target-gas cell
was inserted into one arm of the atom interferometer. (b) The target cell was filled
into from a larger target-gas reservoir, and emptied by venting into the main vacuum
chamber. The dots on either side of the target-gas cell membrane represent the two
paths of the interferometer.
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Figure 4-8: Schematic of the target-gas cell (described in detail in Ref. [54]). The
cell consists of a 10 µm thick silicon membrane (the “septum”) anodic bonded to a
1/4 inch thick pyrex substrate into which a channel has been cut. As the two atom
interferometer arms pass on either side of the silicon membrane, only one is exposed
to the target gas.
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both the 0th and 1st orders to some extent. Comparing diffraction patterns with the

target cell in place to the reference diffraction pattern, we fine tuned the transverse

alignment of the target cell until the both the 0th and 1st orders were attenuated by

the same factor (to within 5− 10%).

There are three advantages in positioning the target-gas cell around the 0th order

of the first diffraction grating. First, due to it’s finite velocity width, a 1st order

diffracted atomic beam is slightly wider than a 0th order beam (see Appendix A).

By inserting the target-gas cell upstream of the second diffraction grating, we were

working with the narrowest possible pair of diffracted orders and therefore allowing

more space for the septum between them. Second, the most significant background

signal from a non-interfering order (see Section 2.3.3) is due to the component of the

atomic beam that is 0th order diffracted at both the first and second gratings. This

is simply because the 0th order has the largest amplitude of any diffraction order.

Thus, by choosing to attenuate the 0th as opposed to the 1st order when the gas-

cell is filled, we more significantly reduce the background signal from non-interfering

orders.

The third advantage is that attenuating the 0th order allows us to maximize our

signal-to-noise ratio (S/N = C
√

I0) for the gas-on measurements. We deliberately

used a first grating whose open fraction was slightly larger (0.56 versus 0.54) than

ideal2, that is, a grating whose ratio of 0th order to 1st order diffraction is too large.

In the gas-off configuration, using the larger open fraction grating resulted in a higher

mean count rate, but smaller contrast and smaller overall signal to noise versus the

ideal case. However, in the gas-on configuration, we effectively reduced the ratio of

0th order to 1st order diffraction amplitudes, bringing it closer to the ideal value.

This resulted in an actual increase the contrast of the interference pattern for some

of our gas-on data (see Figure 4-9). Overall, S/N was still smaller for the gas-on

versus the gas-off data, but was larger than it would have been were the 1st order

attenuated or a first grating of the “ideal” open fraction used.

2Where “ideal” is defined as the configuration of available open fractions that yields the highest
measured signal-to-noise.
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With the gas cell in place, the procedure for making a single measurement of ρNaAr

was as follows. First, in the gas-off configuration, we acquired interference data for 5-

10 seconds. The precise duration was chosen such that we could statistically resolve

the phase of the interference pattern to ≈ 0.1 mrad. This first set of interference

data was fit to Eqn. 4.13 to obtain C, I0, and θ. Next we switched to the gas-on

configuration and collected another 6-20 seconds of interference data. A larger time

interval was often used for the second set of data because of the reduction in signal

to noise caused by attenuation of the 0th order beam. The second set of data was fit

to Eqn. 4.17 to obtain C ′, I ′0, and θ′. Alternating gas-on and gas-off measurements

were repeated 80-100 times, at a fixed reservoir pressure and beam velocity, to obtain

one 20-minute “dataset.”

Figure 4-9 shows the fit results for a typical dataset. These data were further

reduced as follows. First, any zero-phase drift was eliminated using an interpolation

procedure similar to the one described in Section 3.3.4. Next, we determined φexp

(Eqn. 4.19) for each gas-on fringe by subtracting the interpolated gas-out phase from

the measured gas-on phase. We then determined σexp (Eqn. 4.20) by taking the ratio

of the gas-on to gas-off interfering amplitude (the interfering amplitude did not drift

significantly from cycle to cycle). With these values we then generated a plot of φexp

to σexp (see Figure 4-10) to which we fit a straight line, fixed to pass through the

origin. This fit yields a single value of ρNaAr (Eqn. 4.21) for the entire dataset.

Adjusting the beam velocity

The mean velocity of the beam generated in our supersonic source (see Section 2.2.1)

is given by:

v =

√
5kbT

m̄
(4.23)

where T is the temperature of the escape nozzle (typically 750◦C) and m̄ is an effective

mass of all particles in the beam weighted by their partial pressures (or equivalently

their mole fractions):

m̄ =

∑
i mipi∑

i pi

. (4.24)
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Figure 4-9: Mean count rate, contrast, and phase of measured interference patterns
in the gas-on (•) and gas-off (◦) configurations for a v = 1564 m/s sodium beam. The
target reservoir pressure was 1.95 Torr. Because the amplitude of the interfering arm
passing through the (initially empty) gas cell was larger than that passing outside
the cell, the contrast actually increases from 26% to 36% when the gas cell is filled
(though overall the S/N decreased from 29 to 19). A distinct phase shift between
the gas-on and gas-off configurations is evident atop a slowly varying phase drift.
This phase drift dominates our error in determining φexp. From the 80 cycles of data
displayed here, acquired in approximately 20 minutes, we found ρNaAr = 0.55± 0.03.
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To study the velocity dependence of ρNaAr, we adjusted the atomic beam velocity

between datasets by varying the effective mass of the carrier gas mixture. We created

a controlled mixture of two noble carrier gases using a pair of gas flow meters, with

which we could produce any desired effective mass between 4 amu (= mHe) and 130

amu (= mXe).
3

We found experimentally that it takes between 1/2 and 1 hour for the beam

velocity to stabilize to within 1% of the new velocity after the flow controller settings

are adjusted. We measured the beam velocity at the beginning and end of every

dataset, and waited long enough after the flow controller adjustment that the velocity

had stabilized to within 3% before beginning any data collection.

4.3.2 Improvements over Previous Experiments

The most significant improvement over the previous experiment of Hammond et. al.

is that, for an equal or even smaller quantity of data, we have been able to reduce

the statistical error bars on the measured value of ρNaAr by a factor of two. Two

factors primarily account for the reduction in statistical error: better monitoring of

zero phase drift and optimization of the pressure in the gas cell.

Zero-Phase Drift

In order to determine φexp, we subtract the interpolated gas-out phase (zero-phase)

from the gas-in phase (Eqn. 4.19). Because we cannot measure both phases simul-

taneously, we must interpolate adjacent zero-phase measurements to find the true

zero phase at the moment the gas-in phase is measured. The interpolation becomes

more reliable when there is less overall zero-phase drift and when the zero phase is

measured more often.

In previous experiments, the typical zero-phase drift was 10 rad/hour. As a result

of our improvements to the thermal stability and vibration isolation of the interfer-

3Within the source oven, the sodium partial pressure (< 5 Torr) is typically less than 1% of
carrier gas pressure (≈ 1800 Torr). We therefore ignore the sodium contribution to the effective
mass when calculating the ratio of carrier gas pressures necessary to achieve a desired velocity.
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ometer (see Section 2.3.3), this drift rate has been reduced by nearly an order of

magnitude to 1-2 rad/hour.

In the previous experiment, zero-phase measurements were made at a rate of ≈ 1

per minute. The limiting factor in this rate was the ≈ 50 s time constant for filling the

gas cell (the emptying time was a small fraction of the filling time constant). In the

current experiment we have been able to reduce the filling/emptying time constants

to ≈ 1 s by shortening the length of tubing between PV1 and the gas cell, and by

increasing the size of the gas tube leading from the pressure reservoir to the gas cell

(from an inner diameter of 1/32 inch to 1/4 inch). This improvement allowed us to

take zero-phase measurements at a rate of ≈ 6 per minute, leading to a much better

determination of zero-phase drift.

Optimized Target-Gas Pressure

In addition to allowing zero-phase measurements to be made more often, reducing

the filling time constant so dramatically enabled us to take all of the gas-on data at

an optimized gas cell pressure. If σexp and φexp are small compared to their error

bars, then the fractional error in ρNaAr is À 1. Thus, the best determination of ρNaAr

is obtained from data with a large phase shift/attenuation, though not so large an

attenuation that the atom interference pattern is undetectable over the background.

Empirically, an attenuation e−σ̂η = e−2 is best, given our sources of phase noise. In

the experiment of Hammond et. al., rather than wait several time constants for the

gas cell pressure to equilibrate, data was collected at non-ideal pressures while the

cell was filling and emptying. Taking data as the pressure in the gas cell is changing

also introduces a systematic error in the measurements of ρNaAr (see Section 4.4.5).

Because our filling time constant is now so short, we could afford to wait for the gas

cell to come to equilibrium before collecting interference data, and still collect data

with an 80% duty cycle.

The net result of these improvements can be seen in Figure 4-10, comparing a 50

minute long dataset from the previous experiment to a 20 minute long dataset from

the current experiment. The statistical error in the final value for ρNaAr deduced from
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Figure 4-10: (Left) Plot of σexp versus φexp from a typical 50 minute long dataset from
the previous index of refraction experiment of Hammond et. al. [54] representing about
1 hour of data. A linear fit, fixed to pass through the origin, yields ρNaAr = 0.57±0.03,
with a χ2 of 40.4. (Right) Plot of σexp versus φexp from a typical 20 minute long dataset
from the current experiment. A linear fit to this data yields ρNaAr = 0.479± .015 with
a χ2 = 3.7.
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the current experimental data is half as large as that of the previous experiment.

In addition, the χ2 reported from a linear fit to the data has been reduced from

40.4 to 3.7. That the χ2 is still larger than one is due to the presence of some

remaining technical noise (i.e. zero-phase drift faster than our interpolation procedure

can monitor) affecting the current experiment. We have analyzed the σexp and φexp

distributions independently (fit them to a constant) and note that the χ2 for φexp

is consistently between 1.5 and 10 times larger than that of σexp, indicating that

unaccounted-for phase noise is more significant than contrast noise. We have defined

our statistical error bars to include the scatter observed experimentally (as derived

from plots like the one in Figure 4-10) rather than simply the shot-noise limit from

the actual atom-counting statistics.

We have also made one procedural improvement over the previous experiment. In

that experiment, a single experimental run was devoted to measuring the atom-beam

velocity as a function of seed gas mixtures. Velocity measurements were not repeated

on subsequent evenings when the actual data was collected. We have observed, how-

ever, that even using the same flow controller settings, our atom beam velocity varied

by as much as 50 m/s from run to run. This variation likely stems from the changes

in the source oven temperature and the pressure in the seed gas lines leading to the

flow controller. For this reason, in the current experiment we measured the velocity

of the atom beam at the beginning of each run, and before and after each adjustment

made to the flow controller settings. As a result, our velocity determination in the

current experiment was better than ≈ 10 m/s.

4.3.3 New Measurements

New measurements of ρNaAr as a function of atom-beam velocities in the range 750−
2200 m/ are plotted in Figure 4-11.

Our high-velocity data (v > 1500m/s) show reasonable agreement with theory. At

low velocity, our data falls substantially below the theoretical prediction and below

the results of previous measurements. Although there is clearly structure in ρNaAr

with respect to velocity, we have not yet observed a complete glory-oscillation cycle.
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Figure 4-11: Summary of our new measurements of ρNaAr as a function of velocity.
Between 2 and 8 datasets were acquired at each velocity. (Left) Results from the
individual datasets. (Right) Results after averaging the data collected at a each
atom-beam velocity. Also shown are three theoretical predictions for ρNaAr based on
the model potentials displayed in Figure 4-1.

The discrepancy between the theory and our low-velocity data indicates a system-

atic error in the experiment for which we have not yet accounted or a shortcoming in

the atomic theory. A thorough analysis of possible systematics is presented in Sec-

tion 4.4. However, it is also worth studying whether enough flexibility exists within

the theory to bring it into agreement with the low-velocity data.

To this end we have studied the low-velocity asymptotic behavior of ρNaAr. We

find that as v → 0, the value of ρNaAr is dominated by the long-range behavior of the

interatomic potential, which can be represented to high accuracy as a van der Waals

expansion:

V (r)r→∞ ≈ −C6

r6
− C8

r8
− C10

r10
− . . . (4.25)

For the sodium-argon system, the currently accepted theoretical values for the van

der waals coefficients (in atomic units) are: C6 = 189± 20, C8 = 10, 700+1,560
−430 , C10 =

835, 000+45,400
−115,200 [114]. We have calculated the low-velocity limit of the sodium-argon

index assuming a potential of the form given in Eqn. 4.25 and using various values of

the van der Waals coefficients consistent with the stated theoretical limits. We find
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that ρNaAr varies only between 0.67 (when C6 is minimized and C8,10 are maximized)

and 0.69 (when C6 is maximized and C8,10 are minimized). Even among theories which

hypothesize a different form for the long-range potential, the low velocity asymptote

lies between ρNaAr = 0.64 and 0.72 (see Figure 4-6).

Thus, uncertainty in the theoretical potential parameters is not large enough to

account for the observed discrepancy between theory and experiment. The statistical

error bars are not large enough to explain the discrepancy as a statistical fluctuation.

We are therefore called to investigate possible systematic effects that might be skewing

our measurements.

4.4 Analysis of Systematic Errors

The fact that both the current and previous experiments show significant deviation

from theory demands an investigation into possible systematic errors. Hammond [54]

discusses systematic effects briefly, concluding that none were significant compared to

the statistical error bars of his experiment. For the systematic effects he considered,

Hammond’s conclusion remains true for the current experiment.

However, we have identified several sources of systematic error that were not

previously considered. Some of these are significant in the current experiment and

most likely affected the results of the previous experiment as well. An explanation

of each source of error is given below, along with an estimate of its contribution to

the new sodium-argon index measurements. Where possible, an expression for the

fractional shift ∆ρ ≡ ρexp−ρtrue

ρtrue
resulting from the systematic effect is derived. (Note:

In this section, wherever ρ is used without any subscript, we are implicitly referring

to the sodium-argon system.)

4.4.1 Other Interfering Orders

Our original analysis of the experiment in Section 4.2.3 dealt with only one pair

of interfering paths (the “correct” interferometer). This assumption neglects the
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Figure 4-12: Illustration of the two pairs of paths which contribute most significantly
to the detected interference signal. Only one of these pairs (labeled “correct”) has one
arm passing inside and the other outside the gas cell. The other (labeled “incorrect”)
may have both arms (a) outside or (b) inside the cell.

presence of a second4, symmetric pair of paths which also contributes to the measured

interference signal as shown in Figure 4-12. We refer to this second pair of paths as

the “incorrect” interferometer.

Although the correct and incorrect interferometers are spatially displaced from

each other, because the atomic beam and detector are not infinitely narrow, there

will in general be some fraction, f , of the detected interference signal that comes

from the incorrect interferometer. For a Gaussian-shaped atom beam, of width σb,

this fraction is:

f = e
− 1

2

(
2θDL

σb

)2

, (4.26)

where θD = λdB/λg is the atom diffraction angle, and L is the distance from the first

to the second atom grating (= 36 inches in the current experiment).

Because the arms of the incorrect interferometer are either both inside or both

outside the gas cell, the phase and amplitude of the incorrect interferometer fringes

were affected differently than those of the correct interferometer when we switched

between gas-on and gas-off configurations. If we repeat the calculations leading to

Eqn. 4.19, this time including the contributions of both the correct and incorrect

4In fact, there are an infinite number of additional interfering involving 2nd or higher diffracted
orders. The small amplitude for these orders compared the 0th and 1st renders their contributions
negligible.
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interferometers, we find:

φexp = tan−1

(
sin φ̂η

cos φ̂η + fe±σ̂η

)
≈ φ̂η − f

e±σ̂η sin φ̂η

2
, (4.27)

where in the last step we have approximated f as a small parameter. The plus sign

applies when both paths of the incorrect interferometer pass outside the gas cell, and

the minus when the both pass inside (see Figure 4-12).

Similarly, repeating the calculations leading to Eqn. 4.20, we find:

σexp = − ln

(
e−σ̂η 1 + fe±σ̂η

1 + f

)
≈ σ̂η + f(1 + e±σ̂η). (4.28)

Combining equations 4.27 and 4.28, we derive the following estimate of the systematic

error caused by the presence of the incorrect interferometer as:

∆ρ = f

(
e±σ̂η − 1

σ̂η
− e±σ̂η sin φ̂η

φ̂η

)
(4.29)

The effect of this systematic is clearly minimized when both incorrect interferometer

paths pass through the gas cell (when the minus signs in Eqn. 4.29 applies). We

therefore chose to run the experiment in this configuration (pictured in Figure 4-

12b).

Using Eqn. 4.29, we have calculated the systematic error in ρexp due to the presence

of the “incorrect” interferometer. The results are displayed on the left hand side of

Figure 4-13 for several different experimental configurations. The qualitative effect

of the incorrect interferometer is to reduce the measured ρ below it’s true value. The

severity of the error is negligible up to a cutoff velocity which is a strong function of

σb: increasing the beam width by a factor of two dramatically increases the effect of

this systematic. On the right hand side of Figure 4-13 we have applied the correction

calculated from Eqn. 4.29 to the measured data. The value of σb used to correct each

dataset was derived from diffraction patterns taken on the same evening. The values

of σ̂η and φ̂η were obtained from each dataset itself. The data at v = 1565 m/s

and v = 2207 m/s have the largest correction because they were taken at smaller gas
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Figure 4-13: (Left) Calculation of the systematic shift caused by the presence of an
“incorrect” interferometer. For this calculation, (unless otherwise noted) we have
assumed a 200 nm grating period, σb = 0.032 mm, σ̂η = 1.66, and φ̂η = 1.21, (values
appropriate for ρ ≈ 0.7). (Right) Experimental data corrected for this systematic
using Eqn. 4.29. Raw data points (•) are shown without error bars. Corrected points
(◦), obscured for the most part underneath the experimental data, are shown with
error bars corresponding to the uncertainty of the correction.

cell pressures (on average) than data at the other velocities. The uncertainty in the

correction arises from an imperfect knowledge of our atomic beam width.

Several approaches might be used to mitigate this systematic error in future ex-

periments. As a first step, the interferometer should always be operated in the con-

figuration such that both of the “incorrect” interferometer paths are attenuated. It

may also be possible to block the undesired orders using a translatable razor edge or

the edges of the diffraction grating windows themselves. Using smaller period grat-

ings would also offer a huge improvement: if the 200 nm period gratings used in the

current experiment were replaced with 100 nm period gratings, f (and therefore ∆ρ)

would be reduced by a factor of e−4.

4.4.2 Molecule Interferometers

Our original analysis of the experiment in Section 4.2.3 considered a matter-wave

beam composed entirely of sodium atoms. This assumption neglects the presence in
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case 2

case 1

Figure 4-14: Illustration of the two pairs of molecular paths which contribute most
significantly to the detected interference signal. One of these pairs (case 1) has both
arms passing inside the gas cell. The other (case 2) has one arm obstructed by the
target cell membrane.

the beam of a significant fraction (typically 10-15%) of sodium dimers (Na2), which

also contribute to the interference signal. The dimers in our supersonic beam have

the same velocity as the atoms but are twice as massive, and therefore have twice the

atom’s deBroglie wavelength and half the atom’s diffraction angle. They also have a

different interaction potential with argon, and therefore a different index of refraction.

We now proceed to calculate the effect of sodium dimers on the measurement of ρ.

There are two symmetric molecule interferometers which most significantly con-

tribute to the interference signal (see Figure 4-14). For the molecule interferometer

in which both paths pass inside the gas cell (case 1), the fractional shift can be cal-

culated using Eqn. 4.29 from the previous section with the replacements σ̂ → σ̂mol

(the dimensionless attenuation factor for sodium dimers) and f → f 1
mol (the fraction

of “case 1” molecules contributing to the detected interference signal).

For the molecule interferometer in which only one arm passes through the gas cell

(case 2), the fractional error is given by:

∆ρ =
f 2

mol

σ̂molη

(
(β − 1) cos ∆φ− β

ρ
sin ∆φ

)
(4.30)

where

β = e−(σ̂mol−σ̂)η, (4.31)

f 2
mol is the fraction of “case 2” molecules contributing to the detected interference

signal, and ∆φ = (φ̂mol − φ̂)η is the difference in phase acquired by the atoms versus

molecules in passing through the gas cell.
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Before we can estimate the magnitude of the systematic error caused by molecules,

we must determine the parameters f 1,2
mol, σ̂mol, and φ̂mol. We calculated f 1,2

mol using

Eqn. 4.26, modified to account for the smaller dimer diffraction angle, and multi-

plied by the fraction of molecules in the atomic beam, f beam. To determine f 2
mol, we

included an additional factor to account for the fact that the septum of the target

cell attenuates the +1 molecular order by typically more than 80%. This attenuation

factor, f septum, can be measured by comparing the diffraction pattern of the beam

through the first grating, with and without the septum in place.

The final two parameters, σ̂mol and φ̂mol, are more difficult to estimate since the

index of refraction for sodium dimers passing through argon has never been measured.

From our own measurements of atom-beam attenuation through a neon target gas, we

observed [24] that the total scattering cross section for molecules is 1.56± 0.03 times

the atomic value. Based on this observation, we crudely estimate σ̂mol = (1.5± 0.5)σ̂

for an argon target. We have no similar way of estimating φ̂mol, so we have simply

calculated ∆ρ while allowing ∆φ to vary over 2π and quoted the mean value as our

correction, and the range of ∆ρ values as our uncertainty in the correction.

Using Eqns. 4.29 and 4.30, we have calculated the systematic error in ρexp due to

the presence of molecules. The results are displayed on the left hand side of Figure 4-

15 for several different experimental configurations. The error is most significant for

case 1 (both interfering molecule paths passing through the gas cell). The error in

case 2 turns on at lower velocity, but grows more slowly. On the right hand side

of Figure 4-15 we have applied the combined (case 1 and case 2) correction to the

measured data. The values of σb and f beam used to correct each dataset were derived

from measurements made on the same evening. The values of σ̂η and φ̂η were obtained

from each dataset itself. The data at v = 1565 m/s and v = 2207 m/s have the

largest correction because they were taken at smaller gas cell pressures (on average)

than data at the other velocities. The uncertainty in the correction is dominated by

our complete lack of knowledge of the parameter φ̂mol.

As with the systematic error due to other interfering order, the best way to reduce

this error would be to use smaller period diffraction gratings to better isolate the
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Figure 4-15: (Left) Calculation of the systematic error in ρNaAr due to the presence
of molecules in the atomic beam. For this calculation, (unless otherwise noted) we
have used: λg = 200 nm, σb = 0.032 mm, σ̂η = 1.66, φ̂η = 1.21, σ̂mol = (1.5± 0.5)σ̂,
f beam = 20%, and f septum = 20± 10%. (Right) Experimental data corrected for this
systematic using Eqns. 4.29 and 4.30. Raw data points (•) are shown without error
bars. Corrected points (◦), obscured for the most part underneath the experimental
data, are shown with error bars corresponding to the uncertainty of the correction.
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atomic signal. Blocking the undesired molecule orders is more difficult than blocking

undesired atomic orders due to the molecules’ smaller diffraction angle. As before,

using 100 nm in place of 200 nm period gratings reduces this systematic error by a

factor of e−4.

4.4.3 Attenuation of the Path Traveling Outside the Gas Cell

Our original analysis of the experiment in Section 4.2.3 assumed that the interfer-

ometer arm passing outside the filled gas cell (path 2) experiences no phase shift

or attenuation. However, a small but unavoidable leakage from the ends of the gas

cell means that the both interfering paths undergo some phase shift and attenuation

(Figure 4-16a). This leads to a systematic shift in the value of ρexp that depends on

the ratio of attenuation of the path 2 to path 1.

To estimate the size of this systematic, we repeat the calculations leading to

Eqn. 4.19, with the modification:

a1 → a1e
(iφ̂+σ̂)η1

a2 → a2e
(iφ̂+σ̂)η2 (4.32)

where η1 and η2 are the integrated densities of target-gas atoms along paths 1 and 2.

This calculation yields the following fractional shift in ρexp:

∆ρ ≈ −2
η2

η1

, (4.33)

where we have assumed η2/η1 ¿ 1.

To estimate the size of this systematic error, we measured the attenuation of a

collimated atomic beam on either side of the filled gas cell (see Figure 4-16). We find

that 2η2

η1
≈ 2.5 ± 0.8% for reservoir pressures between 1.6 and 4.6 mTorr (typical of

the range of pressures used in the experiment). In Figure 4-17 we have applied this

correction to our experimental data.

One way to reduce this systematic error is to redesign the gas cell to direct the
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Figure 4-16: (Left) Experimental setup used to measure the attenuation of the atomic
beam as it passes the filled gas cell. Atomic flux is monitored as a function of the
transverse position of the target cell. (Right) Measurement results showing the differ-
ence in attenuation inside versus outside the target cell. The two plots (a,b) are for
two different target reservoir pressures: 1.4 mTorr and 4.6 mTorr respectively. There
is no significant variation in attenuation with respect to distance from the septum,
either inside or outside the target cell.
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Figure 4-17: Experimental data corrected (using Eqn. 4.29) for the systematic error
caused by attenuation of the interfering path which travels outside the target-gas cell.
Raw data points (•) are shown without error bars. Corrected points (◦) are shown
with error bars corresponding to the uncertainty of the correction.

leaking target gas away from path 2. A simpler approach, however, is to make careful

measurements of η2

η1
at the reservoir pressures actually used in the experiment and

correct the measurements in post-analysis. Collecting just five times as much data

(as is plotted in Figure 4-16a,b) at each pressure, it should be possible to correct the

data leaving ≤ 0.1% residual error.

4.4.4 Impure Target Gas

Our original analysis of the experiment in Section 4.2.3 assumed that the gas admitted

into the target cell from the target reservoir is 100% pure. However, contaminant

gases can be introduced into the target cell via leaks in the vacuum lines connecting

either the high-pressure gas cylinder to the target reservoir or the target reservoir to

the target cell, or leaks in the pressure reservoir itself. If contaminants are present in

the target cell, they will systematically influence the measured amplitude reduction

and phase shift of the atom wave passing through it.
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Figure 4-18: Fractional error in ρNaAr due to impure target gas, calculated using
Eqn. 4.35 for three different potential impurities. Values of ρc and σ̂c were obtained
from the measurements of Schmeidemeyer et. al. [105], and apply to a sodium beam
of velocity 1000 m/s.

To estimate the size of this systematic, we repeat the calculations leading to

Eqn. 4.19, with the modification:

a1 → a1e
(iφ̂+σ̂)ηe(iφ̂c+σ̂c)ηc (4.34)

where φ̂c, σ̂c, and ηc refer to the dimensionless phase shift, attenuation, and integrated

density of the contaminant gas. The resulting fractional shift is given by:

∆ρ =

(
ρc

ρ
− 1

)

1 + σ̂η
σ̂cηc

=

(
ρc

ρ
− 1

)
f

1 + f
(4.35)

where the (un)sub-scripted variables refer to the (desired) contaminant gas alone and

f = σ̂cηc

σ̂η
is the ratio of the attenuation due to the contaminant gas versus the desired

gas.

In Figure 4-18 we plot ∆ρ as a function of fractional contaminant density, f , for

three different possible contaminants. This plot is only a rough estimate of the error
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because variation in ρc with respect to atom beam velocity has not been considered.

For a properly functioning gas handling system, the value of f should be ≤ 0.1.

However, after having collected most of our sodium-argon index data, we became

aware of a leak in our gas handling system that had been contaminating our argon

target gas. We noticed the leak when we measured a non-zero phase shift and attenua-

tion of the atom interference fringes with a nominally “empty” target reservoir. Using

Eqn. 4.35 we have investigated what effect this impurity had on our measurements

of ρNaAr.

Because nitrogen represents the most abundant component (78%) of the air that

was leaking into the target reservoir, to determine ρc and σ̂c we measured the velocity

dependent sodium-nitrogen index. This measurement will be reported in more detail

in a future thesis (the preliminary results are plotted in Figure 4-19). For each affected

measurement of ρNaAr, we then determined f (which ranged between 0.05 and 0.17

depending on the experimental conditions) from a combination of the sodium-argon

and sodium-nitrogen index measurements and the measured attenuation with the

“empty” reservoir.

We calculated a correction to our measured values of ρNaAr using Eqn. 4.35. The

results, plotted in Figure 4-19, indicate that our sodium-argon index measurements

had been pulled in the direction of the sodium-nitrogen index. In these calculations

we have assumed that the leak rate was the same for all of the affected data (collected

on 3 separate evenings). Therefore, the error in the correction is due equally to our

uncertainty in ρc and σ̂c, and our uncertainty in the value of f — we do not know

whether the magnitude of the leak was the same for all of the affected data.

In the future, care should be taken that no impurities are compromising the desired

index measurement. The best way to ensure this is to collect data as if to measure the

index of refraction, but without deliberately leaking any target gas into the reservoir.

If a phase shift/attenuation is observed, the system should be checked for leaks.
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Figure 4-19: Effect of a nitrogen impurity (caused by a leak in the gas lines leading
to the target-gas cell) on our measurements of ρNaAr. The dashed line is a simple
linear fit to the sodium-nitrogen index measurements (+). Our raw experimental
measurements of ρNaAr (•) are shown without error bars. The open circles (◦) are
corrected values of ρNaAr using Eqn. 4.35, shown with error bars corresponding to the
uncertainty in the correction. The measurement at v ≈ 1900 m/s is not corrected
because the leak had been fixed before this data point was taken.
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Figure 4-20: Measurement of the atomic flux transmitted through the target cell
while the cell is filled/emptied. Filling of the initially empty cell begins at t = 0 and
emptying begins at t = 10 s. From this data, we determined the filling and emptying
time constants to be 1.10± 0.04 s and 0.91± 0.01 s, respectively.

4.4.5 Gas Cell Filling/Emptying

Our original analysis of the experiment assumed that the density of gas within the

target cell, η, does not vary as a function of time. In reality, when switching be-

tween the gas-on and gas-off configurations, the density of gas in the cell approaches

equilibrium exponentially in time:

η(t) =





η0 e−t/τe Emptying

η0

[
1− e−t/τf

]
Filling,

(4.36)

where τe,f ≈ 1 s are the emptying and filling time constants for our gas cell, measured

by monitoring the attenuation of a raw atomic beam (no gratings in place) as the

gas cell was filled/emptied (See Figure 4-20). Because η is time-dependent, both the

gas-on and gas-off interference patterns are in fact averages over a pattern that is

changing in time as the pressure changes in the cell. Thus, the measure values of φexp

and σexp are not correctly predicted by Eqn. 4.19.
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One solution to this problem is to discard any data taken within a “waiting” time,

∆t, equal to a few filling/emptying time constants, after opening/closing the target-

gas valves. This was not practical in the previous velocity-dependent experiment [54]

because the filling time constant was so long. In the current experiment a typical cycle

of on/off data was collected in 16 seconds: integrating for a time interval Tfill = 8

seconds in the gas-on configuration, and another Tempty = 8 seconds in the gas-off

configuration. The first three to four time-constants worth of data collected after

switching between configurations were then discarded.

It is still important to check whether the approach to equilibrium is biasing our

measurement of ρNaAr. Unlike the previous systematic effects considered, there is no

simple analytic expression for ∆ρ. However, we can estimate the effect of the time

averaging on our measurements using the algorithm below:

1. Obtain from the measured gas-on and gas-off interference patterns, nominal

values for phase, contrast, and mean count rate.

2. Using Eqns 4.14, 4.18, 4.36, and the nominal values from the previous step we

determine the time-dependent contrast C(t), phase φ(t), and mean count rate

I0(t).

3. Calculate an averaged contrast C̄, and phase, φ̄, that excludes data collected

during the “waiting” time:

C̄eiφ̄ =

∫ Tfill,empty

∆t I0(t) C(t)eiφ(t)dt
∫ Tfill,empty

∆t I0(t)
. (4.37)

4. Calculate ρavg using the averaged contrast and phase, and ρraw from the raw

(unaveraged) measured contrast and phase measurements.

5. Estimate ∆ρ as (ρavg − ρraw)/ρraw.

We have performed this analysis using typical values from one of our datasets

measuring of ρNaAr at v = 2207 m/s (gas-on: I0 = 7.5 kCounts/sec, C = 12.2%,

φ = 1.21 rad; gas-off: I0 = 39.5 kCounts/sec, C = 13.1%, φ = 0 rad). The results
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Figure 4-21: (Left) Calculation of the systematic shift caused by collecting data before
the pressure in the target-gas cell has reached equilibrium. Each trace assumes the
gas-on/gas-off integration times Tfill/Tempty indicated, and is plotted as a function of
the “waiting” time interval ∆t after switching between configurations during which
the interference data was discarded. (Right) Experimental data corrected for this
systematic using the procedure for estimating ∆ρ described above. Raw data points
(•) are shown without error bars. Corrected points (◦) are shown with error bars
corresponding to the uncertainty of the correction.

are displayed on the left hand side of Figure 4-21 which shows the variation in ∆ρ as

a function of the waiting time, ∆t, for three different pairs of values for Tfill/Tempty.

The error is large (> 5%) if δt = 0, but quickly drops to ≤ 1% for ∆t a few time

constants long. The error is less significant for longer integration times.

We calculated a correction to our measured values of ρNaAr using the procedure

for estimating ∆ρ described above. The results are plotted on the right hand side

of Figure 4-21. The correction is largest for our measurements at v = 2207 m/s and

v = 1520 m/s because for these velocities Tfill was only 5 seconds (versus 8 seconds

for most of our datasets).

4.4.6 Summary of Systematics

In this section we have examined five different sources of systematic error and es-

timated their effect on our new measurements of ρNaAr. In Figure 4-22 is displayed
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Figure 4-22: Measurements of ρNaAr corrected for the five systematic errors discussed in
this section. Raw data points (•) are shown without error bars. Corrected points (◦)
are shown with error bars combining the statistical uncertainty plus the uncertainty
of the systematic corrections. Also shown are the same three theoretical predictions
that appear in Figure 4-11.

the combined effect of these systematics on the experimental data. Compared to

the raw data, the corrected data are more consistent, though still not in complete

agreement, with the theoretical predictions shown. The error in the corrected data

includes uncertainties in the applied corrections as well as the statistical error in the

raw data.

Table 4.2 lists the approximate magnitude, direction, and uncertainty of each sys-

tematic error we have considered. The largest systematic shift was due to the impure

target gas, an effect easily eliminated by fixing any leaks in the gas handling system.

We have also discussed straightforward techniques for significantly reducing the er-

ror due to: other interfering orders (use 100 nm gratings), molecules (use 100 nm

gratings), and gas cell filling/emptying (use appropriate delay interval). While no

remedy short of a gas-cell redesign presents itself for the remaining systematic, at-

tenuation outside the gas cell, careful measurements of the attenuation as a function

of target-cell pressure should allow the appropriate correction to be calculated to
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∆ρ ∆ρ
(200 nm gratings) (100 nm gratings)

Other interfering orders −2± 1% < 0.1%
Molecules −1± 3% 0± 0.1%
Attenuation −2.5± 0.8% same
Impure target gas −5± 3% same
Target-gas cell filling/emptying 1± 0.5% same

Table 4.2: Magnitude, direction (positive or negative), and uncertainty of ∆ρ for
the five systematic effects considered in this section. The two systematics related
to detection of undesired atomic/molecular interfering orders can be significantly
reduced using 100 nm instead of 200 nm atom diffraction gratings.

roughly 0.1%.

4.5 Future Prospects

Atom interferometry is becoming a standard tool for precision studies of interatomic

potentials. In the long term, interferometry with Bose-Einstein condensates combined

with techniques for coherent amplification of matter waves [56, 68] hold promise for

significantly improved measurements of the matter-wave index of refraction, at least

for small collision velocities. Continuing work in our own group on the matter-wave

index of refraction will focus on eliminating the newly identified sources of systematic

error, and making a convincing observation of glory oscillations.

To observe glory oscillations, two approaches are being considered: cooling the

target gas and using target gases other than argon. As suggested by Hammond [54],

cooling the gas cell reduces both the average and the spread in velocity of the tar-

get gas, so that more of the glory structure remains after the average over collision

velocity. The theoretical prediction for ρNaAr with a liquid nitrogen cooled target gas

is shown in Figure 4-23. Also shown are theoretical predictions for ρNaKr or ρNaXe.

The glory oscillations have larger period in these systems than in ρNaAr, and because

the target atoms are more massive, they have a reduced velocity and reduced velocity

spread compared to argon at the same temperature. These two factors result in larger

amplitude glory oscillations than are predicted for a room-temperature argon target.
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Figure 4-23: Theoretically predicted ρ versus velocity (based on potential models
taken from [22]) for the sodium-argon, sodium-krypton, and sodium-xenon systems.
Two traces are shown for each atomic pair, one assuming a room temperature target
gas, the other assuming a liquid nitrogen cooled (77K) target gas. Using liquid
nitrogen cooling or studying one of the heavier noble gases are two directions under
consideration for observing glory oscillations.
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Appendix A

Diffraction of Sodium Atoms

through a Nanofabricated Grating

A.1 Introduction

The diffraction of sodium atoms through a single nanofabricated grating provides a

powerful diagnostic both of our atomic beam as well as the quality and characteristics

of the diffraction gratings themselves. In order to extract this information, we have

developed a theoretical model for the diffraction pattern which we fit to experimen-

tal measurements. This appendix summarizes our current model, which has been

improved over the past few years to better account for variations in grating open

fraction and for the shape of the diffraction peaks.

A.2 Physical Model

A.2.1 Multiple Slit Diffraction

We begin with the well known expression for the far-field intensity of a normally

incident matter-wave (wave-vector k ≡ 2π/λdB) coherently illuminating N evenly

spaced slits of period a and width b:
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I(θ)

I(0)
=

sin2 β

β2

sin2 Nα

sin2 α
(A.1)

where α = ka
2

sin θ and β = kb
2

sin θ. In our experiment, the period of the slits (1-

200 nm) is much smaller than the width of the atomic beam (≈ 100 µm), implying

that the number of coherently illuminated slits is very large (N ≈ 1000). In this

limit, the second factor in Eqn. A.1 is effectively a delta-function which fires when

α = nπ or sin θn = nλdB/a. Substituting this condition into Eqn. A.1, we obtain the

expression:

In

I0

=
sin2(nπf)

(nπf)2
. (A.2)

where f ≡ b
a

is the open fraction of the grating. The intensity of the zeroth order, I0

is proportional to f 2.

A.2.2 Variable Open Fraction

A obvious complication we must consider is that the gratings we use are not perfect. In

particular, their open fraction may not be uniform over the entire area of the grating

illuminated by the atomic beam. To model this variation, we assume a Gaussian

distribution of open fractions (mean value f0, rms width σf ) and average the simple

multiple slit pattern (Eqn. A.2) over this distribution to obtain:

In

I0

= e−(nπσf )2 sin2(nπf)

(nπf)2
. (A.3)

This expression indicates that the effect of open fraction variations is to suppress

higher-order diffraction peaks.

A grating whose distribution of open fractions is symmetric about some mean

value transmits the same total flux of atoms as a grating with a perfectly uniform

open fraction. Therefore, it is necessary to account for the matter-wave amplitude

“missing” from the higher diffracted orders. Grisenti et. al. [48] have shown that this

missing amplitude appears as a broad incoherent peak which can be modeled as a
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Gaussian. The intensity Iinc and width σinc of this incoherent peak can be calculated,

but for simplicity we have chosen simply to leave them as free parameters in our

fitting routine.

A.2.3 Velocity Distribution and Collimation

For N →∞ and a monochromatic matter-wave, we expect the diffracted peaks to be

infinitely narrow. In practice, the ensemble of atoms in our beam is not monochro-

matic (typical rms velocity width σv/v0 = 5%) nor is the beam a pure longitudinal

plane wave (typical undiffracted beam width at the detector is 30 − 60 µm). We

incorporate these effects into our model by assuming a spread in diffraction angle:

σθn =
√

σ2
0 + σ2

n (A.4)

where σ0 is the angular width of the undiffracted beam and σn represents the ad-

ditional angular broadening of the nth diffracted order to due our finite velocity

distribution. We model the angular shape of each diffraction peak Sn(θ) using this

angular spread:

Sn(θ) =
1√

2πσ2
θn

e
− (θ−θn(v0))2

2σ2
θn . (A.5)

The parameter σn is given by:

σ2
n =

∫
dv f(v) [θn(v)− θn(v0)]

2 , (A.6)

where θn(v) is the nth order diffraction angle for a plane wave of velocity v. Assuming

a gaussian velocity distribution of atoms in our beam (mean v0, rms width σv) we

find:

σ2
n =

L2

√
2πσ2

v

∫
dv e

− (v−v0)2

2σ2
v

(
sin−1(θn(v0)

v0

v
)− sin−1(θn(v0))

)2

. (A.7)
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where θn(v0) =
nλ0

db

a
, and λ0

db ≡ h
mv0

is the mean deBroglie wavelength. Because

λ0
db ¿ a, it is valid to use the small angle approximation in integrating Eqn. A.7,

with the result:

σ2
n = θ2

n(v0)

[(
σv

v0

)2

+ 9
(

σv

v0

)4

+ O
(

σv

v0

)6
]
. (A.8)

A.2.4 Detection Geometry

Before we can combine the two previous sections into a single formula for the atomic

diffraction pattern, we must consider the effect of our detector geometry on the mea-

surement. The first observation is that atomic flux is measured as a function of

transverse position, x = L sin−1 θ, where L is the longitudinal distance from grating

to detector. Because θ ¿ 1, we can substitute θ ≈ x/L in Eqns. A.8 and A.5:

Sn(x) =
1√

2πσ2
xn

e
− (x−xn)2

2σ2
xn

σxn = L
√

σ2
0 + σ2

n. (A.9)

where xn = Lθn(v0) is the mean position of the nth order diffracted peak.

Finally, our detector is not infinitely narrow, it has a half width w of roughly

25 µm. A measurement of atomic flux taken with the detector centered at some

position x is actually an average over a portion of the diffraction pattern. To account

for this, we average our shape function Sn(x) over the detector width:

S ′n(x) =
1√

2πσ2
xn

∫ x+w

x−w
dx′ e

− (x′−xn)2

2σ2
xn

=
1

2

[
Erf

(
w + (x− xn)√

2σxn

)
+ Erf

(
w − (x− xn)√

2σxn

)]
. (A.10)
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A.2.5 Molecules

For typical source conditions, our “atomic” beam is actual comprised of 10%-30%

sodium molecules. Because our gratings are not species selective, the measured

diffraction pattern is a sum of contributions from atoms and molecules. The molecules

have nominally the same velocity distribution as the atoms, and (being twice as mas-

sive) have half the atom’s deBroglie wavelength. All of the analysis presented above

is the same for atoms and molecules, so the molecules can be included in our model

simply by introducing the molecule fraction, mf as an additional parameter.

A.2.6 Background

A final contribution to our model of the measured diffraction pattern is a constant, b,

representing the background counting rate of our detector (i.e. the counting rate when

the atom beam is blocked). The background arises from the ionization of background

gas particles on our hot-wire.

A.3 Synthesis

Bringing together the analysis above, we have a single expression for the expected

diffraction pattern (atomic intensity versus position):

I(x) = b +
Iinc√
2πσ2

inc

e
−
(

x
σinc

)2

+

(1−mf )

[∑
n

InS
′
n(x)

]

Na

+ mf

[∑
n

InS
′
n(x)

]

Na2

(A.11)

This expression is routinely used to fit measured diffraction patterns and extract

parameters of the atom/molecule beam (v0, σv, mf ) and diffraction gratings (f , σf ).

135



A.4 Effect of Atom-Wall Interactions

We note that the potentially important van der Waals and Casimir interactions be-

tween the atoms/molecules in the beam and the grating walls have not been included

in this analysis. Grisenti et. al. [47] have studied the effects of van der Waals attrac-

tion between atoms and grating bars on matter-wave diffraction patterns. They find

that the primary effect of such interactions is to reduce the effective open fraction of

the grating.

The derivation in Ref. [47] is based on an atom-wall potential of the form V (x, z) =

C3

r3
⊥
. Using the eikonal approximation to calculate the phase shift as a function of

transverse position, they arrived at a complex valued amplitude-transmission function

which they Fourier transform to obtain the far field intensity distribution:

In

I0

=
e−(2π σ

d )
2

(
πn|s|

d

)2

[
sin2

(
πnsr

d

)
+ sinh2

(
πnsi

d

)]
, (A.12)

where s = sr + i si is a complex slit width related to C3.

By measuring experimentally the change in apparent open fraction as a function

of atom beam velocity, the authors were able to see evidence of the van der Waals

interaction in matter-wave diffraction through 100 nm gratings (fabricated by the

same group at MIT from whom we obtain our own 100 nm gratings).

136



Appendix B

Paper: From Single to

Multiple-Photon Decoherence in

an Atom Interferometer

137



PHYSICAL REVIEW

LETTERS

VOLUME 86 12 MARCH 2001 NUMBER 11

From Single- to Multiple-Photon Decoherence in an Atom Interferometer

David A. Kokorowski, Alexander D. Cronin, Tony D. Roberts, and David E. Pritchard

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 23 August 2000)

We measure the decoherence of a spatially separated atomic superposition due to spontaneous photon
scattering. We observe a qualitative change in decoherence versus separation as the number of scattered
photons increases, and verify quantitatively the decoherence rate constant in the many-photon limit. Our
results illustrate an evolution of decoherence consistent with general models developed for a broad class
of decoherence phenomena.
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Decoherence is the result of entanglement between a
quantum system and an unobserved environment, and
manifests as the reduction of coherent superpositions into
incoherent mixtures. This reduction occurs more quickly
as the number of particles comprising a quantum system
increases, establishing decoherence as a fundamental limit
to large-scale quantum computation [1] and communi-
cation [2]. Progress in these fields therefore relies upon
understanding and correcting for decoherence effects.
On a macroscopic scale, decoherence is unavoidable and
explains the emergence of classical behavior in a world
governed by quantum mechanical laws.

Theoretical treatments of decoherence provide a descrip-
tion for the evolution of a system’s density matrix under
the influence of a specific environment. For spatial deco-
herence, various environments including a thermal bath of
harmonic oscillators [3], a scalar field [4], and an isotropic
distribution of scatterers [5,6] have been studied. In the
high-temperature or many scatterer limit, these models all
yield a diffusionlike master equation for the system’s spa-
tial density matrix, r�x, x0�:

dr

dt
� 2

i

h̄
�H, r� 2 D2jx 2 x0j2r , (1)

where H is the Hamiltonian for the isolated system and
D, the diffusion constant, depends on the details of
the system-environment coupling. Assuming negligible
internal dynamics, this equation predicts an exponential
reduction in coherence with time and with separation
squared [7]:

r�x, x0, t� � e2D2jx2x0j2tr�x, x0, 0� . (2)

Similar decoherence behavior arises and has been studied
in the context of an atom interacting with a high-Q cavity
[8] and trapped ions interacting with a fluctuating electric
field [9].

To investigate the distinct case of decoherence due to
scattering processes, we have studied the loss of spatial
coherence of atoms within an atom interferometer due to
spontaneous scattering of photons. In the many-photon
limit, this represents a simple case of the general models
above; we observe coherence loss consistent with Eq. (2)
and are able to derive the decay constant from first prin-
ciples. The few-photon limit is of a qualitatively different
character, and we have followed the smooth transition be-
tween these two regimes.

The atom interferometer [10] is realized by passing
a collimated, supersonic beam of Na atoms (velocity �
3000 m�s using a He carrier gas) through three diffraction
gratings arranged in the Mach-Zehnder geometry (Fig. 1).
Prior to the first grating, the atoms are collimated and op-
tically pumped into the 3S1�2jF � 2, mf � 12� ground
state. Two paths through the interferometer, separated by
up to 20 mm, overlap at the position of the third grat-
ing, forming a spatial interference pattern. This pattern is
masked by the third grating and the total transmitted flux is
detected using a 50 mm hot wire. The interference pattern
is measured as an oscillating atomic flux versus grating po-
sition. Because the contrast of the interference pattern is

0031-9007�01�86(11)�2191(5)$15.00 © 2001 The American Physical Society 2191
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FIG. 1. A schematic of our apparatus: A Mach-Zehnder in-
terferometer composed of three, evenly spaced, transmission
gratings. Within the interferometer, sodium atoms continuously
absorb and spontaneously emit photons from a variable intensity
laser beam. Decoherence due to spontaneous emission results
in reduced contrast interference fringes.

proportional to the coherence between the two paths, re-

duction in contrast is direct evidence of coherence loss.

The effective decohering environment consists of pho-

tons from a laser beam directed along the x̂ axis which

intersects both interfering paths. The circularly polar-

ized laser light is tuned to the 3
S1�2j2, 12� ! 3

P3�2j3, 13�
transition with wavelength l � 2p�k0 � 590 nm. Be-

cause the atoms are dipole forbidden from decaying to any

state other than 3
S1�2j2, 12�, they can continuously scat-

ter photons without falling out of resonance (the natural

linewidth is �200 photon recoils wide).

At the intersection of the atomic beam and scattering

laser, each atom’s transverse wave function is peaked at

two positions which we label x and x 1 d. If a photon,

initially in momentum state jk0�, scatters from this atom,

the two become entangled:

jc�i � �jx� 1 jx 1 d�� ≠ jk0�
scat.
! jx� ≠ jfx� 1 jx 1 d� ≠ e

ik0djfx1d� , (3)

where jfx� is the wave function of a photon spontaneously

emitted from position x and the factor e
ik0d accounts for

the difference in spatial phase of the initial photon at the

two positions. Generalizing the entangled wave function

in Eq. (3) to a density matrix and tracing over a basis of

scattered photon states, the net effect of scattering on the

atom’s spatial density matrix is

r�x, x 1 d�
scat.
! r�x, x 1 d�b�d� , (4)

where b�d� is known as the decoherence function and has

the properties jb�d�j # 1 and b�0� � 1. The decoherence

function thus defined is equal to the inner product of the

two final photon states, which are identical apart from an

overall translation:

b�d� � e
ik0d	fx jfx1d� � e

ik0d	fxje
2ik̂xdjfx�

�

Z

dDk P�Dk�e2iDkd
, (5)

where the operator k̂x is the generator of photon transla-

tions along the x̂ axis. The resulting decoherence func-

tion is the Fourier transform of a probability distribution

P�Dk�, with Dk � kx 2 k0 being the change in momen-

tum of the photon along the x̂ axis.

Previous experiments [11,12] have measured the deco-

herence function for an atom which spontaneously scatters

a single photon. The theoretical prediction which these ex-

periments confirm is displayed as the solid line in Fig. 2.

Beneath an overall decay in coherence with distance, peri-

odic coherence revivals are observed. This shape follows

directly from the Fourier transform of the dipole radia-

tion pattern for spontaneous emission. It has also been

explained in terms of the ability of a single photon to pro-

vide which-path information [12]: the contrast drops to

zero when the path separation is approximately equal to

the resolving power of an ideal Heisenberg microscope

d � l�2, with revivals resulting from path ambiguity due

to diffraction structure in the image.

If several photons are scattered, and if successive scatter-

ing events are independent, the total decoherence function

includes one factor of b for each scattered photon:

btotal�d� �

X̀

n�0

P�n�bn�d� . (6)

In our experiment, the total number of photons scattered

by an individual atom is intrinsically uncertain, but is de-

scribed by the distribution P�n� which can be measured or

calculated. The sum in Eq. (6) is a trace over this addi-

tional degree of freedom of the environment.

Figure 2 shows measurements of the decoherence func-

tion for laser intensities corresponding to an average num-

ber of scattered photons, n̄, ranging from �1 to �8. At

each intensity, a reference contrast and phase was mea-

sured, with the scattering laser positioned such that the in-

terfering paths were completely overlapped (d � 0). We

then adjusted the longitudinal position of the scattering
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FIG. 2. The total decoherence function, jbtotalj, measured as
the normalized contrast after spontaneous photon scattering. The
solid line is the single-photon decoherence function. Also dis-
played are the best fits from which we determine n̄ � 0.9 (�),
1.4 (¶), 1.8 (�), 2.6 (�), and 8.2 (1).
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laser, z, to select specific path separations in the range

0 , d , 1.4l at which to measure the decoherence func-

tion (see Fig. 1). For each path separation, the ratio of

the measured atom interference contrast to the reference

contrast yields the magnitude of the decoherence function,

jbtotal�d�j. The difference between the measured atom in-

terference phase and the reference phase yields the phase

of the decoherence function.

We fit the data using Eq. (6) and taking P�n� 

exp�2 1

2 �n 2 n̄�2�s2
n�. This form was chosen as a good

approximation to Monte Carlo wave function calculations

of P�n� for our laser parameters. From the best fit

curves displayed in Fig. 2, values were extracted for n̄

and sn which were consistent with, and more accurate

than, independent measurements of P�n� based on the

deflection and broadening of the atomic beam with the

scattering laser blocked versus unblocked.

In the regime d ¿ l, a single scattered photon suffices

to completely destroy the coherence between paths. Thus,

the nonzero asymptotic value (for n̄ � 0.9 in Fig. 2) of the

decoherence function at large path separation is equal to

the fraction of atoms which scatter zero photons (i.e., deco-

herence is proportional to the atom-photon scattering cross

section). This phenomenon is a simple example of satura-

tion of decoherence [6,13]: the loss of coherence becomes

independent of path separation at a characteristic length

scale of the environment. A recent experiment by Cheng

and Raymer [14], involving loss of optical coherence due

to a disordered collection of polystyrene microspheres, has

features similar to our own: contrast loss was observed to

saturate when the path separation reached roughly the di-

ameter of the microspheres, and the asymptotic contrast

was proportional to the microsphere-light scattering cross

section.

As the average number of scattered photons increases,

the overall amount of decoherence increases, and the con-

trast revivals disappear. This behavior can be formalized

as the Fourier transform of the total momentum distribu-

tion of all scattered photons:

bn�d� �

Z

dDK P�DK�eiDKd , (7)

where DK �

P
n

i�1 Dki . As n ! `, the central limit theo-

rem predicts that P�DK� will tend towards a Gaussian with

mean nk0 and variance ns
2
k (where sk �

2
5k0 is the rms

transverse momentum of an emitted photon). In the case

of spontaneous emission, P�DK� is approximately Gauss-

ian for n . 3 and the decoherence function reduces to

bn�d� �

Z

dDK�e2�1�2� �DK2nk0�2�ns
2
k �eiDKd

� e
2�1�2�ns

2
k d2

e
2ink0d . (8)

Inserting this expression into Eq. (6) and taking d�l ø 1,

we find

lim
n̄!`

btotal�d� � e
2�1�2�k2d2

e
2in̄k0d , (9)

where

k2
� n̄s2

k 1 s2
nk

2
0 (10)

is the variance of the total momentum transferred to the

atom from the scattered photons. The first term in Eq. (10)

comes from the trace over modes available to the sponta-

neously emitted photon, while the second is related to the

uncertainty in number of absorbed photons combined with

the fixed phase k0d imparted by each.

If sn �

p
n̄ (i.e., Poissonian statistics), Eq. (9) predicts

an exponential decay in contrast with number of scattered

photons (k2 ~ n̄). If in addition the scattering rate, G,

is constant, then n̄ � Gt and the decoherence has exactly

the exponential form derived from a master equation like

Eq. (1).

We have measured this exponential reduction of spatial

coherence by varying the average number of scattered pho-

tons, leaving the path separation fixed (Fig. 3). Theory

curves (solid lines) are based on Eq. (9) with sn deter-

mined from the broadening of the atomic beam due to the

momentum of the scattered photons. The product of the

two remaining free parameters, n̄d, was obtained from

the measured phase of the decoherence function.

The data follow a nearly exponential decay with n̄. The

upward trend at large n̄ is a result of the finite size of

our hot-wire detector: the trace over final photon states

[Eq. (8)] must be restricted to those states which allow the

atom to reach the detector. As a result k in Eq. (9) is

replaced with k0 where 1�k02
� 1�k2 1 1�k

2
d and kd �

3.3�1�k0 is our detector’s effective momentum acceptance.

In the previous single-photon experiment of Chapman

et al. [12] lost coherence was similarly “recovered” by
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FIG. 3. Loss of interfering contrast as a function of mean num-
ber of photons spontaneously scattered by atoms within the in-
terferometer. Each curve represents a different path separation:
d�l � 0.06 ���, 0.13 �¶�, and 0.16 ���.
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positioning a hot-wire detector to count only atoms which

had scattered photons into a small range of momentum

states. This scheme required [15] that the atomic beam

width, sx , be greater than the path separation, d, so that

the two interfering paths partially overlapped at the point

of scattering, and a scattered photon could not have pro-

vided complete which-path information, even if d ¿ l.

The condition sx , d need not be satisfied to demon-

strate the features of decoherence in the current experi-

ment, however. Even when it is in principle possible to

recover some coherence by measuring the environment, if

no such attempt is made then the predicted loss of contrast

is independent of sx .

In the many-photon limit, the decoherence function we

have derived agrees with the solution to the master equa-

tion presented in the introduction. Comparing Eqs. (2) and

(9), taking into account the time varying intensity profile,

I�t�, of the scattering light as experienced by atoms in the

beam, we identify k2 � D
2t where t is the amount of

time needed to scatter n̄ photons [n̄ �
Rt

0
G���I�t���� dt]. Be-

cause the atom-photon scattering interaction is well de-

fined, and our decohering environment well controlled, we

can accurately calculate the constant k (equivalently D)

for any laser parameters.

Displayed in Fig. 4 are data which demonstrate Gauss-

ian reduction in contrast as a function of path separation

for two different laser intensities. As before, we indepen-

dently determined n̄ and sn for each intensity, and from

these values along with kd we calculate k0 � 2.5�1�k0 for

the higher laser intensity and k0 � 1.8�1�k0 for the lower.

Fitting the contrast data to Eq. (9) yields k0 � 2.39�5�k0

and k0 � 1.71�5�k0, within error of the calculated values.

Our system exhibits what have been referred to as the

“naive” [13] generalizations of decoherence phenomenon:

exponential loss of contrast with path separation squared
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FIG. 4. Loss of contrast in the many-photon regime. Over-
laid are theory curves generated from Eq. (9) using parameters
(�) n̄ � 4.8�2�, sn � 1.8�1� and (�) n̄ � 8.1�3�, sn � 3.5�1�
determined from independent beam deflection measurements.

and with number of scattered particles. The similarity of

Eq. (1) to a diffusion equation [16] invites identification of

this type of decoherence with phase diffusion or a random

phase walk. To make the identification explicit, we use the

identity jfx1d� � e
2ik̂xdjfx� to rewrite Eq. (3) as

jc�i

scat.
! jx� ≠ jfx� 1 jx 1 d� ≠ e

ik0de
2ik̂xdjfx�

�

Z

d �k�jx� 1 e
2i�kx2k0�d jx 1 d�� ≠ j �k� 	 �k jfx� .

(11)

In this expression for the entangled atom-photon wave

function, a photon state j �k� corresponds to an atomic super-

position state with the phase between the two components

shifted by an amount Df � �kx 2 k0�d. Correlating in-

terference data with measurements of each scattered pho-

ton momentum [effectively a randomly sampled element

of the distribution P�k�] would allow complete recovery of

lost contrast. In the absence of such postprocessing, how-

ever, the phase of each atom’s interference fringes will

vary randomly, and their sum, the measured interference

pattern, will have reduced contrast. The phase diffusion

and (previously discussed) which-path pictures are equally

valid when the experimenter does not measure the scattered

photons [17].

In conclusion, we have studied the decoherence of a spa-

tial superposition due to photon scattering. Our data con-

firm theoretical predictions, and in the many-photon limit

exhibit features of decoherence which are quite general.

We have observed the exponential coherence loss with time

and path separation squared characteristic of this general

behavior, and we have for the first time predicted and ex-

perimentally verified the decoherence rate constant k. The

particular model we have explored is not only the most

relevant for macroscopic systems but also applies generally

to situations in which decoherence arises slowly though

a series of independent, mildly decohering interactions, a

situation of interest for decoherence avoidance or correc-

tion protocols.
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Appendix C

Paper: Longitudinal Quantum

Beam Tomography

David A. Kokorowski and David E. Pritchard

Massachusetts Institute of Technology,

Cambridge, Massachusetts 02139

Abstract

We propose an experiment to determine the density operator for the longitudinal
quantum state of an atomic beam. The method is based on tomographic reconstruc-
tion of the Wigner function via a set of measured probability distributions for the
phase-space rotated position operator. The time evolution of the Wigner function
in free space effectively performs the required phase-space rotation. We propose a
state-selective, time-dependent technique for measuring longitudinal probability dis-
tributions.

C.1 INTRODUCTION

Atom interferometric experiments and other atomic beam applications which are

sensitive to the quantum mechanical nature of an atom’s center of mass motion, have

focused attention on the question: “What is the quantum state of particles in an

atomic beam?” The most statistically complete representation of such an ensemble
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of quantum systems is the density operator, which contains all discernible information

about the quantum state. Below we present a method for determining the density

operator representing the longitudinal center of mass motion of an atomic beam.

The technique may be useful in studying not only the characteristics of atomic beam

sources, but also the effects of various manipulations which may create and/or alter

the nature of longitudinal coherences in the beam.

Although the physical realization of an atomic beam apparatus imposes certain

restrictions on the appropriate density operator[36], only an experiment which mea-

sures this operator directly is capable of fully characterizing the beam’s quantum

state. By 1969, several schemes of limited applicability[63, 41, 117, 78] had been

proposed to perform such a measurement. Practical tomographic techniques which

attempt to reconstruct the density operator by way of the Wigner distribution[122]

have since garnered interest for use in optical[109], electron[116], and atomic[64, 93,

95, 57, 97, 123, 69] systems. Although several of these schemes [64, 93, 57, 69] can

be used to determine the density operator for the transverse motion of atoms in an

atomic beam, none have yet been developed for the study of a beam’s longitudinal

state.

To highlight the differences between the longitudinal and transverse cases, we

briefly review the formalism underlying quantum state tomography. The general goal

is to determine the Wigner function, W (x, p), from which the density operator, ρ̂,

follows according to the relationship:

〈p|ρ̂|p′〉 =
∫ ∞

−∞
dxW

(
x,

p + p′

2

)
eix(p−p′)/h̄. (C.1)

The Wigner function shares many features of the classical density of particles in phase

space, f(x, p). However, quantum mechanical interference effects can result in regions

where the Wigner function becomes negative, precluding its characterization as a true

probability distribution[97]. Nevertheless, the analogy between W (x, p) and f(x, p)

can often provide an intuitive understanding of potential experiments.

The standard outline for tomographic reconstruction of W (x, p)[122, 109] involves
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measuring probability distributions for the so-called ‘quadrature’ operators x̂φ and

p̂φ:

x̂φ = x̂ cos φ + sx
p p̂ sin φ

p̂φ = − x̂

sx
p

sin φ + p̂ cos φ, (C.2)

where sx
p is some conveniently chosen scaling factor. Given a quantum system charac-

terized by W (x, p), the probability that a measurement of the operator x̂φ will yield

the eigenvalue xφ is:

Pφ (xφ) =
∫

dpφ W
(
xφ cos φ− sx

p pφ sin φ, xφ sin φ + sx
p pφ cos φ

)
. (C.3)

If the Pφ (xφ) are known for all φ in any interval [φ0, φ0 + π], the Wigner function can

be calculated [122] using the inversion formula:

W (x, p) =
1

4π2

∫ ∞

−∞
dxφ

∫ ∞

−∞
dη

∫ π

0
dφPφ (xφ) |η| eiη(xφ−(x cos φ+sx

pp sin φ)), (C.4)

and the fact that x̂φ = −x̂φ−π.

Current tomographic techniques, rather than measuring the x̂φ operators directly,

are based on measurements of a system whose Wigner function has been rotated about

the origin of phase space. The position distribution for a Wigner function rotated by

angle φ is equivalent to the distribution Pφ(xφ) for the original (non-rotated) Wigner

function.

In the case of longitudinal tomography, both the measurement of position distribu-

tions and the rotation of the Wigner function present unique challenges. It is usually

important to know the time at which a measurement is performed, which in the trans-

verse case is simply defined according to the classical relationship t = z/v, where z

is the longitudinal coordinate and v is the particle velocity. Thus, time-independent
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measurements of the transverse quantum state of an atomic beam can be made by

scanning a detector across the beam at a particular longitudinal position. In the

longitudinal case, a static position distribution only occurs when no correlations exist

between different longitudinal momenta. In more interesting cases where longitudinal

momentum correlations do exist, (i.e. as a result of amplitude modulation[90]), they

can only be observed using time dependent detection techniques[13, 44].

In close analogy to early tomographic experiments for optical systems, several

promising tomographic schemes for atoms accomplish rotation of the Wigner function

using atom optical lenses[64, 57]. In the longitudinal regime, such lenses are often

not practical due to the large kinetic energies involved (although longitudinal lenses

might be suitable for very slow beams or for atoms dropped from a magnetic trap.)

Instead, we can exploit the highly dispersive nature of the vacuum for matter waves, a

property which does not exist in optical systems. Matter waves with longer deBroglie

wavelength (smaller momentum) will unavoidably propagate more slowly than those

with shorter wavelength—effectively performing a rotation of the Wigner function

about the origin of phase space [57]. As explicitly demonstrated in at least one

experiment [69], this vacuum dispersion is sufficient to perform the measurements

necessary for tomographic reconstruction of the Wigner function.

C.1.1 Longitudinal Tomography

Our proposed experimental set-up (see Fig. C-1) begins with a standard beam source

which emits identical particles of mass m, with appropriately chosen ground and ex-

cited internal states. We identify the quantum mechanical ensemble to be studied as

those particles prepared in the ground state; the remaining particles are either de-

flected out of the beam or otherwise rendered invisible to the rest of the experiment

(i.e. by placing them in an third ‘unobserved’ state.) Located at an adjustable posi-

tion x = xe in the apparatus is an electromagnetic excitation region which resonantly

couples the ground and excited states. For simplicity, we assume that any particle

exposed to the radiation in the region is completely excited, that is, the region is

effectively a “π-pulse”. Downstream, a state-selective detector counts the number of
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particles that have made a transition into the excited state due to the π-pulse.

Consider a quantum state prepared as described above which, at time t = 0, is

described by the Wigner function W (x, p; t = 0). The probability that a π-pulse at

time te and position x = xe causes a transition into the excited state (and subsequent

count at the detector) is given by:

Pd (xe, te) =
∫

dpW (xe, p; te) (C.5)

A sequence of such measurements at time te = 0 yields the φ = 0 distribution,

Pφ=0(x).

To measure the distributions Pφ (xφ) for arbitrary φ, we allow the time evolution

of matter waves in vacuum to perform a rotation of the Wigner function [57, 69, 72].

The dynamics of the Wigner function in free space are exactly the same as for the

classical density function, W (x, p; t) = W (x− pt/m, p; 0), leading to a “shearing” of

the Wigner function which may be decomposed into a pure rotation and a rescaling

of the position axis. At times te 6= 0, we have the following relationship between the

detection probability and the desired quadrature operator distributions:

Pd (xe, te) dxe = Pφ (xφ) dxφ, (C.6)

where

xφ = xe cos φ, tan φ =
te

sx
pm

. (C.7)

Measurements of the longitudinal position distribution as a function of time can

therefore be used to recover the quadrature operator distributions Pφ.

The important roles of state-selection and time-dependent detection in this pro-

posal deserve emphasis. The first state-selective step identifies the subset of particles

in the beam which constitute our ensemble by (actively or passively) placing them

in the only state ‘visible’ to the excitation region. State-selective detection allows us

to count only those particles within the excitation region (i.e. located at a particular
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xe) in a given measurement. The use of time dependent experimental elements is

demanded by the requirement that φ, and therefore te, be unambiguously specified.

Time dependence may be introduced either by operating the excitation region in

short pulses at definite te, or by using an excited state whose lifetime is much shorter

than the desired time resolution. In the latter case, detection consists of observing

spontaneously emitted radiation, and te is simply the time of detection.

C.1.2 ‘Initial’ Time

In the experiment outlined above, multiple time-dependent measurements are com-

bined to obtain a single reconstructed Wigner function. We assume that the ensemble

of particles emitted by the source is described, at some arbitrary initial time, by the

Wigner function W (x, p; 0). The time at which a measurement is performed, te—

which in turn determines the rotation angle via Eq. C.7—is only defined relative to

this initial time. We must therefore have a means of identifying the ‘initial time’

reference for subsequent measurements.

The realization of this time reference will vary depending on the system under

investigation. The simplest case is for a pulsed particle source where t = 0 is naturally

defined as the time at which each pulse of atoms is released. For example, were the

technique applied to study the quantum state of trapped atoms, t = 0 would be the

time at which the trapping potential was turned off.

The situation is slightly different for the case of a continuous source, such as an

atomic beam. While no observable momentum correlations exist in an ideal contin-

uous source, various beam manipulations are known to create correlated momentum

states which will exhibit time dependent beats as they propagate[90]. In this case, we

expect that W (x, p; 0) can be defined in terms of this manipulation (i.e. the beginning

of a cycle of sinusoidal amplitude modulation.) Alternatively, we may wish to study

‘inherent’ coherences resulting, for example, from self-modulation of the beam source

itself. This modulation could then be used to time subsequent measurements, pro-

vided its phase were monitored experimentally (i.e. by measuring the power spectrum

of the detected signal.)
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C.1.3 Experimental Parameters

Longitudinal tomography is a potentially useful tool for studying a wide variety of

atomic beam manipulations. For any given experiment, however, both the resolu-

tion of the Pφ measurements and the range of accessible φ values will impact the

tomographic reconstruction of W (x, p)[57], and must therefore be well understood.

To investigate these limitations, we now outline a possible experiment to study

the Wigner function of an amplitude modulated atomic beam. We take the initial

quantum state of the beam to be an incoherent superposition of plane waves, and

assume that all atoms have been prepared in the ground state, |g〉. Amplitude modu-

lation might consist of a pulse of resonant radiation applied at time t = 0 and position

x = 0, which excites atoms into the state |g′〉. A simple detection scheme might take

the form of a second resonance region tuned to the transition between states |g′〉 and

|e〉. This second region would produce short π-pulses at definite position xe and time

te and the excited state atoms would subsequently be counted in a state selecting

detector.

The initial modulation pulse of such a scheme causes each incoming plane wave

to acquire sidebands at frequencies determined by the fourier transform of the pulse

envelope [90]. The result is a wavepacket (in the |g′〉 state) of spatial extent σx ≈ vo∆t

where vo is the average beam velocity and ∆t is the duration of the pulse. To good

approximation, the velocity spread of the wavepacket, σv, will be identical to that of

the original, unmodulated beam. The goal of our experiment would be to reconstruct

the Wigner function representing an ensemble of these wavepackets, each identically

prepared. We define the Wigner function scaling constant, sx
p ≡ σx

mσv
, to guarantee

that x̂ and p̂ terms contribute commensurately to the expectation value of x̂φ.

Our primary experimental concern is the range of accessible rotation angles, which

in turn depends on the minimum and maximum times at which measurements are

possible (Eq. C.7). We take the range of possible measurement times to be lmin/vo <

te ≤ lmax/vo, where lmin and lmax are the extreme longitudinal positions of the π-pulse

excitation coil. The resulting restrictions on φ follow from Eq. C.7:
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0 < tan−1

(
lmin

σx

σv

vo

)
≤ φ ≤ tan−1

(
lmax

σx

σv

vo

)
<

π

2
, (C.8)

The actual range of accessible angles will be somewhat smaller than implied by Eq. C.8

due to the spreading of the wavepacket as it propagates (see Fig. C-2). However,

if lmax À σv

vo
σx, we can approach rotation angles of φ = π

2
. (Note that in cases

where the momentum distribution of the beam is available, this yields an additional

measurement at exactly φ = π
2
.)

The extension from the range [0, π
2
] to [−π

2
, π

2
], yielding the full range of π ra-

dians needed to reconstruct W (x, p), requires using reasonable assumptions regard-

ing symmetry properties of the Wigner function[69]. In particular, for most atomic

beam experiments the longitudinal velocity distribution is nearly symmetric about

the mean velocity vo. In the limit that our beam manipulations are velocity inde-

pendent, the resulting wavepacket and its Wigner function will possess this sym-

metry as well. If we invoke the invariance of the Wigner function under Galilean

transformations[97] and refer our measurements to a (primed) frame moving at ve-

locity vo with respect to the laboratory, then reflection symmetry about the zero

velocity axis implies P ′
φ(x

′
φ) = Pπ−φ(xφ), and we have potential access to the full

range of rotation angles [−π
2
, π

2
].

A second experimental consideration is the φ resolution of our measurements,

given explicitly by:

dφ = cos2 φ
σv

σx

dte. (C.9)

Thus, for a given detector response time dte, the resolution improves with increasing

rotation angle. The worst resolution, at φ ≈ 0, will therefore constrain the number

of independent rotation angles at which measurements may be made.

We now present a simple feasibility analysis, ignoring such concerns as signal-to-

noise rates in the detector, efficiency of the excitation regions, counting rates, and

total integration time which must be determined in terms of the techniques used in

a particular experiment. We consider a typical supersonic atomic beam apparatus,
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with mean beam velocity, vo = 1000m/s, and velocity width σv = 50m/s. Assuming

a stationary detector and a reasonable response time of dte ≈ 100ns, yields a spatial

resolution, dx ≡ vodte ≈ 100µm. In order that features of the Wigner function be

well resolved, σx should be at least an order of magnitude larger than dx. Given these

parameters, the range of accessible rotation angles is shown in Figure C-2 as a function

of the relevant distances. We observe that for reasonable dimensions lmax = 1m,

lmin = 0.5cm, and σx = 0.4cm, nearly 90% of the range [−π
2
, π

2
] is experimentally

accessible. For σx ≤ dx and beam parameters given above, Eq. C.9 yields a minimum

resolution of dφ ≤ 0.05rad. This implies the possibility of Pφ(xφ) measurements at

on the order of 100 different rotation angles.

Because the estimated minimum resolution element, dx ≈ 100µm, is much larger

than the spread in deBroglie wavelengths of particles in the beam (∆λdB ≡ h
mσv

≈ 3

Angstrom), we do not expect to be able to resolve ‘non-classical’ features of the

Wigner function—regions where W (x, p) < 0. Using velocity selection to reduce σv,

coupled with a laser based detection scheme (with dx ≈ 1µm), might conceivably

render such features visible. The given resolution is nevertheless more than sufficient

for studying momentum correlations which result in spatial features of order several

centimeters—as would result from amplitude modulation in the 50-100kHz range.
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Figure C-1: Proposed setup for longitudinal quantum beam tomography. The atomic
beam source emits particles which are selected according to their internal state. Those
particles in the chosen “ground” state pass into the π-pulse region, where there is a
certain probability of transition into the excited state. Those that have been excited
are counted in the state selective detector.
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Figure C-2: Range of experimentally accessible rotation angles as a function of the
dimensionless ratio σx/lmax. Several curves are shown for different values of lmin, the
shortest possible distance between the detector and the preparation region. A factor
of two enhancement has been included from the symmetry of W (x, p) about the mean
beam velocity.
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