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ABSTRACT

Atom-surface interactions are becoming an integral part of the field of atom optics.

Here the role of van der Waals atom-surface interactions in atom wave diffraction and

interferometry are investigated. In particular, it is shown that van der Waals inter-

actions influence the intensity and phase of atomic diffraction patterns obtained from

material gratings. As a result the atomic diffraction patterns are utilized to make an

accurate determination of the interaction strength and verify the spatial variation of

the atom-surface potential. A theory for describing the modified atom wave diffraction

patterns is developed through an analogy with optical waves. An atom interferometer

is used to directly measure the de Broglie wave phase shift induced by atom-surface

interactions. More specifically, the phases of the zeroth, first, and second diffraction

orders are measured. A proposal for using electromagnetic fields to modify the van der

Waals interaction is put forth. Several of the important experimental components for

observing such an effect are also demonstrated.
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CHAPTER 1

INTRODUCTION

1.1 A Brief History of the van der Waals Interaction

The early view of thermodynamics was that a gas of atoms could be described as a

group of non-interacting point-like particles, through the famous ideal gas law (PV =

nRT ). However, under certain conditions experimenters were observing a deviation from

the ideal gas law, even for atoms and non-polar molecules. In 1873 J. D. van der Waals

suggested a modification of the ideal gas law to accommodate the deviation
(

P + a
n2

V 2

)
(V − nb) = nRT, (1.1)

where a accounts for an attractive force between the atoms, b allows for the volume

excluded by two atoms, and n is the number of moles. For this work J. D. van der Waals

received the 1910 Nobel Prize in Physics. An example of the interatomic potential

between two atoms which includes the attractive van der Waals interaction is shown in

Fig. 1.1.

The physical mechanism responsible for the apparent attractive force remained a

mystery until the 1930s, when F. London used quantum mechanics to predict that any

two particles will experience an attractive force so long as they are polarizable [2]. By

polarizable, it is meant that a particle will emanate its own electric field if exposed to

an external electric field. Around this same time it was discovered that an atom will

be attracted to its electrical image in a surface for similar reasons [3]. Therefore, the

simple paradigm for the world of atoms changed to one of interacting particles. At the

heart of these van der Waals (vdW) interactions is the quantum behavior of matter and

radiation [4].
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Figure 1.1: Interatomic potential for sodium and argon. The parameters for
a potential of the form C12r

−12 − C6r
−6 are chosen so that the

well depth (5.58 meV) and location (5.03 Å) match Na-Ar atomic
scattering data [1]. The long-range attractive potential is due to
the van der Waals interaction, and the repulsive part is due to
electrostatic Coulomb forces.

1.2 Current Relevance of the van der Waals Interaction

Louis de Broglie had postulated that quantum mechanics had the further implication

that material particles could exhibit undulatory behavior, with a corresponding wave-

length λdB = h
mv

[5]. Indeed, the analogy between optical waves and matter waves was

known in the 1930s by L. de Broglie [6] and E. Schroedinger [7]. These early ideas have

led to an active new research field called atom optics, which utilizes the wave nature of

matter. Atom optics has emerged as a useful tool for new research in atomic, molecular
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and optical physics. Fundamental studies in quantum mechanics, precision measure-

ments of atomic properties, highly sensitive inertial sensors, and new measurements of

fundamental constants have all been borne out of atom optics [8].

Another popular research field that deals with the behavior and manipulation of in-

dividual atoms is called nanotechnology. Nanotechnology is generally concerned with

building nanometer scale structures which could lead to smaller transistors, motors, or

the ability to assemble molecules atom by atom. The famous physicist R. Feynman is

often credited with inaugurating this field in his 1959 lecture entitled There’s plenty of

room at the bottom [9]. In this lecture Feynman asks the question of how far miniatur-

ization can go. In the same spirit, consider a machine which is constructed so that it

can be programmed to make 1/100 scale copies of itself. If the original machine has a

rough size of 1 meter then the fifth generation copy will have a characteristic size of 1

Å (10−10 m). This scale is comparable to the size of an atom, so clearly miniaturization

cannot go further. However, even the fourth generation with a characteristic size of 10

nm (10−8 m) will encounter problems. The vdW interaction between the surfaces will

be significant at this length scale, causing the internal parts (e.g. bolts and nuts) to

stick together. Therefore, a careful redesign of the machine is necessary if one is going

to make something really small, the original design cannot just be scaled down.

However, the scale of something really small like 10 nm is quite impressive. For

example, let us consider a flat map of the Earth with the scale such that the circumference

along the equator (∼40,000 km) is one meter. What distance on the Earth would then

correspond to 10 nm on this map? This distance is much smaller than any notable feature

on the map. In fact, 10 nm on this map of the world would correspond to roughly the

distance of one human step (∼0.4 m). Thus, the nanometer length scale is indeed really

small.
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Recently an intersection between the two research fields of atom optics and nanotech-

nology has been emerging. Material structures that have nanometer scale features [10]

have been used to diffract atoms [11] and construct matter wave interferometers [12]. In

addition, there has been a drive to miniaturize matter wave devices to make them more

practical. For example, atoms have been guided and split on a micrometer scale chip to

form an atom interferometer [13]. As atom optics devices are made smaller and atoms

are brought closer to surfaces, the vdW interaction can begin to disrupt their operation

[14]. Therefore, it is worthwhile to study, and perhaps find ways to control, the vdW

interaction and its affect on the quantum mechanical properties of matter.

1.3 Outline of this Dissertation

The research described in this dissertation also lies at the intersection of atom optics

and nanotechnology. In short, this dissertation explores how the wave properties of

atoms are affected by the presence of a nearby surface. Chapter 2 describes the apparatus

which is used conduct the experiments in this dissertation. The theoretical background

is developed in Ch. 3, which is used to analyze the experimental results of later chapters.

The influence of the the vdW interaction on the intensity of atom waves is experimentally

measured in Ch. 4. Experiments which utilize an atom interferometer to observe the

affect that the vdW interaction has on the phase of atom waves is put forth in Ch. 5

and 6. Then an experiment which may be able to use electromagnetic fields to modify

the vdW interaction will be discussed in Ch. 7. Chapter 8 will give a summary of

this dissertation, along with possible future work. Finally, a number of appendices are

located at the end of the dissertation on the topic of numerical methods for solving

the Schroedinger equation, data analysis and other useful computer code, and copies of

publications from the work described in this dissertation.
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CHAPTER 2

EXPERIMENTAL APPARATUS

This chapter will describe the various parts of the experimental apparatus used to

make the measurements described in subsequent chapters. The method for generating

a supersonic atom beam will be discussed first. The nano-fabricated material gratings,

which enable all of the experiments in this dissertation, will then be introduced. A

Mach-Zehnder atom interferometer constructed with these gratings will be described.

Finally, the design of the atom detector and interference data analysis procedure will be

presented.

2.1 Supersonic Atom Beam Source

The isolated atoms which are required to perform the experiments described later in

this dissertation, are supplied by a supersonic atom beam source. A detailed discussion

of atom beam sources and the supporting theory can be found in [15, 16], and a brief

description of our source design will be given in this section. A diagram of the super

sonic atom beam source used in the later experiments is shown in Fig. 2.1.

The supersonic atom beam source is basically a pressurized oven with a small aperture

to allow atoms to leak out. The three essential regions of the source in Fig. 2.1 are the

gas inlet, reservoir, and nozzle. The source is constructed almost entirely from standard

stainless steel tube (Swagelok Co.) and conflat vacuum fittings (MDC Vacuum Products

Corp.). The nozzle is a tube with one closed end that has a 60 µm diameter laser drilled

hole in it to allow atoms to escape. This nozzle is also a stock item (Lenox Laser Co.),

and is marketed as a calibrated flow orifice. The gas inlet supplies a partial pressure
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Figure 2.1: Supersonic atom beam source. The grey rectangles indicate the
location of an electrical heater.

(∼ 103 torr) of carrier gas (e.g. Xe, Ar, He) inside the source, which can change the mean

velocity of the atoms (600-3000 m/s) as well as the width of the velocity distribution

(∆v/v ≥ 0.05). The reservoir is just a capped end of a conflat nipple, which can contain

about 2 cm3 of sodium. Since the partial pressure of sodium atoms is relatively small

(∼1 torr), they essentially travel at the speed of the carrier gas.

The whole source is placed inside a chamber which is evacuated (∼ 10−5 torr) by an oil

diffusion pump which can handle the high gas load. The large pressure drop from inside

to outside the nozzle causes the spatial distribution of the atoms to expand rapidly and

undergo many collisions, forming an actual shockwave (hence the term supersonic beam).

During this process the velocity spread is made more narrow than a Maxwell-Boltzman

distribution [15]. The narrow velocity distribution is essential for the experiments in

this dissertation, since it corresponds to a well defined de Broglie wavelength λdB = h
mv

which makes the wave-nature of the atoms more pronounced.
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For the design shown in Fig. 2.1 the nozzle is generally kept at the highest tem-

perature (∼700 ◦C), the gas inlet at an intermediate temperature (∼650 ◦C), and the

reservoir at the cooler temperature (∼600 ◦C). The reason for this choice of tempera-

tures is to prevent the nozzle from clogging. The previously mentioned temperatures

and design work well for sodium, but clogged often when using lithium. A single tube

design was used for lithium in order to achieve high enough operating temperatures.

The tube design had the gas inlet on one end, the nozzle on the other, and the reservoir

in the middle. This single tube design seemed to operate more like a heat pipe [15], so

the middle portion where the reservoir was located was made hotter (∼800 ◦C) than the

nozzle (∼700 ◦C) to prevent clogging. In general, ceramic fiber heaters (Watlow Electric

Manufacturing Co.) worked well for achieving high temperatures, while flexible heater

cable (ARi Industries Inc.) seemed better for lower temperatures and non cylindrical

parts.

The supersonic beam of atoms described earlier is collimated by two 10 µm collimation

slits spaced 0.8 m apart. A typical collimated atom beam flux of I > 106 atoms/sec

was achieved with the previously described design. However, it is often more useful to

express the atom beam output in terms of brightness, which is also called radiance [17].

For small detector Ad and effective source As areas the radiance can be expressed as

L = Iz2

AdAs
, where z is the source-detector distance. Let us assume that the height of the

atom beam is 1 mm, effective source width is 10 µm, detector width is 60 µm, and z = 3

m. This implies that the radiance of our source is L ≥ 1022 s−1str−1m2.

2.2 Material Gratings for Atom Wave Diffraction

The ∼1 km/s sodium atoms coming from our atom beam source have a de Broglie

wavelength of about λdB = h
mv

= 10−11 m. In order for the atoms to exhibit their wave-

like behavior in a clear way, we need a structure with features that are within a few orders
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100 nm

Figure 2.2: Scanning electron microscope image of material diffraction grat-
ings. For both images the light grey regions are silicon nitride
and the black regions are free space. The left image is a normal
incidence view of the grating, with the vertical diffraction bars
and horizontal support bars visible. The right image is a cross
section of the grating, obtained by fracturing the structure along
the support bars, which shows the thickness of the diffraction
bars as well as their trapezoidal profile.

of magnitude of λdB. Fortunately, there exists nano-structured free-standing gratings

with a period of d = 10−7 m, which were originally developed for x-ray spectroscopy.

A detailed description of the fabrication process can be found in [10], and described

here briefly. The gratings are fabricated by T. A. Savas of MIT using photo-lithography

techniques. A standing wave of ultra-violet light with a period of 100 nm is used to

expose a photo-sensitive layer, and then reactive-ion etching removes the extra material

leaving behind the free-standing silicon nitride grating bars.

A scanning electron microscope image of the gratings used in all of the experiments

in this thesis can be found in Fig. 2.2. One can see that the grating bars have a width

of 50 nm, thickness of 150 nm, and are spaced by 100 nm. The grating bars also have a

trapezoidal profile with a wedge angle of about 5◦. Since the grating bars would not be
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mechanically stable by themselves, a 1 µm period support structure is also fabricated to

stabilize the diffraction bars.

2.3 Three-Grating Mach-Zehnder Atom Interferometer

The gratings which were described in the previous section can be used as a coherent

beam splitter for matter waves. Therefore, several of these gratings can be used to con-

struct an atom interferometer, by splitting and recombining an atom beam. A diagram

for an atom interferometer of this type can be found in Fig. 2.3. This particular design

for an atom interferometer is similar to the one described in [12].

A Mach-Zehnder type interferometer is formed using the zeroth and first order diffracted

beams from three 100 nm period silicon nitride gratings [10]. The three gratings G1, G2, G3

are spaced 1 m from each other and produce a first order diffraction angle of about 80

µrad for 2 km/s sodium atoms. The grating G1 creates a superposition of position states

|α〉 and |β〉 which propagate along separated paths α and β respectively. The states are

then recombined using grating G2 and form a spatial interference pattern I(x), with a

100 nm period, at the plane of G3. The phase and contrast of the interference pattern are

measured by scanning G3 in the x-direction with a piezoelectric stage and counting the

transmitted atoms with a detector. The details of the detector system will be described

in the next section.

By turning on some interaction for one of the interferometer paths (e.g. path β), the

atoms can acquire a phase shift eiφ, as indicated in Fig. 2.3. The wave function just

before G3 will then be given by

|ψ〉 = |α〉+ eiφei 2π
d

x|β〉, (2.1)

where d is the period of the gratings. The intensity just before G3 will then be given by

I(x) = 〈ψ|ψ〉 = 〈I〉
[
1 + C cos

(
2π

d
x + φ

)]
, (2.2)
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Figure 2.3: Three-grating Mach-Zehnder atom interferometer. The inter-
ferometer is formed using the zeroth and first order diffracted
beams. The gratings which diffract the atoms (black lines) are
rigidly connected to corresponding gratings which diffract laser
light (grey lines). The positions of the atom gratings are moni-
tored using the laser interferometer signal. The interference pat-
tern formed at the third grating is shifted in the x-direction as a
result of a phase shift eiφ induced to one arm.

where the interference contrast C is given by

C ≡ 2|〈α|β〉|
〈α|α〉+ 〈β|β〉 (2.3)

From Eqn. 2.2 it is clear that any interaction that affects the atoms can shift the

interference pattern I(x) in space along the x-direction. It is important to note that if

the interaction affects the overlap integral 〈α|β〉 then the interference contrast C will be

affected as well.

When any of the gratings are shifted in the x-direction, the phase of the interference

pattern will have an apparent shift of φ = 2π
d

(x1 − 2x2 + x3) [16]. Therefore, any
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vibrations or drifting of the relative grating positions will cause a systematic phase

shift or even a loss of interference contrast. To alleviate this problem a co-propagating

laser interferometer is used to monitor the positions of G1, G2, G3 and compensate for

mechanical vibrations, as shown in Fig. 2.3 by the light grey lines. The gratings used to

construct the optical interferometer are rigidly connected to the corresponding diffraction

gratings for the atoms. As a result any motion of the atom gratings are common to the

optical gratings. Since the optical interference fringe period is Λ = 3 µm, relative

uncertainty in the optical interferometer output intensity of ∆I/I ∼ 2π∆x/Λ = 1/1000

permits nanometer resolution in the position of G3.

The ray picture of the atom interferometer in Fig. 2.3 is simple, but it is also im-

portant to appreciate the wave picture as well. As we shall see in later chapters, the

wave picture will be helpful to understand some systematic effects and lead to some new

experiments. To this end, a simulation of the atom interferometer is presented in Fig.

2.4. The Schroedinger equation was solved using a split step Fourier numerical method

[18] for the case of a highly collimated atom beam propagating in the z-direction, which

encounters two gratings. A detailed description of the numerical method can be found

in Appendix B. One can see that when the the beams recombine at the location of

the third grating (right edge of Fig. 2.4) there is indeed a spatial interference pattern.

Perhaps the most striking feature of the simulation is that there are multiple regions

of interference, labelled A through G. Different outputs can be used by translating the

detector in the x-direction. The output C corresponds to the interferometer depicted

in Fig. 2.3. In general, the outputs B, D, and F have negligible contrast due to the

finite velocity distribution of the atom beam source. Another important feature of the

simulation is that the interference maxima for the outputs A, C, E, and G lie along lines

which are at some angle with respect to the z-axis. Talbot fringes in the near field of

each grating can also be seen.
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Figure 2.4: Simulation of a Mach-Zehnder type atom interferometer. A split-
step numerical method is used to solve the Schroedinger equation
for an atom wave propagating in the z-direction which encoun-
ters two gratings (dashed lines). The third grating would be at
the right edge of the plot. Darker regions indicate a higher prob-
ability of finding an atom at that location. The capital letters
indicate the various interferometer outputs.

2.4 Atom Detector

The detector used to measure the atom flux (atoms/sec = C/s) is based on a Langmuir-

Taylor hot-wire design, and a diagram of it is shown in Fig. 2.5. A detailed discussion

of this kind of atom detector can be found in [19]. Some of the atoms from the source

will be transmitted into the detector chamber and strike a hot (∼5000 K) rhenium wire.

Compared to the other refractory metals (e.g. tungsten) rhenium has a relatively large

work function of 4.69 eV, and can be made as large as 6 eV by oxidizing the surface

[20]. Therefore, when sodium (ionization energy = 5.1 eV) or lithium (5.39 eV) atoms



25

���������
	�
���

	����������

� ���������

�����

��� �"!

� ��#$�

%'&)(

Figure 2.5: Atom detector. The atoms are ionized by a hot Rhenium wire
(black dot) which is held at +0.5 kV. Two nickel electroformed
grids (dashed lines) held at +1 kV and 0 kV accelerate the ions
towards a channel electron multiplier (CEM) which counts them.

make contact with the prepared rhenium surface they will be ionized with significant

probability because of their lower ionization energy. Since the carrier gas atoms (e.g.

Xe, He, Ar) have a much higher ionization energy (>10 eV) they are not detected. The

rhenium wire is nominally 60 µm in diameter, 3 cm long, has a resistivity of about 1

Ω/cm, and is heated by passing a current of ∼150 mA through it. The rhenium wire is

held straight by supplying a slight tension with a weak leaf spring. Also the position of

the wire can be scanned with a motor to measure atom flux as a function of position.

Once the atoms are ionized they are accelerated by an electric field. This field is

generated by applying a large voltage difference between a back-plane mesh-grid at +1

kV and a ground-plane mesh-grid at 0 kV, separated by a distance of 2.5 cm, as shown in

Fig. 2.5. The mesh-grids (InterNet, Inc.) are fabricated using an electroforming process
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(as opposed to weaving), made of nickel, have a wire density of about 1 wire/mm,

and an open area of about 80 %. The hot wire is also held at about +0.5 kV which, in

combination with the back-plane voltage, is used to optimize the detector signal-to-noise

ratio.

The electric field accelerates the ions towards an Amptek MD-501 channel electron

multiplier (CEM), whose front surface is held at −0.2 kV. When an ion collides with

the CEM the highly emissive interior surface will eject several electrons. The internal

bias voltages of the CEM are such that the initially ejected electrons will collide with

the surface again and eject more secondary electrons. The gain process continues until

there are about 107 electrons generated per ion. The electrons are captured by a charge

collector and the pulse is conditioned to be TTL compatible. The pulse width of the

CEM output is on the order of 500 ns so the CEM becomes saturated for an atom flux

& 1 MC/s, causing the detector response to become nonlinear. However, the CEM fails

if it is operated at this flux for more than a few hours. Typically, the beam flux is

adjusted so that the CEM is producing 500 kC/s or less when taking high quality data.

A typical background noise for our detector system is 5 kC/s, and the best stable

background noise was about 0.1 kC/s. In order to achieve this noise level a liquid nitrogen

cold-finger was used to bring the detector chamber pressure down to 10−7 torr, and an

oxidization procedure was used to prepare the rhenium wire surface. The procedure

consists of exposing the hot wire to a 10−4 torr partial pressure of oxygen at a higher

wire current (e.g. 190 mA) for about 2 min. The oxygen is then removed and the wire

current is stepped down at a rate of 10 mA per 10 min, until the operating wire current

(e.g. 150 mA) is reached. The CEM and biasing voltages are turned off during this

procedure. It is also worth noting that the detector voltages and currents which yield

an optimal signal to noise ratio seem to depend on the specific components (grids, wire,

etc.) used and can change over time.
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Figure 2.6: Extracting the atom interference pattern. The left plot shows
the atom interferometer intensity (bottom curve) and laser inter-
ferometer intensity (top curve) as a function of time. One of the
gratings is being scanned in the x-direction at a rate of about 2
Hz. The right plot shows the corrected data (circles) with a best
fit (solid) which yielded C = 41.6 % and 〈I〉 = 186 kC/s.

2.5 Interference Data Analysis Procedure

As mentioned previously a laser interferometer is required to recover the interference

fringes due to the relative motions of the atom diffraction gratings. The data in Fig. 2.6

demonstrates this fact. One can see that it is very difficult to discern the interference

signal on the raw atom intensity data as a function of time. The vibrations are also

evident on the laser intensity data as small oscillations about the linear ramp.

The laser interferometer data in Fig. 2.6 can be used to recover the vibration-free

atom interference fringes. This can be accomplished by realizing that both the atom and

laser interferometer outputs have the general form





Ia(x) = 〈Ia〉 [1 + Ca cos (kax + φa)]

Il(x) = 〈Il〉 [1 + Cl cos (klx + φl)]

(2.4)
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Figure 2.7: Real-time atom wave interference. The fringes can be observed
by plotting the atom interferometer output vs the laser interfer-
ometer output in x-y mode on an oscilloscope.

where the subscript a refers to the atom interferometer, l refers to the laser interfer-

ometer, and the grating position x implicitly depends on time. It is important to note

that both the atom and laser intensity share the same grating position x since the cor-

responding components are rigidly connected, as indicated in Fig. 2.3. One can then

rewrite Eqn. 2.4 by eliminating the grating position x as

Ia

〈Ia〉 = 1 + Ca sin




ka

kl

sin−1

(
Il/〈Il〉 − 1

Cl

)
− ka

kl

φl

︸ ︷︷ ︸
kax

+φa


 (2.5)

where Ia and Il implicitly depend on time. From Eqn. 2.5 it is clear that the grating

position x can be determined by knowing the laser interferometer intensity Il, average

intensity 〈Il〉, grating wavenumber kl, and contrast Cl. The atom intensity can then be

plotted as a function of x, as shown in Fig. 2.6. The atom interference pattern phase φa,

contrast C, and average intensity 〈Ia〉 can then be determined using a least squares fit to

the data with Eqn. 2.5. An implementation of this procedure in the Igor programming



29

language can be found in Appendix C. The phase φl is generally not important since it

is a constant throughout a given experiment.

It is worth noting that the vibration correction can be performed in real-time as

shown in Fig. 2.7. This is done by plotting the atom interferometer output vs the laser

interferometer output on an oscilloscope. This technique can be useful when aligning the

interferometer and is an impressive way to demonstrate atom wave interference. How-

ever, the interference fringes obtained using this method can be distorted by detector

noise. The detector noise can be removed to some extent when using the post-correction

method described in Fig. 2.6, lending itself more to precision contrast and phase mea-

surements.
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CHAPTER 3

THEORETICAL BACKGROUND

This chapter provides much of the theoretical tools which will aid in understanding

and describing the experiments in subsequent chapters. The physical origin of the van

der Waals (vdW) interaction will be discussed along with some popular interpretations

of this force. Various techniques for calculating the vdW interaction will then be put

forth in order to describe the potential an atom experiences in the vicinity of a surface.

Finally, the influence of the vdW interaction on the propagation of diffracted atom waves

will be understood through an analogy with Fourier optics.

3.1 The Physical Origin of the van der Waals Interaction

As mentioned in Ch. 1 the vdW interaction was eventually understood in terms of

interacting polarizable particles. This section will provide a more detailed description of

this notion and give expressions for the vdW potential of atom-atom and atom-surface

systems. The various limits and interpretations will also be mentioned.

3.1.1 Atom-Atom van der Waals Interaction

Let us consider a system of two identical atoms (A and B) separated by a distance

r. At some instance in time atoms A and B have dipole moments µA = exAµ̂A and

µB = exBµ̂B, respectively. This situation is depicted in Fig. 3.1. It should be noted

that the atoms considered here do not have permanent dipole moments, but have some

fluctuating dipole moment which is at this point phenomenological. Mathematically this

means that 〈x〉 = 0, but 〈x2〉 6= 0 for the two dipole moments.
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Figure 3.1: Atom-atom geometry.

Since a dipole emanates a field of the form E ∼ µ/r3 in the near-field, one can write

down the electric field at the location of each atom [21]. Assuming the electric dipole

approximation [22], the field experienced by atom A due to the dipole moment of atom

B is

EB(xA) =
1

4πεo

exB

r3
[3(µ̂A · r̂)(µ̂B · r̂)− (µ̂A · µ̂B)], (3.1)

and B due to A

EA(xB) =
1

4πεo

exA

r3
[3(µ̂A · r̂)(µ̂B · r̂)− (µ̂A · µ̂B)], (3.2)

where the bracketed terms in Eqns. 3.1 and 3.2 account for relative orientations of the

two dipoles [23], εo is the permittivity of free space, and e is the charge of the electron. In

Eqns. 3.1 and 3.2 it is assumed that the two atoms are close enough so that retardation

can be ignored. The validity of this approximation will be the topic of discussion in a

subsequent section.
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If the two atoms essentially remain in their electronic ground state, the system can

be described as harmonic oscillators [22] coupled by their radiated fields





ẍA + ω2
oxA = e

m
EB(xA) ≡ KxB

r3

ẍB + ω2
oxB = e

m
EA(xB) ≡ KxA

r3

, (3.3)

where ωo is the resonant frequency of the oscillators, m is the mass of the electron, and

the factor K is defined as

K ≡ 1

4πεo

e2

m
[3(µ̂A · r̂)(µ̂B · r̂)− (µ̂A · µ̂B)]. (3.4)

The absence of a damping term in Eqn. 3.3 is consistent with assuming that the atoms

respond instantaneously to the driving field. Equation 3.3 can then be solved by finding

the normal modes of the system

ω± =

(
ω2

o ±
K

r3

)1/2

≈ ωo ± K

2ωor3
− K2

8ω3
or

6
. (3.5)

Equation 3.3 is that of a harmonic oscillator, so the quantum mechanical ground state

energy of the system will be given by

1

3
U =

~
2

(ω+ + ω−) ≈ ~ωo︸︷︷︸
bare oscillators

− ~K2

8ω3
or

6

︸ ︷︷ ︸
interaction energy

, (3.6)

where the factor of 1/3 accounts for the three spatial dimensions, the first term is just the

ground state energy of two uncoupled oscillators [24], and the second term is associated

with some interaction energy between atoms A and B.

Since the directions of the dipoles µ̂ are fluctuating in time it is sensible to average

over their spatial orientations. By inspecting the bracketed term [ ] in Eqn. 3.4 it is

clear that only components of µ̂A and µ̂B which are parallel to each other will contribute

to a non-zero orientation factor. With this fact in mind one can reason the following

orthogonal cases: 1/3 of the time the dipoles are parallel to r̂ with [ ]2 = 4 and 2/3 of the
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time the dipoles are orthogonal to r̂ with [ ]2 = 1. The average value of the orientation

factor is just the weighted sum of these cases or 〈[ ]2〉 = 1
3
× 4+ 2

3
× 1 = 2, which implies

that 〈K2〉 = 2
(

1
4πεo

)2
e4

m2 . From Eqn. 3.6 the atom-atom interaction energy can then be

written as

V (r) = −3
~〈K2〉
8ω3

or
6

= −
(

α

4πεo

)2
3~ωo

4

1

r6
= −C6

r6
, (3.7)

where α ≡ e2

mω2
o

is the DC or static polarizability and C6 is the atom-atom vdW coeffi-

cient.

Equation 3.7 is the vdW interaction between two identical atoms first obtained in

1930 by London [25], and is consistent with the quantum electrodynamics result [4, 26].

Indeed, one can see that so long as the two particles are polarizable (i.e. α 6= 0) they

will have a non-zero interaction energy and experience an attractive force, pulling them

towards each other. Furthermore, the particles will be attracted to each other even if

they have no permanent dipole moment. Based on Eqn. 3.7 Na atoms have a value for

C6 ≈ 3
4
(2 eV)(25Å

3
)2 = 1 meV nm6. It is also worth noting that since C6 > 0 the vdW

interaction between two atoms is always attractive.

3.1.2 Atom-Surface van der Waals Interaction

When a free charge is placed a distance r above a perfectly conducting half-space, the

charges on the conducting surface will rearrange themselves so that the electric field is

normal to the surface. As a result, the effect on the free charge is identical to replacing

the surface with a charge of opposite sign, called an image charge, at a distance of r

beneath the surface. Similarly, a real atom A with a dipole moment µA = exAµ̂A at a

distance r from a perfectly conducting surface, will have an image dipole µI = exI µ̂I

a distance r beneath the surface. This notion is illustrated in Fig. 3.2. Similar to

the previous section the atom A has no permanent dipole moment so that 〈x〉 = 0, but

〈x2〉 6= 0 for reasons discussed later.
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Figure 3.2: Atom-surface geometry.

Representing the perfectly conducting surface as an image dipole allows us to express

the electric field experienced by atom A as

EI(xA) =
1

4πεo

exI

(2r)3
[3(µ̂A · r̂)(µ̂I · r̂)− (µ̂A · µ̂I)], (3.8)

where retardation effects have been neglected. However, Eqn. 3.8 can be simplified

by exploiting the symmetries of the image dipole picture. The image dipole and the

real dipole have equal magnitudes so that xI = xA. As suggested by Fig. 3.2, the

orientations of the real dipole and image dipole are related by µ̂A · r̂ = µ̂I · r̂ = cos(γ)

and µ̂A · µ̂I = cos(2γ). Therefore, Eqn. 3.8 can be rewritten as

EI(xA) =
1

4πεo

exA

(2r)3
[(µ̂A · r̂)2 + 1], (3.9)

where the dipole orientation factor [ ] only depends on the angle between the real dipole

µ̂A and the surface normal r̂.

If the atom A essentially remains in its electronic ground state then the system

depicted in Fig. 3.2 can be described by a driven harmonic oscillator [22] expressed as

ẍA + ω2
oxA =

e

m
EI(xA) ≡ KxA

(2r)3
, (3.10)
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where the constant K is defined as

K ≡ 1

4πεo

e2

m
[(µ̂A · r̂)2 + 1]. (3.11)

From Eqn. 3.10 one can write down an effective resonant frequency for the system

ωsys =

(
ω2

o −
K

(2r)3

)1/2

≈ ωo − K

2ωo(2r)3
. (3.12)

From Eqn. 3.12 one can then write down the quantum mechanical ground state energy

of the system as

1

3
U =

~ωsys

2
≈ ~ωo

2︸︷︷︸
bare oscillator

− ~K
4ωo(2r)3

︸ ︷︷ ︸
interaction energy

, (3.13)

where the factor of 1/3 accounts for the three spatial dimensions, the first term is the

ground state energy of the bare harmonic oscillator, and the second term can be as-

sociated with some interaction energy between atom A and the perfectly conducting

surface.

Just as in the previous section it is appropriate to average over the spatial orientation

of the real dipole µ̂A. The bracketed term [ ] in Eqn. 3.11 indicates that only the angle

between µ̂A and r̂ needs to be considered. Being mindful of this one can reason the

following orthogonal cases: 1/3 of the time the real dipole is parallel to r̂ with [ ] = 2

and 2/3 of the time the real dipole is orthogonal to r̂ with [ ] = 1. The average value of

the orientation factor is simply the weighted sum of these cases or 〈[ ]〉 = 1
3
×2+ 2

3
×1 = 4

3
,

which implies that 〈K〉 = 4
3

1
4πεo

e2

m
. From Eqn. 3.13 the atom-surface interaction energy

can be expressed as

V (r) = −3
~〈K〉

4ωo(2r)3
= − α

4πεo

~ωo

8

1

r3
= −C3

r3
, (3.14)

where α ≡ e2

mω2
o

is the static or DC polarizability and C3 is the atom-surface vdW

coefficient.
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Equation 3.14 is the vdW interaction between an atom and a perfectly conducting

surface, and is consistent with the fully quantum mechanical result [4]. Similar to the

previous section, so long as the atom A is polarizable (i.e. α 6= 0) it will experience

an attractive force, pulling it towards the perfectly conducting surface. In addition, the

atom is attracted towards the surface even though it has no permanent dipole moment.

From Eqn. 3.14 one can calculate that for a Na atom and a perfectly conducting surface

the vdW coefficient C3 ≈ 1
8
(2 eV)(25Å

3
) = 6.25 meV nm3.

The result in Eqn. 3.14 can also be modified to describe the interaction between an

atom and a dielectric surface. When a charge is placed near a dielectric surface it is

known that the magnitude of the image charge is reduced by a factor of ε−1
ε+1

, where ε

is the static dielectric constant of the surface material [23]. It follows that the image

dipole in a dielectric surface will be reduced by the same factor. Therefore, from Eqns.

3.8, 3.10, and 3.14 one can reason that for an atom and a dielectric surface C3 → ε−1
ε+1

C3.

For example, a glass surface with ε = n2 ≈ 1.52 = 2.25 will have a C3 that is reduced by

a factor of 5/13 compared to a perfectly conducting surface. The frequency dependence

of the dielectric material can also be important, but more complicated methods are

required to calculate C3 for this case and will be discussed in subsequent sections.

3.1.3 Non-Retarded and Retarded Limits

As the atom-atom or atom-surface distance r increases retardation becomes impor-

tant, because one dipole experiences the field of the other dipole at an earlier time
(
t− r

c

)
.

The electric fields in Eqns. 3.1, 3.2, and 3.8 would then have to be multiplied by a phase

factor eiω r
c . If the atoms have a principle transition frequency ωo that dominates the

interaction, then the effects of retardation can only be ignored when ωo
r
c

= 2πc
λo

r
c
¿ 1 or

λo À r. When this inequality is satisfied the non-retarded limit of the vdW interaction

in Eqns. 3.7 and 3.14 is valid. For the experiments discussed in this thesis r ∼ 10
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nm and λo ∼ 1 µm, so the non-retarded limit is appropriate. However, if the previous

inequality is not satisfied then the retarded limit of the vdW interaction must be used.

In the retarded limit both the atom-atom and atom-surface vdW interaction falls off

more quickly with distance by an extra power of r−1 [4]. In addition, the temperature

dependence of the vdW interaction in the retarded regime can be significant, whereas in

the non-retarded regime it is usually negligible [27].

3.1.4 Different Viewpoints

The physical mechanism responsible for the fluctuating dipole moments in Eqns. 3.3

and 3.10 has two identities. The use of the quantum mechanical ground state energy for

a harmonic oscillator U = ~ω
2

in Eqns. 3.6 and 3.13 suggests that the fluctuations arise

from the zero-point energy of the dipole moments. In this picture the atoms themselves

seem to generate all the fields (source fields) necessary to cause the vdW interaction.

However, one can also derive the same expressions for the vdW interaction by explicitly

quantizing the electromagnetic field, resulting in a fluctuating electric field Eo (vacuum

field) with 〈Eo〉 = 0 and 〈E2
o〉 6= 0 that seems to drive the atoms [4, 26]. In this picture

the energy for a given induced dipole moment can be written as U = −α
2
|Edip + Eo|2

where Edip is the field from the other dipole moment and the cross-terms lead to the

interaction energy Uint. The vacuum field picture also suggests that the other atom is

being driven by Eo ∝
√
~ω(a + a†), where a and a† are the annihilation and creation

operators [28], so that Edip ∝ αEo. Therefore, the interaction energy can be written in

terms of a vacuum expectation value Uint ∝ 〈0|E2
o |0〉 ∝ 〈0|~ω(a†a + 1

2
)|0〉 = ~ω

2
, which

also looks like the ground state energy of a harmonic oscillator.

It is quite surprising, and perhaps most important, that both pictures yield the same

physical consequence: the vdW interaction. Both of these viewpoints are valid from the

perspective of quantum electrodynamics and the choice of which one to subscribe to is
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largely a matter of taste or convenience. In fact, it has been shown that by changing the

ordering of atomic and field operators between symmetric or normal, one can emphasize

the role of the vacuum field or source field [29, 30].

3.2 Methods for Calculating the Atom-Surface van der Waals

Potential

This section describes some of the popular methods for calculating the atom-surface

vdW coefficient C3 for simple and complicated material structures. Lifshitz theory will

be presented and used to calculate C3 for a variety of surface models. The validity of

the pair-wise additivity approximation will be discussed and employed in a numerical

calculation of the vdW potential in the vicinity of a square column. Finally, some

additional C3 calculation methods will be mentioned which are claimed to be more

accurate than the pair-wise additivity approximation.

3.2.1 Lifshitz Theory

The complex frequency dependence of the dielectric constant ε(ω) for the surface

can be important in calculating C3, and can even lead to dramatic departures from the

previous discussions such as a repulsive vdW interaction [31]. The reason for this striking

behavior and the importance of complex frequency dependence, is that ε(ω) allows for

the possibility that the image dipole can become out of phase with the real dipole, even

in the non-retarded limit. Unfortunately, the complex frequency dependence makes

the boundary conditions for the electric field very cumbersome and difficult to handle.

However, by introducing an extra driving term into Maxwell’s Equations analogous to

a randomly fluctuating current, Lifshitz was able to derive an expression for the vdW

interaction without explicitly quantizing the electromagnetic field. Lifshitz theory is
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Table 3.1: Measured and calculated values of C3

Method C3

[
meVnm3

]

Na diffraction velocity dependence experiment [33], Ch. 4 2.7± 0.8

Na diffraction incidence angle dependence experiment [34], Ch. 4 5+5
−2

Na diffraction phase Φ0 measurement [35], Ch. 5 4± 1

Na diffraction phase Φ2 measurement [36], Ch. 6 3+3
−1.5

Naa-Naa pair-wise additivity calculation, Eqn. 3.21 12.3

Na and perfect conductor, many-body calculations [37] 7.60

Naa and perfect conductor [38, 32, 28], Lifshitz Eqn. 3.15 6.29

Naa and Na surface, Lifshitz Eqn. 3.15 4.1

Naa and SiNx surface, Lifshitz Eqn. 3.15 3.2

Naa and SiNx and 1-nm Na filmb, surface mode calculation [39] 3.9

aIndicates a one-oscillator model for atomic polarizability.

bIndicates C3 evaluated 10 nm from the first surface.

generally regarded to be consistent with quantum electrodynamics, and agrees with

experiment [4].

For the sake of comparison with the experimental results in later chapters, several

theoretical predictions of the vdW coefficient C3 are evaluated for sodium atoms and

various surfaces using Lifshitz theory. The results are summarized in Table 3.1. The

Lifshitz formula [32] for C3 is

C3 =
~
4π

∫ ∞

0

dω
α(iω)

4πεo

ε(iω)− 1

ε(iω) + 1
, (3.15)

where α(ω) is the complex polarizability of the atom and ε(ω) is the complex dielectric

function of the surface material, which are evaluated at the complex frequency iω.
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A single Lorentz oscillator model for an atom (i.e. neglecting all but the valence

electron) with no damping gives an expression for polarizability [28]

α(iω) =
α

1 + ( ω
ωo

)2
. (3.16)

For sodium atoms α
4πεo

= 24.1 Å
3

[40] and ω0 = 2πc/(590 nm). Combining this with a

perfect conductor (i.e. ε = ∞) in Eq. 3.15 gives C3 = 6.29 meV nm3. This value agrees

well with the non-retarded limit calculated using the Lifshitz method in reference [38]

for sodium atoms with a single valence electron. It is also worth noting that for a perfect

conductor ε →∞ and Eqn. 3.15 becomes

C3 =
~
4π

∫ ∞

0

dω
α(iω)

4πεo

=
α

4πεo

~ωo

4π

∫ ∞

0

du
1

1 + u2
=

α

4πεo

~ωo

8
(3.17)

which is consistent with the result in Eqn. 3.14 found using the simple picture of a dipole

interaction with its electrical image in a surface.

For more accurately modeled sodium atoms and a perfect conductor, Derevianko

et al. [37] calculated C3 = 7.60 meV nm3 and reported a range of values spanning

0.08 meV nm3 based on different many-body calculation methods which all include the

effect of core electrons. It is noteworthy that 16% of this recommended value is due to

the core electrons [37].

For a metal surface, the Drude model describes ε(iω) in terms of the plasma frequency

ωp and damping constant γ as

ε(iω) = 1 +
ω2

p

ω(ω + γ)
. (3.18)

For sodium metal, ~ωp = 5.8 eV and ~γ = 23 meV, resulting in C3 = 4.1 meV nm3

for a sodium atom and a bulk sodium surface. Presumably this calculation also under-

estimates C3 because the core electrons are neglected. However, the calculation error is

probably smaller than that of a perfect conductor because the core electron excitations

are at frequencies comparable to ωp.
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For an insulating surface of silicon nitride, which is the diffraction grating material,

Bruhl et al [41] used a model with

ε(iω) =
ω2 + (1 + g0)ω

2
0

ω2 + (1− g0)ω2
0

(3.19)

where ~ω0 ≡ Es = 13eV and g0 = 0.588 is the material response function at zero

frequency. Using Eqs. 3.15, 3.16, and 3.19 gives a value of C3 = 3.2 meV nm3.

A multilayered surface makes a vdW potential that no longer depends exactly on r−3,

even in the non-retarded limit. We used Equation 4.10 from reference [39] to calculate

V (r) for thin films of sodium on a slab of silicon nitride. Because our experiment is

sensitive to atom-surface distances in the region 10 nm, we report the nominal value

of C3 from these calculations using C3 = V (10 nm) × (10 nm)3. Evaluated this way,

isolated thin films make a smaller C3 as r increases. Films on a substrate make C3 vary

from the value associated with the bulk film material to the value associated with the

bulk substrate material as r increases.

3.2.2 Pair-Wise Additivity Approximation

In electrostatics problems the potential for a group of charges obeys a superposition

principle, where the potential seen by one charge is the sum of its interactions with

each charge in the group [21, 23]. One might suggest that this concept could be applied

to calculations of the vdW potential between an atom and a surface [42] or material

structure of arbitrary geometry [43, 44], by simply adding up all of the atom-atom

interactions. In the context of vdW and Casimir interactions this notion is often called

the pair-wise additivity approximation. Figure 3.3 shows just such a pair of interacting

atoms for the case of an atom-surface system.
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Figure 3.3: Pair-wise additivity geometry.

According to the the pair-wise additivity approximation, the atom-surface vdW po-

tential can be written explicitly as

V (r) =
∑

i

VAA(Ri) = −
∑

i

C6

R6
i

, (3.20)

where VAA and C6 are associated with the atom-atom vdW interaction in Eqn. 3.7,

the summation in Eqn. 3.20 is over all the atoms in the surface, and Ri is the distance

from the free atom to a sub-surface atom as depicted in Fig. 3.3. The atoms within

solid-state matter are tightly packed (∼ 1 Å) compared to the atom-surface distance

r ∼ 10 nm. Therefore, it is sensible to take the sum in Eqn. 3.20 to the continuum

limit
∑

i → N
∫

d3R, where N is the number density of the surface material. The

atom-surface vdW potential is then given as

V (r) = −NC6

∫
sub-surface
atoms

d3R

R6
= −NC6

∫ ∞

r

∫ ∞

0

∫ 2π

0

dγρdρdξ

(ρ2 + ξ2)3
= −πNC6

6

1

r3
= −C3

r3

(3.21)

where a change of variables to cylindrical coordinates (ρ, ξ, γ) was performed to make

the integral easier to solve.
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From Eqn. 3.21 one can see that the pair-wise additivity approximation reproduces

the same r−3 power law as in equation 3.14, but the expression for C3 is somewhat

different. To make a comparison between results let us assume that the free atom and

the surface are composed of identical atoms. If the additional approximation N−1 ≈ α
4πεo

is made, then Eqns. 3.7 and 3.21 imply that C3 = π α
4πεo

~ωo

8
. This result is π times larger

than the one found for an atom and a perfectly conducting surface in Eqn. 3.14. However,

based on the discussion following Eqn. 3.14 one would expect that the C3 for any surface

with a finite ε should be less than the case of an ideal conductor. Even if we eliminate one

of our approximations and for example use the measured value for the number density

N = 2.53 × 1028 m−3 of sodium, Eqns. 3.21 and 3.7 imply that C3 = 12.3 meV nm3.

This is still roughly two times larger than the vdW coefficient C3 = 6.25 meV nm3 for a

sodium atom and a perfectly conducting surface given by Eqns. 3.14 and 3.17.

The experiments described in subsequent chapters have much better agreement with

the fully quantum mechanical result in Eqn. 3.14. This is probably due to the fact that

the pair-wise additivity approximation ignores the three-body and higher order many-

body interactions that contribute to the atom-surface vdW interaction [4]. In other

words, the vdW interaction between two atoms will in general depend on the presence

of other nearby atoms. This leads one to the conclusion that the vdW interaction has

the property of non-additivity. To some extent one can account for the effect that

nearby atoms have on a given pair of atoms by utilizing the Clausius-Mossitti relation

Nα = 3εo
ε−1
ε+2

, which expresses the microscopic atomic polarizability α in terms of the

macroscopic dielectric constant ε [21, 23]. Substituting Eqn. 3.7 for C6 into Eqn. 3.21,

and using the Clausius-Mossitti relation yields

C3 =
πN

6

(
α

4πεo

)2
3~ωo

4
=

3

4

α

4πεo

~ωo

8

ε− 1

ε + 2
. (3.22)

In the limit of a perfect conductor (ε → ∞) Eqn. 3.22 becomes C3 = 3
4

α
4πεo

~ωo

8
, which

differs from Eqn. 3.14 by only a factor of 3/4 for the atom-surface case. For other
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Figure 3.4: Pair-wise calculation of the vdW potential. Both figures plot
(on a log scale) the vdW potential V (ξ, z) experienced by atoms
passing near infinitely long square columns, as a contour (left)
and an image (right). The flat regions are occumpied by the
columns and ξ and z are the two spatial directions.

geometries, there are examples of more drastic failures of the pair-wise additivity ap-

proximation, such as yielding the wrong sign or even a zero potential, as mentioned in

[45].

It has been claimed by some authors that the pair-wise additivity approximation

always yields the correct spatial dependence for the vdW potential, but the wrong C3

which can be normalized by the quantum mechanical result [46]. With our previous

discussion in mind, this suggests that it is worthwhile to use the pairwise additivity

approximation to at least gain a qualitative picture of the vdW potential seen by an atom

near a complicated structure. This would otherwise be very difficult to calculate using

the methods described in previous sections. To this end, Eqn. 3.20 was implemented

using the MATLAB code in Appendix D to calculate the atom-surface vdW potential

around the square columns of our material grating structure, as shown in Fig. 3.4.

One can see that as the atoms approach the grating in the z-direction they experience
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a potential which is largely due to the front face of the columns. When the atoms

are between the grating bars the potential is dominated by the interior surfaces of the

grating bars. At the corners of the columns the potential appears to be a combination

of interior and front (or back) surface contributions, which one might call an edge effect.

3.2.3 Other Methods

There are at least two other methods of calculating the atom-surface vdW potential

around complicated structures, which are claimed to be closer to the quantum mechanical

result than the pair-wise additivity approximation discussed in the previous section. One

method expresses the vdW interaction energy with a frequency integral involving the

polarizability of the atom and a Green’s tensor [47], or equivalently a susceptibility

tensor [48], representing the arbitrary structure. However, expressions for the Green’s

tensor are very complicated and fairly hard to find or derive for a given structure. Some

common Green’s tensors can be found in [49]. Another method uses a worldline approach

to quantum field theory combined with a Monte-Carlo simulation [50]. This method has

the disadvantage of some divergences which are difficult to remove as well as statistical

noise.

3.3 Fourier Optics Description of Atom Wave Diffraction

This section will present a description of how an atom wave will propagate after be-

ing transmitted through a material grating structure. An analogy between optical waves

and atom waves will be utilized to formulate approximate solutions to the Schroedinger

equation. This analogy also leads the way to incorporating the atom-surface vdW in-

teraction in the solution. Finally, the concepts of instantaneous spatial frequency and

phasor analysis will enable an intuitive description of how atom-surface interactions alter

atomic diffraction patterns.
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3.3.1 Analogy Between Optical Waves and Atom Waves

An optical description is helpful in gaining an intuitive picture of how the vdW

interaction modifies the atomic diffraction pattern. To this end one should recall that

the Schroedinger equation for a wave function ψ can be written as

i~
∂

∂t
ψ(r, t) =

[−~2

2m
∇2 + V (r)

]
ψ(r, t), (3.23)

where m is mass, ~ is Planck’s constant, and V is the potential [24]. One can take the

Fourier transform of Eq. 3.23 with respect to time and use the fact that ∂
∂t
⇒ −iω in

the frequency domain to obtain

[
∇2 +

(
1− V (r)

~ω

)
k2

o

]
ψ(r, ω) = 0, (3.24)

where the dispersion relation ω = ~k2
o

2m
has been utilized. Equation 3.24 is usually referred

to as the time independent Schroedinger equation. It is quite illuminating to recall that

the Helmholtz equation [23] for the electric field E is given by

(∇2 + n2k2
o

)
E(r, ω) = 0, (3.25)

where n is index of refraction. By inspection one can see that Eqs. 3.24 and 3.25 are

formally equivalent where the quantities n and
(
1− V

~ω
)1/2

play analogous roles. Due to

this fact many wave propagation methods developed in optics can be applied directly to

matter wave propagation, being mindful of the fact that in optics ω = cko.

3.3.2 Solutions to the Schroedinger Equation for Atomic Diffraction

While Eq. 3.24 can be formally solved using a Green’s function approach, approx-

imate solutions used in physical optics can lead to a better understanding of how the

vdW interaction affects atomic diffraction patterns. The Fresnel and Fraunhofer ap-

proximations are commonly used in optics and represent a useful tool when faced with
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Figure 3.5: Grating and propagation geometry. The grating bars are indi-
cated by the grey trapezoids and the propagation direction of the
atoms by the thick arrows.

propagating the wave function ψ from the grating to the detector plane. Definitions of

the grating parameters and spatial directions are illustrated in Fig. 3.5.

The Fresnel or paraxial approximation is valid as long as the propagation distance z

satisfies the inequality

z À |x− ξ|, (3.26)

where ξ and x are the transverse spatial coordinates in the grating and detector plane,

respectively. This is certainly satisfied for our experiment since the diffraction angles

are less than 10−3 radians and the orders are resolved. The Fraunhofer or far-field

approximation goes beyond the Fresnel approximation by requiring that

z À ko

2
ξ2
max =

π

λdB

ξ2
max, (3.27)
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where λdB is the de Brolglie wavelength of the atoms and ξmax is the relevant extent in

the aperture plane [51]. For the case of propagation from a uniformly illuminated grating

of period d to the detector plane, ξmax → d and Eq. 3.27 takes the form z À πd2

λdB
. For our

experimental setup d = 100 nm and λdB ∼ 10−11 m, so the inequality z ≈ 2 m À π
1000

m

is met. However, our atom beam diameter is on the order of 10−5 m and so ξmax → 10−5

m implying that the inequality in Eq. 3.27 is not met.

In light of the previous discussion it seems most appropriate to use the Fresnel ap-

proximation to model our experiment. According to the Fresnel approximation the wave

function in the detector plane ψ(x) is related to that just after the grating ψ(ξ) by a

scaled spatial Fourier transform

ψ(x) ∝ F
{

ei koξ2

2zo ψ(ξ)

}∣∣∣∣
fξ= x

λdBzo

, (3.28)

where F{} denotes a Fourier transform and fξ is the Fourier conjugate variable to ξ [51].

The quadratic phase factor in Eq. 3.28 accounts for the fact that the phase fronts have

a parabolic shape before the far-field is reached.

The wave function just after the grating ψ(ξ) is given by

ψ(ξ) =

[
T (ξ) ∗ comb

(
ξ

d

)]
U(ξ), (3.29)

where comb
(

ξ
d

)
is an array of delta functions with spacing d, the operator ∗ denotes a

convolution, and U(ξ) is complex function describing the atom beam amplitude in the

plane of the grating. The transmission function of a single grating window T (ξ) in Eq.

3.29 is defined as

T (ξ) ≡ eiφ(ξ)rect

(
ξ

w

)
, (3.30)

where rect(arg) = 1 when |arg| ≤ 1
2

and zero otherwise. The phase φ(ξ) accounts for

the vdW interaction and its origin will be discussed later. This description of ψ(ξ) and
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T (ξ) in terms of the functions comb() and rect() is standard Fourier optics notation and

convenient due to its modular nature [51].

Equation 3.29 can then be substituted into Eq. 3.28 to obtain

ψ(x) ∝
∞∑

n=−∞
ψnU

(
x− n

λdBzo

d

)
, (3.31)

where the summation index corresponds to the nth diffraction order, the diffraction

amplitude ψn is defined as

ψn ≡ AneiΦn = F {T (ξ)}|fξ=n
d

= F
{

eiφ(ξ)rect

(
ξ

w

)}∣∣∣∣
fξ=n

d

=

∫ w
2

−w
2

eiφ(ξ)ei2πξ n
d dξ,

(3.32)

and the beam profile in the detector plane is given by

U(x) = F
{

ei koξ2

2zo U(ξ)

}∣∣∣∣
fξ= x

λdBzo

. (3.33)

From Eq. 3.31 we can predict the atom intensity

I(x) ≡ |ψ(x)|2 , (3.34)

in the detector plane which can also be interpreted as the probability density for atom

position. A distribution of atom velocities can be incorporated by a weighted incoherent

sum of the intensity pattern for each atom velocity I (x; v)

I(x) =
∑

v

P (v)I (x; v) ; v =
h

mλdB

, (3.35)

P (v) ∝ v3exp

(
−m(v − u)2

2kBT

)
, (3.36)

where the P (v) is the probability distribution function of velocities for a supersonic

source, u is the average flow velocity, kB is Boltzmann’s constant, and T is the longitu-

dinal temperature of the beam in the moving frame of the atoms [15].
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One can see from Eq. 3.31 that the diffraction pattern consists of replications of

the beam shape |U(x)|2 shifted by integer multiples of λdBzo

d
with relative intensities

determined by the modulus squared of Eq. 3.32. An important feature to notice in Eq.

3.32 is that a diffraction order in the detector plane corresponds to a spatial frequency in

the grating plane through the relation fξ = n
d
. This highlights the connection between

the spatially dependent phase φ(ξ) in Eq. 3.30 and the magnitude of the diffraction

orders in Eq. 3.31.

3.3.3 The Role of the van der Waals Potential

The earlier assertion that φ(ξ) in Eq. 3.30 somehow incorporates the vdW interaction

into the optical propagation theory can be understood by recalling from Eq. 3.24 that

the index of refraction n and quantity
(
1− V

~ω
)1/2

play similar roles in optics and atom

optics, respectively. In optics one calculates a phase shift φ induced by a glass plate

by multiplying the wavenumber in the material nko by the thickness of the plate L (i.e.

φ = nkoL). Just as in the optics case one can calculate the phase shift φ(ξ) accumulated

by the wave function passing through the grating windows

φ(ξ) =

∫ (
wavenumber

in potential

)(
differential

thickness

)

=

∫ 0

−l

ko

(
1− V (ξ, z)

~ω

)1/2

dz,

(3.37)

where l is the thickness of the grating and V (ξ, z) is the potential the atoms experience

between the grating bars due to the vdW interaction. Thus the vdW interaction is

analogous to a glass plate with a spatially dependent index of refraction, a kind of

diverging lens that fills each grating window. This causes the phase-fronts of the atom

wave to become curved while propagating through the grating bars, as evident in the

numerical simulation shown in Fig. B.2. The result in Eq. 3.37 is consistent with the

wave function phase according to the WKB approximation [24].
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In arriving at Eq. 3.37 diffraction due to abrupt changes in the potential V (ξ, z) has

been ignored while the wave function propagates through the grating windows. This

is a valid approximation due to the fact that λdB ¿ w,
[

∂
∂ξ

V (ξ)
~ω

]−1

in the region of the

potential that corresponds to the diffraction orders of interest. The relationship between

spatial regions of the potential V (ξ, z) and a given diffraction order will be discussed in

subsequent paragraphs.

It is also important to note that Eq. 3.37 assumes that the potential V (ξ, z) exists

only between the grating bars (i.e. V (ξ, z) = 0 for z < −l or z > 0) and neglects the

fact that the bars are not semi-infinite planes. Theoretical work done by Spruch et al.

[39] suggests that the vdW potential corresponding to our ∼ 50 nm grating bar width

is very similar to that of a semi-infinite plane at the location of the slit walls, becoming

significantly different only when the atom-surface distance is larger the the bar width.

Since the phase φ(ξ) from Eq. 3.37 only depends on the integral of the potential in the

z direction one would also expect that edge effects in V (ξ, z) due to the finite grating

thickness l are a small correction. This claim can be verified by calculating the vdW

potential around the grating bars with Eqn. 3.21 and determining the accumulated

phase according Eqn. 3.37. These results are compared to the phase arrived at by

assuming that the potential is zero outside the grating bars, and due to a semi-infinite

plane between the bars. The deviation between these two cases is plotted in Fig. 3.6.

One can see that the edge effects for typical grating geometries has less than a 3% effect

on the accumulated phase φ(ξ). Therefore, ignoring the potential outside the grating

bars is indeed a good approximation.

If the particle energy ~ω is much greater than the potential V (ξ, z) then Eq. 3.37 can

be further simplified by Taylor expanding the quantity
(
1− V

~ω
)1/2

and keeping only the

leading order term in V
~ω

φ(ξ) = lko − 1

~v

∫ 0

−l

V (ξ, z)dz; ~ω À V (ξ, z), (3.38)
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Figure 3.6: Relative phase error incurred by ignoring vdW edge effects. The
relative phase error is determined by calculating the deviation
between the accumulated phase due to the pair-wise additivity
approximation and assuming the potential is zero outside the
grating bars. The grating window width w was assumed to be
50 nm.

through the use of the dispersion relation ω = ~k2
o

2m
and p = mv = ~ko. Equation 3.38 is

often called the Eikonal approximation. The term lko in Eq. 3.38 is independent of ξ

and of no consequence in Eq. 3.32 so it can be neglected. One can see from Eq. 3.38

that if V (ξ, z) → 0 then Eq. 3.32 reduces to the sinc diffraction envelope expected from

a purely absorbing grating. Furthermore, it is now clear from Eqs. 3.32 and 3.38 that

the relative heights of the diffraction orders are altered in a way that depends on V (ξ, z)

as well as the atom beam velocity v.
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As a simple model one can represent the potenial in Eq. 3.38 as the sum of the

potential due to the two interior walls of the grating window

φ(ξ) = − l

~v
[g−(α)V−(ξ) + g+(α)V+(ξ)] , (3.39)

where the function g±(α) incorporates the influence of the wedge angle α

g±(α) ≡
1± l tan α

2(ξ±w
2 )(

1± l tan α

(ξ±w
2 )

)2 , (3.40)

and V±(ξ) ≡ −C3

∣∣ξ ± w
2

∣∣−3
is implied by Eq. 3.14. Equations 3.39 and 3.40 are arrived

at by carrying out the integration in Eq. 3.38 while assuming that the open grating

width w varies in the propagation direction z as w(z) = w+2z tan α. Since the principle

transition wavelength of Na (590 nm) is much larger than w
2

(i.e. the maximum atom-

surface distance of ∼ 25 nm) the non-retarded form of the vdW potential is appropriate.

The method used to derive Eqn. 3.39 can also be used to work out the accumulated

phase for the case of non-normal incidence due to one interior grating wall

φ(ξ) =
C3[2~v cos β cos3 α(tan α + tan β)]−1

[w
2

+ ( l
2

+ z) tan α + ξ + z tan β]2

∣∣∣∣∣

z=l/2

z=−l/2

, (3.41)

where β is the angle between the atom beam direction and the grating-surface normal

as in Fig. 3.5. The contribution of the other interior grating wall can be obtained from

Eqn. 3.41 by changing the sign of β and ξ. Since the projected open fraction of the

grating actually changes with incidence angle the bounds of integration for Eqn. 3.32

need to be modified. Specifically, the lower limit of integration can be written as

ξmin =
−w

2
+

l

2
tan β, (3.42)

and the upper limit of integration as

ξmax =





w
2

+ l
2
tan β ; |β| < α

w
2

+ l tan α− l
2
tan β ; |β| > α.

(3.43)
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For a perfectly thin grating, non-normal incidence would not affect the open fraction.

For our gratings, with a cross-section geometry shown in Figure 3.5, non-normal inci-

dence does modify the projected open fraction. With reference to Figure 3.5, rotating

the grating by angle β causes slots to appear narrower so the resulting open fraction is:

η(β) =





w
d

; |β| < α

w−l(tan β−tan α)
d

; α < |β| < βmax

0 ; βmax < |β|

(3.44)

where w is the slot width viewed at normal incidence, l is the thickness of the grating, α

is the wedge angle of the bars, β is the twist, βmax is the maximum twist at which any

flux is transmitted, and d is the grating period viewed at normal incidence. The relevant

impact of this is that the diffraction amplitude in Eqn. 3.32 is attenuated by the factor

η(β) in Eqn. 3.44.

As an example, the diffraction amplitudes and phases can then be numerically evalu-

ated using Eqns. 3.32 and 3.39 for the case of normal incidence. The results are plotted

in Fig. 3.7 as a function of the vdW coefficient C3 and the Igor code used to generate

these plots can be found in Appendix E. Since the phase φ(ξ) in Eqn. 3.39 diverges

near the surface of the grating bars, the real and imaginary parts of the integrand in

Eqn. 3.32 can oscillate very rapidly with distance. This can cause a numerical problem

called aliasing, which can severely distort the output of a discrete Fourier transform. In

order to avoid this problem the choice of sampling density should be at least two points

per wavelength, as specified by the Nyquist rate [51]. In other words, the phase φ(ξ)

and sampling frequency 1/∆ξ must always satisfy the inequality

∆ξ
∂φ(ξ)

∂ξ
≤ π. (3.45)

In practice, portions of eiφ(ξ) which violate Eqn. 3.45 are simply set to zero. This is

reasonable because even if the Nyquist violating regions were adequately sampled to
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Figure 3.7: Diffraction phase and amplitude as a function of C3.

avoid aliasing, the contribution to the integral in Eqn. 3.32 would be negligible due to

their rapidly oscillating nature.

3.3.4 Instantaneous Spatial Frequency Analysis

It is not immediately obvious how the phase representation in Eq. 3.38 will affect the

far-field diffraction pattern or if the Eikonal approximation is appropriate in light of Eq.

3.39 (i.e. V±(ξ) → −∞ as |ξ| → w
2
). In order to address this it is helpful to introduce

the concept of an instantaneous spatial frequency [52]

fξ (ξn) ≡ 1

2π

∂φ

∂ξ

∣∣∣∣
ξ=ξn

=
n

d
, (3.46)

where ξn is the grating window location of the spatial frequency fξ as in Eq. 3.32.

One could equivalently say that ξn indicates the spatial location of the potential which

influences diffraction of atoms into the nth order. For the limiting case of α → 0 the

geometry factor g±(α) → 1 and the higher order terms in Eq. 3.37 will become important

when ξn → ξc and C3

(
ξc − w

2

)−3 ≈ ~ω. If Eq. 3.39 is inserted into Eq. 3.46 with

the previously mentioned limits one can solve for the diffraction order nc at which the
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approximation in Eq. 3.38 breaks down

nc ≈ 3kol

4π

C3d

~ω
(
ξc − w

2

)4 =
3kol

4π

(
d3~ω
C3

) 1
3

. (3.47)

For the present experiment 3kol
4π

∼ 104 and
(

d3~ω
C3

) 1
3 ∼ 102 which implies that nc ∼ 106.

Thus the approximation in Eq. 3.38 is appropriate since we typically concerned with

only the first ten diffraction orders. In fact, the paraxial approximation will become

invalid before Eq. 3.38 becomes invalid due to the fact the diffraction order spacing is

typically λdBzo

d
∼ .1 mm. It is also interesting to note that using Eqs. 3.39 and 3.46 one

can solve for the location of the potential ξn in the grating window

ξj =
w

2
−

(
3lC3d

2πn~v

) 1
4

; n ≥ 1, (3.48)

corresponding to a particular diffraction order n. For example, ξ1 ≈ 11.7 nm and ξ5 ≈
16.1 nm for typical parameters in our experiment. Therefore, the diffraction amplitude

in Eq. 3.32 depends on a small region of the potential near ξ ≈ 15 nm, which corresponds

to an atom-surface distance of ∼ 10 nm.

3.3.5 Using Phasors to Visualize Atomic Diffraction

Historically, a graphical analysis in the complex plane has been useful to understand

optical diffraction. This is especially true for the Fresnel integrals for which no closed

form analytical solutions have been found, yet the Cornu spiral permits a physical in-

terpretation [53]. This approach can be used to formulate intuitive explanations for

atom optics problems too. Even in the far-field limit, vdW interactions modify atom

diffraction such that no closed form analytical description of Eqn. 3.32 has been found.

Therefore, a phasor diagram similar to the Cornu spiral is helpful to interpret the role

that vdW interactions play in the formation of atomic diffraction patterns.

The van der Waals interaction between that atoms and the grating bars modify the

phase of each point on the phasor diagram as shown in Fig. 3.8. This phase is described
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Figure 3.8: Phasor diagram. The two figures plot the cumulative integral of
the real vs imaginary parts of Eqn. 3.32 for the case of C3 = 0
(left) and C3 > 0 (right).

by

χn(ξ) = φdiff(ξ) + φ(ξ) + φoffset (3.49)

where φdiff(ξ) is due to diffraction without an atom-surface interaction, φ(ξ) is due to

van der Waals interactions with surfaces located at ξ = ±w
2
, and a constant φoffset is

added for reasons that will be discussed. These terms are written explicitly as

φdiff(ξ) = n
2π

d
ξ (3.50)

φ(ξ) =
C3l

v~
[|ξ − w/2|−3 + |ξ + w/2|−3] (3.51)

φoffset = −16C3l

v~w3
. (3.52)

Examples of phasor diagrams for each diffraction order n = [0, 3] modified by φ(ξ) are

shown in Figure 3.8. The phasor diagrams are a plot of the cumulative integral of

the real vs imaginary parts of Eqn. 3.32 using the modified phase in Eqn. 3.49. By

drawing an arrow between the two ends of the phasor curve one can obtain the diffraction

intensity from the arrow length and the relative diffraction phase from the arrow angle.

The constant φoffset is not physical but is chosen to be φoffset = −φ(ξ = 0) as a con-

venience. This permits comparison between shapes of the phasor diagrams for arbitrary

C3. This phase offset does not change the norm of the resultant amplitudes, hence it will
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not affect the later argument regarding missing orders. It simply rotates the spirals in

Fig. 3.8 to maintain the condition that χn(0) = 0 independent of C3. Thus, the tangent

to each curve parallels the real axis when ξ = 0.

For C3 = 0 the phasor curves lay on circles because the curvature, given by the

derivative of phase with respect to ξ, is constant ( d
dξ

χn = n2π
d

). The phase difference

between the endpoints of the curve (given by φ(ξ = w/2) − φ(ξ = −w/2)) corresponds

to the angle 2π
d

nw, and the arc length of the curve is given by the window size w. Thus

the radius of the circle is ρ = (n2π
d

)−1 and it is centered at the location iρ. When the

curve is an integral number of full circles, the endpoints overlap and the resultant field

has zero magnitude. This corresponds to a missing order.

Additional phase due to van der Waals interactions makes the phasor curve deviate

from a circle. One end of the spiral will always be inside the circle defined by ρ and

the other end must be outside. This is true because the curvature ( d
dξ

χn) increases

monotonically as ξ increases from -w/2 to w/2 (and still equals n2π
d

at ξ = 0). Hence,

the two ends of the spiral will never coincide and the resultant field will never have zero

magnitude when C3 6= 0.

We have now proved that regardless of the physical open fraction, there are never

missing orders in atom diffraction from a material structure unless C3 = 0. This expands

on the point already identified in [54] that phase shifts due to atom-surface interactions

modify the envelope of the diffraction pattern.

The phasor diagram also provides a method to bound the error on numerically com-

puted amplitudes. If the limits of integration in Equation 3.32 are replaced by ±(w
2
− ε),

then the maximum error in the resultant amplitudes is given by the radius of a circle

with the curvature of the phasor diagram at the endpoint, i.e. error in ψn is of order R
d

where R−1 ≡ dχn

dξ

∣∣∣
ξ=(w

2
−ε)

.
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CHAPTER 4

USING ATOMIC DIFFRACTION TO MEASURE

THE VAN DER WAALS INTERACTION

In atom optics a material structure is commonly regarded as an amplitude mask

for atom waves. However, atomic diffraction patterns formed using material gratings

indicate that material structures also operate as phase masks, as discussed in Ch. 3. In

this chapter a well collimated beam of sodium atoms is used to illuminate a silicon nitride

grating with a period of 100 nm. During passage through the grating slots atoms acquire

a phase shift due to the van der Waals interaction with the grating walls. As a result

the relative intensities of the matter-wave diffraction peaks deviate from those expected

for a purely absorbing grating. More specifically, the relative diffraction intensities are

found to depend on atom velocity and incident angle. Thus a complex transmission

function is required to explain the observed diffraction envelopes. The van der Waals

coefficient C3 = 2.7 ± 0.8 meV nm3 is determined by fitting a modified Fresnel optical

theory to the experimental data. This value of C3 is consistent with a van der Waals

interaction between atomic sodium and a silicon nitride surface. The research described

in this chapter is published in [33] and [34].

4.1 Introduction to Experiment

It is known that correlations of electromagnetic vacuum field fluctuations over short

distances can result in an attractive potential between atoms. For the case of an atom

and a surface the potential takes the form

V (r) = −C3

r3
, (4.1)



60

where r is the atom-surface distance and C3 is a coefficient which describes the strength

of the van der Waals (vdW) interaction [4]. Equation 4.1 is often called the non-retarded

vdW potential and is valid over distances shorter than the principle transition wavelength

of the atoms involved. The significance of this interaction is becoming more prevalent as

mechanical structures are being built on the nanometer scale. The vdW potential also

plays an important part in chemistry and atomic force microscopy, and can be used to

test quantum electrodynamic theory. Chapter 3 describes the origin of Eqn. 4.1 in more

detail.

Early experiments concerning the vdW interaction were based on the deflection of

atomic beams from surfaces. It was demonstrated that the deflection of ground state

alkali [55] and Rydberg [56] atom beams from a gold surface is compatible with Eq.

4.1. Later measurements utilizing this technique were sufficiently accurate to distinguish

between the retarded V ∼ r−4 and non-retarded V ∼ r−3 forms [57]. More recently atom

optics techniques have been employed to measure the magnitude of the vdW coefficient

C3. Various ground state [54] and excited noble gas [41] atom beams have been diffracted

using nano-fabricated transmission gratings in order to measure C3. The influence of the

vdW potential has also been observed for large molecules in a Talbot-Lau interferometer

constructed with three gold gratings [58].

In this section we present atomic diffraction of a thermal sodium atom beam and

show that the data cannot be described by a purely absorbing grating. A diagram

of the experimental apparatus is shown in Fig. 4.1. The supersonic beam of sodium

atoms passes through a 0.5 mm diameter skimmer and is collimated by two 10 µm slits

separated by ∼ 1 m. By changing the carrier gas the atom velocity can be adjusted

from 0.6 to 3 km/s with σv

v
∼ 0.1. The collimated atom beam is used to illuminate a

silicon nitride grating [10] with a period of d = 100 nm, thickness l = 150± 5 nm, open

width w = 50.5 ± 1.5 nm, and grating bar wedge angle α = 5.25 ± .75 degrees. All of
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Figure 4.1: Atom diffraction setup.

the grating parameters are measured independently using scanning electron microscope

images. The diffraction pattern is measured by ionizing the sodium atoms with a hot

Re wire and then counting the ions with a channel electron multiplier.

4.2 Velocity Dependence of Diffraction Order Intensities

The experimental data for diffraction patterns of four different atom beam velocities

are displayed in Fig. 4.2. One can see from Fig. 4.2 that the second order diffraction

peak is almost completely suppressed for the faster atoms whereas it is quite pronounced

for the slower atoms. This velocity dependence is a clear indication that a complex

transmission function such as Eq. 3.30 (i.e. C3 6= 0) is required to explain the data.

A least-squares fit to Eqs. 3.31 and 3.35 is used to determine the diffraction intensity

|An|2 and average velocity. It is clear from Fig. 4.2 that the diffraction orders overlap to

some extent, hence the tails of the beam shape are important when determining |An|2.
The broad tails of the beam shape were not adequately described by a Gaussian so an

empirical shape using a fixed collimating geometry was derived from the measured raw

beam profile and used for |U(x)|2.
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Figure 4.2: Observed diffraction patterns for four different atom velocities.
The numbers next to the peaks indicate the diffraction order.
Molecular Na2 peaks are also visible between zeroth and first or-
ders for slower velocities. The relative intensities of the second
and third diffraction orders have a pronounced velocity depen-
dence.

4.3 Extracting the van der Waals Coefficient C3

The diffraction intensities |An|2 determined from Fig. 4.2 for the various velocities

are displayed in Fig. 4.3. The vdW coefficient C3 = 2.7 meV nm3 is determined by

a least-squares fit to this reduced data with the modulus squared of Eq. 3.32. All

of the grating parameters are determined independently, therefore C3 is the only free

parameter. Data from each velocity is fit simultaneously with the same C3. It is clear

that a purely absorbing grating (i.e. C3 = 0) is inconsistent with all of the observed

|An|2 especially at lower velocities for which the phase φ(ξ) is much larger. Uncertainty

in the determination of the grating parameter w and the exact shape of the potential in

Eq. 3.38 may be responsible for the slight deviation from theory evident in Fig. 4.3.
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Figure 4.3: Diffraction order intensities (open points) from Fig. 4.2 and best
fit envelope |An|2 (solid) which includes the vdW interaction.
The same value of C3 = 2.7 meV nm3 is used for all the solid
curves and is the only free parameter in the fit. The vdW the-
ory curves approach the theory for a purely absorbing grating
(dashed) as atom velocity increases. The data are inconsistent
with the dashed curve especially for n = 2, 4.

A study of the systematic errors in our experiment and analysis suggest that w is

largest source of uncertainty when calculating C3. One can numerically calculate the

function C3(w), which is the best fit C3 as a function of w, whose linear dependence

around the physical value of w is found to be ∂C3

∂w

∣∣
w=50.5 nm

= 0.52 meV nm2. The

error in C3 is arrived at by taking the product of this slope and the 1.5 nm uncertainty

in w. After carrying out the previously described analysis we obtain a value for the

vdW coefficient C3 = 2.7 ± 0.8 meV nm3. The uncertainty determined this way is

considerably larger than the statistical uncertainty in C3 from the least-squares fitting

procedure. The uncertainty due to w is also larger than the systematic corrections due
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to the atom beam profile or uncertainties due to imperfect knowledge of the grating

parameters: d, l, and α.

As a final piece of discussion it is worth checking to see if the data in Fig. 4.3 is

consistent with any reasonable power law potential of the form V (r) = −Cnr
−n with

n 6= 3, possibly indicating a force acting on the atoms other than the non-retarded

vdW interaction. The existence of surface dipoles would lead to an interaction energy

with n = 6. A least-squares fit to the data with n = 6 yielded a χ2 which was fifty

percent larger than that of n = 3. A fairly good fit to the data is obtained with n = 4

corresponding to a retarded vdW interaction. However, the best fit value for interaction

strength C4 = 16 meV nm4 is roughly fifty times smaller than the predicted value [59].

It is also interesting to note that n = 2 caused χ2 to be three times larger than for n = 3.

The previous findings indicate that n = 3 is the most appropriate potential because it

yields the best fit and agrees with the predicted value for C3.

4.4 Changing the Incident Angle

Equation 3.41 suggests that the phase accumulated by the wave function as a result

of passing through the grating bars should depend on the incident angle β. One would

then expect from Eqn. 3.32 that the relative diffraction intensities should also depend

on the incident angle. To confirm this prediction the diffraction pattern is measured for

several different incident angles. One can see from Fig. 4.4 that the relative heights of

the diffraction orders do indeed vary with incidence angle. In addition, one can see that

there is a slight change in the diffraction angle. This can be explained by the fact that

the projected grating period d is smaller for large β.

The dependence of the incidence angle can be studied further by placing the detector

at a given diffraction order n, and measuring the intensity In as a function of β. This is

often called a rocking curve. The data for such an experiment is shown in Fig. 4.5. The
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Figure 4.4: Observed diffraction patterns for three different incidence angles.
The left illustration shows how the grating is rotated. The right
plot shows the observed diffraction pattern for several values of
the incident angle β. The Na diffraction orders are labelled with
numbers. The Na2 diffraction orders are also visible between the
Na diffraction peaks.

data can be explained by calculating the intensity of a given order using Eqns. 3.32,

3.41, and 3.44. There are two important features in the data which indicate that C3 6= 0.

First, there are no missing orders as you would expect for C3 = 0 when the reciprocal

of the open fraction 1/η(β) is an integer. Second, there is an obvious asymmetry in the

rocking curves as a function of β, which is also inconsistent with C3 = 0. In fact, the

data is best described when C3 = 5+5
−2 meV nm3 (statistical). This is consistent with

the normal incidence measurement of the previous chapter, and the uncertainty could

be reduced with better knowledge of the grating geometry parameters.

4.5 Summary and Discussion of Results

In conclusion, the optics perspective to the theory of atomic diffraction from a ma-

terial grating, put forth in Ch. 3, has been experimentally verified. The results in Eqs.

3.32, 3.38 and 3.39 have been derived using Fourier optics techniques and appear to be

consistent with the diffraction theory presented in [60]. Diffraction data for a sodium
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Figure 4.5: Observed rocking curves for several diffraction orders. The
data (circles) are compared to theoretical curves with C3 =
5 meV nm3 (solid) and C3 = 0 (dashed). Notice how the in-
tensity of an order never goes to zero for C3 6= 0, except for the
trivial case of large β where there is no transmission through the
grating.

atom beam at four different velocities and several incidence angles show clear evidence

of atom-surface interactions with the silicon nitride grating. A complex transmission

function such as that in Eq. 3.30 is required to explain the data. The measured value

of C3 = 2.7 ± 0.8 meV nm3 for normal incidence is limited in precision by uncertainty

of the grating window size w. Based on the results in Table 3.1 for a single Lorentz

oscillator, the new measurement of C3 presented in this section is consistent with a vdW

interaction between atomic sodium and a silicon nitride surface. Our measurement is

inconsistent with a perfectly conducting surface and also a silicon nitride surface coated

with more than one nm of bulk sodium. This implies that atomic diffraction from a

material grating may provide a means to test the theory of vdW interactions with a
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multi-layered surface [39] by using coated gratings. The work described in this chap-

ter may also be applied to other particle-surface systems. For example, it has been

shown recently that a complex transmission function is also required to describe elec-

tron diffraction from material gratings, due to the existence of electron-surface Coulomb

interactions [61, 62].
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CHAPTER 5

OBSERVATION OF ATOM WAVE PHASE

SHIFTS INDUCED BY VAN DER WAALS

ATOM-SURFACE INTERACTIONS

The development of nanotechnology and atom optics relies on understanding how

atoms behave and interact with their environment. As discussed in Ch. 3 and 4 isolated

atoms can exhibit wave-like (coherent) behaviour with a corresponding de Broglie wave-

length and phase which can be affected by nearby surfaces. Here an atom interferometer

is used to measure the phase shift of Na atom waves induced by the walls of a 50 nm

wide cavity. To our knowledge this is the first direct measurement of the de Broglie

wave phase shift caused by atom-surface interactions. The magnitude of the phase shift

is in agreement with that predicted by Lifshitz theory for a non-retarded van der Waals

interaction. This experiment also demonstrates that atom-waves can retain their coher-

ence even when atom-surface distances are as small as 10 nm. The work described in

this chapter is published in [35] and [63].

5.1 Introduction to Experiment

The generally accepted picture of the electromagnetic vacuum suggests that there

is no such thing as empty space. Quantum electrodynamics tells us that even in the

absence of any free charges or radiation the vacuum is actually permeated by fluctuat-

ing electromagnetic fields. An important physical consequence of this view is that the

fluctuating fields can polarize atoms resulting in a long range attractive force between

electrically neutral matter: the van der Waals (vdW) interaction [4]. This microscopic
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force is believed to be responsible for the cohesion of nonpolar liquids, the latent heat

of many materials, and deviations from the ideal gas law. The polarized atoms can also

interact with their electrical image in a surface, resulting in an atom-surface vdW force

[3]. For example, nearby surfaces can distort the radial symmetry of carbon nanotubes

[64] and deflect the probes of atomic force microscopes [65]. Atom-surface interactions

can also be a source of quantum decoherence or uncontrolled phase shifts, which are

important considerations when building practical atom interferometers on a chip [66].

For the case of an atom near a surface the vdW potential takes the form V (r) = −C3r
−3,

where C3 describes the strength of the interaction and r is the atom-surface distance [4].

This form of the vdW potential is valid in the limit of atom-surface distances smaller

than the principle transition wavelength of the atoms, typically . 1 µm.

Previous experiments have shown how atom-surface interactions affect the intensity

of atom waves transmitted through cavities [55, 56, 57], diffracted from material gratings

[54, 33, 58], and reflected from surfaces [67, 68, 69]. However, as we shall see, none of

these experiments provide a complete characterization of how atom-surface interactions

alter the phase of atom waves. In order to monitor the phase of an atom wave one

must have access to the wave function itself (ψ), not just the probability density for

atoms (|ψ|2). In this chapter an atom interferometer is used to directly observe how

atom surface interactions affect the phase of atom waves, as proposed in [11, 41]. This

observation is significant because it offers a new measurement technique for the vdW

potential and is of practical interest when designing atom optics components on a chip

[70, 71].

When an atom wave propagates through a cavity it accumulates a spatially varying

phase due to its interaction with the cavity walls, given by the WKB approximation

φ(ξ) ≡ φo + δφ(ξ) = − lV (ξ)

~v
, (5.1)
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Figure 5.1: Accumulated phase φ(ξ) of an atom wave as a function of cavity
position ξ due to a vdW interaction with C3 = 3 meV nm3. The
atom wave has propagated through a 150 nm long cavity at a
velocity of 2 km/s. The grey rectangles indicate the location of
the cavity walls which are 50 nm apart. Notice how there is a
non-zero constant phase offset φo ∼ 0.05 rad.

where ξ is the position in the cavity, l is the interaction length, V (ξ) is the atom-surface

potential within the cavity, ~ is Planck’s constant, and v is the particle velocity [33].

Equation 5.1 also separates the induced phase φ(ξ) into constant φo and spatially varying

δφ(ξ) parts. A plot of the phase φ(ξ) from Eqn. 5.1 is shown in Fig. 5.1 for the cavity

geometry and vdW interaction strength in our experiment. A numerical simulation of

the atom wave accumulating this spatially varying phase can also be found in Fig. B.2.

If these cavities have a width w and are oriented in an array with spacing d, then the

atom wave in the far-field will have spatially separated components (diffraction orders)

with complex amplitudes

ψn = Ane
iΦn = eiφo

∫ w/2

−w/2

eiδφ(ξ)ei2πξn/ddξ, (5.2)
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where An and Φn are real numbers, and n is the diffraction order number, as described

in Ch. 3 and [33]. For n = 0 the second exponential in the integrand is unity, and

to leading order in φ(ξ), Φ0 ≈ 〈φ(ξ)〉 is the average phase over the grating window.

Experiments which measure the intensity of atom waves (e.g. atom wave diffraction) are

only sensitive to |ψn|2 = |An|2 which is in part influenced by δφ(ξ). However, it is clear

from Eqn. 5.2 that |ψn|2 reveals no information about φo or Φn. We have determined A0

and Φ0 by placing this array of cavities (grating) in one arm of an atom interferometer.

This new technique is sensitive to the entire phase shift φ(ξ) induced by an atom-surface

interaction, including the constant offset φo.

5.2 Experimental Setup

The experimental setup for using an atom interferometer to measure the phase shift

Φ0 induced by atom-surface interactions is shown in Fig. 5.2. The atom interferometer

used is similar to the type described in [12, 16] and described here briefly. A beam of

Na atoms travelling at v = 2 km/s (λdB = 0.08 Å) is generated from an oven and

a position state of the atom wave is selected by two 10 µm collimation slits spaced

1 m apart. A Mach-Zehnder type interferometer is formed using the zeroth and first

order diffracted beams from three 100 nm period silicon nitride gratings [10]. The

three gratings G1, G2, G3 are spaced 1 m from each other and produce a first order

diffraction angle of about 80 µrad for 2 km/s sodium atoms. The grating G1 creates a

superposition of position states |α〉 and |β〉 which propagate along separated paths α

and β respectively. The states are then recombined using grating G2 and form a spatial

interference pattern I(x), with a 100 nm period, at the plane of G3. The phase and

contrast of the interference pattern are measured by scanning G3 in the x-direction with

a piezoelectric stage and counting the transmitted atoms with a detector. The detector

ionizes the transmitted atoms with a 60 µm diameter hot Re wire, and then counts
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Figure 5.2: Experimental setup for vdW induced phase measurement. A
Mach-Zhender atom interferometer with paths α and β is formed
using the zeroth and first order diffracted beams of gratings G1

and G2 which have a period of 100 nm. The atom wave interfer-
ence pattern I(x) is read out using grating G3 as an amplitude
mask. The phase fronts (groups of parallel lines) passing through
grating G4 are compressed due to the attractive vdW interaction,
resulting in a phase shift Φ0 of beam |α〉 relative to |β〉. This
causes the interference pattern I(x) to shift in space at the plane
defined by G3.

the ions with a channel electron multiplier. A co-propagating laser interferometer (not

shown in Fig. 5.2) was used to monitor the positions of G1, G2, G3 and compensate for

mechanical vibrations. Since the optical interference fringe period is Λ = 3 µm, relative

uncertainty in the optical interferometer output intensity of ∆I/I ∼ 2π∆x/Λ = 1/1000

permits nanometer resolution in the position of G3.
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5.3 Measuring the van der Waals Induced Phase Shift

When grating G4 is inserted into the interferometer path α, the interference pattern

I(x) shifts in space along the positive x-direction. This can be understood by recalling

de Broglie’s relation λdB = h/p [8]. The atoms are sped up by the attractive vdW

interaction between the Na atoms and the walls of grating G4. This causes λdB to be

smaller in the region of G4, compressing the atom wave phase fronts and retarding the

phase of beam |α〉 as it propagates along path α. One could also say that G4 effectively

increases the optical path length of path α. At G3 the beams |α〉 and |β〉 then have a

relative phase between them leading to the state

|χ〉 = A0e
iΦ0|α〉+ eikgx|β〉, (5.3)

where kg = 2π/d is the grating wavenumber and d is the grating period. The diffraction

amplitude A0 reflects the fact that beam |α〉 is also attenuated by G4. The state |χ〉 in

Eqn. 5.3 leads to an interference pattern which is shifted in space by an amount that

depends on Φ0

I(x) = 〈χ|χ〉 ∝ 1 + C cos(kgx− Φ0), (5.4)

where C is the contrast of the interference pattern. Inserting G4 into path β will result

in the same form of the interference pattern in Eqn. 5.4, but with a phase shift of the

opposite sign (i.e. Φ0 → −Φ0).

Grating G4 is an array of cavities 50 nm wide and 150 nm long which cause a potential

well for the Na atoms due to the vdW interaction. Atoms transmitted through G4 must

pass within 25 nm of the silicon nitride cavity walls since the open slots of the grating

are 50 nm wide. At this atom-surface distance the depth of the potential well is about

4× 10−7 eV. Therefore, as the atoms enter the grating they are accelerated by the vdW

interaction from v =2000 m/s to at least v + ∆v =2000.001 m/s (depending on ξ) and
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decelerated back to 2000 m/s as they leave the grating. This small change in velocity

is enough to cause a phase shift of Φ0 = 0.3 rad according to Eqs. 5.1 and 5.2, which

corresponds to a 5 nm displacement of the interference pattern in the far-field. It is

quite remarkable to note that the acceleration and deceleration happens over a time

period of ∆t =75 ps implying that the atoms experience an acceleration of at least 106

g’s while passing through the grating. Therefore, the vdW interaction is one of the most

important forces at the nanometer length scale. It is also impressive to note that the

time of flight difference between the test and reference arms is only ∆v
v

∆t ∼ 10−16 s,

compared to the total time of flight of ∼1 ms, emphasizing the sensitivity of the atom

interferometer.

The experiment consists of measuring shifts in the position of the interference pattern

I(x) when G4 is moved in and out of the interferometer paths. The interference data

is shown in Fig. 5.3 and indicates that G4 induces a phase shift of Φ0 ≈ 0.3. When

G4 is placed in path α the fringes shift in the positive x-direction, whereas placing G4

in path β causes a shift in the negative x-direction. Therefore the absolute sign of the

phase shift is consistent with an attractive force between the Na atoms and the walls of

grating G4. It is also observed that although the Na atoms are passing within 25 nm of

the grating the atom waves retain their wave like behaviour (coherence), as evident by

the non-zero contrast of the interference fringes.

The atom interferometer had a linear background phase drift of approximately 2π

rad/hr and non-linear excursions of∼1 rad over a period of 10 min, which were attributed

to thermally induced position drift of the interferometer gratings G1, G2, G3 and phase

instability of the vibration compensating laser interferometer. The data were taken by

alternating between test (G4 in path α or β) and control (G4 out of the interferometer)

conditions with a period of 50 seconds, so that the background phase drift was nearly

linear between data collection cycles. A fifth order polynomial was fit to the phase time
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Figure 5.3: Interference pattern observed when the grating G4 is inserted
into path α or β of the atom interferometer. Each interference
pattern represents 5 seconds of data. The intensity error bars
are arrived at by assuming Poisson statistics for the number of
detected atoms. The dashed line on the plots is a visual aid
to help illustrate the measured phase shift of Φ0 = 0.3 radians.
Notice how the phase shift induced by placing G4 in path α or β
has opposite sign. The sign of the phase shift is also consistent
with the atom experiencing an attractive potential as it passes
through G4.

series for the control cases and then subtracted from the test and control data. All of

the interference data was corrected in this way.

5.4 Preparing the Interaction Grating

Grating G4 had to be prepared so that it was possible to obscure the test arm of the

interferometer while leaving the reference arm unaffected. The grating is surrounded by

a silicon frame, making it necessary to perforate G4. A scanning electron microscope
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Figure 5.4: Preparation of interaction grating. The left image shows an op-
tical micriscope image with the glass capillary tube in the per-
foration. The ellipses represent the test and reference arms (not
to scale) of the interferometer going into the page. The scanning
electron microscope image on the right shows a further magnified
view of the transition from intact grating to gap.

image of G4 after it has been perforated can be found in [63] and Fig. 5.4. The grating

bars themselves are stabilized by 1 µm period support bars running along the direction

of kg as described in [12, 16, 10]. The grating naturally fractured along these support

structures after applying pressure with a drawn glass capillary tube. Using this prepa-

ration technique G4 had a transition from intact grating to gap over a distance of about

3 µm, easily fitting inside our interferometer which has a path separation of about 80

µm for atoms travelling at 2 km/s.

Due to the preparation technique, G4 was inserted into the test arm with kg orthog-

onal to the plane of the interferometer, as shown in Fig. 5.4. This causes diffraction

of the test arm out of the plane of the interferometer, in addition to the zeroth order.

However, the diffracted beams have an additional path length of approximately 2 nm due

to geometry. Since our atom beam source has a coherence length of (v/σv)λdB = 0.1 nm,

the interference caused by the diffracted beams will have negligible contrast. Therefore,

the zeroth order of G4 will be the only significant contribution to the interference signal.



77

5.5 Velocity Dependence of the van der Waals Induced Phase

Shift

In principle the amount of phase shift Φ0 induced by the vdW interaction should

depend on how long the atom spends near the surface of the grating bars. Therefore

the observed phase shift produced by placing G4 in one of the interferometer paths

should depend on the atom beam velocity in the way described by Eqs. 5.1 and 5.2.

To test this prediction the experiment illustrated in Fig. 5.3 was repeated for several

different atom beam velocities and the data are shown in Fig. 5.5. Systematic

phase offsets of (∼30 %) caused by the overlap of the beams |α〉 and |β〉, and the

detected interference of additional diffraction orders generated by G1, G2, G3 in the atom

interferometer (not shown in Fig. 5.2) have been corrected for in Fig. 5.5. Uncertainty

in the extent of beam overlap and amount of signal from additional diffraction orders led

to the uncertainty of the phase measurements in Fig. 5.5. A more detailed discussion of

systematic effects can be found in [63] and the next section. The measured phase shift

compares well to a prediction of the phase shift Φ0 for the zeroth order of grating G4

which includes the vdW interaction. The value of C3 = 3 meV nm3 used to generate

the theoretical prediction in Fig. 5.5 is consistent with Lifshitz theory and previous

measurements based on diffraction experiments [33]. However, the data is best described

when C3 = 4 ± 1 meVnm3 (statistical). It is important to note that if there was no

interaction between the atom and the grating there would be zero observed phase shift.

5.6 Systematic Effects

A number of systematic effects need to be understood before reporting this phase shift

induced by the vdW interaction. This section describes how the measured phase shift

and contrast in [35] are influenced by these systematic effects and suggests some physical
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Figure 5.5: Phase shift Φ0 induced by grating G4 for various atom beam ve-
locities. The phase shift data has been corrected for systematic
offsets (∼30 %) caused by the interference of other diffraction or-
ders and beam overlap in the atom interferometer, and the error
bars reflect the uncertainty in the systematic parameters. The
solid line is a prediction of the induced phase shift for vdW coef-
ficient C3 = 3 meV nm3, grating thickness 150 nm, and grating
open fraction 0.5. The data agrees in magnitude with the pre-
diction and reproduces the slight trend of decreasing phase shift
with increasing velocity.

mechanisms for them. Interference of spurious diffraction orders, interferometer path

overlap, and the partial obscuration of interferometer beams are all important aspects

of this experiment. A diagram of the experimental apparatus which emphasizes the

possibility of systematic effects and is a bit more faithful to the actual structure of G4 is

shown in Fig 5.6. One can see that G4 actually has a perforation to allow the reference

arm to pass, with grating material on either side of the perforation.

In general there is a non-trivial relationship between the measured phase shift Φmeas

and induced phase shift Φ0, when the interferometer paths are partially obscured by a
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Figure 5.6: Experimental setup emphasizing possible systematic effects. The
grating G4 has been perforated (light grey line) to allow the ref-
erence arm of the interferometer to pass unaffected. The flux
transmitted through G3 is the detector signal S(θ).

phase shifting element. Therefore, care should be taken when interpreting the phase

shift data. This notion of partial obscuration is shown in Fig. 5.7, which illustrates

how the interference pattern can have different phases in different regions of space. The

detected interference signal can be written as the average flux transmitted through each

grating window of G3 in Fig. 5.6

S(θ) =
∑

l

1

d

∫ w/2

−w/2

dx

[
1 + C(x− ld) cos

(
2π

d
(x− ld) + θ + φ(x− ld)

)]
〈I〉(x− ld)

≈ 1

d

∑

l

∫ w/2

−w/2

dx

[
1 + Cl cos

(
2π

d
x + θ + φl

)]
〈Il〉

=
w

d

∑

l

[
1 + sinc

(w

d

)
Cl cos(θ + φl)

]
〈Il〉, (5.5)

where the contrast (Cl), phase (φl), and average intensity (〈Il〉) of the interference pattern

are assumed to be constant over each grating window l of G3. The grating window size

w and period d in Eqn. 5.5 refer to grating G3. The variable θ = 2πx3/d accounts for

the position of G3 relative to the interference pattern phase φl. Equation 5.5 establishes

a connection between the spatial interference pattern, shown just before G3 in Fig. 5.6,

and the signal S(θ) which is actually measured.
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Figure 5.7: Partial obscuration of the interferometer beams α and β. In
general the interaction grating (G4) may only induce a phase shift
to part of the beam, resulting in an interference pattern that has
different phases in different regions of space. As indicated by the
dark grey region the beams can also have some overlap resulting
in a more complicated interference pattern.

From Eqn. 5.5 it is clear that the detector signal S(θ) is a sum of cosines with

varying phases φl and intensities Cl〈Il〉. When determining the measured phase Φmeas

of the signal it is only the relative phase and intensity of the terms in Eqn. 5.5 that are

important. For the case of a half-plane phase shifting element (e. g. G4 in Fig. 5.7) the

form for the detector signal implied by Eqn. 5.5 would be

S(θ) ∝ A cos(θ) + B cos(θ + Φ0) ≡ D cos(θ + Φmeas), (5.6)
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where constant offsets in the signal have been ignored. The intensity of the detector

signal can then be given by

D =
√

A2 + B2 + 2AB cos(Φ0), (5.7)

and the phase by

Φmeas = tan−1

[
B sin(Φ0)

A + B cos(Φ0)

]
, (5.8)

where A and B are the relative intensities of the unshifted and shifted interference

patterns. The resulting phase and contrast measured by S(θ) can also be found for more

complicated interference patterns by using Eqn. 5.6 in an iterative fashion.

Figure 5.8 shows the measured phase and contrast of S(θ) when the interaction grating

is placed at a given location x4 inside the atom interferometer. All phase measurements

are relative to the situation where G4 is out of the interferometer, and this reference

phase was regularly measured. As one would expect the measured phase reaches a local

extremum when G4 is completely obscuring one of the interferometer paths. When G4

begins to obscure both of the interferometer paths one would presume that the measured

phase should return to zero again. However, the Φmeas data deviate from this prediction.

Likewise, the contrast should decrease when G4 attenuates one of the interferometer

paths, but then return to its nominal value when both paths are obscured. In addition,

the beam overlap shown in Fig. 5.7 will tend to make the measured phase smaller than

the induced phase because the overlapped portion will have no relative phase difference.

These expectations are made quantitative by the use of Eqn. 5.6 and shown as the

dashed line in Fig. 5.8. There are two striking failures of this naive prediction when

compared to the experimental data: the appearance of a phase shift and significant loss

of contrast when both interferometer paths are obscured by G4.

The appearance of the extra phase features can be understood by looking more care-

fully at the details of the interferometer. Our interferometer is formed by the zeroth and
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Figure 5.8: Measured phase and contrast as a function of interaction grating
position x4. The naive model implied by Fig. 5.6 (dashed) fails
to reproduce several features in the phase and contrast, which are
explained when systematic effects are included (solid). The hori-
zonal lines on the phase plot indicate the value for the induced
phase Φ0 and the diagrams below the x-axis show the position of
G4 within the interferometer.

first order diffracted beams of the gratings G1 and G2 in Fig. 5.6. In reality there are

more than just two paths that can interfere because of the other diffraction orders. This

situation is depicted in Fig. 5.9. These additional interfering paths allow for the possi-

bility of G4 to obscure both of the primary interferometer paths, while only obscuring

one of the secondary interferometer paths. When this notion is combined with the finite

size of the detector and diffraction caused by the third grating G3, a clear mechanism

for the extra phase features is found.

A likely explanation for the unexpected reduction in contrast, when both interferom-

eter paths are obscured by G4, is shown in Fig. 5.10. The inset SEM image in Fig. 5.10

shows how the diffraction bars (which cause the atom-surface phase shift) are stabilized
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Figure 5.9: Explanation for the observed phase shift when both interferom-
eter paths are obscured by G4. The other diffraction orders can
interfere leading to additional contributions to S(θ). It is possi-
ble for G4 to obscure both of the primary interferometer paths
while only obscuring one of the secondary paths, leading to a
phase shifted component.

by much more widely spaced support bars. The support bars will imprint a spatial am-

plitude modulation on the two beams, shifted in space by different amounts with respect

to the center of the beams. When the beams are recombined the region of overlap is

effectively reduced, leading to an overall reduction in contrast. While there are some

near-field diffractive effects caused by the support bars [51], numerical simulations have

shown that the effective mask picture in Fig. 5.10 is still appropriate when considering

the influence on S(θ). It is important to note that this effect only reduces the contrast

for an interferometer that has both paths obscured by G4. This also explains the relative

prominence of the extra phase features, since the contrast of the primary interferometer

is reduced compared to the secondary one as a result of this effect.

When the previously discussed systematic effects are incorporated into the coefficients

A and B in Eqn. 5.6, much better agreement with the data is achieved. The solid
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Figure 5.10: Explanation for contrast reduction when G4 obscures both in-
terferometer paths. The G4 support bars effectively operates
like a mask. When the beams are recombined only the dark
grey area will have significant contrast, leading to an overall re-
duction in the observed contrast in S(θ). The inset SEM image
shows how G4 has been prepared with a sharp transition from
gap to intact grating.

line in Fig. 5.8 shows the prediction of a model which includes the influence of other

interfering orders and the support bars. It is quite satisfying to see that the behavior of

the measured contrast and phase is now understood even when the G4 is blocking both

of the primary interferometer paths. One can also see that the asymmetry of the phase

profile is reproduced.

In conclusion the measured phase and contrast as a function of G4 position are now

understood to be influenced by a number of systematic effects. The primary physi-

cal mechanisms for the systematic effects are beam overlap, interference of additional
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diffraction orders, and an effective masking by G4 support bars. The inclusion of sys-

tematic effects leads to a relationship between the phase shift that is measured (Φmeas)

with our experiment and that which is actually induced (Φ0) by the G4. This allows us

to make quantitative comparisons to predictions for the phase shift Φ0 and in turn the

vdW coefficient C3 [35].

5.7 Summary and Discussion of Results

The confirmation of atom-surface induced phase shifts presented here can be extrapo-

lated to the case of atoms guided on a chip. Atoms travelling at 1 m/s over a distance of

1 cm will have an interaction time of 0.01 seconds. According to Eqn. 5.1, if these atoms

are 0.1 µm from the surface they will acquire a phase shift of 5× 104 radians due to the

vdW interaction. Similarly, if the atoms are 0.5 µm from the surface they will have a

phase shift of 4 × 102 radians. Therefore, a cloud of atoms 0.1 µm from a surface will

have a rapidly varying phase profile which could severely reduce the contrast of an inter-

ference signal. At some atom-surface distance the vdW interaction will significantly alter

atom-chip trapping potentials, resulting in loss of trapped atoms. Atom-chip magnetic

traps are harmonic near their center and can have a trap frequency of ω = 2π× 200 kHz

[71]. Given the vdW interaction we have observed, such a magnetic trap would have no

bound states for Na atoms if its center was closer than 220 nm from a surface. Therefore,

the vdW interaction places a limit on the spatial scale of atom interferometers built on

a chip because bringing the atoms too close to a surface can result in poor contrast and

atom intensity.

In conclusion the affect of atom-surface interactions on the phase of a Na atom wave

has been observed directly for the first time. When the atom wave passes within 25

nm of a surface for 75 ps it accumulates a phase shift of Φ0 ≈ 0.3 rad consistent with

an attractive vdW interaction. The slight velocity dependence predicted for Φ0 by Eqs.
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5.1 and 5.2 is consistent with the data. This experiment has also demonstrated the

non-obvious result that atom waves can retain their coherence when passing within 25

nm of a surface. In the future one could use this experiment to make a more precise

measurement of C3 at the 10 % level if the interference of unwanted diffraction orders are

eliminated and the window size w of G4 is determined with a precision of 3 %. This level

of precision in measuring w is possible with existing scanning electron microscopes.
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CHAPTER 6

MEASUREMENT OF ATOMIC DIFFRACTION

PHASES INDUCED BY MATERIAL GRATINGS

Atom-surface interactions can significantly modify the intensity and phase of atom de

Broglie waves diffracted by a silicon nitride grating, as described in Ch. 3 and 4. This

affects the operation of a material grating as a coherent beam splitter. The phase shift

induced by diffraction is measured by comparing the relative phases of serveral interfering

paths in a Mach-Zehnder Na atom interferometer formed by three material gratings. The

values of the diffraction phases are consistent with a simple model which includes a van

der Waals atom-surface interaction between the Na atoms and the silicon nitride grating

bars. The work described in this chapter is in press and has been recommended for

publication in Physical Review A. A preprint of the article can be found at [36].

6.1 Introduction to Experiment

A coherent beam splitter is a useful component for constructing an atom interferom-

eter [16]. The purpose of the beam splitter is to generate a quantum superposition of

atom waves, propagating along two paths which can be recombined to form an inter-

ference pattern. The contrast and phase of the interference pattern can then be used

to study interactions that affect the atoms differently in the two interferometer paths.

However, atom beam splitters formed using laser light [72, 73, 74] and material grating

structures [33] can create beams with differing complex amplitudes. A familiar analogy

of this in optics occurs for light beam splitters formed using glass plates, thin metal films,

and multi-layer dielectric stacks which all cause a phase shift between the reflected and
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transmitted components [75]. These complex amplitudes are an important concern when

building an atom interferometer since they affect the phase and contrast of the interfer-

ence pattern, and have been identified as a source of uncertainty for atom interferometer

gyroscopes [76]. Here we present the first evidence of beam splitter induced phase shifts

in an atom interferometer based on material gratings and a new method for measuring

these phase shifts for interferometers that utilize diffraction.

The van der Waals (vdW) atom-surface interaction [4] plays a significant role in

determining the intensity and phase (diffraction phase) of atom waves split by a material

grating. Several atom-optics experiments have observed how atom-surface interactions

can affect the intensity of atom waves [54, 34, 33]. By comparison, few experiments have

directly measured the diffraction phases induced by atom-surface interactions [35]. In

this chapter the first and second order diffraction phases are measured by comparing the

phase difference between the various interfering paths in a three grating Mach-Zehnder

atom interferometer.

6.2 Experimental Setup

The experimental setup used to measure the atomic diffraction phases induced by a

material grating is shown in Fig. 6.1. A Mach-Zehnder atom interferometer, similar to

the one described in [12], is formed using zeroth and first order diffraction from three 100

nm period silicon nitride gratings [10] which are denoted G1,G2,G3. These gratings are

nominally separated by 1 m. A collimated supersonic Na atom beam is first diffracted

by grating G1, inducing a phase shift which depends on the diffraction order and will be

described later. Each diffracted beam then undergoes first order diffraction by G2 and

forms a spatial interference pattern just before G3. The atoms transmitted through G3

are ionized by a 60 µm wide hot Re wire and counted by a channel electron multiplier.
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Figure 6.1: Diagram of experimental setup for measuring diffraction phases
with an atom interferometer. Since the interference pattern is
read out using G3 as a mask, only the paths indicated by the solid
lines will lead to a significant interference signal. The mismatch
of the grating spacings ∆L ≡ L′′ − L′ and the diffraction phases
Φn induced by G1 determine the measured interference phases
Φmn.

Grating G3 is then scanned in the direction transverse to the incident atom beam (x-

axis) to determine the phase of the interference pattern. While there are many paths

which can interfere at the plane of G3 only the ones which involve first order diffraction

by G2 (as indicated in Fig. 6.1) will lead to a significant interference signal because of

velocity dispersion and the use of G3 as a transmission mask. Since each relevant path

through G2 undergoes first order diffraction both paths acquire the same diffraction

phase, which means there is no net phase shift induced by G2. In addition, grating G3

acts as a transmission mask so only the diffraction phases induced by G1 will lead to

a relative phase shift between the interfering paths. In principle, the diffraction phases



90

can then be determined by comparing the phase of the various interferometer outputs

which can be measured separately by moving the detector along the x-axis.

6.3 Sources of Phase shifts

In practice there are two types of phase shifts that need to be considered when

predicting the relative phase of the various interferometer outputs. One originates from

the diffraction phase induced by G1 and the other from a distance mismatch between

the gratings G1,G2,G3, which is denoted by ∆L ≡ L′′−L′ in Fig. 6.1. In order to report

a measurement of the diffraction phases, expressions for both of these phase shifts will

be put forth.

From previous work it has been shown that atomic diffraction from a material grating

will create diffracted beams with complex amplitudes ψn given by

ψn = AneiΦn ∝
∫ w/2

−w/2

eiφ(ξ)ei2πξn/ddξ, (6.1)

where An is the amplitude and Φn is the diffraction phase for a given diffraction order

n, as derived in Ch. 3 and [34, 33, 35]. The variable ξ is the position measured from the

center of the grating window whose size is w and grating period is d. The expression

in Eqn. 6.1 is valid in the far-field (Fraunhofer) diffraction regime and is appropriate

for our experimental setup as described in [33]. The phase φ(ξ) represents the phase

accumulated by the atom wave as it propagates through the grating window, given by

the WKB approximation to leading order in V (ξ) as

φ(ξ) = − lV (ξ)

~v
, (6.2)

where l is the thickness of the grating, ~ is Planck’s constant and v is the atom beam

velocity [33]. The atom-surface interaction potential V (ξ) in Eqn. 6.2 is given by

V (ξ) = −C3

[∣∣∣ξ − w

2

∣∣∣
−3

+
∣∣∣ξ +

w

2

∣∣∣
−3

]
, (6.3)
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Figure 6.2: Plots of the diffraction phases Φn and amplitudes An as a func-
tion of the vdW coefficient C3 for diffraction orders n = 0, 1, 2, 3
according to Eqn. 6.1. The grating parameters w = 65 nm,
l = 150 nm, d = 100 nm, and atom beam velocity v = 2900 m/s
were used to generate the curves.

where C3 is coefficient describing the strength of the vdW interaction. This form of the

vdW potential is valid for atom-surface distances of . 1µm for Na atoms and neglects

the finite thickness of the grating bars [4, 33]. A plot of diffraction phases and amplitudes

are shown in Fig. 6.2 as a function of C3.

There is also a phase shift between the interferometer outputs induced by a distance

mismatch of the gratings G1,G2,G3 along the z-axis. The origin of this phase shift can

be understood by recalling that when two plane waves interfere at an angle θ = λdBd−1,

interference fringes will be formed with intensity maxima along lines with an angle θ/2,

as described in [53] and depicted in Fig. 2.4. In other words, a spatial interference

pattern of the form cos[kg(x− zθ/2)] with wave number kg = 2π/d will be observed. If

the n = 0, 1 paths depicted in Fig. 6.1 are regarded as plane waves interfering at an

angle θ = λdBd−1 then by geometry an effective phase shift

Φ∆L =
π∆LλdB

d2
, (6.4)
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will be observed if there is a distance mismatch ∆L ≡ L′′−L′ between the interferometer

gratings. For two general paths originating from the diffraction orders m,n of G1 the

effective phase shift induced by ∆L will be given by (m+n)Φ∆L, since the fringe maxima

are just rotated by an angle (m + n)θ/2 with respect to the z-axis.

The expressions for the diffraction phase Φn (Eqn. 6.1) and grating distance mismatch

phase Φ∆L (Eqn. 6.4) can then be used to specify the wave function |χmn〉 just before

grating G3

|χmn〉 = eikgx|ψm〉+ ei(m+n)Φ∆L |ψn〉, (6.5)

for any two interfering paths involving the diffraction orders m,n of grating G1. The

wave functions |ψm〉 and |ψn〉 describe the two atom beams corresponding to a given

interferometer output and accounts for the diffraction phases and amplitudes through

the relations

〈ψn|ψn〉 ≡ |An|2, (6.6)

and

〈ψn|ψm〉 ≡ A∗
nAmei(Φm−Φn), (6.7)

where Am, An and Φm, Φn are given by Eqn. 6.1. The intensity can then be found in the

usual way

Imn(x) ≡ 〈χmn|χmn〉

∝ 1 + Cmn cos(kgx + Φmn), (6.8)

where Cmn and Φmn are the observed contrast and phase for a given interferometer

output involving the diffraction orders m,n as depicted in Fig. 6.1. The measured

interferometer phase

Φmn ≡ (Φm − Φn)− (m + n)Φ∆L, (6.9)
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Figure 6.3: Measured phase difference as a function of ∆L. The variable
∆L01 is the grating distance mismatch required to make the ob-
served phase difference zero. The solid curve contains no free
parameters and is the phase difference implied by Eqns. 6.4
and 6.9 for the independently measured velocity v = 2900 m/s
(λdB = 0.056 Å) and d = 100 nm.

can also be expressed in terms of the diffraction phases Φn and grating mismatch phase

shift Φ∆L. From Eqn. 6.9 it can be seen that Φmn = −Φ−n−m, as implied by the

symmetry of the interferometer.

Equations 6.8 and 6.9 can now be used to predict the phase shift between the various

interferometer outputs shown in Fig 6.1. One noteworthy aspect of Eqn. 6.9 is the

possibility for Φmn to be made zero if the diffraction phase term is cancelled by the

appropriate choice of ∆L. To verify this prediction the phase difference Φ−10 − Φ01 =

−2Φ01 was measured as a function of ∆L and the results are shown in Fig. 6.3. The

atom beam velocity v = 2900 m/s (λdB = 0.056 Å) was measured independently by
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Figure 6.4: Measured contrast as a function of the grating distance mismatch
∆L. The solid line is a best fit using Eqn. 6.11, which led to the
determination of ∆L01 = 218± 72 µm.

observing the diffraction pattern generated by G1 when the other gratings are removed.

Equations 6.4 and 6.9 can then be used to generate the solid curve in Fig. 6.3, since the

grating period is known to be d = 100 nm. The data agree quite well with our theory

considering that there are no free parameters in the solid curve. At this point ∆L is

known only up to some offset ∆L01 which can be interpreted as the grating distance

mismatch which leads to the special case of Φ∆L = Φ0−Φ1. However, the value of ∆L01

will be determined next using another independent measurement technique.
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6.4 Using the Atom Beam Coherence Properties as a Measure-

ment Tool

As ∆L is shifted further from zero the partial spatial and temporal coherence of the

atom beam causes the measured interference contrast to decrease. This notion is evident

in the experimental data presented in Fig. 6.4, which plots the observed interference

contrast as a function of ∆L. This phenomenon can be used to determine the offset

∆L01, which then specifies the value of Φ0 − Φ1 through Eqns. 6.4 and 6.9.

The temporal coherence of the atom beam is determined by the wavelength, or equiv-

alently the velocity, distribution of the atoms which make up the atom beam. As implied

by Eqn. 6.4, each wavelength component of the distribution will have a different phase

shift for a given ∆L, leading to a reduction in contrast. If the wavelength is normally

distributed with variance σ2
λ, then the nominal contrast Co will be modified according

to

C = Co exp

[
−1

2

(
πσλ∆L

d2

)2
]

, (6.10)

where interference patterns corresponding to the fluctuations ∆λ about the mean have

been summed over.

The spatial coherence of the atom beam is determined by the spatial extent of the

atom beam source, and describes the correlation of different transverse points of the wave

function. Since θ = λdBd−1 ≈ 60 µrad when ∆L = 1 mm there is about 60 nm of shear

(i.e. transverse displacement) of the two interfering beams. As a result the contrast will

be reduced because the regions of overlap for the two interfering wave functions will be

less correlated when there is nonzero shear. The van Cittert-Zernike theorem states that

the contrast will be reduced in a way that is related to the spatial Fourier transform of

the atom beam source profile [75]. If the source intensity distribution is assumed to be
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w−1
c rect(xw−1

c ) then the contrast will be reduced according to

C = Co

∣∣∣∣sinc

(
wcs

λdBzc

)∣∣∣∣ = Co

∣∣∣∣sinc

(
wc∆L

dzc

)∣∣∣∣ , (6.11)

where wc is collimation slit width, zc is distance from the collimation slit to G3, and

s = ∆Lθ is the amount of induced shear. Both Eqns. 6.10 and 6.11 are similar to ones

found in [77] derived using a different method.

Near ∆L = 0 Eqns. 6.10 and 6.11 are approximately parabolic so a quadratic was

fit to the data in Fig. 6.4 to determine ∆L01 = 218 ± 72 µm. The best fit curvature

of the parabola implies a wavelength spread of σλ = 0.017 Å according to Eqn. 6.10,

which is considerably larger than σλ = 0.006 Å measured by the diffraction pattern of

G1. However, a collimation slit width of wc = 81 µm with zc = 2.8 m according to Eqn.

6.11 is consistent with the curvature of the parabola. Therefore, the observed reduction

in contrast as a function of ∆L is most likely dominated by spatial coherence effects.

6.5 Measuring the Higher Order Diffraction Phases

Given the data in Figs. 6.3 and 6.4 the best fit value of ∆L01 implies that Φ0−Φ1 =

0.39± 0.13 rad, according to Eqn. 6.4. The diffraction phase Φ0 = 0.30± 0.15 rad was

measured recently in [35], which yields the first order diffraction phase Φ1 = −0.09±0.20

rad. This value for Φ1 is consistent with the value predicted by Eqn. 6.1, as summarized

in Table 6.1.

By moving the detector so that it intercepts the different interferometer outputs in-

dicated in Fig. 6.1 the higher order diffraction phases can be determined. The measured

contrast, phase, and intensity is shown in Fig. 6.5 as a function of detector position.

From Fig. 6.5 the phase Φ12 = 0.4 ± 0.2 rad can be determined. Equation 6.9 then

implies that Φ1 − Φ2 = 1.57 rad, which finally leads to Φ2 = −1.66 ± 0.48 rad. This

value compares well to that predicted by Eqn. 6.1, as shown in Table 6.1. Based on the
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Table 6.1: Measured and calculated values of Φn

n Measured Φn [rad] Predictedb Φn [rad]

0 0.30± 0.15a 0.16

1 −0.09± 0.20 0.02

2 −1.66± 0.48 −1.71

aThis value was measured in [35].

bValues are calculated with Eqn. 6.1 and
C3 = 2.7 meV nm3 for Na atoms and a
silicon nitride surface [33].

predictions in Fig. 6.2 and Eqn. 6.1, the measured value of Φ2 is best described when

C3 = 3+3
−1.5 meVnm3 (statistical).

6.6 Summary and Discussion of Results

In conclusion the atomic diffraction phases Φn induced by a material grating struc-

ture have been measured for n = 0, 1, 2. This was accomplished by comparing the

relative phases of the various outputs of a three-grating Mach-Zehnder atom interferom-

eter. These measurements agree with a simple model that includes a vdW atom-surface

interaction between the Na atom beam and the silicon nitride grating. In the future,

one could simultaneously monitor Φ01 and Φ−10 with two detectors, while applying some

interaction to say the n = 1 arm. One could then perform self-referencing phase mea-

surements with the interferometer, eliminating the need to take control data in a serial

fashion. In this type of application knowledge of the diffraction phases observed here

would be required.
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CHAPTER 7

MODIFYING VAN DER WAALS

ATOM-SURFACE INTERACTIONS WITH

NEAR-RESONANT OPTICAL FIELDS

The van der Waals (vdW) interaction is usually determined by the atomic and surface

material properties. It may be advantageous to control or even inhibit the vdW interac-

tion for a given atom-surface system. This may lead to new ways of manipulating atom

waves and allow further miniaturization of atom optics devices. This chapter describes a

proposed experiment for modifying the atom-surface vdW interaction and demonstrates

some of the tools necessary for observing such an effect.

7.1 Theoretical Description and Experimental Requirements

One possible avenue for controlling the vdW interaction for an atom-atom system is to

use electromagnetic fields [78]. Unfortunately, the effect of thermal [27] and static electric

fields [26] on the vdW potential is negligible in the non-retarded regime. However, a near

resonant laser field can lead to a significant modification of vdW potential. For example,

even modest laser intensities can change the power law for the atom-atom interaction

from r−6 to r−3 or change the potential from attractive to repulsive with the appropriate

choice of field polarization direction [26]. A field modified particle-particle interaction,

referred to as optical binding, has been observed for micron scale dielectric spheres [79]

and has been used to organize the spheres into crystalline-like lattices [80]. However,

to our knowledge a field modified atom-surface interaction has not been proposed or

claimed to have been observed.
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Figure 7.1: Geometry for field-modified atom-surface interactions. A laser
field propagating in the direction k̂ with a polarization direction
ê drives atom A, which interacts with its image in the surface.

For the case of atom-surface interactions let us consider the geometry depicted in Fig.

7.1. If the atom A is being driven by an external laser field Eext(xA) and is situated a

distance r from a surface then the interaction energy of the induced dipole will be given

by

V = −α(ω)

2
|Eext(xA) + EI(xA)|2

= −α(ω)

2


|Eext(xA)|2 + |EI(xA)|2 + [Eext(xA)E∗

I (xA) + c.c.]︸ ︷︷ ︸
⇒Vfield


 , (7.1)

where EI(xA) is the field experienced by atom A due to the image dipole in the surface

and α(ω) is the frequency dependent polarizability of atom A. The first term in Eqn.

7.1 is just the Stark shift due to the laser field Eext(xA) which does not depend on r in

this simple model, and is therefore of no interest. For simplicity, let us assume that the

surface is perfectly conducting and that the field due to the image dipole can be written

as

EI(xA) =
1

4πεo

µA

(2r)3

[
(µ̂A · r̂)2 + 1

]
=

1

4πεo

α(ω)Eext

(2r)3

[
(ê · r̂)2 + 1

]
, (7.2)
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where it is assumed that the dipole moment µA of atom A is induced predominantly

by the external field Eext with polarization direction ê and the orientation factor [ ] is

obtained using the same reasoning which led to Eqn. 3.9. The second term in Eqn. 7.1

can then be neglected since it is of order
(

α(ω)
4πεor3

)2

, and will be small compared to the

cross-term Vfield which is of order α(ω)
4πεor3 , so long as α(ω)

4πεor3 ¿ 1.

From the cross-terms in Eqn. 7.1, the field modified atom-surface vdW interaction

can then be expressed as

Vfield = − 1

4πεo

α2(ω)

(2r)3

[
(ê · r̂)2 + 1

] |Eext(xA)|2 , (7.3)

through the use of Eqns. 7.1 and 7.2. Let us recall from Eqn. 3.14 the atom-surface

vdW interaction in the absence of any external field Vvac = − α
4πεo

~ωo

8
r−3 and compare it

to Vfield as a ratio

Vfield

Vvac

=
α2(ω)

α

1

~ωo

[
(ê · r̂)2 + 1

] |Eext(xA)|2

≈
(

ωo

ω − ωo

)2
α

4πεo

2π

c~ωo

[
(ê · r̂)2 + 1

]
Iext, (7.4)

where the approximation α(ω)
α

≈ ωo

2(ω−ωo)
for a single Lorentz oscillator [22] and the

definition Iext ≡ 1
2
εoc|Eext|2 for a plane wave [21] has been utilized. From Eqn. 7.4

one can see that the vdW atom-surface interaction in the presence of an external laser

field still varies as r−3, but the strength (i.e. C3) of the interaction can be modified

by changing the detuning ∆ ≡ ω − ωo, intensity Iext, or polarization direction ê of the

laser field. Ideally, these parameters should be chosen so that there is no absorption or

spontaneous emission of the light by the atoms.

According to Eqn. 7.4 the field modified vdW interaction Vfield will be comparable to

the field-free vdW interaction Vvac when Vfield

Vvac
∼ 1 or

Iext ≈ 1

2

(
∆

ωo

)2
4πεo

α

c~ωo

2π
, (7.5)
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where the orientation factor has been taken to be the maximum value [ ] = 2. For lithium

atoms the static polarizability is α
4πεo

= 24.3 Å
3

[81], the principle transition energy is

~ωo = 1.8 eV, and the relative natural linewidth is Γ
ωo

= 2π(5.92 MHz)
ωo

= 1.3× 10−8 [82]. If

we consider a detuning of ∆ = 10Γ then Iext ≈ 0.5 W/cm2. This intensity is achievable

with existing laser diodes and should not damage the material gratings.

7.2 Proposed Experimental Setup

Since the nano-fabricated material gratings have been demonstrated as a tool for

studying atom-surface interactions [33], perhaps they can be used to observe a field-

modified vdW interaction. A possible experimental setup is shown in Fig. 7.2. A near

resonant laser field can be used to illuminate the grating, and based on Eqns. 7.4 and

3.32, the relative diffraction intensities should change as a result of the field modified

vdW interaction. More specifically, the diffraction pattern could be monitored while

scanning the intensity, polarization direction, or detuning of the laser. Lithium atoms are

a practical choice for this experiment since they have a relatively large diffraction angle

(∼ 200 µrad) and inexpensive diode lasers can address the 671 nm principle transition.

The details of the lithium atom beam source are described in Ch. 2.

The calculations of the previous section are a bit idealized, neglecting some potentially

important experimental considerations such as doppler and power broadening. The

relative doppler width for lithium is ωD

ωo
= 2.7 × 10−7

√
T [22]. The temperature of the

atom beam along some direction at an angle θ, as defined in Fig. 7.2, is roughly kBT =

m[σ2
v cos2(θ) + δ2v2 sin2(θ)], where δ = 10−5 is the divergence angle of the collimated

beam. If the direction of interest is θ = 60◦ then T ≈ 2 K, given that σv = 100 m/s and

σv/v = 0.1. This leads to a relative doppler width of about ωD

ωo
= 3.8× 10−7, which sets

a lower limit on the detuning ∆ in order to prevent spontaneous emission from occurring
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Figure 7.2: Experimental setup for observing field modified vdW interaction.
A near resonant laser field is used to illuminate a material diffrac-
tion grating (dashed line). The lithium atoms are diffracted by
the grating and the relative intensities of the orders will be sen-
sitive to the field-modified vdW interaction.

for some velocity components of the atom beam. With this in mind the requirement for

the laser field intensity would be more like Iext = 4.5 W/cm2 since Iext ∝ ∆2.

To appreciate the effects of power broadening let us recall that the population of the

excited state is given by

ρee =
1

2

Iext/Isat

1 + Iext/Isat + (2∆/Γ)2
, (7.6)

where Isat = 2.56 mW/cm2 is the saturation intensity for lithium [82]. If Iext = 0.5

W/cm2 and ∆ = 10Γ then ρee = .17, which means that the atoms are still primarily in the

ground state. However, it is worth pointing out that some absorption and spontaneous

emission of the light can be tolerated, since these atoms will be pushed to one side of the

zeroth order on average. One can simply monitor the relative heights of the diffraction

orders on the other side of the zeroth order. In addition, spontaneous emission may effect

the absolute intensity of the diffraction orders (e.g. I2 and I3), but due to the incoherent

nature of spontaneous emission it will not effect the relative diffraction intensities (e.g.

I2/I3).
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7.3 Lithium Diffraction

An important step in demonstrating the field modified vdW interaction in an unam-

biguous way, is to reliably observe a well resolved lithium diffraction pattern. Since the

gratings have an open fraction of w
d
∼ 0.5 the relative intensity of the second and third

diffraction orders should exhibit the most significant dependence on the laser parame-

ters. Therefore, the diffraction pattern should be well resolved up to at least the third

order. The best lithium diffraction pattern from our lab to date is shown in Fig. 7.3.

One can see that while the first order diffraction peaks are clearly visible, the second

and third orders are barely resolved. This is due to the relatively large velocity spread

of σv

v
= 0.21, which needs to be improved to at least σv

v
= 0.1. In addition, the overall

intensity of the diffraction pattern needs to be improved by 5× in order to have sufficient

signal to noise ratio to accurately measure the intensity of the second and third orders.

7.4 Lithium Laser System

Fortunately the principle transition wavelength of lithium is red light near 671 nm,

which can be produced by inexpensive diode lasers (Sanyo DL3149-057, Thorlabs). In

order to evaluate the quality of the laser output a lithium vapor cell was constructed. The

vapor cell consists of a roughly 1 m long stainless steel vacuum tube with glass windows

on both ends. The lithium metal is placed in the middle of the tube and heated to

roughly 300 ◦C. A buffer gas of Ar was introduced to the vapor cell at a partial pressure

of about 50 mTorr to prevent the lithium from migrating to the windows. Additional

information on constructing lithium vapor cells, along with a detailed description of the

lithium energy level structure, can be found in [83].
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Figure 7.3: Lithium diffraction. The lithium diffraction data (circles) is com-
pared to a theory with a best fit spread in velocity σv

v
= 0.21

(solid) and for comparison the theory for zero velocity spread
(dashed) is also shown. The background noise level of 2.35 kC/s
was measured independently.

Some of the diode lasers exhibit single-mode behavior, and the frequency can be

scanned over 20 GHz without mode-hops by modulating the laser supply current. How-

ever, the majority of the laser diodes exhibited mode-hoping, which can be alleviated

by an external cavity which is scanned along with the laser current. The behavior of

the best performing laser diode is shown in Fig. 7.4. One can see that there are ab-

sorption features corresponding to 7Li and 6Li isotopes. In addition, the resolution of

the Doppler-free saturated absorption features, along with measurements from a Fabry-

Perot interferometer, indicate that the laser diode has a line width of .50 MHz. The
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Figure 7.4: Generating single mode light at lithium transition frequencies.
The left plot shows the transmission through the lithium vapor
cell and the absorption features are labelled with the correspond-
ing fine-structure transitions. The frequency axis is determined
using the transmission of Fabry-Perot interferometer. The right
plot shows some of the Doppler-free features of the central ab-
sorption peak, which where obtained using a weak probe and
strong pump beam in a saturation spectroscopy setup, similar to
one described in [84].

frequency scanning range, line width, and intensity of the laser should be sufficient to

search for the field modified vdW interaction.

7.5 Summary and Discussion

In summary, a simple theory for a field modified atom-surface vdW interaction has

been developed. In addition, the intensity and frequency specifications of the laser

required to observe this effect has been calculated. Lithium diffraction has been demon-

strated, but the velocity distribution and intensity of the atom beam source needs to be

improved. Generation of near resonant lithium laser light has been demonstrated, and

should be sufficient for the proposed experiment. If this effect can be observed with the
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material gratings, it would be interesting to investigate the possibility of observing a

similar effect in other systems or in the retarded regime where temperature plays a more

important role in determining the vdW potential. For example, a recent experiment

which probes atom-surface interactions by observing their effect on the trap frequency

of magnetically confined Bose-Einstein condensates would be a possible candidate [85].
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CHAPTER 8

CONCLUSIONS AND FUTURE OUTLOOK

This chapter concludes the present dissertation by summarizing its contents and dis-

cussing some possible future work. The summary will review the primary accomplish-

ments of this dissertation briefly. The discussions of future work are brief, and are

intended to inspire further investigation.

8.1 Summary of Dissertation

The principle contribution of this dissertation is a detailed investigation of how atom-

surface van der Waals (vdW) interactions affect the wave properties of atoms and impact

the field of atom optics. In particular, it has been shown that atomic diffraction from

material gratings is influenced by atom-surface interactions, and depends on atom ve-

locity and incident angle. This effect was utilized to make an accurate determination of

the interaction strength and verify the spatial variation of the atom-surface potential. A

theory for describing the modified atom wave diffraction patterns was developed through

an analogy with optical waves. An atom interferometer was used to directly measure the

phase shift induced by atom surface interactions. More specifically the phase of the ze-

roth, first, and second diffraction orders was measured. All of the previous experiments

yield a consistent measurement of C3 which agrees with the prediction for sodium atoms

and a silicon nitride surface, as shown in Fig. 8.1 and Table 3.1. A proposal for using

electromagnetic fields to modify the van der Waals interaction was described. Finally,

several of the important experimental components for observing such an effect were also

demonstrated.
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based on the diffraction phases Φ0 and Φ2 are described in Ch. 5
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3 agree with all the experiments for the case of sodium atoms
and a silicon nitride surface.

8.2 Possible Future Work

This section describes some possible future experiments. First an experiment which

may be able to test a theory for the vdW interaction of atoms with a thin film is

described. Then an observation of contrast oscillations will be discussed, which may be

used to perform contrast interferometry. The possibility of observing quantum reflection

with our atom beam is also investigated. Finally, the possibility of probing the transition

from the retarded to non-retarded vdW regimes will be briefly discussed.
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8.2.1 Coating the Grating Bar Surfaces

It is predicted that the vdW atom-surface potential will change its strength and

spatial dependence if a thin layer of material is deposited on the surface [39, 33]. The

results which are summarized in Table 3.1 indicate that the work in Ch. 4 is capable

of distinguishing if there is 1 nm or more of sodium deposited on the material gratings.

Thus, atom diffraction from material gratings may provide a means to test the multi-

layer vdW theory by coating the gratings with a thin film of various materials.

8.2.2 Contrast Oscillations

A surprising result that was encountered while conducting control experiments for

the data in Ch. 6 is shown in Fig. 8.2. The contrast of the atom interferometer was

found to oscillate as a function of grating distance mismatch ∆L, as defined in Ch. 6.

Furthermore, the period Λ of this oscillation roughly satisfies the relation Λ = d2

λdB
, where

d is the grating period and λdB is the de Broglie wavelength corresponding to the atom

beam velocity.

So far there are at least two explanations that are consistent with this observation.

The relationship between Λ and λdB scale the same as one would expect for the Talbot

effect [51]. Since the spatial atom wave interference pattern formed at the third grating is

periodic, it is likely that it will have a Talbot image. This may be useful since it is difficult

to create a sinusoidally varying atom intensity profile for the purpose of generating a

Talbot image. Another explanation is that the atom detector signal has contributions

from neighboring interferometer outputs, such as outputs C and E in Fig. 2.4. The

maxima of the fringes in space for the two interferometer outputs are along lines rotated

by an angle λdB

d
. Therefore, as ∆L is changed the two interferometer outputs will have a

varying relative phase, and since the interference period is d, the contrast should oscillate

with a period of Λ = d2

λdB
according to Eqn. 5.7. This effect could be utilized as a form
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of contrast interferometry, since the phase of the contrast oscillations depends on the

relative phase of the two interferometer outputs. Contrast interferometry has proved to

be a valuable tool for precision measurement [86] since it avoids phase instability issues.

One could determine which of the previous explanations is correct by using a slit after

the third interferometer grating to select only one interferometer output.

8.2.3 Quantum Reflection

According to classical mechanics if a ball is rolled towards the edge of a level table,

the ball will always fall off the edge to the floor. However, if one does an analogous
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Figure 8.3: Quantum reflection of an atom wave packet.

experiment with an atom, quantum mechanics predicts that there is some probability

for the atom to reflect backwards from the edge of the table and roll back towards

you. This phenomenon is called quantum reflection, and is most pronounced when the

potential experienced by the atom changes rapidly in space compared to the de Broglie

wavelength of the atom. Quantum reflection has been demonstrated for ultra cold atoms

[69] and has even been used to make an atom wave hologram [87]. Perhaps quantum

reflection can be demonstrated with our thermal atom beam. This may extend the use

of quantum reflection as an atom optics mirror.

To investigate this possibility a simulation of quantum reflection for our atom beam

was conducted, and the results are shown in Fig. 8.3. The simulation results were

obtained by using a finite difference numerical scheme [88, 89] to solve the time dependent
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Schroedinger equation, and is discussed further in Appendix A. As the atom wave packet

approaches the surface it will experience an attractive vdW interaction which varies as

r−3 with a strength C3. As a result of the curvature of this potential, the atoms have some

probability of being reflected. What happens closer to the surface has no consequence on

the probability of reflection. In reality, atoms which go too close to the surface should

adhere to the surface. Therefore, a pseudo-potential was utilized which includes the

vdW part along with an artificial flat region to prevent transmitted (or adsorbed) atoms

from spoiling the computation.

A plot of the quantum reflectivity as a function of the atom velocity component

normal to the surface is shown in Fig. 8.4. This plot was obtained by repeating the

simulation in Fig. 8.3 for various normal incident velocities and integrating |ψ|2 over
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the reflected wave packet component. One can see that the reflectivity decreases with

increasing normal incident velocity and interaction strength C3. This is due to the fact

that large velocities lead to shorter de Broglie wavelengths and large C3 leads to a more

smoothly varying potential.

Since the atom beam described in Ch. 2 has a divergence angle of roughly 10 µrad

in may be possible to observe quantum reflection at a grazing angle. If the longitudinal

atom velocity is 1 km/s, an angle of 100 µrad from the surface parallel would correspond

to a normal incident velocity of 0.1 m/s. Given that C3 ∼ 1 meV nm3 for sodium atoms

and a silicon nitride surface, Fig. 8.4 indicates a quantum reflectivity of about 1/1000.

The signal to noise ratio of our detector should be sufficient to observed this. If the

reflecting surface is 2 m away from the detector, the reflected beam should be deflected

by 200 µm which can be resolved by the 60 µm diameter hot wire. It may be challenging

to prepare a flat enough surface to observe this effect.

8.2.4 Exploring the Transition from Non-Retarded to Retarded Regimes of

the van der Waals Interaction

The work described in this thesis involved atom-surface distances (∼ 10 nm) which

where much smaller that the principle transition wavelength (∼ 0.5 µm) of the atoms

involved. Therefore, the non-retarded limit of the vdW interaction V (r) = −C3r
−3

was appropriate. However, as discussed in Ch. 3, if the atom-surface distances are

greater than the principle transition wavelength the retarded limit of the vdW interaction

V (r) = −C4r
−4 is appropriate. In addition, it is predicted that temperature effects will

become more important in the retarded regime [27]. Quantum mechanical calculations

do provide a prediction for intermediate atom-surface distances [4], but this has not

been carefully studied experimentally. By using diffraction gratings with larger periods

(d ∼ 500 nm) perhaps the transition between the two regimes can be probed. This



115

experiment may require the use of less massive (e.g. Lithium) or slower (∼100 m/s)

atoms in order to resolve the atomic diffraction patterns from the larger period gratings.

The velocity of the atom beam could possibly be reduced by using a Zeeman slower [82].
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Appendix A

FINITE-DIFFERENCE TIME-DOMAIN METHOD

FOR SOLVING THE SCHROEDINGER

EQUATION

The Schroedinger equation determines how the wave function for a particle evolves

in space and time. From the wave function one can then calculate the probability of

finding the particle at a given space-time point. However, analytical solutions to the

Schroedinger equation are often difficult or impossible to derive, even for relatively sim-

ple potentials. Therefore, one must usually resort to approximate solutions to understand

how a wave function propagates in a given potential. This appendix describes an approx-

imate numerical scheme for solving the Shroedinger equation, called the finite-difference

time-domain method [88, 89].

A.1 Finite Difference Scheme

The Schroedinger equation in one dimension is given by

i~
∂ψ

∂t
= − ~

2

2m

∂2ψ

∂x2
+ V ψ, (A.1)

where ψ is the wave function, m is the mass of the particle, and V is the potential [24].

Let us assume that ψ(x, t) is a continuous function which can be evaluated on a grid of

discrete points xm and tn as ψ(xm, tn) ≡ ψn
m, which are spaced by ∆x and ∆t. A Taylor

expansion about one of these grid points can be written as

ψ(xm, tn ±∆t) = ψn±1
m = ψn

m ±∆t
∂ψ

∂t

∣∣∣∣
xm,tn

+
∆t2

2!

∂2ψ

∂t2

∣∣∣∣
xm,tn

± ... , (A.2)

ψ(xm ±∆x, tn) = ψn
m±1 = ψn

m ±∆x
∂ψ

∂x

∣∣∣∣
xm,tn

+
∆x2

2!

∂2ψ

∂x2

∣∣∣∣
xm,tn

± ... , (A.3)
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which can be used to find approximate expressions for the derivatives in Eqn. A.1. In

particular, by subtracting the plus and minus forms of Eqn. A.2 one obtains

∂ψ

∂t

∣∣∣∣
xm,tn

=
ψn+1

m − ψn−1
m

2∆t
+O(∆t2), (A.4)

which is an approximation for the first order time derivative with an accuracy of order

O(∆t2). Likwise, by adding the plus and minus forms of Eqn. A.3 one obtains

∂2ψ

∂x2

∣∣∣∣
xm,tn

=
ψn

m+1 − 2ψn
m + ψn

m−1

∆x2
+O(∆x2), (A.5)

which is an approximation for the second order space derivative with an accuracy of

order O(∆x2).

Equations A.4 and A.5 can then be substituted into Eqn. A.1 to solve for the wave

function at the next time step

ψn+1
m = ψn−1

m + i
~∆t

m∆x2
(ψn

m+1 − 2ψn
m + ψn

m−1)− i
2∆t

~
V n

mψn
m, (A.6)

in terms of the wave function and potential at current and earlier space-time points,

with an accuracy of order O(∆x2, ∆t2). Notice how Eqn. A.6 can be used to obtain

approximate solutions to the Schroedinger equation for any potential. However, there is

a practical issue with Eqn. A.6 in that ψn−1
m may not be defined for the first time step.

To alleviate this problem one can use the plus form of Eqn. A.2 to obtain

∂ψ

∂t

∣∣∣∣
xm,tn

=
ψn+1

m − ψn
m

∆t
+O(∆t), (A.7)

which is an approximation for the first order time derivative with an accuracy of order

O(∆t). As before one can substitute Eqs. A.7 and A.5 into Eqn. A.1 arriving at the

expression

ψn+1
m = ψn

m + i
~∆t

2m∆x2
(ψn

m+1 − 2ψn
m + ψn

m−1)− i
∆t

~
V n

mψn
m, (A.8)

which does not depend on the wave function at earlier times and has an accuracy of

order O(∆x2, ∆t). It is worth noting that the finite difference scheme can be extended
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to two spatial dimensions (x, y) by making the replacement ∂2

∂x2 → ∂2

∂x2 + ∂2

∂y2 in Eqn. A.1

and using the form of the discrete derivative in Eqn. A.5 for both dimensions.

A.2 Analysis of Finite Difference Scheme

The stability of the numerical scheme in Eqn. A.6 depends on the choice of ∆t, ∆x,

and the initial condition ψ(x0, t0). To guide this choice it is often helpful to compare the

dispersion relations for Eqs. A.1 and A.6 when V = 0. To this end, ψ = e−i(ωt−kx) can be

substituted into Eqn. A.1 which leads to the dispersion relation ω = ~k2

2m
. This implies

a phase velocity of vp = ω
k

= ~k
2m

= p
2m

. Likwise, one can substitute ψn
m = e−i(ωn∆t−km∆x)

into Eqn. A.6 and solve for ω, leading to the numerical dispersion relation

ω =
1

∆t
sin−1 [S − S cos(k∆x)] , (A.9)

or solving for k

k =
1

∆x
cos−1

[
1− 1

S
sin(ω∆t)

]
, (A.10)

where S ≡ ~∆t
m∆x2 . In the limit of ω∆t, k∆x ¿ 1 one can write Eqn. A.9 as

ω ≈ 1

∆t
sin−1

[
S − S

(
1− k2∆x2

2

)]
=

1

∆t
sin−1

[
~k2

2m
∆t

]
≈ ~k2

2m
, (A.11)

which is identical to the dispersion relation for Eqn. A.1. Therefore, for small space-time

steps Eqn. A.6 converges to Eqn. A.1.

From Eqn. A.10 it is clear that for particular choices of S the wavenumber k can

be complex, since it is possible that the inverse cosine argument
∣∣1− 1

S
sin(ω∆t)

∣∣ > 1

[90]. This implies that Eqn. A.6 can potentially exhibit different phase velocities, and

solutions which grow or decay in amplitude. Since Eqn. A.1 with V = 0 should have a

phase velocity vp = p
2m

and always conserve |ψ|2, this possible behavior is clearly non-

physical and a sign of numerical issues. To set a scale for the choice of ∆x, which in

turn specifies ∆t for a given S, it is helpful to define the sampling density or number of
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Figure A.1: Numerical phase velocity (top) and attenuation coefficient (bot-
tom) for S = ~∆t

m∆x2 = 0.25 as a function of points per wavelength
N .

points per wavelength N ≡ λ
∆x

. One can then make the replacement ω∆t = 2π2 S
N2 in

Eqn. A.10. The numerical phase velocity can then be defined as

ṽp

vp

≡ 1

vp

ω

Re{k} =
2π/N

Re
{
cos−1

[
1− 1

S
sin

(
2π2S
N2

)]} , (A.12)

and the numerical attenuation coefficient as

α∆x ≡ Im{k}∆x = Im

{
cos−1

[
1− 1

S
sin

(
2π2S

N2

)]}
. (A.13)

Equations A.12 and A.13 are plotted in Fig. A.1 for S = ~∆t
m∆x2 = 0.25. Based on these

plots a choice of N & 10 yields a stable numerical scheme. One can see that if N . 3

that the numerical solution grows exponentially and the phase velocity is significantly
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different from its expected value. However, notice how the phase velocity is correct at

the Nyquist sampling frequency (N = 2).

A.3 MATLAB Code

This section contains the MATLAB code implementation of Eqn. A.6 used to generate

the quantum reflection simulations in Fig. 8.3 and 8.4.

%John Perreault

%University of Arizona Dept. of Physics and Optical Sciences Center

%This program is a simulation of wave-packet propagation with a

%potential barrier. The finite-difference time-domain method is

%used to solve the 1D Schroedinger equation.

function [store,scalev,scalex] = qref

%function [r] = qref(lambda_input,stop)

%function qref

%Numerical constants

n = 1000; %number of spatial grid points

dx = 2; %spatial step size

dt = 1; %temporal step size

stop = 9000; %total number of calculated frames

flush = 250; %number of steps between displayed frames

nodes = linspace(1,n,n);

%Physical constants

lambda0 = 1.67e-7; %DeBroglie wavelength (m), reference

lambda = 200e-9/lambda0; %scaled normal DeBroglie wavelength (200)

k = 2*pi/lambda; %scaled wave-number

FWHM = 5e-7/lambda0; %scaled normal coherence length of wavepacket

edge = round(3*n/5); %edge of potential barrier

%v0 = .01; %height of potential barrier

%dtoverhbar = 2.83e-9/6.58e-16;

%v0 = dtoverhbar*2.147e-9;

%Initialize arrays

x = linspace(-13,20,n) + 9; %units of lambda0
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old = exp(-log(2).*(2.*x./FWHM).^2).*exp(i*k.*x); %initial condition

old = old./sqrt(trapz(x.*lambda0,old.*conj(old))); %normalize psi

init = old; new = zeros(1,n);

j = 2; %grid index

while j<=(n-1) %generate first step

new(j) = old(j) + i*dt/2/dx/dx.*(old(j+1)-2.*old(j)+old(j-1));

j=j+1;

end

new(1)=0; %apply boundary conditions

new(n)=0; psi = zeros(1,n);

%Put units on space and time steps

mass = 3.85e-26; %in kg

hbar = 6.58e-16; %in eVs

charge = 1.63e-19; deltax = (max(x)-min(x))*lambda0/n; s =

dt/dx/dx; deltat = mass*deltax*deltax*s/hbar/charge;

c3 = 2.147e-9; %[eV], Van der Waals constant scaled by lambda0

v0 = c3*deltat/hbar; spread = max(x)-min(x);

%Generate potential

%v = zeros(1,n);

%y = linspace(0,500,n);

%j = 1;

%while j<=n

% if j>=edge

% v(j) = v0;

% else

% v(j) = 0;

% end

% j = j+1;

%end

%v=v0.*(erfc((y-300)./3) - 2);

[v] = fit(n,spread); v = v0.*v;

%Update loop

count1 = 1; %frame counter

j=1; %flush counter

while count1<stop

count2=2; %spatial grid counter

while count2<=(n-1)

psi(count2) = old(count2)

+ i*dt/dx/dx.*(new(count2+1)-2.*new(count2)+new(count2-1))
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- i*2*dt.*v(count2).*new(count2);

count2=count2+1;

end

count1=count1+1;

psi(1)=0; %apply coundary conditions

psi(n)=0;

old=new;

new=psi;

if(not(mod(count1,flush))) %accumulate movie frames

store(j,:)=psi;

figure(1)

clf

subplot(2,1,1)

plotyy(x.*lambda0,real(psi),x.*lambda0,v.*hbar/deltat)

subplot(2,1,2)

plot(x.*lambda0,cumtrapz(x.*lambda0,psi.*conj(psi)))

%M(j) = getframe;

%count1

j=j+1;

end

end

%Output

cumprob = cumtrapz(x.*lambda0,psi.*conj(psi)); r = cumprob(300);

scalev = v.*hbar/deltat; scalex = x.*lambda0;

%Display

%movie(M) %output movie

%generation of pseudo-potential

function [v] = fit(n,spread)

%Calculate number of grid nodes

%n = 500; %number of grid points

sp = round(.7*n); %number of spline points

vp = n - sp; %number of r^-3 points

%Generate Van der Waals part

%r = linspace(-50,-.5,vp); %generate argument for r^-3

scale = (100)^(1/3); %scales c3 by a factor scale^-3

spread = .3*spread;

r = linspace(-(spread+1/scale),-1/scale,vp); %units of lambda0
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r = r.*scale; pot = r.^-3;

%Approximate the derivative at link

dv = (pot(length(pot))-pot(length(pot)-1))/(r(2)-r(1));

%Generate artificial tail with cubic spline

v0 = 2; %baseline potential value

x = linspace(0,5,300); points = (v0 + pot(length(pot)) +

dv*(r(2)-r(1))).*exp(-15.*x) - v0; points = cat(2,dv,points);

points = cat(2,points,0); xx = linspace(0,5,sp); spoints =

spline(x,points,xx);

%Concatenate Van der Waals and artificial tail

v = cat(2,pot,spoints);

%v = v./v0; %normalize output

%Batch program for qref to calculate reflectivity as a function of

%atom velocity

function reflectivity

m = 1; %batch counter

steps = 10; %total number of batch cycles

lambda = linspace(50e-9,240e-9,steps); %wavelength range

stop = round(linspace(2500,9000,steps)); %max number of time steps

while m<=steps

[r] = qref(lambda(m),stop(m));

reflec(m) = r;

m

lambda(m)

m=m+1;

end

%Display

h = 6.623e-34; %Js

mass = 3.85e-26; %kg

figure(1) clf semilogy(h/mass./lambda,reflec)

ylabel(’Reflectivity’) xlabel(’Normal incident velocity (m/s)’)

%Save data

vr = cat(2,(h/mass./lambda)’,reflec’); save vr.dat vr -ascii
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Appendix B

SPLIT-STEP FOURIER NUMERICAL METHOD

FOR SOLVING THE SCHROEDINGER

EQUATION

The finite-difference method for solving the Schroedinger equation, as described in

Appendix A, is quite robust and works well for a variety of potentials. However, it

is not a particularly efficient method and can require significant computing resources

to complete a calculation in a reasonable amount of time. This is especially the case

for two-dimensional simulations. Therefore, it is worth investigating how to implement

more efficient numerical schemes. This appendix describes a split-step Fourier numerical

method [18] for solving the Schroedinger equation. This method utilizes the Fast Fourier

Transform (FFT) algorithm native to most programming languages, making it quite

efficient.

B.1 Split-Step Fourier Scheme

The Schroedinger equation in one dimension is given by

i~
∂

∂t
ψ(x, t) =

(
K̂ + V̂

)
ψ(x, t), (B.1)

where K̂ ≡ − ~2
2m

∂2

∂x2 is the kinetic operator, V̂ ≡ V (x) is the potential operator, ψ is

the wave function, and m is the mass of the particle [24]. Equation B.1 can be formally

solved to find the wave function at the next time step

ψ(x, t + ∆t) = e−
i
~ Ĥ∆tψ(x, t) = e−

i
~(K̂+V̂ )∆tψ(x, t), (B.2)

where the Hamiltonian operator for the system is Ĥ = K̂ + V̂ and ∆t is the size of

the time step. In general the operators K̂ and V̂ do not commute, which leads to the
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Baker-Hausdorff relation [28, 91]

e−
i
~ K̂∆te−

i
~ V̂ ∆t = e−

i
~(K̂+V̂ )∆t− 1

2
[K̂,V̂ ](∆t

~ )
2
+O(∆t3) ≈ e−

i
~(K̂+V̂ )∆t, (B.3)

where [K̂, V̂ ] = K̂V̂ − V̂ K̂ is the commutator and the approximation consists of neglect-

ing terms of order O(∆t2) or greater for small ∆t. In light of Eqn. B.3 one can rewrite

Eqn. B.2 as

ψ(x, t + ∆t) = e−
i
~ V̂ ∆te−

i
~ K̂∆tψ(x, t), (B.4)

which is accurate to order O(∆t2) and indicates that for small ∆t the kinetic and po-

tential operators in Eqn. B.1 can be dealt with independently.

Equation B.4 can be rewritten to make the numerical implementation more efficient.

The exponential involving the potential can easily be evaluated since V (x) is usually a

scalar function, but the exponential involving the operator ∂2

∂x2 is a bit more cumbersome.

Fortunately, one can evaluate Eqn. B.4 as

ψ(x, t + ∆t) = e−
i∆t
~ V (x)e

i∆t
~
~2
2m

∂2

∂x2 ψ(x, t)

= e−
i∆t
~ V (x)F−1

{
F

{
e

i∆t
~
~2
2m

∂2

∂x2 ψ(x, t)

}}

= e−
i∆t
~ V (x)F−1

{
e−i∆t~k2

2m F {ψ(x, t)}
}

, (B.5)

where F{ } denotes a spatial Fourier transform, using the fact that ∂
∂x
⇒ ik in the spatial

frequency domain [51]. Equation B.5 represents a numerical solution for solving Eqn.

B.1, with an accuracy of order O(∆x∞, ∆t2), so long as the functions in the Fourier

transform kernel have a finite frequency support of kmax and are adequately sampled

with a spatial sampling period ∆x to avoid aliasing. If the previous conditions are met,

the Nyquist sampling rate (i.e. two points per wavelength) requires that

∆k
∂

∂k

(
∆t
~k2

2m

)∣∣∣∣
kmax

= ∆k∆t
~kmax

m
≤ π, (B.6)

or using the space-bandwidth product ∆k∆x = 2π
N

[51] along with kmax = π
∆x

∆t ≤ N

2π

m∆x2

~
, (B.7)
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Figure B.1: Simulation of the atom wave Talbot effect. Darker regions indi-
cate a higher probability for finding the atom at a given space-
time location. The horizontal dashed line shows the location
of the grating and the vertical solid line roughly indicates the
Talbot length ZT .

where N is the number of grid points.

Equation B.5 can be evaluated very efficiently using a FFT algorithm on a computer.

In addition, it has an accuracy of order O(∆x∞, ∆t2), which is better than the accuracy

of order O(∆x2, ∆t2) for Eqn. A.6. However, when using Eqn. B.5 one has to be mindful

that the spatial frequency content of ψ(x, t) and V (x) is not too large for a given ∆t.

Therefore, it is most appropriate to use Eqn. B.5 for smoothly varying potentials and

wave functions. Similar to Eqn. A.6 one also has to be careful that the wave function

does not reflect off of the computational boundary. As an example, Fig B.1 shows a
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Figure B.2: Two dimensional simulation of atom wave diffraction. The real
part of the wave function squared is displayed as a grey scale
image to show how the phase fronts evolve. The atom wave-
packet is initially (t = 0) travelling to the right. As the wave-
packet passes through the grating bars (t = 1) the phase fronts
are curved by the atom-surface vdW interaction. The diffraction
orders then begin to separate (t = 2) and are clearly visible at
longer propagation times (t = 3).

simulation of the atom wave Talbot effect from a sinusoidal phase grating, using Eqn.

B.5. It is worth noting that the split-step method can be extended to two spatial

dimensions (x, y) by making the replacement k2 → k2
x + k2

y in Eqn. B.5. An example

of a two-dimensional simulation of atom diffraction is shown in Fig. B.2, which utilized

the two-dimensional version of Eqn. B.5.
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B.2 MATLAB Code

This section contains the MATLAB code implementation of Eqn. B.5 which was used

to generate Fig. 2.4.

%John Perreault

function machz

%This function simulates a Mach-Zehnder interfermoter made with two

%phase or amplitude gratings. The Schroedinger equation is solved

%in the moving frame of the atoms using the split-step method.

%parameters

tscale = 3; %change resolution of time-step

xscale = 1; %change resolution of spatial coordinate

numpoints = 2048*2^xscale;%number of points, should be 2^n for FFT

dt = .5e-4/tscale; %time step

sigma = .1; %initial width of atom beam

t_stop = tscale*170; %total number of time steps,170

amp = 2e4; %relative amplitude of potential grating

v = 1; %contrast of potential grating

tau = .7e-1; %period of grating

%generate initial condition

xsi = linspace(-3*2^xscale,3*2^xscale,numpoints);%spatial coordinate

psi = exp(-((xsi./sigma).^2)./2);%initial condition for wave-function

%time step

%Fourier coordinate

k =2*pi*numpoints/(max(xsi)-min(xsi)).*linspace(-.5,.5,numpoints);

pot = tscale*amp.*(1+v.*cos(2*pi/tau.*xsi));%generate potential

%pot = amp.*ronchi(xsi,tau);

m = 2;

store(1,:)=psi; %solution matrix

while m<=t_stop %update loop

store(m,:) = fftshift(ifft(fftshift(exp(-i*dt.*k.^2)

.*fftshift(fft(fftshift(store(m-1,:)))))));

%matter wave encounters diffraction gratings

if or(m==round(tscale*10),m==round(tscale*90))

store(m,:) = exp(-i*dt.*pot).*store(m,:);

%store(m,:) = pot.*store(m,:);
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end

if and(0,m==round(tscale*91)) %affect interaction region

mask = linspace(1,numpoints,numpoints);%path measurement

mask = (mask>1800);

%mask = and(mask<1148,mask>900);

%mask = or(mask>1148,mask<900);

store(m,:) = mask.*store(m,:);

end

m=m+1;

end

store = abs(store).^2; %calculate probability density

%normalize

%this step is not necessary because the S.E. preserves the norm

%however it is a nice way to check numerical accuracy

normc = trapz(store,2); norm = repmat(normc,1,numpoints); store =

store./norm*numpoints;

%pseudo-norm, bring peaks to one height

if 0 store=store’; pnormc=max(store);

pnorm=repmat(pnormc,numpoints,1); store = store./pnorm; store =

store’; end

%display options

if 0 store = flipud(store);

%waterfall(store)

%store = store./max(max(store)).*255;

%colormap(gray(255))

%mesh(store)

%axis off

%surf(store)

end

if 1

temp = store(:,1024:3072);

store=temp;

end

if 0

%subplot(2,1,1)

store = flipud(store); view(20,60) surfl(store) shading interp

light box off lighting gouraud colormap hot grid off axis off end
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if 1

%figure

%plot(store(1,:))

figure

%subplot(2,1,2)

%store = flipud(store);

store = rot90(store); colormap(gray(255)) store =

store./max(max(store)).*255;

store = 255-10.*store; %saturate

image(store)

%colorbar(’vert’)

axis off

%axis square

end

%animation

if 0 for j=1:t_stop

plot(xsi,store(j,:));

axis([min(xsi) max(xsi) 0 max(max(store))])

frames(j) = getframe;

end

movie(frames)

end
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Appendix C

IGOR CODE FOR ANALYZING ATOM

INTERFEROMETER DATA

This appendix contains the Igor code used to reconstruct the atom wave interference

pattern from the atom interferometer data, as discussed in Ch. 2. The contrast, phase,

and average intensity of the interference pattern can be obtained from this analysis.

//John Perreault

#pragma rtGlobals=1 // Use modern global access method.

function fringe(laserwave,atomwave,imax,imin) wave

laserwave,atomwave variable imax,imin

//make local copies

duplicate/o laserwave laser duplicate/o atomwave atom

//SetScale/P x 0,1,"", laser,atom

//filter out noise spikes

filter2()

//data step size and time waves

variable dt_laser=1, dt_atom=1 //units of ms

make/o/d/n=(numpnts(laser)) laser_t laser_t = x*dt_laser

make/o/d/n=(numpnts(atom)) atom_t atom_t = x*dt_atom

//calculate error bars for atom counts

duplicate/o atom atom_error atom_error = atom_error*dt_atom

atom_error = sqrt(atom_error)

//display/k=1 atom

//optical grating calibration

variable d,lambda=632.8,k_o d=lambda/(sin(atan2(7.125,37.25))) k_o

= 2*pi/d

//determine grating position
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variable imx=imax,imn=imin,l_avg,l_amp //volts l_avg =

(imx+imn)/2 l_amp = (imx-imn)/2 duplicate/o laser x_o x_o =

1/k_o*asin((laser - l_avg)/l_amp) //units of nm

//display/k=1 x_o

//interpolate to atom wave time scale

duplicate/o atom x_a variable i=0 variable tof = 0 //units of

ms atom_t = atom_t - tof for(i=0;i<numpnts(x_a);i=i+1)

x_a[i] = interp(atom_t[i],laser_t,x_o) //units of nm

endfor

//display/k=1 x_a

//rebin atom intensity according to grating position

variable xspan=0 //units of nm wavestats/q x_a xspan =

V_max-V_min xspan = xspan-.05*xspan make/o/d/n=50 xbin xbin =

(x/numpnts(xbin))*xspan + V_min make/o/d/n=(numpnts(xbin)) atombin

duplicate/o atombin atombin_error variable j=0,n=0

for(j=0;j<numpnts(xbin);j=j+1)

for(i=0;i<numpnts(x_a);i=i+1)

if(x_a[i]<=xbin[j+1]&&x_a[i]>=xbin[j-1])

atombin[j] = atombin[j] + atom[i]

atombin_error[j] = atombin_error[j] + (atom_error[i])^2

n=n+1

endif

endfor

if(n!=0)

atombin[j]=atombin[j]/n

atombin_error[j] = sqrt(atombin_error[j])/n

endif

n=0

endfor

//display

end

function load(dirstr)

string dirstr

//KillWaves voltage,counts

LoadWave/a/G/D/w/o dirstr//"C:fringe:alex:b1.txt"

end
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Function interference(w,x) : FitFunc

Wave w

Variable x

//CurveFitDialog/ Equation:

//CurveFitDialog/ f(x)=i_o*(1+abs(visibility)*sin(2*pi/tau*x+phi))

//CurveFitDialog/ End of Equation

//CurveFitDialog/ Independent Variables 1

//CurveFitDialog/ x

//CurveFitDialog/ Coefficients 4

//CurveFitDialog/ w[0] = i_o

//CurveFitDialog/ w[1] = phi

//CurveFitDialog/ w[2] = visibility

//CurveFitDialog/ w[3] = tau

return abs(w[0])*(1 + abs(w[2])*sin(2*pi/abs(w[3])*x + w[1]))

End

function sinfit(ind,start,stop)

variable ind,start,stop

wave contrast,contrast_error,atombin,xbin,atombin_error,w_sigma

wave phase,phase_error,avg_counts,avg_counts_error

Make/D/N=4/O W_coef

W_coef[0] = {12,0,.1,100}

FuncFit/H="0001" interference w_coef atombin[1,48]

/X=xbin /W=atombin_error /I=1 /D

FuncFit/H="0001" interference w_coef atombin[1,48]

/X=xbin /W=atombin_error /I=1 /D

contrast[ind-start] = abs(w_coef[2])

contrast_error[ind-start] = w_sigma[2]

phase[ind-start] = w_coef[1]

phase_error[ind-start] = w_sigma[1]

avg_counts[ind-start] = w_coef[0]

avg_counts_error[ind-start] = w_sigma[0]

print ind

end

function filter()

wave atom

variable c=0,i=0,thresh=.7

wavestats/q atom

for(c=0;c<3;c=c+1)
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variable curv=0

make/o/n=3 win

for(i=0;i< numpnts(atom);i=i+1)

curv = (atom[i+1] - 2*atom[i] + atom[i-1])

win={atom[i-1],atom[i],atom[i+1]}

sort win,win

if(curv<-thresh*win[0])

//DeletePoints i,1,ywave,xwave

//imax = imax-1

//discard_spike = discard_spike+1

atom[i] = V_avg

//i=i-1

endif

endfor

i=0

endfor

end

function filter2()

wave atom

wavestats/q atom

variable thresh=1.5,i=0

for(i=0;i<numpnts(atom);i=i+1)

if(atom[i]>(thresh*V_avg))

atom[i] = V_avg

endif

endfor

end

macro main()

variable index,start_index=1,stop_index=80,displayn=1

string fname,ind

//load laser calib

variable imax,imin

LoadWave/a/G/D/W/o "C::lab_data:041805_data:df:laser_calib_c1.txt"

wavestats/q voltage

imax=V_max

imin=V_min

//wave w_coef,w_sigma

make/o/d/n=(stop_index-start_index+1) contrast,contrast_error

duplicate/o contrast phase
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duplicate/o contrast phase_error

duplicate/o contrast avg_counts avg_counts_error

index=start_index

do

sprintf fname,"C::lab_data:041805_data:df:c%g.txt",index

sprintf ind,"%g",index

load(fname)

fringe(voltage,counts,imax,imin)

if(displayn)

display/k=1 atombin vs xbin

ModifyGraph mode=4,marker=8;DelayUpdate

ErrorBars atombin Y,wave=(atombin_error,atombin_error)

SetAxis left 0,120

ModifyGraph grid(bottom)=1

SetAxis bottom -500,500

ModifyGraph nticks(bottom)=8

//TextBox/C/N=text0/X=100.00/Y=100.00 ind

Label bottom "2g position [nm]"

Label left "intensity [kcounts/sec]"

displayn=0

endif

TextBox/C/N=text0/X=0/Y=0 ind

sinfit(index,start_index,stop_index)

index=index+1

// sleep/B/s 1000

// sleep/s .5

while(index<=stop_index)

//display contrast results

duplicate/o contrast file_index

file_index = x+start_index

display/k=1 contrast vs file_index

SetAxis left 0,.25

ModifyGraph mode=3,marker=8;DelayUpdate

ErrorBars contrast Y,wave=(contrast_error,contrast_error)

Label bottom "file index"

Label left "contrast"

//display phase results

//phase=mod(phase,pi)

//phase=phase+10*pi

//phase=mod(phase,pi)

phase = mod(phase,2*pi)
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phase +=3

phase +=3

phase +=1

phase = mod(phase,2*pi)

display/k=1 phase vs file_index

ModifyGraph mode=3,marker=8;DelayUpdate

ErrorBars phase Y,wave=(phase_error,phase_error)

Label bottom "file index"

Label left "phase"

ModifyGraph grid(bottom)=1,nticks(bottom)=10,sep(bottom)=10

//display avg counts

display/k=1 avg_counts vs file_index

ModifyGraph mode=3,marker=8;DelayUpdate

ErrorBars avg_counts Y,wave=(avg_counts_error,avg_counts_error)

Label left "avg counts [kcounts/s]";DelayUpdate

Label bottom "file index"

if(0)

//display contrast profile

duplicate/o contrast amin amax

amin = avg_counts*(1-contrast)

amax = avg_counts*(1+contrast)

display/k=1 avg_counts vs file_index

AppendToGraph amax,amin vs file_index

AppendToGraph/R contrast vs file_index

SetAxis right 0,0.2

ModifyGraph mode(contrast)=4

Label left "counts envelope [kcounts/sec]";DelayUpdate

Label right "contrast"

wavestats file_index

file_index/=V_max

Label bottom "detector position [mm]"

Legend/C/N=text0/A=MC

endif

end

function correct()

//construct data mask

duplicate/o phase mask_b

variable j,val
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for(j=0;j<numpnts(mask_b);j=j+1)

if(mod(j,20)<10)

mask_b[j] = 0

else

mask_b[j] = 1

endif

endfor

//subtract drift

duplicate/o phase phase_unwrap

unwrap 2*pi,phase_unwrap

display/k=1 phase_unwrap vs file_index

ModifyGraph mode=3,marker=8;DelayUpdate

ErrorBars phase_unwrap Y,wave=(phase_error,phase_error)

Label bottom "file index"

Label left "unwrapped phase"

variable i,deg=10

CurveFit poly deg, phase_unwrap /X=file_index

/W=phase_error /I=1 /M=mask_b /D

ModifyGraph rgb(fit_phase_unwrap)=(0,0,0)

duplicate/o phase_unwrap phase_correct

wave W_coef,file_index

for(i=0;i<deg;i=i+1)

phase_correct -= W_coef[i]*file_index^i

endfor

display/k=1 phase_correct vs file_index

ModifyGraph mode=3,marker=8;DelayUpdate

ErrorBars phase_correct Y,wave=(phase_error,phase_error)

Label bottom "file index"

Label left "corrected phase"

SetAxis left -0.5,0.5

//display only vdw phase shift

duplicate/o phase_correct phase_vdw

duplicate/o phase_error phase_vdw_error

variable offset=0,npnts

npnts = numpnts(phase_vdw)

phase_vdw *=(1-mask_b)

for(i=0;i<npnts;i=i+1)
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if(phase_vdw[i-offset]==0)

deletepoints (i - offset),1,phase_vdw,phase_vdw_error

offset += 1

endif

endfor

duplicate/o phase_vdw xintg

xintg = .340*((x/(numpnts(xintg)-1))-.5)+.015

display/k=1 phase_vdw vs xintg

ModifyGraph mode=3,marker=8;DelayUpdate

ErrorBars phase_vdw Y,wave=(phase_vdw_error,phase_vdw_error)

Label bottom "interaction grating position [mm]"

Label left "vdw phase [rad]"

SetAxis left -0.5,0.5

ModifyGraph grid(bottom)=1

ModifyGraph grid=1

end
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Appendix D

MATLAB CODE FOR COMPUTING THE VAN

DER WAALS POTENTIAL USING THE

PAIR-WISE ADDITIVITY APPROXIMATION

This appendix contains the MATLAB code used to compute the van der Waals po-

tential using the pair-wise additivity approximation, as discussed in Ch. 3 and displayed

in Fig. 3.4. The array representing the material structure can be created in any im-

age editor (e.g. Microsoft Paint), saved as a black and white bitmap, and loaded into

MATLAB with the code below.

%John Perreault

function pwise

%load and construct solid geometry

geom = double(imread(’pwise_geom.bmp’,’bmp’)); %0=material 1=vacuum

%set scale

c6=1; %atom-atom vdW coefficient

h=1; %grid spacing

small=h*1e-16; vscl = .1;

%calc pair-wise atom-surface interaction

[rmax,cmax]=size(geom); pot=zeros(rmax,cmax); ar=h; ac=h;

[sc,sr]=meshgrid(linspace(h,h*cmax,cmax),linspace(h,h*rmax,rmax));

while(ar<=rmax)

while(ac<=cmax)

pot(ar,ac)=sum(sum( (1-geom).*((ar-sr+small).^2

+ (ac-sc+small).^2).^(-3) ));

ac=ac+1;

end

ac=1;

ar=ar+1

end
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pot=pot.*c6.*geom;

%mask=(pot>vscl*max(max(pot)));

%pot=(1-mask).*pot;

pot = (1-geom)*max(max(pot))+pot;

%pot=pot+.0001;

colormap(gray) imagesc(log(pot)) axis off

%axis equal

%title(’Pairwise Calculation of vdW Potential log(V(r))’)

%xlabel(’\xi [arb. units]’)

%ylabel(’z [arb. units]’)

figure view(20,60) surfl(-log(pot)) shading interp light box off

lighting gouraud

%colormap hot

colormap gray grid off axis off

%title(’Pairwise Calculation of vdW Potential log(V(r))’)

%compare to semi-inf plane approx

col=20; row=35; ind=1; while col<=32

err(ind)=(pot(row,col)*45)/sum(pot(:,col));

xsi(ind)=ind;

col=col+1;

ind=ind+1;

end err=err-1; xsi=xsi-7; xsi=xsi*50/6;

figure plot(xsi, err, ’k.-’) xlabel(’\xi [nm]’) ylabel(’relative

phase error’)
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Appendix E

IGOR CODE FOR CALCULATING

DIFFRACTION PHASES AND AMPLITUDES

This appendix contains the Igor code used to calculate the diffraction phases and

amplitudes displayed in Fig. 3.7.

//John Perreault

#pragma rtGlobals=1 // Use modern global access method.

function main()

variable t=150e-9,w=65,d=100,alpha=0*5/180*pi

variable c3=2.7*1e-3,v=2900,hbar=6.582e-16//,order=0

make/o/d/n=40 cthree cthree = x/(numpnts(cthree)-1)*c3*2

duplicate/o cthree phi_cthree_0 phi_cthree_1 phi_cthree_2

phi_cthree_3 duplicate/o cthree a_0 a_1 a_2 a_3

make/o/d/n=10000 xsi xsi = (x/(numpnts(xsi)-1)-0.5)*w*(1-1e-10)

duplicate/o xsi phi cosphi sinphi mask gp gm variable

j=0,rsum=0,isum=0

for(j=0;j<numpnts(cthree);j=j+1)

gp = abs((1+1e9*t*tan(alpha)/2/(xsi+w/2))

/(1+1e9*t*tan(alpha)/(xsi+w/2))^2)

gm = abs((1-1e9*t*tan(alpha)/2/(xsi-w/2))

/(1-1e9*t*tan(alpha)/(xsi-w/2))^2)

phi = t*cthree[j]/hbar/v*(gp*abs(xsi+w/2)^-3 + gm*abs(xsi-w/2)^-3)

mask = phi

differentiate mask

mask = (abs(mask)<pi)

cosphi = cos(phi)*mask

sinphi = sin(phi)*mask

rsum = sum(cosphi,-inf,inf)

isum = sum(sinphi,-inf,inf)
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phi_cthree_0[j] = atan2(isum,rsum)

a_0[j] = sqrt(rsum^2 + isum^2)

endfor

for(j=0;j<numpnts(cthree);j=j+1)

gp = abs((1+1e9*t*tan(alpha)/2/(xsi+w/2))

/(1+1e9*t*tan(alpha)/(xsi+w/2))^2)

gm = abs((1-1e9*t*tan(alpha)/2/(xsi-w/2))

/(1-1e9*t*tan(alpha)/(xsi-w/2))^2)

phi = t*cthree[j]/hbar/v*(gp*abs(xsi+w/2)^-3 + gm*abs(xsi-w/2)^-3)

mask = phi

differentiate mask

mask = (abs(mask)<pi)

cosphi = cos(phi + 2*pi*xsi/d)*mask

sinphi = sin(phi + 2*pi*xsi/d)*mask

rsum = sum(cosphi,-inf,inf)

isum = sum(sinphi,-inf,inf)

phi_cthree_1[j] = atan2(isum,rsum)

a_1[j] = sqrt(rsum^2 + isum^2)

endfor

for(j=0;j<numpnts(cthree);j=j+1)

gp = abs((1+1e9*t*tan(alpha)/2/(xsi+w/2))

/(1+1e9*t*tan(alpha)/(xsi+w/2))^2)

gm = abs((1-1e9*t*tan(alpha)/2/(xsi-w/2))

/(1-1e9*t*tan(alpha)/(xsi-w/2))^2)

phi = t*cthree[j]/hbar/v*(gp*abs(xsi+w/2)^-3 + gm*abs(xsi-w/2)^-3)

mask = phi

differentiate mask

mask = (abs(mask)<pi)

cosphi = cos(phi + 2*pi*2*xsi/d)*mask

sinphi = sin(phi + 2*pi*2*xsi/d)*mask

rsum = sum(cosphi,-inf,inf)

isum = sum(sinphi,-inf,inf)

phi_cthree_2[j] = atan2(isum,rsum)

a_2[j] = sqrt(rsum^2 + isum^2)

endfor

for(j=0;j<numpnts(cthree);j=j+1)

gp = abs((1+1e9*t*tan(alpha)/2/(xsi+w/2))

/(1+1e9*t*tan(alpha)/(xsi+w/2))^2)

gm = abs((1-1e9*t*tan(alpha)/2/(xsi-w/2))

/(1-1e9*t*tan(alpha)/(xsi-w/2))^2)

phi = t*cthree[j]/hbar/v*(gp*abs(xsi+w/2)^-3 + gm*abs(xsi-w/2)^-3)

mask = phi

differentiate mask
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mask = (abs(mask)<pi)

cosphi = cos(phi + 2*pi*3*xsi/d)*mask

sinphi = sin(phi + 2*pi*3*xsi/d)*mask

rsum = sum(cosphi,-inf,inf)

isum = sum(sinphi,-inf,inf)

phi_cthree_3[j] = atan(isum/rsum)

a_3[j] = sqrt(rsum^2 + isum^2)

endfor

cthree*=1e3 variable scl=a_0[0] a_0/=scl a_1/=scl a_2/=scl

a_3/=scl if(0) display/k=1 phi_cthree_0 vs cthree appendtograph

phi_cthree_1 vs cthree appendtograph phi_cthree_2 vs cthree

appendtograph phi_cthree_3 vs cthree

display/k=1 a_0 vs cthree appendtograph a_1 vs cthree

appendtograph a_2 vs cthree appendtograph a_3 vs cthree

endif

end
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Appendix F

PAPER: PHASOR ANALYSIS OF ATOM

DIFFRACTION FROM A ROTATED MATERIAL

GRATING

This appendix contains a copy of the paper published in Physical Review A on the

topic of observing atomic diffraction from material gratings at non-normal incidence.

More detail can be found in Ch. 3 and 4.



145

Phasor analysis of atom diffraction from a rotated material grating

AlexanderD. Cronin andJohnD. Perreault
University of Arizona, Tucson, Arizona 05721, USA

(Received11 December2003;revisedmanuscriptreceived15 June2004;published7 October2004)

An atom-surfaceinteractionwas detectedby studyingatom diffraction from a rotatedmaterialgrating.A
phasordiagramsimilar to theCornuspiralwasdevelopedto explainwhy thereareno missingordersin atom
diffraction from materialgratings.We alsoshowthat atom-surfaceinteractionscombinedwith rotatedgrating
structurescanproduceasymmetric,i.e., blazed,diffractionpatterns.Our conceptualdiscussionis supportedby
experimentalobservationswith a sodiumatombeamandsilicon nitride gratings.The dataareconsistentwith
the nonretardedvan der Waalsinteraction.

DOI: 10.1103/PhysRevA.70.043607 PACS number(s): 03.75.Be

Atom diffraction from a material grating has recently
beenusedto measurethe strengthof van der Waalsinterac-
tions betweenatomsand the grating. This was possiblein
[1–3] becauseatom-surfaceinteractionsmodify the intensity
in eachdiffraction orderasa function of atomicvelocity. In
this paperwe measurevan der Waalsinteractionsby study-
ing diffraction as a function of incidenceangle. We also
demonstratean asymmetricatom diffraction patternfrom a
fabricatedmaterialgrating.

Historically, a graphicalanalysisin thecomplexplanehas
beenuseful to understandoptical diffraction. This is espe-
cially true for theFresnelintegralsfor which no closedform
analytical solutionshave beenfound, yet the Cornu spiral
permitsa physical interpretation[4]. We haveadaptedthis
approachto our currentproblemin atomoptics.Evenin the
far-field limit, van der Waals interactionsmodify atom dif-
fraction suchthat no closedform analyticaldescriptionhas
beenfound.Hencewe developeda phasordiagramsimilar to
the Cornuspiral to interpretour atomdiffraction data.

In particular, we prove that no combinationof grating
geometryand van der Waals interactionstrengthcan cause
diffractionordersto disappear. This is provedusinga phasor
diagram,andconfirmedexperimentallyby rotatinga diffrac-
tion grating aboutan axis parallel to the grating barswhile
measuringthe flux in eachdiffraction order.

In thestandardtheoryof diffractionfrom a Ronchi-ruling,
i.e., a square-waveabsorbinggrating,a missingorder is ob-
tainedwhen

n = ±
m

h
, s1d

wheren is the diffraction order, m is an integergreaterthan
zero,and h is the openfraction definedaswindow sizedi-
vided by grating period.For example,a 50% openfraction
suppressesall the evenorders.

The origin of missingordersin the diffraction theorycan
be explainedwith a phasorplot often referredto asa vibra-
tion curve [4,5]. In this approacha diagramin the complex
plane[Fig. 1(a)] is usedto visualizetheamplitudeandphase
of the field in each diffraction order. In the Fraunhauffer
approximation,the field Cn associatedwith the nth diffrac-
tion order from a periodicarrayof aperturesis

Cn =
Cinc

d
E

−w/2

w/2

einkjdj, s2d

whereCinc is the incident wave amplitude,d is the grating
period, w is the aperturewidth, k=2psdd−1 is the grating
wavenumber, andj is the spatialcoordinatein the aperture
alongthe gratingwavevector.

This integral can be visualized by adding phasorsof
length dj and phasenkj in the complexplane.Parametric
curvesgeneratedthis way arethe real vs imaginarypartsof
the cumulativeintegral[Eq. (2)] for Cn. The magnitudeand
phaseof a resultantvector (from start to endof eachcumu-
lative integral) correspondto the complex amplitudesCn
shownin Fig. 1(a). A resultantof zeromagnituderepresents
a missingorder.

Beforeincludingphaseshiftsdueto atom-surfaceinterac-
tions, this integralcanbe computedanalytically:

Cn = Cinch sincsnhd, s3d

where sincsxd;sinspxd /px. For comparisonwith experi-
ment,intensity is given by In= uCnu2.

In theWKB approximation,to leadingorderin Vsjd, van
der Waalsinteractionscausea phaseshift f

vdWsjd given by

f
vdWsjd =

− Vsjdl

v"
, s4d

whereVsjd is thevanderWaalspotentialfor atomsinteract-
ing with a surface,l is the distancethe atom propagatesin
thepotential,v is theatomicvelocity, and" is Planck’s con-
stantdividedby 2p. Neara surface(i.e., r!lp) thepotential
is known to be

Vsrd =
− C3

r3 , s5d

wherer is the atom-surfacedistanceandlp is the principle
atomictransitionwavelength[6]. For simplicity, as in [1–3],
Vsrd is approximatedby Eq. (5) insidea gratingwindow-slot
of depth l, and approximatedby zero outside the grating
window.

van derWaalsinteractionswith the barson eithersideof
the slot thus modify the phaseof eachpoint on the phasor
diagramasshownin Fig. 1(b). This phaseis describedby

PHYSICAL REVIEW A 70, 043607(2004)
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Fnsjd = fnsjd + f
vdWsjd + fof fset, s6d

where fnsjd is due to diffraction without an atom-surface
interaction,f

vdWsjd is dueto vanderWaalsinteractionswith
surfaceslocatedat j= ±w /2, anda constantfof fset is added
for reasonsthat will be discussed:

fnsjd = nkj, s7d

f
vdWsjd =

C3l

v"
fuj − w/2u−3 + uj + w/2u−3g, s8d

fof fset = −
16C3l

v"w3 . s9d

Examplesof phasordiagramsfor eachdiffraction order n
=f0,3g modified by f

vdW are shownin Fig. 1(b). Figure 2
showsseveralphasordiagramsfor n=2 given differentval-
uesof C3.

The constantfof fset is not physical but is chosento be
fof fset=−f

vdWs0d asa convenience.This permitscomparison
betweenshapesof thephasordiagramsfor arbitraryC3. This
phaseoffset doesnot changethe norm of the resultantam-
plitudes, hence it will not affect the argument regarding
missingorders.It simply rotatesthespiralsin Fig. 2 to main-
tain theconditionthatFns0d=0 independentof C3. Thus,the
tangentto eachcurveparallelsthe real axis whenj=0.

For C3=0 the phasorcurveslay on circles becausethe
curvature,givenby thederivativeof phasewith respectto j,
is constantfsd /djdfn=nkg. The phasedifferencebetween
the endpoints of the curve [given by fnsj=w/2d−fnsj
=−w/2dg correspondsto theangleknw, andthearc lengthof
the curveis given by the window sizew. Thusthe radiusof
the circle is r=snkd−1 and it is centeredat the location ir.
When the curve is an integral numberof full circles, the
endpointsoverlapandtheresultantfield haszeromagnitude.
This correspondsto a missingorder.

Additional phasedueto vanderWaalsinteractionsmakes
thephasorcurvedeviatefrom a circle. Oneendof thespiral
will alwaysbe inside the circle definedby r and the other
end must be outside. This is true becausethe curvature
fsd /djdFng increasesmonotonically as j increasesfrom
−w /2 to w /2 (and still equalsnk at j=0). Hence,the two
endsof the spiral will nevercoincideandthe resultantfield
will neverhavezeromagnitude.

We havenow provedthat regardlessof the physicalopen
fraction, thereare nevermissingordersin atom diffraction
from a materialstructureunlessC3=0. This expandson the
point alreadyidentified in [1] that phaseshifts dueto atom-
surfaceinteractionsmodify the envelopeof the diffraction
pattern.

The phasordiagramalsoprovidesa methodto boundthe
error on numericallycomputedamplitudes.If the limits of
integrationin Eq. (2) are replacedby ±sw /2−«d, then the
maximumerror in the resultantamplitudesis given by the
radiusof a circle with thecurvatureof thephasordiagramat
the endpoint,i.e., error in Cn is lessthan CincsR /dd where
R−1;dFn /djuj=sw/2−«d.

FIG. 1. (a) Phasordiagramsfor diffraction into ordersn=0,1,2,3from a gratingwith openfractionh=0.48.Resultantvectorsaredrawn
with dashedlines from tip to tail of eachcurve.(b) van der Waalsinteractionsmodify the phasordiagram,andconsiderablyincreasethe
magnitudeof the secondorder.

FIG. 2. Phasordiagramsfor diffractionfrom a gratingwith open
fraction h=0.48 shown for diffraction order n=2 given different
valuesof the van derWaalscoefficientC3=0,1,10,100 eV Å3. The
resultantvectorsfrom tip to tail aredrawnwith dashedlines. FIG. 3. Experimentalgeometry.
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To confirmthis theoreticaldescription,we presentdiffrac-
tion datausing a beamcomposedof sodiumatomsand so-
dium dimer moleculesincident on a silicon nitride grating
with a periodof 100 nm.We call rotationabouta gratingbar
twist asshownin Fig. 3. Normalincidencedefineszerotwist.
Dif fraction patternsshownin Fig. 4 wereobtainedby scan-
ning the position of the hot-wire detectorwhile the grating
twist wasfixed at 0, 12, andthen22°. Twist foreshortensthe
gratingperiodandthereforeslightly increasesthediffraction
angle.However, the +n and−n diffraction ordersarenearly
equallydeflectedbecausethe atomicde Broglie wavelength
is small comparedto the gratingspatialperiod.

The featureexploredin this studyis the relativeintensity
in eachorder, which changesconsiderablyas the grating is
twisted.Atom flux diffractedinto thezerothorderdecreases,
but flux in thesecondandthird ordersoscillatesasa function
of gratingtwist. Figures4 and5 showthat the secondorder
intensityis maximizedfor an intermediatetwist. Variationin
the relative intensity amongdiffraction orders is expected
becausethe projectionof the grating viewed from the inci-
dentatombeamchangeswith twist. However, a modelbased
on absorptiveatom optics is not sufficient to explain our
data.Phaseshifts dueto van der Waalsinteractionsmustbe
included,asdiscussedearlier.

We also presentdata obtainedby scanningthe grating
twist while leaving the detectorat one position (Fig. 5). In
the latter experimentwe have measuredIn= uCnu2 for each
n=f0,4g while continuouslychanging the projectedopen
fraction.This techniqueis well suitedto thetaskof searching
for missingordersbecausetheprojectedopenfractioncanbe
scannedthroughvaluesthat shouldcausemissingordersac-
cordingto the theorywithout atom-surfaceinteractions(e.g.,
1
2, 1

3, and 1
4).

For a perfectly thin grating, twist would not affect the
openfraction. For our gratings,with a cross-sectiongeom-
etry shownin Fig. 6, twist doesmodify the projectedopen
fraction. Furthermore,due to trapezoidalgrating bars, van
derWaalsphaseshifts mustbe carefully analyzed.With ref-
erenceto Fig. 6, twisting thegratingby angleb causesslots
to appearnarrowerso the resultingopenfraction is

FIG. 5. (Color online) Data (circles) and models(dashedand
solid lines) of theintensityin eachdiffractionorderasa functionof
grating twist. The model parametersare: d=100 nm, w=67 nm, l
=116 nm, anda=3.5+. For dashedlinesC3=0 [usingEq. (11)], and
for solid lines C3=5 eV Å3 [using Eq. (13)]. Statisticalerror bars
for eachdatapoint aresmallerthanthe circles.

FIG. 6. Top view of the atombeampassingthroughthe grating
slots.Thegratingtwist is denotedby b, thewedgeangleof eachbar
is a, the grating period is d, the thicknessis l, and physicalopen
width is w.

FIG. 4. (Color online) Diffraction scanswith different grating
twist. Dif fraction of both sodiumatomsandsodiumdimersis vis-
ible. First orderatomdiffraction,I1, is locatedat ±0.3 mm from the
0th order.

PHASORANALYSIS OF ATOM DIFFRACTION FROM A… PHYSICAL REVIEW A 70, 043607(2004)
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hsbd =5
w

d
, ubu , a,

w − lstan b − tan ad
d

, a , ubu , bmax,

0, bmax , ubu,

s10d

wherew is theslot width viewedat normalincidence,l is the
thicknessof the grating,a is the wedgeangleof the bars,b
is the twist, bmax is the maximumtwist at which any flux is
transmitted,and d is the grating period viewed at normal
incidence.The intensity in different diffraction ordersthen
dependson twist as

Insbd = hsbd2sinc2„hsbdn…. s11d

This model without an allowancefor atom-surfaceinterac-
tionswasusedto predictintensityin thefirst five ordersasa
function of twist shownin Fig. 5 (dashedlines), and com-
parespoorly with the data.

Two featuresof this model are familiar from standard
diffraction theory. First, in the limit of small openfraction
the intensity of eachorder becomesequal.This happensat
large twist. Second,at certainanglesfor which hsbd=m /n,
missingordersare predicted[as per Eq. (1)]. However, the
observedatom beamflux is neverentirely suppresseduntil
the projectedopen fraction is zero. This demonstratesthat
thereareno missingordersin the data.

Severalof the grating geometryparametersare known
from the manufacturingprocessand SEM images[7]. The
periodis d=100 nm andthewindow sizeis w=67±5 nm,so
at normalincidencetheopenfraction is approximately67%.
The thickness,l, and wedge angle, a, are constrainedby
measuringthe maximumtwist at which atomsare transmit-
ted. Thesemust satisfy the condition w= lstan bmax−tan ad,
with the measuredbmax=31±2°. With this constraint,a is
the only free parameterin the model before atom-surface
interactionsare included.

Therelativeintensityfor eachorderis determinedwithout
interactionsby Eq. (11), andcanbecomparedto thedatathat
wererecordedwithout changingthedetectorgainor incident
beamflux. However, the velocity distribution of the beam
broadensthe higherorderdiffraction peaks.Eachdiffraction
order has a HWHM in the detectorplane given approxi-
matelyby sn

2=s0
2+fQnLss

v
/vdg2 wheres0 is theHWHM of

thezerothorder, L is thedistancebetweenthegratingandthe
detector, s

v
/v is the ratio of the HWHM spreadin velocity

to the averagevelocity, and Qn is the diffraction angle[2].
The velocity ratio is 1/15 and the averagevelocity is
1000m/s. To allow for thevelocity distribution,the relative
intensityof eachdiffractionorderis multiplied by sn

−1 in the
model. We have not accountedfor the changein Qn with
twist, but we notethis hasthe effect of further reducingthe
recordedintensityof the higherordersat large twist.

To includethevanderWaalsinteractionswith thetwisted
grating, the modelmustaccountfor the varying distanceto
the surfaceasatomspassthroughthe slotsasshownin Fig.
6, i.e., the transversecoordinatein the gratingnow depends
on the longitudinal position j→j0+z tan b. The potential
due to each interior wall is approximatedby the van der

Waals potential for an infinite surfacewhen the atomsare
inside the gratingslots,andzeroelsewhere.Thenthe phase
shift dueto onewall of a twistedgrating is

f
vdWsj0d = *

C3f2"vstan a + tan bdcosb cos3ag−1

Fw

2
+ S l

2
+ zDtan a + j0 + z tan bG2 *

z=−l/2

z=l/2

s12d

and the phaseshift due to the oppositewall is given by the
sameexpressionwith the sign of b andj0 reversed.As be-
fore, the field amplitudein nth orderdiffraction is given by
an integral,but now the limits of integrationdependon grat-
ing twist, wedgeangle,and thicknessandso doesf

vdW [as
given by Eq. (12)]:

Cn =E
jmax

jmin

eiffnsj0d+f
vdWsj0dgdj0. s13d

The lower limit of integrationis

jmin =
− w

2
+

l

2
tan b, s14d

andthe upperlimit of integrationis

jmax =5
w

2
+

l

2
tan b, ubu , a,

w

2
+ l tan a −

l

2
tan b, ubu . a.

s15d

Equation(13) cannow be usedto describeintensity in each
orderasa functionof vanderWaalscoefficient,atomveloc-
ity, and grating twist: InsC3,v ,bd= uCnu2. When C3 is zero,
theexpressionfor theintensitiesreducesto Eq. (11). In com-
parison,whenC3 is not zero the modelpredictsno missing
ordersand agreesqualitatively with the datain Fig. 5 (this
modelis shownwith solid lines). We notethevanderWaals
interactiondivertsflux from the zerothorder into the higher
orders,and tendsto smooththe featuresgiven by Eq. (11).
Eventheslight asymmetryin intensityasa functionof twist
is reproduced.To our knowledgethis is the first hint of a
materialstructureactingasa blazedgratingfor atomwaves.

The maximum asymmetrywe observein the first order
occursat a twist of ±5° andis I1

+5°/ I1
−5°=1.1. In simulations

with a larger wedgeangleandlarger C3, the asymmetrycan
be as large as 1.5. An asymmetricdistribution of intensity
betweenthe +1 and −1 orders,as this implies, would be
useful for atom interferometersthat only employ the 0 and
+1 diffraction orders.

Whenusedto measureC3 for sodiumatomsanda grating
surface of silicon nitride, this experimentdeterminesC3
=5−2

+5 eV Å3 (statisticalerroronly). This measurementis con-
sistentwith the theoreticalvalue of C3=7.6 eV Å3 for Na
anda perfectlyconductingwall [8], andalsowith the theo-
reticalvalueof C3=3.2 eV Å3 for a 1-oscillatorNa atomand
a surfacemadeof silicon nitride calculatedusingthemethod
outlined in [3]. Hence,no additional atom-surfaceinterac-
tions suchas thosedue to ad-atomsreportedin [10] are re-
quiredto explainour data.

A. D. CRONIN AND J. D. PERREAULT PHYSICAL REVIEW A 70, 043607(2004)

043607-4



149

Uncertaintyin the measuredC3 could be reducedif the
gratingwedgeangle,a, andthegratingwindow sizew were
moreaccuratelyknown.Thena would not be a free param-
eter, andanysystematicuncertaintydueto imperfectknowl-
edgeof w would be reduced.To motivate work with im-
provedprecision,we notethat a gold coatingon the surface
of the gratingbarsshouldmodify C3. Measurementsof this
changewould test the theoreticalwork of Zhou andSpruch
[9]. Additionally, a searchcould be madefor the effect of
polarizedad-atomsby applyingexternalelectricfieldson the
grating [10].

In principle the experimentalmethodpresentedherecan
alsobeusedto verify thefunctionalform of theatom-surface
potential. However, the statistical agreementbetweenthe
datapresentedhereand variousmodelsusing Vsrd=−C j /r j

doesnot allow us to discriminatebetweenj=2, 3 or 4. To
improvethis study, threesourcesof uncertaintymustbe ad-
dressed.Thedetectorshouldberelocatedto thepeakof each
order as a function of grating twist. The grating geometric
parameters(w, l, anda) shouldeachbe independentlymea-
sured.Finally, a theoreticalmodel for the potential in all
locationsaroundthephysicalgratingbarsshouldbeincluded
in this analysis.

The absolutetransmissionefficiencyof the grating is an-
other concern.Even at normal incidencethe van der Waals
interactionhasreducedthe intensityof the zeroth-orderdif-
fractionby a factorof 0.65comparedto thezeroth-orderflux

predictedwith C3=0. As an extrapolation,if we couldobtain
similar gratingswith a 20 nm period, the flux transmitted
into the zeroth order will be reducedto 0.06 of the flux
predicted with C3=0. Alternatively, if atoms slower than
1000m/s wereused,the transmissioninto zeroth-orderdif-
fraction will be further reduced.For example,100 m/s at-
omswould havethe intensityof the zeroth-orderdiffraction
reducedby a factorof 0.28comparedto thezeroth-orderflux
predictedwith C3=0. This factor for atomswith a speedof
10 m/s would be 0.05. Hence,van der Waals interactions
will have a large effect on sub-100-nanometerscaleatom
optics,or materialatomopticswith cold atoms.

In conclusion,a novel way to measurethe atom-surface
interactionpotential was presented.By twisting a 100-nm
perioddiffractiongratingwe showthatatom-surfaceinterac-
tions preventmissingordersand causeasymmetricdiffrac-
tion patterns.Both observationsareexplainedby a complex
transmissionfunction and a phasoranalysissimilar to the
Cornuspiral.

This work was supportedby the ResearchCorporation.
We thank T. Savasand H.I. Smith for fabricating the 100
nanometerperiod material gratings [7]. We also thank B.
Andersonfor a critical readingof this manuscriptand both
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Appendix G

PAPER: USING ATOMIC DIFFRACTION OF NA

FROM MATERIAL GRATINGS TO MEASURE

ATOM-SURFACE INTERACTIONS

This appendix contains a copy of the paper published in Physical Review A on the

topic of using atomic diffraction to measure atom-surface interactions. More detail can

be found in Ch. 3 and 4.
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Using atomic diffraction of Na from material gratings to measure atom-surface interactions

JohnD. PerreaultandAlexanderD. Cronin
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In atomopticsa materialstructureis commonlyregardedasan amplitudemaskfor atomwaves.However,
atomicdiffractionpatternsformedusingmaterialgratingsindicatethatmaterialstructuresalsooperateasphase
masks.In this studya well collimatedbeamof sodiumatomsis usedto illuminatea silicon nitride gratingwith
a periodof 100 nm. During passagethroughthe gratingslotsatomsacquirea phaseshift dueto the van der
WaalssvdWd interactionwith the gratingwalls.As a result the relativeintensitiesof the matter-wavediffrac-
tion peaksdeviatefrom thoseexpectedfor a purely absorbinggrating.Thusa complextransmissionfunction
is required to explain the observeddiffraction envelopes.An optics perspectiveto the theory of atomic
diffractionfrom materialgratingsis put forth in thehopesof providinga more intuitive pictureconcerningthe
influenceof the vdW potential.The van derWaalscoefficientC3=2.7±0.8 meV nm3 is determinedby fitting
a modifiedFresneloptical theoryto theexperimentaldata.This valueof C3 is consistentwith a vanderWaals
interactionbetweenatomicsodiumanda silicon nitride surface.

DOI: 10.1103/PhysRevA.71.053612 PACS numberssd: 03.75.Be,42.30.Kq,39.20.1q, 34.20.Cf

It is known that correlationsof electromagneticvacuum
field fluctuationsover shortdistancescanresult in an attrac-
tive potentialbetweenatoms.For the caseof an atomanda
surfacethe potentialtakesthe form

Vsrd = −
C3

r3 , s1d

wherer is the atom-surfacedistanceandC3 is a coefficient
which describesthe strengthof the van der Waals svdWd
interactionf1g. Equations1d is often called the nonretarded
vdW potential and is valid over distancesshorterthan the
principle transitionwavelengthof the atomsinvolved. The
significanceof this interactionis becomingmoreprevalentas
mechanicalstructuresarebeingbuilt on thenanometerscale.
The vdW potentialalsoplaysan importantpart in chemistry
andatomic force microscopy, andcanbe usedto testquan-
tum electrodynamictheory.

Early experimentsconcerningthe vdW interactionwere
basedon the deflectionof atomic beamsfrom surfaces.It
was demonstratedthat the deflectionof ground-statealkali
f2g andRydberg f3g atombeamsfrom a gold surfaceis com-
patiblewith Eq. s1d. Later measurementsutilizing this tech-
nique were sufficiently accurateto distinguishbetweenthe
retardedV,r−4 andnonretardedV,r−3 forms f4g. More re-
cently atom optics techniqueshavebeenemployedto mea-
sure the magnitude of the vdW coefficient C3. Various
ground-statef5g andexcitednoblegasf6g atombeamshave
beendiffractedusingnanofabricatedtransmissiongratingsin
orderto measureC3. The influenceof thevdW potentialhas
alsobeenobservedfor largemoleculesin a Talbot-Lauinter-
ferometerconstructedwith threegold gratingsf7g.

In this paperwe presentatomic diffraction of a thermal
sodium atom beamand show that the data cannotbe de-
scribedby a purely absorbinggrating.A diagramof the ex-

perimental apparatusis shown in Fig. 1. The supersonic
beamof sodium atomspassesthrough a 0.5-mm-diameter
skimmerandis collimatedby two 10-mm slits separatedby
,1 m. By changingthe carriergasthe atomvelocity canbe
adjustedfrom 0.6 to 3 km/s with s

v
/v,0.1.Thecollimated

atombeamis usedto illuminate a silicon nitride grating f8g
with a period of d=100 nm, thicknesst=150±5 nm, open
width w=50.5±1.5 nm, and grating bar wedge angle b
=5.25±0.75°. All of the grating parametersare measured
independentlyusing scanningelectronmicroscopeimages.
The diffraction patternis measuredby ionizing the sodium
atomswith a hot Re wire andthencountingthe ions with a
channelelectronmultiplier.

An optical descriptionis helpful in gaining an intuitive
pictureof how the vdW interactionmodifiesthe atomicdif-
fractionpattern.To this endoneshouldrecall that theSchro-
edingerequationfor a wavefunction c canbe written as

i"
]

]t
csr,td = F− "2

2m
¹

2 + VsrdGcsr,td, s2d

wherem is mass," is Planck’s constant,andV is the poten-
tial f9g. Onecan take the Fourier transformof Eq. s2d with

FIG. 1. A diagramof the experimentalsetupused.
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respectto time and usethe fact that ] /]t⇒−iv in the fre-
quencydomainto obtain

F¹
2 + S1 −

Vsrd
"v

Dko
2Gcsr,vd = 0, s3d

wherethe dispersionrelation v="ko
2/2m hasbeenutilized.

Equations3d is usually referredto as the time-independent
Schroedingerequation.It is quite illuminating to recall that
the Helmholtzequationf10g for the electricfield E is given
by

s¹2 + n2ko
2dEsr,vd = 0, s4d

wheren is indexof refraction.By inspectiononecanseethat
Eqs.s3d ands4d areformally equivalentwherethequantities
n and s1−V /"vd1/2 play analogousroles. Due to this fact
manywavepropagationmethodsdevelopedin opticscanbe
applieddirectly to matterwave propagation,being mindful
of the fact that in opticsv=cko.

While Eq. s3d can be formally solved using a Green’s-
function approach,approximatesolutionsused in physical
optics can lead to a better understandingof how the vdW
interaction affects atomic diffraction patterns.The Fresnel
andFraunhoferapproximationsarecommonlyusedin optics
andrepresenta useful tool whenfacedwith propagatingthe
wavefunction c from the gratingto the detectorplane.The
Fresnelor paraxial approximationis valid as long as the
propagationdistancez satisfiesthe inequality

z @ ux − ju, s5d

wherej and x are the transversespatial coordinatesin the
gratinganddetectorplane,respectively. This is certainlysat-
isfied for our experimentsincethediffractionanglesareless
than 10−3 radiansand the ordersare resolved.The Fraun-
hoferor far-field approximationgoesbeyondtheFresnelap-
proximationby requiringthat

z @
ko

2
jmax

2 =
p

ldB
jmax

2 , s6d

where ldB is the de Brolglie wavelengthof the atomsand
jmax is the relevantextentin the apertureplanef11g. For the
caseof propagationfrom a uniformly illuminatedgratingof
periodd to thedetectorplane,jmax→d andEq. s6d takesthe
form z@pd2/ldB. For our experimentalsetup d=100 nm
andldB,10−11 m, so the inequality z<2 m@p /1000m is
met. However, our atom beamdiameteris on the order of
10−5 m andso jmax→10−5 m implying that the inequalityin
Eq. s6d is not met.

In light of the previousdiscussionit seemsmost appro-
priateto usethe Fresnelapproximationto modelour experi-
ment. According to the Fresnel approximation the wave
function in thedetectorplanecsxd is relatedto that just after
the gratingcsjd by a scaledspatialFourier transform,

csxd ~ Fheiskoj2/2zodcsjdju fj=x/ldBzo
, s7d

whereFh j denotesa Fouriertransformand fj is theFourier
conjugatevariable to j f11g. The quadraticphasefactor in
Eq. s7d accountsfor the fact that the phasefronts have a
parabolicshapebeforethe far field is reached.

The wavefunction just after the gratingcsjd is given by

csjd = FTsjd p combS j

d
DGUsjd, s8d

wherecombsj /dd is an arrayof deltafunctionswith spacing
d, theoperatorp denotesa convolution,andUsjd is complex
functiondescribingtheatombeamamplitudein theplaneof
the grating. The transmissionfunction of a single grating
window Tsjd in Eq. s8d is definedas

Tsjd ; eifsjdrectS j

w
D , s9d

where rectsargd=1 when uarguø 1
2 and zero otherwise.The

phasefsjd accountsfor the vdW interactionand its origin
will be discussedlater. This descriptionof csjd andTsjd in
termsof thefunctionscombs d andrects d is standardFourier
optics notation and convenientdue to its modular nature
f11g.

Equations8d canthenbesubstitutedinto Eq. s7d to obtain

csxd ~ o
j=−`

`

A jUSx − j
ldBzo

d
D , s10d

wherethesummationindexcorrespondsto the jth diffraction
order, the diffraction amplitudeA j is definedas

A j ; FhTsjdju fj=j/d = FUHeifsjdrectS j

w
DJU

fj=j/d
, s11d

andthe beamprofile in the detectorplaneis given by

Usxd = Fheiskoj2/2zodUsjdju fj=x/ldBzo
. s12d

From Eq. s10d we canpredict the atomintensity

Isxd ; ucsxdu2 s13d

in the detectorplane which can also be interpretedas the
probability densityfor atomposition.A distributionof atom
velocitiescanbe incorporatedby a weightedincoherentsum
of the intensitypatternfor eachatomvelocity Isx ;vd,

Isxd = o
v

PsvdIsx;vd; v =
h

mldB
, s14d

Psvd ~ v
3expS−

msv − ud2

2kBT
D , s15d

where the Psvd is the probability distribution function of
velocitiesfor a supersonicsource,u is the averageflow ve-
locity, kB is Boltzmann’s constant,andT is the longitudinal
temperatureof the beamin the moving frame of the atoms
f12g.

One can see from Eq. s10d that the diffraction pattern
consistsof replicationsof the beamshapeuUsxdu2 shiftedby
integer multiples of ldBzo /d with relative intensitiesdeter-
mined by the modulussquaredof Eq. s11d. An important
featureto noticein Eq. s11d is that a diffraction order in the
detectorplanecorrespondsto a spatialfrequencyin thegrat-
ing plane through the relation fj= j /d. This highlights the
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connectionbetweenthe spatially dependentphasefsjd in
Eq. s9d and the magnitudeof the diffraction ordersin Eq.
s10d.

The earlierassertionthat fsjd in Eq. s9d somehowincor-
porates the vdW interaction into the optical propagation
theorycanbe understoodby recalling from Eq. s3d that the
index of refractionn andquantity s1−V /"vd1/2 play similar
roles in optics and atom optics, respectively. In optics one
calculatesa phaseshift f inducedby a glassplateby multi-
plying the wavenumberin the materialnko by the thickness
of the plate L si.e., f=nkoLd. Justas in the opticscaseone
cancalculatethe phaseshift fsjd accumulatedby the wave
function passingthroughthe gratingwindows,

fsjd =E swavenumberin potentialdsdifferentialthicknessd

=E
−t

0

koS1 −
Vsj,zd

"v
D1/2

dz, s16d

where t is the thicknessof the grating and Vsj ,zd is the
potentialthe atomsexperiencebetweenthe gratingbarsdue
to the vdW interaction.Thus the vdW interactionis analo-
gous to a glass plate with a spatially dependentindex of
refraction, a kind of diverging lens that fills each grating
window. The result in Eq. s16d is consistentwith the wave
function phaseaccordingto the WKB approximationf9g.

In arriving at Eq. s16d diffractiondueto abruptchangesin
the potential Vsj ,zd has been ignored while the wave
function propagatesthroughthe grating windows.This is a
valid approximation due to the fact that ldB!w,
hs] /]jdfVsjd /"vgj−1 in the regionof the potentialthat cor-
respondsto thediffractionordersof interest.Therelationship
betweenspatialregionsof the potentialVsj ,zd and a given
diffractionorderwill bediscussedin subsequentparagraphs.
It is also important to note that Eq. s16d assumesthat the
potential Vsj ,zd exists only betweenthe grating bars fi.e.,
Vsj ,zd=0 for z,−t or z.0g and neglectsthe fact that the
barsare not semi-infiniteplanes.Theoreticalwork doneby
Spruch et al. f13g suggeststhat the vdW potential corre-
spondingto our ,50-nm gratingbarwidth is very similar to
that of a semi-infiniteplaneat the locationof the slit walls.
Since the phasefsjd from Eq. s16d only dependson the
integral of the potential in the z direction one would also
expectthat edgeeffects in Vsj ,zd due to the finite grating
thicknesst area small correction.

If the particleenergy "v is muchgreaterthanthe poten-
tial Vsj ,zd thenEq. s16d canbe further simplified by Taylor
expandingthe quantity s1−V /"vd1/2 and keepingonly the
leading-orderterm in V /"v,

fsjd = tko −
1

"v

E
−t

0

Vsj,zddz; "v @ Vsj,zd, s17d

throughthe useof the dispersionrelationv="ko
2/2m and p

=mv="ko. Equations17d is oftencalledtheEikonalapproxi-
mation.The term tko in Eq. s17d is independentof j andof
no consequencein Eq. s11d so it canbe neglected.Onecan
seefrom Eq. s17d that if Vsj ,zd→0 thenEq. s11d reducesto

the sinc diffractionenvelopeexpectedfrom a purelyabsorb-
ing grating.Furthermore,it is now clear from Eqs.s11d and
s17d that the relative heights of the diffraction orders are
alteredin a way that dependson Vsj ,zd aswell asthe atom
beamvelocity v.

As a simplemodelonecanrepresentthe potentialin Eq.
s17d asthesumof thepotentialdueto the two interior walls
of the gratingwindow,

fsjd = −
t

"v

fg−sbdV−sjd + g+sbdV+sjdg, s18d

where the function g±sbd incorporatesthe influenceof the
wedgeangleb,

g±sbd ;

1 ±
t tanb

2Sj ±
w

2
D

11 ±
t tanb

Sj ±
w

2
D2

2 , s19d

and V±sjd;−C3uj±w /2u−3 is implied by Eq. s1d. Equations
s18d ands19d arearrivedat by carryingout the integrationin
Eq. s17d while assumingthat theopengratingwidth w varies
in thepropagationdirectionz aswszd=w+2z tanb. Sincethe
principle transition wavelengthof Na s590 nmd is much
larger thanw /2 si.e., the maximumatom-surfacedistanceof
,25 nmd the nonretardedform of the vdW potential is ap-
propriate.

It is not immediatelyobvioushow the phaserepresenta-
tion in Eq. s17d will affect the far-field diffraction patternor
if the Eikonal approximationis appropriatein light of Eq.
s18d fi.e., V±sjd→−` as uju→w /2g. In order to addressthis
it is helpful to introduce the conceptof an instantaneous
spatialfrequencyf14g,

fjsj jd ;
1

2p
U ]f

]j
U

j=jj

=
j

d
, s20d

where j j is the grating window location of the spatial fre-
quencyfj as in Eq. s11d. Onecould equivalentlysaythat j j
indicatesthe spatial location of the potential which influ-
encesdiffractionof atomsinto the jth order. For the limiting
caseof b→0 thegeometryfactorg±sbd→1 thehigher-order
terms in Eq. s16d will becomeimportantwhen j j→jc and
C3sjc−w /2d−3<"v. If Eq. s18d is insertedinto Eq. s20d with
thepreviouslymentionedlimits onecansolvefor thediffrac-
tion order jc at which the approximationin Eq. s17d breaks
down,

jc <
3kot

4p

C3d

"vSjc −
w

2
D4 =

3kot

4p
Sd3"v

C3
D1/3

. s21d

For the presentexperiment3kot /4p,104 and sd3"v /C3d1/3

,102 which implies that jc=106. Thusthe approximationin
Eq. s17d is appropriatesince we typically concernedwith
only the first ten diffraction orders.In fact, the paraxialap-
proximation will becomeinvalid before Eq. s17d becomes
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invalid due to the fact the diffraction order spacingis typi-
cally ldBzo /d,1 mm. It is alsointerestingto notethatusing
Eqs. s18d and s20d one can solve for the location of the
potentialj j in the gratingwindow,

j j =
w

2
− S 3tC3d

2pj"v

D1/4

; j ù 1, s22d

correspondingto a particular diffraction order j. For ex-
ample,j1<11.7nm andj5<16.1nm for typical parameters
in our experiment.Thereforethediffractionamplitudein Eq.
s11d dependson a small region of the potential near j
<15 nm, which correspondsto an atom-surfacedistanceof
,10 nm.

The experimentaldatafor diffraction patternsof four dif-
ferentatombeamvelocitiesaredisplayedin Fig. 2. Onecan
seefrom Fig. 2 that the second-orderdiffraction peakis al-
mostcompletelysuppressedfor thefasteratomswhereasit is
quite pronouncedfor the sloweratoms.This velocity depen-

denceis a clearindicationthata complextransmissionfunc-
tion suchas Eq. s9d si.e., C3Þ0d is requiredto explain the
data.A least-squaresfit to Eqs.s10d and s14d is usedto de-
terminethediffractionintensityuA ju2 andaveragevelocity. It
is clear from Fig. 2 that the diffraction orders overlap to
someextent,hencethe tails of thebeamshapeareimportant
when determininguA ju2. The broadtails of the beamshape
werenot adequatelydescribedby a Gaussiansoanempirical
shapeusinga fixed collimating geometrywasderivedfrom
the measuredraw beamprofile andusedfor uUsxdu2.

The diffraction intensitiesuA ju2 determinedfrom Fig. 2
for the variousvelocitiesare displayedin Fig. 3. The vdW
coefficient C3=2.7 meVnm3 is determined by a least-
squaresfit to this reduceddatawith the modulussquaredof
Eq. s11d. All of the gratingparametersaredeterminedinde-
pendently, thereforeC3 is theonly freeparameter. Datafrom
eachvelocity are fit simultaneouslywith the sameC3. It is
clearthata purelyabsorbinggratingsi.e., C3=0d is inconsis-
tentwith all of theobserveduA ju2 especiallyat lower veloci-
ties for which the phasefsjd is muchlarger. Uncertaintyin
the determinationof the grating parameterw and the exact
shapeof thepotentialin Eq. s17d maybe responsiblefor the
slight deviationfrom theoryevidentin Fig. 3.

A study of the systematicerrors in our experimentand
analysissuggestthat w is largestsourceof uncertaintywhen
calculatingC3. One can numerically calculatethe function
C3swd, which is the best fit C3 as a function of w, whose
lineardependencearoundthephysicalvalueof w is foundto
be ]C3/]wuw=50.5 nm=0.52meVnm2. The error in C3 is ar-
rived at by taking the productof this slopeand the 1.5 nm
uncertaintyin w. After carryingout thepreviouslydescribed
analysis we obtain a value for the vdW coefficient C3
=2.7±0.8 meVnm3. The uncertaintydeterminedthis way is
considerablylargerthanthestatisticaluncertaintyin C3 from

FIG. 2. Observeddiffraction patternsof four differentatomve-
locities.The numbersnext to the peaksindicatethe diffraction or-
der. MolecularNa2 peaksarealsovisible betweenzerothandfirst
ordersfor slower velocities.The relative intensitiesof the second
andthird diffractionordershavea pronouncedvelocity dependence.

FIG. 3. Dif fraction order intensitiessopenpointsd and best fit
envelope uA ju2 ssolidd which includes the vdW interaction. The
samevalueof C3=2.7 meVnm3 is usedfor all thesolid curvesand
is the only free parameterin the fit. The vdW theory curvesap-
proachthe theory for a purely absorbinggrating sdashedd as atom
velocity increases.The dataare inconsistentwith the dashedcurve
especiallyfor j=2, 4.
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the least-squaresfitting procedure.The uncertaintydueto w
is alsolarger thanthesystematiccorrectionsdueto theatom
beamprofile or uncertaintiesdueto imperfectknowledgeof
the gratingparameters:d, t, andb.

To compareour experimentalmeasurementwith theoreti-
cal predictionsof the van der Waal potential strength,we
evaluatefive differenttheoreticalcasesfor sodiumatomsand
varioussurfacesin TableI. The Lifshitz formula f17g for C3
is

C3 =
"

4p
E

0

`

dvasivd
esivd − 1

esivd + 1
, s23d

whereasivd is the dynamicpolarizability of the atom and
esivd is the permittivity of the surfacematerial, both of
which area function of complexfrequency.

A single Lorentz oscillator model for an atom si.e., ne-
glectingall but the valenceelectrond with no dampinggives
an expressionfor polarizability f18g,

asivd =
as0d

1 +S v

v0
D2 . s24d

For sodium atoms as0d=24.1Å3 f19g and v0

=2pc / s590 nmd. Combining this with a perfect conductor
si.e., e=`d in Eq. s23d givesC3=6.29meV nm3. This value
agreeswell with thenonretardedlimit calculatedin Ref. f16g
for sodiumatomswith a singlevalenceelectron.

For moreaccuratelymodeledsodiumatomsanda perfect
conductor, Derevianko et al. f15g calculated C3
=7.60meV nm3 and reporteda range of values spanning
0.08meV nm3 based on different many-body calculation
methodswhich all include the effect of core electrons.It is
noteworthythat 16% of this recommendedvalue is due to
the coreelectronsf15g.

For a metal surface,the Drude model describesesivd in
termsof the plasmafrequencyanddamping:

esivd = 1 +
vp

2

vsv + gd
. s25d

For sodiummetal,"vp=5.8 eV and "g=23 meV, resulting
in C3=4.1 meV nm3 for a sodiumatom and a bulk sodium
surface.Presumablythis calculationalso underestimatesC3

becausethe core electronsare neglected.However, the cal-
culationerror is probablysmallerthanthat of a perfectcon-
ductor becausethe core electronexcitationsare at frequen-
ciescomparableto vp.

For an insulatingsurfaceof silicon nitride, which is the
diffraction grating material, Bruhl et al. f6g useda model
with

esivd =
v2 + s1 + g0dv0

2

v2 + s1 − g0dv0
2 , s26d

where "v0;Es=13 eV and g0=0.588 is the material re-
sponsefunctionat zerofrequency. UsingEqs.s23d, s24d, and
s26d givesa valueof C3=3.2 meV nm3.

A multilayered surfacemakesa vdW potential that no
longerdependsexactlyon r−3, evenin thenonretardedlimit.
We usedEquations4.10d from Ref. f13g to calculateVsrd for
thin films of sodiumon a slabof silicon nitride. Becauseour
experimentis sensitiveto atom-surfacedistancesin the re-
gion 10 nm, we report the nominal value of C3 from these
calculationsusing C3=Vs10 nmd3 s10 nmd3. Evaluatedthis
way, isolatedthin films make a smaller C3 as r increases.
Films on a substratemakeC3 vary from thevalueassociated
with the bulk film materialto the value associatedwith the
bulk substratematerialasr increases.

As a final pieceof discussionit is worth checkingto seeif
the datain Fig. 3 areconsistentwith any reasonablepower-
law potentialof the form Vsrd=−Cnr−n with nÞ3, possibly
indicating a force acting on the atomsother than the non-
retarded vdW interaction.The existenceof surfacedipoles
would lead to an interaction energy with n=6. A least-
squaresfit to thedatawith n=6 yieldeda x2 which wasfifty
percentlarger thanthat of n=3. A fairly goodfit to the data
is obtainedwith n=4 correspondingto a retarded vdW inter-
action. However, the best fit value for interactionstrength
C4=16 meV nm4 is roughly fifty timessmallerthanthe pre-
dicted value f20g. It is also interesting to note that n=2
causedx2 to bethreetimeslargerthanfor n=3. Theprevious
findings indicatethat n=3 is the most appropriatepotential
becauseit yields the bestfit and agreeswith the predicted
valuefor C3.

In conclusion an optics perspectiveto the theory of
atomicdiffractionfrom a materialgratinghasbeenput forth.
The resultsin Eqs. s11d, s17d, and s18d have beenderived
using Fourier optics techniquesand appearto be consistent
with thediffractiontheorypresentedin Ref. f21g. Dif fraction
data for a sodium atom beam at four different velocities
show clear evidenceof atom-surfaceinteractionswith the
silicon nitride grating.A complextransmissionfunctionsuch
as that in Eq. s9d is requiredto explain the data.The mea-
suredvalueof C3=2.7±0.8 meV nm3 is limited in precision
by uncertaintyof the grating window size w. Basedon the
resultsin TableI for a singleLorentzoscillator, themeasure-
mentof C3 presentedin this paperis consistentwith a vdW
interactionbetweenatomicsodiumanda silicon nitride sur-
face.Our measurementis inconsistentwith a perfectlycon-
ductingsurfaceandalsoa silicon nitride surfacecoatedwith
more than 1 nm of bulk sodium.This implies that atomic

TABLE I. Measuredandcalculatedvaluesof C3.

Method C3smeVnm3d

This experiment 2.7±0.8

Na andperfectconductorf15g 7.60

Naa andperfectconductorf16–18g 6.29

Naa andNa surface 4.1

Naa andSiNx surface 3.2

Naa andSiNx with a 1-nm Na layerb 3.9

aIndicatesa one-oscillatormodel for atomicpolarizability.
bIndicatesC3 evaluated10 nm from the first surface.
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diffraction from a material grating may provide a means to
test the theory of vdW interactions with a multilayered sur-
face f13g by using coated gratings.
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Appendix H

PAPER: OBSERVATION OF ATOM WAVE

PHASE SHIFTS INDUCED BY VAN DER

WAALS ATOM-SURFACE INTERACTIONS

This appendix contains a copy of the paper published in Physical Review Letters

on the topic of using an atom interferometer to measure the phase shift induced by

atom-surface interactions. More detail can be found in Ch. 5.
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Observation of Atom Wave Phase Shifts Induced by Van Der Waals Atom-Surface Interactions

John D. Perreault and Alexander D. Cronin

University of Arizona, Tucson, Arizona 85721, USA
(Received 29 March 2005; published 19 September 2005)

The development of nanotechnology and atom optics relies on understanding how atoms behave and
interact with their environment. Isolated atoms can exhibit wavelike (coherent) behavior with a
corresponding de Broglie wavelength and phase which can be affected by nearby surfaces. Here an
atom interferometer is used to measure the phase shift of Na atom waves induced by the walls of a 50 nm
wide cavity. To our knowledge this is the first direct measurement of the de Broglie wave phase shift
caused by atom-surface interactions. The magnitude of the phase shift is in agreement with that predicted
by Lifshitz theory for a nonretarded van der Waals interaction. This experiment also demonstrates that
atom waves can retain their coherence even when atom-surface distances are as small as 10 nm.

DOI: 10.1103/PhysRevLett.95.133201 PACS numbers: 34.50.Dy, 03.75.Dg, 34.20.Cf, 42.30.Kq

The generally accepted picture of the electromagnetic
vacuum suggests that there is no such thing as empty space.
Quantum electrodynamics tells us that even in the absence
of any free charges or radiation the vacuum is actually
permeated by fluctuating electromagnetic fields. An im-
portant physical consequence of this view is that the fluc-
tuating fields can polarize atoms resulting in a long range
attractive force between electrically neutral matter: the
van der Waals (vdW) interaction [1]. This microscopic
force is believed to be responsible for the cohesion of
nonpolar liquids, the latent heat of many materials, and
deviations from the ideal gas law. The polarized atoms can
also interact with their electrical image in a surface, result-
ing in an atom-surface vdW force [2]. For example, nearby
surfaces can distort the radial symmetry of carbon nano-
tubes [3] and deflect the probes of atomic force micro-
scopes [4]. Atom-surface interactions can also be a source
of quantum decoherence or uncontrolled phase shifts,
which are important considerations when building practi-
cal atom interferometers on a chip [5]. For the case of an
atom near a surface the vdW potential takes the form
V�r� � �C3r

�3, where C3 describes the strength of the
interaction and r is the atom-surface distance [1]. This
form of the vdW potential is valid in the limit of atom-
surface distances smaller than the principle transition
wavelength of the atoms, typically &1 �m.

Previous experiments have shown how atom-surface
interactions affect the intensity of atom waves transmitted
through cavities [6], diffracted from material gratings
[7,8], and reflected from surfaces [9]. However, as we shall
see, none of these experiments provide a complete charac-
terization of how atom-surface interactions alter the phase

of atom waves. In order to monitor the phase of an atom
wave, one must have access to the wave function itself ( ),
not just the probability density for atoms (j j2). In this
Letter an atom interferometer is used to directly observe
how atom-surface interactions affect the phase of atom
waves, as proposed in [10]. This observation is significant
because it offers a new measurement technique for the

vdW potential and is of practical interest when designing
atom optics components on a chip [11,12].

When an atom wave propagates through a cavity, it
accumulates a spatially varying phase due to its interaction
with the cavity walls, given by the WKB approximation

���� � �o � ����� � �
lV���

@v
; (1)

where � is the position in the cavity, l is the interaction
length, V��� is the atom-surface potential within the cavity,
@ is Planck’s constant, and v is the particle velocity [8].
Equation (1) also separates the induced phase ���� into
constant �o and spatially varying ����� parts. A plot of
the phase ���� from Eq. (1) is shown in Fig. 1 for the
cavity geometry and vdW interaction strength in our ex-
periment. If these cavities have a width w and are oriented
in an array with spacing d, then the atom wave in the far
field will have spatially separated components (diffraction
orders) with complex amplitudes
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FIG. 1. Accumulated phase ���� of an atom wave as a func-
tion of cavity position � due to a vdW interaction with C3 �
3 meV nm3. The atom wave has propagated through a 150 nm
long cavity at a velocity of 2 km=s. The gray rectangles indicate
the location of the cavity walls which are 50 nm apart. Notice
how there is a nonzero constant phase offset �o � 0:05 rad.
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 n � Ane
i�n � ei�o

Z w=2

�w=2
ei�����ei2��n=dd�; (2)

where An and �n are real numbers, and n is the diffraction
order number [8]. For n � 0 the second exponential in the
integrand is unity, and to leading order in ����, �0 �
h����i is the average phase over the grating window.
Experiments which measure the intensity of atom waves
(e.g., atom wave diffraction) are only sensitive to j nj

2 �
jAnj

2, which is in part influenced by �����. However, it is
clear from Eq. (2) that j nj

2 reveals no information about
�o or �n. We have determined A0 and �0 by placing this
array of cavities (grating) in one arm of an atom interfer-
ometer. This new technique is sensitive to the entire phase
shift ���� induced by an atom-surface interaction, includ-
ing the constant offset �o.

The experimental setup for using an atom interferometer
to measure the phase shift �0 induced by atom-surface
interactions is shown in Fig. 2. The atom interferometer
used is similar to the type described in [13] and described
here briefly. A beam of Na atoms traveling at v � 2 km=s

(�dB � 0:08 �A) is generated from an oven, and a position
state of the atom wave is selected by two 10 �m collima-
tion slits spaced 1 m apart. A Mach-Zehnder–type inter-
ferometer is formed using the zeroth and first order
diffracted beams from three 100 nm period silicon nitride
gratings [14]. The three gratings G1; G2; G3 are spaced 1 m
from each other and produce a first order diffraction angle
of about 80 �rad for 2 km=s sodium atoms. The grating
G1 creates a superposition of position states j�i and j�i
which propagate along separated paths � and �, respec-
tively. The states are then recombined using gratingG2 and

form a spatial interference pattern I�x�, with a 100 nm
period, at the plane of G3. The phase and contrast of the
interference pattern are measured by scanning G3 in the x
direction with a piezoelectric stage and counting the trans-
mitted atoms with a detector. The detector ionizes the
transmitted atoms with a 60 �m diameter hot Re wire,
and then counts the ions with a channel electron multiplier.
A copropagating laser interferometer (not shown in Fig. 2)
was used to monitor the positions of G1; G2; G3 and to
compensate for mechanical vibrations. Since the optical
interference fringe period is � � 3 �m, relative uncer-
tainty in the optical interferometer output intensity of
�I=I � 2��x=� � 1=1000 permits nanometer resolution
in the position of G3.

When grating G4 is inserted into the interferometer path
�, the interference pattern I�x� shifts in space along the
positive x direction. This can be understood by recalling
de Broglie’s relation �dB � h=p [15]. The atoms are sped
up by the attractive vdW interaction between the Na atoms
and the walls of grating G4. This causes �dB to be smaller
in the region of G4, compressing the atom wave phase
fronts and retarding the phase of beam j�i as it propagates
along path �. One could also say that G4 effectively
increases the optical path length of path �. At G3 the
beams j�i and j�i then have a relative phase between
them leading to the state

j	i � A0e
i�0 j�i � eikgxj�i; (3)

where kg � 2�=d is the grating wave number and d is the

grating period. The diffraction amplitude A0 reflects the
fact that beam j�i is also attenuated by G4. The state j	i in
Eq. (3) leads to an interference pattern which is shifted in
space by an amount that depends on �0:

I�x� � h	j	i / 1� C cos�kgx��0�; (4)

whereC is the contrast of the interference pattern. Inserting
G4 into path � will result in the same form of the interfer-
ence pattern in Eq. (4), but with a phase shift of the
opposite sign (i.e., �0 ! ��0).

Grating G4 is an array of cavities 50 nm wide and
150 nm long which cause a potential well for the Na atoms
due to the vdW interaction. Atoms transmitted through G4

must pass within 25 nm of the silicon nitride cavity walls
since the open slots of the grating are 50 nm wide. At this
atom-surface distance the depth of the potential well is
about 4	 10�7 eV. Therefore, as the atoms enter the
grating they are accelerated by the vdW interaction from
2000 m=s to at least 2000:001 m=s (depending on �) and
decelerated back to 2000 m=s as they leave the grating.
This small change in velocity is enough to cause a phase
shift of �0 � 0:3 rad according to Eqs. (1) and (2), which
corresponds to a 5 nm displacement of the interference
pattern in the far field. It is quite remarkable to note that the
acceleration and deceleration happens over a time period
of 75 ps, implying that the atoms experience an accelera-

atom

beam

G1 G2 G3

G4

x

I(x)
detector

eikgx

A0eiΦ0

eikgx|α>

|β>

|α>

|β>

1 m 1 m

FIG. 2. Experimental setup for vdW induced phase measure-
ment. A Mach-Zhender atom interferometer with paths � and �
is formed using the zeroth and first order diffracted beams of
gratings G1 and G2 which have a period of 100 nm. The atom
wave interference pattern I�x� is read out using grating G3 as an
amplitude mask. The phase fronts (groups of parallel lines)
passing through grating G4 are compressed due to the attractive
vdW interaction, resulting in a phase shift �0 of beam j�i
relative to j�i. This causes the interference pattern I�x� to shift
in space at the plane defined by G3.
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tion of at least 106 g while passing through the grating.
Therefore, the vdW interaction is one of the most important
forces at the nanometer length scale.

The experiment consists of measuring shifts in the po-
sition of the interference pattern I�x� when G4 is moved in
and out of the interferometer paths. The interference data
are shown in Fig. 3. When G4 is placed in path � the
fringes shift in the positive x direction, whereas placing G4

in path � causes a shift in the negative x direction.
Therefore the absolute sign of the phase shift is consistent
with an attractive force between the Na atoms and the walls
of grating G4. It is also observed that although the Na
atoms are passing within 25 nm of the grating the atom
waves retain their wavelike behavior (coherence), as evi-
dent by the nonzero contrast of the interference fringes.

The atom interferometer had a linear background phase
drift of approximately 2� rad=h and nonlinear excursions
of�1 rad over a period of 10 min, which were attributed to
thermally induced position drift of the interferometer grat-
ings G1; G2; G3 and phase instability of the vibration com-
pensating laser interferometer. The data were taken by
alternating between test (G4 in path � or �) and control
(G4 out of the interferometer) conditions with a period of
50 s, so that the background phase drift was nearly linear
between data collection cycles. A fifth order polynomial
was fit to the phase time series for the control cases and
then subtracted from the test and control data. All of the
interference data were corrected in this way.

Grating G4 had to be prepared so that it was possible to
obscure the test arm of the interferometer while leaving the
reference arm unaffected. The grating is surrounded by a
silicon frame, making it necessary to perforate G4. A
scanning electron microscope image of G4 after it has
been perforated can be found in [16]. The grating bars
themselves are stabilized by 1 �m period support bars
running along the direction of kg as described in [13,14].

The grating naturally fractured along these support struc-
tures after applying pressure with a drawn glass capillary
tube. Using this preparation technique, G4 had a transition
from intact grating to gap over a distance of about 3 �m,
easily fitting inside our interferometer, which has a path
separation of about 80 �m for atoms traveling at 2 km=s.

Because of the preparation technique, G4 was inserted
into the test arm with kg orthogonal to the plane of the

interferometer. This causes diffraction of the test arm out
of the plane of the interferometer, in addition to the zeroth
order. However, the diffracted beams have an additional
path length of approximately 2 nm due to geometry. Since
our atom beam source has a coherence length of
�v=
v��dB � 0:1 nm, the interference caused by the dif-
fracted beams will have negligible contrast. Therefore, the
zeroth order of G4 will be the only significant contribution
to the interference signal.

In principle, the amount of phase shift �0 induced by the
vdW interaction should depend on how long the atom
spends near the surface of the grating bars. Therefore the
observed phase shift produced by placing G4 in one of the
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FIG. 3. Interference pattern observed when the grating G4 is
inserted into path � or � of the atom interferometer. Each
interference pattern represents 5 s of data. The intensity error
bars are arrived at by assuming Poisson statistics for the number
of detected atoms. The dashed line in the plots is a visual aid to
help illustrate the measured phase shift of 0.3 rad. Notice how
the phase shift induced by placing G4 in path � or � has opposite
sign. The sign of the phase shift is also consistent with the atom
experiencing an attractive potential as it passes through G4.
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FIG. 4. Phase shift �0 induced by grating G4 for various atom
beam velocities. The phase shift data have been corrected for
systematic offsets (�30%) caused by the interference of other
diffraction orders and beam overlap in the atom interferometer,
and the error bars reflect the uncertainty in the systematic
parameters. The solid line is a prediction of the induced phase
shift for vdW coefficient C3 � 3 meV nm3, grating thickness
150 nm, and grating open fraction 0.5. The data agree in
magnitude with the prediction and reproduce the slight trend
of decreasing phase shift with increasing velocity.
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interferometer paths should depend on the atom beam
velocity in the way described by Eqs. (1) and (2). To test
this prediction the experiment illustrated in Fig. 3 was
repeated for several different atom beam velocities and
the data are shown in Fig. 4. Systematic phase offsets of
�30% caused by the overlap of the beams j�i and j�i and
the detected interference of additional diffraction orders
generated by G1; G2; G3 in the atom interferometer (not
shown in Fig. 2) have been corrected for in Fig. 4.
Uncertainty in the extent of beam overlap and amount of
signal from additional diffraction orders led to the uncer-
tainty of the phase measurements in Fig. 4. A more de-
tailed discussion of systematic effects can be found in [16].
The measured phase shift compares well to a prediction
of the phase shift �0 for the zeroth order of grating G4

which includes the vdW interaction. The value of C3 �
3 meV nm3 used to generate the theoretical prediction in
Fig. 4 is consistent with Lifshitz theory and previous
measurements based on diffraction experiments [8]. It is
important to note that if there was no interaction between
the atom and the grating there would be zero observed
phase shift.

The confirmation of atom-surface induced phase shifts
presented here can be extrapolated to the case of atoms
guided on a chip. Atoms traveling at 1 m=s over a distance
of 1 cm will have an interaction time of 0.01 s. According
to Eq. (1), if these atoms are 0:1 �m from the surface they
will acquire a phase shift of 5	 104 rad due to the vdW
interaction. Similarly, if the atoms are 0:5 �m from the
surface they will have a phase shift of 4	 102 rad. There-
fore, a cloud of atoms 0:1 �m from a surface will have a
rapidly varying phase profile which could severely reduce
the contrast of an interference signal. At some atom-
surface distance the vdW interaction will significantly alter
atom-chip trapping potentials, resulting in the loss of
trapped atoms. Atom-chip magnetic traps are harmonic
near their center and can have a trap frequency of ! �
2�	 200 kHz [12]. Given the vdW interaction we have
observed, such a magnetic trap would have no bound states
for Na atoms if its center was closer than 220 nm from a
surface. Therefore, the vdW interaction places a limit on
the spatial scale of atom interferometers built on a chip
because bringing the atoms too close to a surface can result
in poor contrast and atom intensity.

In conclusion, the affect of atom-surface interactions on
the phase of a Na atom wave has been observed directly for
the first time. When the atom wave passes within 25 nm of
a surface for 75 ps it accumulates a phase shift of �0 �
0:3 rad consistent with an attractive vdW interaction. The
slight velocity dependence predicted for �0 by Eqs. (1) and

(2) is consistent with the data. This experiment has also
demonstrated the nonobvious result that atom waves can
retain their coherence when passing within 25 nm of a
surface. In the future, one could use this experiment to
make a more precise measurement of C3 at the 10% level if
the interference of unwanted diffraction orders are elimi-
nated and the window size w of G4 is determined with a
precision of 3%. This level of precision in measuring w is
possible with existing scanning electron microscopes.

This work was supported by Research Corporation and
the National Science Foundation Grant No. 0354947.
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Appendix I

PAPER: MEASUREMENT OF ATOMIC

DIFFRACTION PHASES INDUCED BY

MATERIAL GRATINGS

This appendix contains a preprint of a paper which is in press and has been recom-

mend for publication in Physical Review A. A preprint of the article can also be found

at [36]. More detail can be found in Ch. 6.
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Measurement of atomic diffraction phases induced by material gratings

John D. Perreault and Alexander D. Cronin
University of Arizona, Tucson, Arizona 85721

(Dated: November 1, 2005)

Atom-surface interactions can significantly modify the intensity and phase of atom de Broglie
waves diffracted by a silicon nitride grating. This affects the operation of a material grating as
a coherent beam splitter. The phase shift induced by diffraction is measured by comparing the
relative phases of serveral interfering paths in a Mach-Zehnder Na atom interferometer formed by
three material gratings. The values of the diffraction phases are consistent with a simple model
which includes a van der Waals atom-surface interaction between the Na atoms and the silicon
nitride grating bars.

PACS numbers: 03.75.Be, 03.75.Dg, 39.20.+q, 34.20.Cf

Keywords: atom interferometry, atom optics, van der Waals, atom-surface interactions

A coherent beam splitter is a useful component for con-
structing an atom interferometer [1]. The purpose of the
beam splitter is to generate a quantum superposition of
atom waves, propagating along two paths which can be
recombined to form an interference pattern. The con-
trast and phase of the interference pattern can then be
used to study interactions that affect the atoms differ-
ently in the two interferometer paths. However, atom
beam splitters formed using laser light [2–4] and mate-
rial grating structures [5] can create beams with differing
complex amplitudes. A familiar analogy of this in optics
occurs for light beam splitters formed using glass plates,
thin metal films, and multi-layer dielectric stacks which
all cause a phase shift between the reflected and trans-
mitted components [6]. These complex amplitudes are an
important concern when building an atom interferometer
since they affect the phase and contrast of the interfer-
ence pattern, and have been identified as a source of un-
certainty for atom interferometer gyroscopes [7]. Here we
present the first evidence of beam splitter induced phase
shifts in an atom interferometer based on material grat-
ings and a new method for measuring these phase shifts
for interferometers that utilize diffraction.

The van der Waals (vdw) atom-surface interaction [8]
plays a significant role in determining the intensity and
phase (diffraction phase) of atom waves split by a ma-
terial grating. Several atom-optics experiments have ob-
served how atom-surface interactions can affect the in-
tensity of atom waves [5, 9, 10]. By comparison, few ex-
periments have directly measured the diffraction phases
induced by atom-surface interactions [11]. In this Letter
the first and second order diffraction phases are measured
by comparing the phase difference between the various
interfering paths in a three grating Mach-Zehnder atom
interferometer.

The experimental setup used to measure the atomic
diffraction phases induced by a material grating is shown
in Fig. 1. A Mach-Zehnder atom interferometer, similar
to the one described in [12], is formed using zeroth and
first order diffraction from three 100 nm period silicon

FIG. 1: Diagram of experimental setup for measuring diffrac-
tion phases with an atom interferometer. Since the interfer-
ence pattern is read out using G3 as a mask, only the paths in-
dicated by the solid lines will lead to a significant interference
signal. The mismatch of the grating spacings ∆L ≡ L′′

− L′

and the diffraction phases Φn induced by G1 determine the
measured interference phases Φmn.

nitride gratings [13] which are denoted G1,G2,G3. These
gratings are nominally separated by 1 m. A collimated
supersonic Na atom beam is first diffracted by grating
G1, inducing a phase shift which depends on the diffrac-
tion order and will be described later. Each diffracted
beam then undergoes first order diffraction by G2 and
forms a spatial interference pattern just before G3. The
atoms transmitted through G3 are ionized by a 60 µm
wide hot Re wire and counted by a channel electron mul-
tiplier. Grating G3 is then scanned in the direction trans-
verse to the incident atom beam (x-axis) to determine the
phase of the interference pattern. While there are many
paths which can interfere at the plane of G3 only the
ones which involve first order diffraction by G2 (as in-
dicated in Fig. 1) will lead to a significant interference
signal because of velocity dispersion and the use of G3 as
a transmission mask. Since each relevant path through
G2 undergoes first order diffraction both paths acquire
the same diffraction phase, which means there is no net
phase shift induced by G2. In addition, grating G3 acts
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2

as a transmission mask so only the diffraction phases in-
duced by G1 will lead to a relative phase shift between
the interfering paths. In principle, the diffraction phases
can then be determined by comparing the phase of the
various interferometer outputs which can be measured
separately by moving the detector along the x-axis.

In practice there are two types of phase shifts that need
to be considered when predicting the relative phase of the
various interferometer outputs. One originates from the
diffraction phase induced by G1 and the other from a dis-
tance mismatch between the gratings G1,G2,G3, which is
denoted by ∆L ≡ L′′ − L′ in Fig. 1. In order to report
a measurement of the diffraction phases, expressions for
both of these phase shifts will be put forth.

From previous work it has been shown that atomic
diffraction from a material grating will create diffracted
beams with complex amplitudes ψn given by

ψn = AneiΦn ∝

∫ w/2

−w/2

eiφ(ξ)ei2πξn/ddξ, (1)

where An is the amplitude and Φn is the diffraction phase
for a given diffraction order n as derived in [5, 10, 11].
The variable ξ is the position measured from the center
of the grating window whose size is w and grating period
is d. The expression in Eqn. 1 is valid in the far-field
(Fraunhofer) diffraction regime and is appropriate for our
experimental setup as described in [5]. The phase φ(ξ)
represents the phase accumulated by the atom wave as
it propagates through the grating window, given by the
WKB approximation to leading order in V (ξ) as

φ(ξ) = −
lV (ξ)

~v
, (2)

where l is the thickness of the grating, ~ is Planck’s con-
stant and v is the atom beam velocity [5]. The atom-
surface interaction potential V (ξ) in Eqn. 2 is given by

V (ξ) = −C3

[
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where C3 is coefficient describing the strength of the vdW
interaction. This form of the vdW potential is valid for
atom-surface distances of . 1µm for Na atoms and ne-
glects the finite thickness of the grating bars [5, 8]. A
plot of diffraction phases and amplitudes are shown in
Fig. 2 as a function of C3.

There is also a phase shift between the interferome-
ter outputs induced by a distance mismatch of the grat-
ings G1,G2,G3 along the z-axis. The origin of this phase
shift can be understood by recalling that when two plane
waves interfere at an angle θ = λdBd−1, interference
fringes will be formed with intensity maxima along lines
with an angle θ/2 as described in [14]. In other words, a
spatial interference pattern of the form cos[kg(x− zθ/2)]
with wave number kg = 2π/d will be observed. If the
n = 0, 1 paths depicted in Fig. 1 are regarded as plane
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FIG. 2: Plots of the diffraction phases Φn and amplitudes An

as a function of the vdW coefficient C3 for diffraction orders
n = 0, 1, 2, 3 according to Eqn. 1. The grating parameters
w = 65 nm, l = 150 nm, d = 100 nm, and atom beam velocity
v = 2900 m/s were used to generate the curves.

waves interfering at an angle θ = λdBd−1 then by geom-
etry an effective phase shift

Φ∆L =
π∆LλdB

d2
, (4)

will be observed if there is a distance mismatch ∆L ≡
L′′ − L′ between the interferometer gratings. For two
general paths originating from the diffraction orders m, n
of G1 the effective phase shift induced by ∆L will be given
by (m+n)Φ∆L, since the fringe maxima are just rotated
by an angle (m + n)θ/2 with respect to the z-axis.

The expressions for the diffraction phase Φn (Eqn. 1)
and grating distance mismatch phase Φ∆L (Eqn. 4) can
then be used to specify the wave function |χmn〉 just be-
fore grating G3

|χmn〉 = eikgx|ψm〉 + ei(m+n)Φ∆L |ψn〉, (5)

for any two interfering paths involving the diffraction or-
ders m, n of grating G1. The wave functions |ψm〉 and
|ψn〉 describe the two atom beams corresponding to a
given interferometer output and accounts for the diffrac-
tion phases and amplitudes through the relations

〈ψn|ψn〉 ≡ |An|
2, (6)
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FIG. 3: Measured phase difference as a function of ∆L. The
variable ∆L01 is the grating distance mismatch required to
make the observed phase difference zero. The solid curve
contains no free parameters and is the phase difference implied
by Eqns. 4 and 9 for the independently measured velocity
v = 2900 m/s (λdB = 0.056 Å) and d = 100 nm.

and

〈ψn|ψm〉 ≡ A∗

nAmei(Φm−Φn), (7)

where Am, An and Φm,Φn are given by Eqn. 1. The
intensity can then be found in the usual way

Imn(x) ≡ 〈χmn|χmn〉

∝ 1 + Cmn cos(kgx + Φmn), (8)

where Cmn and Φmn are the observed contrast and phase
for a given interferometer output involving the diffraction
orders m, n as depicted in Fig. 1. The measured inter-
ferometer phase

Φmn ≡ (Φm − Φn) − (m + n)Φ∆L, (9)

can also be expressed in terms of the diffraction phases
Φn and grating mismatch phase shift Φ∆L. From Eqn. 9
it can be seen that Φmn = −Φ−m−n, as implied by the
symmetry of the interferometer.

Equations 8 and 9 can now be used to predict the phase
shift between the various interferometer outputs shown in
Fig 1. One noteworthy aspect of Eqn. 9 is the possibility
for Φmn to be made zero if the diffraction phase term
is cancelled by the appropriate choice of ∆L. To verify
this prediction the phase difference Φ−10 −Φ01 = −2Φ01

was measured as a function of ∆L and the results are
shown in Fig. 3. The atom beam velocity v = 2900
m/s (λdB = 0.056 Å) was measured independently by
observing the diffraction pattern generated by G1 when
the other gratings are removed. Equations 4 and 9 can
then be used to generate the solid curve in Fig. 3, since
the grating period is known to be d = 100 nm. The data
agree quite well with our theory considering that there
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FIG. 4: Measured contrast as a function of the grating dis-
tance mismatch ∆L. The solid line is a best fit using Eqn.
10, which led to the determination of ∆L01 = 218 ± 72 µm.

are no free parameters in the solid curve. At this point
∆L is known only up to some offset ∆L01 which can
be interpreted as the grating distance mismatch which
leads to the special case of Φ∆L = Φ0 − Φ1. However,
the value of ∆L01 will be determined next using another
independent measurement technique.

As ∆L is shifted further from zero the partial spatial
and temporal coherence of the atom beam causes the
measured interference contrast to decrease. This notion
is evident in the experimental data presented in Fig. 4,
which plots the observed interference contrast as a func-
tion of ∆L. This contrast peak can be used to determine
the offset ∆L01, which then specifies the value of Φ0−Φ1

through Eqns. 4 and 9. For our particular atom beam
setup spatial coherence was the dominant mechanism re-
sponsible for the contrast reduction.

The spatial coherence of the atom beam is determined
by the spatial extent of the atom beam source, and de-
scribes the correlation of different transverse points of the
wave function. When ∆L = 1 mm there is about 60 nm
of shear (i.e. transverse displacement) between the two
interfering beams, since θ = λdBd−1 ≈ 60 µrad. As a
result the contrast will be reduced because the regions of
overlap for the two interfering wave functions will be less
correlated when there is nonzero shear. The van Cittert-
Zernike theorem states that the contrast will be reduced
in a way that is related to the spatial Fourier transform
of the atom beam source profile [6]. If the source inten-
sity distribution is assumed to be w−1

c rect(xw−1
c ) then

the contrast will be reduced according to

C = Co

∣

∣

∣

∣

sinc

(

wcs

λdBzc

)∣

∣

∣

∣

= Co

∣

∣

∣

∣

sinc

(

wc∆L

dzc

)∣

∣

∣

∣

, (10)

where wc is collimation slit width, zc is distance from
the collimation slit to G3, and s = ∆Lθ is the amount
of induced shear. Equation 10 is similar to one found
in [15] derived using a different method. The best fit
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FIG. 5: Measured contrast, phase, and average intensity as a
function of detector position. From the contrast profile one
can clearly make out the different interferometer outputs as
indicated in Fig. 1. The grating distance mismatch ∆L was
chosen so that Φ01 = −Φ−10 ≈ 0.

to the data in Fig. 4 using Eqn. 10 yielded a value of
∆L01 = 218± 72 µm. Since d = 100 nm and zc = 2.8 m,
a best fit value of wc = 81 µm was found to be consistent
with the data, according to Eqn. 10.

Given the data in Figs. 3 and 4 the best fit value of
∆L01 implies that Φ0 − Φ1 = 0.39 ± 0.13 rad, according
to Eqn. 4. The diffraction phase Φ0 = 0.30 ± 0.15 rad
was measured recently in [11], which yields the first order
diffraction phase Φ1 = −0.09 ± 0.20 rad. This value for
Φ1 is consistent with the value predicted by Eqn. 1, as
summarized in Table I.

By moving the detector so that it intercepts the differ-
ent interferometer outputs indicated in Fig. 1 the higher
order diffraction phases can be determined. The mea-
sured contrast, phase, and intensity is shown in Fig. 5 as
a function of detector position. From Fig. 5 the phase
Φ12 = 0.4± 0.2 rad can be determined. Equation 9 then
implies that Φ1 − Φ2 = 1.57 rad, which finally leads to
Φ2 = −1.66± 0.48 rad. This value compares well to that
predicted by Eqn. 1, as shown in Table I.

In conclusion the atomic diffraction phases Φn in-

TABLE I: Measured and calculated values of Φn

n Measured Φn [rad] Predictedb Φn [rad]

0 0.30 ± 0.15a 0.16

1 −0.09 ± 0.20 0.02

2 −1.66 ± 0.48 −1.71

aThis value was measured in [11].
bValues are calculated with Eqn. 1 and C3 = 2.7 meV nm3

for Na atoms and a silicon nitride surface [5].

duced by a material grating structure have been mea-
sured for n = 0, 1, 2. This was accomplished by com-
paring the relative phases of the various outputs of a
three-grating Mach-Zehnder atom interferometer. These
measurements agree with a simple model that includes
a vdW atom-surface interaction between the Na atom
beam and the silicon nitride grating. In the future, one
could simultaneously monitor Φ01 and Φ−10 with two de-
tectors, while applying some interaction to say the n = 1
arm. One could then perform self-referencing phase mea-
surements with the interferometer, eliminating the need
to take control data in a serial fashion. In this type of
application knowledge of the diffraction phases observed
here would be required.
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