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ABSTRACT

This dissertation describes new measurements of the van der Waals (vdW) potential

energy for atoms near a surface. The measurements presented here were accom-

plished by studying diffraction a beam of atoms transmitted through a nanograting.

I will describe how we improved precision by a factor of 10 over previous diffraction

measurements by studying how different types of atoms interact with the same sur-

face. As a result of this new precision, we were able to show for the first time the

contribution of atomic core electrons to the atom-surface potential, and experimen-

tally test different atomic structure calculation methods.

In addition, this dissertation will describe how changing the width of the grating

bars to achieve a particular “magic” grating bar width or rotating a grating to a

particular “magic” angle allows us to determine both the atom-surface potential

strength and the geometry of the grating. This represents an improvement over sev-

eral recent studies where uncertainties in the nanograting geometry limited precision

in the measurements of the vdW potential.

For a complementary measurement, also discussed in this dissertation, we col-

laborated with the Vigué group in Toulouse, France. In this collaboration we used

an atom interferometer to measure the phase shift due to transmission through a

nanograting. By combining diffraction data from Tucson with interferometry data

from Toulouse we improved the precision of interferometry measurements of the

atom-surface potential of a single atomic species by almost a factor of 10 over pre-

vious interferometric measurements of the vdW potential. These interferometry

measurements also serve to measure the shape of the vdW potential and set a limit

on non-Newtonian gravitational interactions at 1-2 nm length scales.

Finally, this dissertation will discuss how nanogratings with optimized geometry

can improve atom interferometers, for example, with blazed gratings. We discuss

next generation atom-surface potential measurements and examine new ways of
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analyzing diffraction data.
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CHAPTER 1

OVERVIEW OF THE FIELD

1.1 Introduction

The van der Waals (vdW) force arises due to the subtle interplay between parti-

cles and the quantum vacuum. Because of this, measurements of the vdW force

(or vdW potential) give us an opportunity to better understand quantum vacuum

fluctuations, which are a fundamental aspect of nature.

Quantum mechanics tells us that the vacuum, i.e., a space devoid of particles,

is not empty: the vacuum has an energy. There are, however, only a few cases

where this vacuum energy manifests itself as a measurable effect. The van der

Waals potential is one such effect. In the presence of polarizable particles, such

as atoms, the vacuum energy depends on the separation between particles; this

distance-dependent vacuum energy is the van der Waals potential.

The vdW potential becomes more significant as the distance between objects

decreases. Indeed, at micrometer length scales it becomes the dominant interaction

between neutral particles. For this reason the vdW potential is both omnipresent

and elusive: on a scale greater than a few micro-meters the potential is very weak and

therefore hard to detect, yet, in the microscopic world, the vdW force is everywhere.

In fact, the vdW potential may be a limiting factor in our ability to construct

microscopic robots.

The focus of this dissertation is the interaction between atoms and surfaces, in

particular, making very precise measurements of the potential of an atom near a

surface. I will describe new techniques that I implemented to improve precision by a

factor of 10 over previous measurements. The approach that had the biggest impact

on the precision of my measurements was to study multiple species of atoms inter-

acting with the same surface. As a part of this approach, I developed a theoretical

analysis of atom-surface potential strengths, with particular emphasis on the ratio



12

of potentials for two different types of atoms interacting with the exact same sur-

face. The higher precision that we obtained enabled us to detect the contribution of

atomic core electrons (as opposed to just the valence electrons) to the atom-surface

potential.

The electrons in an atom are arranged in multiple shells; the electrons in the

outermost shell, the valence electrons, determine the majority of atomic properties.

The valence electrons determine which chemical reactions may occur and how atoms

interact with most optical and static electromagnetic fields. Indeed, in the periodic

table of elements, atoms are arranged according to their number of valence electrons.

Digging deeper, we find that the electrons beneath the valence shell, the core

electrons, become important. Core electrons, of course, influence the properties of

the valence electrons but the detailed dynamics of these core electrons are often

ignored. The contribution of core electrons becomes more apparent in experiments

where high precision is available, for example, in atomic clocks or studies with ultra

cold atoms. Here I will present measurements that show the impact of core electrons

on atom-surface potentials.

Explaining our experimental findings requires a detailed understanding of the

role of core electrons in the atom. The measurements reported here constitute the

first experimental detection of the contribution of atomic core electrons to atom-

surface potentials. We demonstrated for the first time that atom-surface potential

measurements can be used as benchmarks to improve atomic theory calculations.

These benchmarks can be used to improve the theory needed to make more precise

atomic clocks and design novel experiments with ultra cold atoms and Bose-Einstein

condensates.

To measure the vdW potential we made use of another major concept from

quantum mechanics: the fact that atoms can behave as both particles and waves.

Because of this we can draw many parallels between light optics and atom optics,

and atoms exhibit phenomena we are familiar with from experience with sound

waves and light waves. Such wave phenomena include resonance, diffraction and

interference.
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The experiments in this dissertation were performed using a beam of atoms

incident on a nanograting. This nanograting, a series of regularly spaced silicon

nitride bars, diffracts the beam into a set of several beams propagating in different

directions (see Fig. 2.1). The vdW potential between the atoms and the grating

bars acts as an index of refraction for atom waves; this affects the intensities of the

diffracted beams. By carefully studying the intensity of these diffraction orders as

a function of the velocity of the atoms, we can learn how the atoms interact with

the grating surface.

One can immediately see the challenge in this experiment: in the absence of the

surface (i.e., the grating) there is no diffraction; yet in the presence of the grating

the vdW potential is always there. This means we cannot first measure diffraction

without the vdW potential to characterize the grating geometry and then turn on

the vdW potential to see how the diffraction pattern changes.

This is a problem because we have to know the width of the grating bars in

order to measure the vdW potential. Conversely, measuring the width of the grating

bars using atom diffraction is difficult because the vdW potential can make the bars

appear to be a little wider than they are, i.e., measurements of the bar width (w) are

highly correlated with measurements of the vdW potential strength (C3). Indeed,

this correlation has become a standard homework problem in a textbook on atomic

physics [1].

This dissertation will show two ways to circumvent the need to know the width

of the grating bars. First, we measured ratios of potential strengths by diffract-

ing multiple species of atoms. The analysis of ratio measurements is enormously

simplified by the fact that the shape of the grating and even the shape of the po-

tential need not be known. These ratios are insensitive to surface properties such as

roughness and contamination that have complicated comparison between previous

experiments and theory.

In addition to studying ratios, I will discuss several measurements of the ab-

solute value of the potential strength as well as the dependence of the potential

on the atom-surface separation. This dissertation will describe how to measure C3
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by rotating a grating to a particular “magic” angle or changing the width of the

grating bars to achieve a particular “magic” grating bar width. For these special ge-

ometries, the correlation between the grating window width and the vdW potential

strength vanishes. These measurements of C3 were used to demonstrate the effect

of a thin metal coating on the grating surface. In addition, this technique allows us

to determine the (cross-sectional) shape of the grating bars.

Measurements of the grating geometry, obtained using the magic angle method,

can be used in other experiments. In collaboration with the Vigué group in Toulouse,

France, we measured the phase shift due to transmission through a nanograting

using an atom interferometer. By combining diffraction intensity measurements (to

determine the geometry of the grating) with the interferometric measurements of

the diffraction phase, we were able to determine the dependence of the potential

on the atom-surface separation and set a limit on the magnitude of non-Newtonian

gravity at short length scales.

1.2 Historic Background

1.2.1 History of the Van der Waals Potential

The van der Waals (vdW) potential differs from other electromagnetic interactions

in that it is a quantum mechanical phenomenon without a classical analogue1. How-

ever, it was discovered experimentally before quantum mechanics was developed.

The van der Waals potential was first proposed by J. D. van der Waals, as

a modification of the ideal gas law in 1873. Since quantum mechanics had not

yet been invented, the underlying mechanism of this potential remained a mystery

for some time. Qualitative understanding of the strength and shape of the forces

between atoms was obtained by studying the temperature dependence of viscosity

1In some texts the term “van der Waals potential” is used to refer to all dipole-dipole inter-

actions, including the force between two permanent dipoles, and the force between a permanent

dipole and its image dipole. In this dissertation we will use the term “van der Waals potential” to

refer exclusively to the interaction between two un-polarized objects.
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and the equation of state of gasses [2, 3]. However, it was not until the 1930s that F.

W. London provided a quantum mechanical model for the vdW potential between

polarizable particles [4, 5].

London realized that “If one were to take an instantaneous photograph of a

molecule at any time, one would find various configurations of nuclei and electrons,

showing in general dipole moments. [...] These very quickly varying dipoles, repre-

sented by the zero-point motion of a molecule, produce an electric field and act upon

the polarisability of the other molecule and produce there induced dipoles, which are

in phase and in interaction with the instantaneous dipoles producing them.” [5].

In other words, the zero-point motion of electrons in a molecule is affected by

the presence of nearby polarizable objects. This realization lead London to propose

the now well established formula V ∝ r−6 for the potential (V ) between two atoms,

where r is the separation between the atoms.

The semiclassical method of London, treating the atoms quantum mechanically

and the electric fields classically, gives the correct potential at short distances,

where the finite speed of light can be ignored (non-retarded regime). However,

Casimir and Polder showed that at larger distances, the semiclassical model no

longer yields the correct potential, and the electromagnetic field must be treated

quantum-mechanically as well [6–8]. Using quantum mechanics to describe the elec-

tromagnetic field gives the correct interatomic potential in both retarded and non-

retarded regimes. For this reason the current consensus is that the vdW potential

arises due to quantization of the electromagnetic field.

It was not long after London had explained the vdW potential between two

atoms that his model was extended to describe the potential between an atom and a

surface. Already in the 1930s, two complementary descriptions for the atom-surface

potential arose: one point of view was that the atom-surface potential was due to the

interaction of the fluctuating instantaneous dipole of the atom with its image dipole

in the surface [9], another view was to see the atom-surface potential as the sum of

interactions between the free atom and each of the atoms constituting the surface

[10]. The latter, also known as the pairwise interaction (PWI) approximation, is
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valid in the limit of dilute media and will be referred to throughout this dissertation.

The vdW potential between an atom and a surface was found to be

VvdW = −C3

r3
(1.1)

where C3 is the vdW potential strength and r is the distance between the atom and

the surface.

Treating atoms and molecules with multiple electrons (as well as surfaces con-

sisting of multiple interacting atoms) in terms of fluctuating dipoles quickly becomes

intractable. It is more convenient to treat atoms as polarizable point particles, and

a surface as a uniform dielectric medium. This formalism, developed by Lifshitz in

1957 [11], remains the standard today.

Lifshitz described the surface in highly simplified terms: perfectly flat and per-

fectly homogenous. Since then, the theory has been refined to include multilayered

surfaces [12], and curved surfaces [13]. However, real surfaces, which can exhibit

nonuniform contaminations as well as roughness, still pose a challenge and have

only been treated approximately [14]. This dissertation will discuss the effect of

surface imperfections and impurities and will demonstrate how ratio measurements

of atom-surface potentials are much less sensitive to these imperfections.

1.2.2 History of Atom Optics

The hypothesis that all particles exhibit both a corpuscular character and a wave

character was first proposed by Louis de Broglie in 1923. This hypothesis formed

the basis for modern quantum mechanics. The first experimental confirmations of

de Broglie’s hypothesis came in the form of diffraction of electrons from a nickel

crystal in 1927 [15] and diffraction of atoms from a LiF crystal in 1930 [16]. Since

then, the applications of atom optics have been numerous, for reviews of this lively

field of physics see [17–19].

Many well known phenomena in optics have been reproduced in atom optics.

Holograms for atoms have been created that can deposit atoms on a substrate in an
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arbitrary pattern [20–22], Fresnel zone-plates have been used to focus atom beams

[23], and periodic structures have been used to reflect and diffract atoms.

This dissertation will cover several experiments in atom optics. A major portion

of this dissertation uses atom diffraction from nanogratings to study atom-surface

interactions. Part of this dissertation will also discuss measurements of vdW poten-

tials using an atom interferometer.

Atom diffraction from a nano-fabricated periodic structure was first demon-

strated in the Pritchard group in 1988 [24, 25]. These material gratings have

been used to diffract electrons [26–28], many different atomic species [29, 30],

and molecules [31, 32], including large molecules like C60[33]. Nanogratings have

been used to detect atom-surface potentials [29] and to detect the existence of He2

molecules [34, 35] as well as the size of molecules and clusters in molecular beams

[36, 37].

Nanogratings have also been used extensively as beamsplitters for atom interfer-

ometers: a beam of atoms incident on a nanograting emerges as multiple diffracted

beams; two of these beams can be selected to form the two arms of an interferom-

eter. The first separated path atom interferometer was realized in the Pritchard

group, and used nano fabricated material gratings as beamsplitters [38, 39]. The

experiments in this dissertation, however, were conducted using standing waves of

light as beamsplitters [40–45]. I will discuss some of the advantages of light gratings

in Chapter 2.

Atom interferometers are celebrated for their precision and versatility; they have

been used to measure atomic polarizabilities [46–48], the index of refraction of dilute

gasses for matterwaves [49, 50], glory oscillations in atom-atom scattering [51, 52, 50]

and Newton’s gravitational constant [53]. In addition, atom interferometers have

been used to study geometric phases [54, 55] and decoherence due to gas and photon

scattering [56–59].

Next I will discuss how Atom Optics techniques have been used to measure

atom-surface interactions.
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1.3 Recent Experiments: Context for the Present Work

Several previous experimental techniques have been used to measure atom-surface

interactions. Different experiments are sensitive to the potential at different dis-

tances from the surface. The study of short-range (r < 1 nm) atom-surface inter-

actions is well developed; the detection of atom-surface bound states by inelastic

scattering experiments can give very accurate measurements [60]. However, inelas-

tic scattering experiments do not give a direct access to the potential for for larger

atom-surface separations (r > 1 nm).

At distances greater than 1 nm, the atom-surface potential has been observed by

studying deflection of atom beams [61, 62], studying transmission of atoms through a

narrow channel [63], observing a change in spontaneous emission rates of atoms near

a surface [64], and by measuring shifts in the optical transition energy of an atom

in a wedge shaped cavity [65, 66]. All these experiments operate in the retarded

regime of the atom-surface potential (r > 200 nm).

By studying center of mass oscillations of a Bose-Einstein condensate in a mag-

netic trap 5 µm from a surface, Harber et al. [67] were able to detect the temperature

dependence of the atom-surface potential.

A number of quantum reflection experiments have probed the atom-surface po-

tential over a large range of distances [68–75], and recent quantum reflection ex-

periments have begun to map the transition between the retarded Casimir-Polder

regime and the non-retarded van der Waals regime (r ∼ 100 nm) [75].

Experiments with nanogratings, such as reported in this dissertation, are sensi-

tive to the vdW potential at an atom-surface separation of about 5-10 nm. We will

see that measurements at this distance are ideally suited as benchmarks for atomic

theory calculations.

The first detection of the vdW potential between a beam of atoms and a

nanograting was achieved in 1999 by Grissenti et al. [29, 76]. By studying diffraction

of a beam of noble gas atoms from a 100 nm period silicon-nitride (SiNx) grating,

Grisenti et al. were able to report the vdW potential strength C3 for noble gas
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atoms interacting with the nanograting surface with 20% precision.

Measurements of the vdW potential using nanogratings were extended to alkali

atoms by Perreault et al. who measured C3 for Na with 20% precision [77, 30]. In

addition, Perreault et al. also measured the vdW potential by using a nanograting

as a phase shifting element in an atom interferometer to measure the phase of the

zero diffraction order as a function of atom velocity as well as the diffraction phase

of higher orders [78–80].

The work in this dissertation extends the experiments by Grisenti and Perreault.

The next chapter will discuss how we improved precision, enabling new applications

of atom-surface potential measurements, such as the use of C3 measurements as

benchmarks for atomic theory calculations.
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CHAPTER 2

PRESENT STUDY

Appendices A through I contain several papers that form the bulk of the work in

this dissertation. Section 2.2 will describe the experimental setup at the University

of Arizona1. Section 2.3 will briefly summarize each of the manuscripts contained

in the appendices. I will start by listing the main findings in this dissertation.

2.1 List of Findings

Building on the work of Perreault [30, 77–80] and Grisenti [29, 76, 81, 82], this dis-

sertation describes measurements of the vdW potential strength (C3) with improved

precision. Precision was improved by a factor of 5 in absolute measurements (com-

pared to Perreault et al. [30]) and a factor of 10 in ratio measurements (compared

to Grisenti et al. [29]). This improved precision enables new applications of atom-

surface potential measurements as benchmarks for atomic theory calculations. The

findings and achievements in this dissertation include:

• Measurements of C3 using atom diffraction from a nanograting with a “magic”

open fraction eliminated the correlation between C3 and the grating window

width.

• Measurements of C3 using “magic” angle of incidence eliminated the correla-

tion between C3 and the grating window width.

• Using the “magic” angle and “magic” open fraction techniques, reduced un-

certainty in measurements of C3 from 25% to 6%.

• A thin metal coating on a nanograting increases the experimentally determined

vdW interaction strength by 40%.

1Some of the experiments described in this dissertation were conducted in Toulouse, France;

those experiments are described in section 2.3.3.
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• We measured the ratio CK
3 /C

Na
3 with 2% uncertainty and both CRb

3 /CK
3 and

CLi
3 /CNa

3 with 4% uncertainty.

• Calculations of ratios of C3 are insensitive to surface permittivity.

• We showed how ratios of C3 can test atomic structure calculations, by com-

paring our data to several calculations.

• We helped design and interpret improved atom interferometry measurements

of C3.

• Measurements of the velocity dependence of phase shifts induced by nanograt-

ings can test the shape of the vdW potential.

• Interferometry measurements of C3 set competitive limits on parameters of

Yukawa-type modifications to non-Newtonian gravitation in the 1-2 nm dis-

tance range.

• We explored theoretically the effect of retardation on diffraction experiments.

• We demonstrated blazed atom diffraction from a nanograting.

2.2 Experimental Setup

The work described in this dissertation required several experimental innovations

to the atom beam source, the atom detector, and the way the grating and detector

positions are controlled.

2.2.1 Atom Beam Source

A beam of atoms is created by allowing a high pressure (∼35 PSI) inert gas to expand

through a 50 µm diameter aperture into a vacuum chamber. Collisional processes in

the resulting supersonic expansion provide the narrow velocity distribution that is

required to produce a diffraction pattern in which the individual diffraction orders

can be resolved.
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Figure 2.1: Schematic representation of the diffraction process.

This beam of inert gas atoms serves as a carrier for the atoms we want to study.

To create a beam of, for example, sodium atoms, a few grams of bulk sodium are

placed in an oven which is then heated to 500 ◦C. This results in a small partial

pressure of sodium mixed with the inert gas. As this gas mixture expands through

the 50 µm diameter nozzle, the sodium atoms acquire both the mean velocity and

the velocity distribution of the carrier gas. To prevent the nozzle from clogging, it

is heated to 100-200 ◦C above the reservoir temperature.

Atoms emerge from the nozzle over a wide range of angles. Two 10 micron

apertures, separated by 1 m, are placed in the beam line to create a well collimated

beam of atoms.

For the work in this dissertation beams of multiple different atomic species were

required. A new atom beam source was designed to facilitate changing between dif-

ferent species of atoms (see Fig. 2.2 and 2.3, Appendix J shows schematic drawings).

In the new design, the oven and nozzle assembly can be more easily disassembled

and more reproducibly located which facilitates replacement of the oven assembly
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Figure 2.2: Photograph of new atom beam source (heaters are not shown). Inset:
closeup of nozze aperture. See Appendix J for schematic drawings.

with other oven assemblies used for different species.

The new shape of the source allows for a custom made electrical heater encased

in high-temperature cement that can be moulded to the shape of the nozzle for

more efficient heating (see Fig. 2.3). Our home-made Ni-Cr heaters encapsulated

in cement2 can reach temperatures greater than 830 ◦C and have a failure rate of

about 2 per year which is lower than several commercial options we have also tried.

In addition, the heaters for the reservoir and the nozzle can be more easily replaced.

2.2.2 Detector

We detect atom flux using a Langmuir-Taylor detector. This detector uses a hot wire

made from a material with a high work function that can ionize atoms, provided

that the ionization potential of the atom is similar to or smaller than the work

function of the wire surface. The ions are subsequently accelerated into a channel

2OmegaBond 600
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Figure 2.3: A: Photograph of new atom beam nozzle and heaters. To load the
source, solid Li, Na, K, or Rb was placed into the reservoir tray; the tray can them
be inserted into the oven before attaching the oven to the gas inlet on the source
flange (see Fig. 2.2). B: Previous source design at University of Arizona. C: Source
design used at MIT.

electron multiplier3 where the impact of a single ion is amplified to a microscopically

detectable pulse of current.

The 50 - 75 µm diameter hot wire is mounted on a translation stage that can

move the wire transversely, perpendicular to the atom beam direction, so atom flux

can be detected as a function of position (see Fig. 2.4).

The efficiency of this detector depends sensitively on the work function of the

wire and the ionization potential of the atom [83–85]. The ionization energy is

different for each of the atomic species studied in this dissertation; lithium, having

the highest ionization energy, is the most difficult to detect.

A wire material with a higher work function has a higher ionization efficiency.

The work function of the hot wire can be increased by oxidizing the wire surface,

however, the presence of oxygen in the detector chamber also increases the detector

noise. Both rhenium and platinum wires were used in this dissertation. Platinum

3DeTech model 219 CEM in an Amptek MD501 preamplifier unit.
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Figure 2.4: A diffraction pattern formed by Na atoms traveling at 1000 m/s after
passing through a grating that was rotated by 5.6 degrees. The diffraction pattern
clearly shows a different intensity in the +1st and -1st orders.

has a higher work function than rhenium.

A large range of (sometimes conflicting) values for the work function (Φ) for Re

and Pt can be found in the literature [83, 84, 86–88]. The work function for the

purpose of emitting an electron from a surface is different from the work function for

the purpose of ionizing an adsorbed atom. For this reason, different methods report

different values. In addition, the temperature dependence of Φ is not a monotonic

function. Table 2.1 lists ionization probabilities calculated using the Langmuir-Saha

equation assuming a temperature of 1500 ◦C (see e.g. [85]).

In our experiments using lithium, we obtained the best signal to noise ratio using

a platinum wire while maintaining a small partial pressure (∼2e-7 Torr) of oxygen

in the detector chamber4.

4The wire was 99.9% Pt, 0.063 mm diameter. To heat the wire, a 250 mA current was made

to flow through the wire.
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Table 2.1: Surface ionization probabilities determined from the Langmuir-Saha
equation [85] using values for the work function found in [83]. Ionization potentials
(I.P.) for atoms are also listed.

Re Pt ReO2 PtO2

Φ = 5.2 eV Φ = 5.5 eV Φ = 6.0 eV Φ = 6.3 eV
Atom I.P. (eV) Ionization Probabilities

Li 5.39 0.10 0.54 0.98 1.00
Na 5.14 0.44 0.89 1.00 1.00
K 4.34 1.00 1.00 1.00 1.00
Rb 4.18 1.00 1.00 1.00 1.00
Cs 3.89 1.00 1.00 1.00 1.00
Mg 7.65 2.9e-09 3.0e-08 1.4e-06 1.5e-5
Ca 6.11 4.4e-04 4.4e-03 0.18 .68
Sr 5.69 0.01 0.10 0.85 .98
Ba 5.21 0.32 0.82 1.00 1.00
Yb 6.25 1.5e-04 1.5e-03 0.07 .42

2.2.3 Automated Diffraction Scans

The work in this dissertation, in particular the ratio measurements discussed in

section 2.3.1 and the rocking curves discussed in section 2.3.2, required hundreds

of diffraction patterns acquired under different conditions: different atom beam

velocities, different nanograting rotation angles, and different atomic species.

Acquiring this much data manually is impractical, therefore, a LabVIEW pro-

gram was written and combined with digital and analog electronics to allow a com-

puter to control the detector position as well as the nanograting rotation. Because

of this improvement, it was possible to take more data resulting in better statistical

precision. In addition, it keeps graduate students from going insane. For example,

one of the datasets shown in Appendix A Fig. 1 or in Appendix I Fig. 2, required

several hundred diffraction patterns that were acquired over the course of two hours

without human intervention.
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2.3 New Contributions in this Dissertation

2.3.1 Ratio Measurements and Core Electrons

Appendix A contains the manuscript “Atom Diffraction Reveals the Impact of

Atomic Core Electrons on Atom-Surface Potentials”, published in Physical Review

Letters in 2010. The main objective of the paper is to demonstrate that ratios of

atom-surface potential strengths are insensitive to surface permittivity and these

measurements can be used to test atomic theory.

Appendix B “Supplement to: Atom diffraction reveals the impact of atomic core

electrons on atom-surface potentials” details the method of analysis of the PRL

work.

Historically, it has been challenging to include a realistic description of the sur-

face in a model of atom-surface potentials. Perfectly flat, infinitely extending, per-

fectly conducting surfaces do not exist. Instead, the real surface, such as that of a

nanograting bar, may have a complicated shape and surface roughness. In addition

the permittivity of the surface [ε(iω)] may not be well known for all frequencies

(ω). For this reason, a direct comparison between C3 measurements and theoretical

predictions is difficult. Studying ratios of C3 for different atoms interacting with the

same surface reduces these systematic shifts.

Appendices A and B show that ratios of interaction strengths for Li, Na, K, and

Rb atoms interacting with a surface depend very weakly on the permittivity and

geometry of the surface, provided that the atoms interact with the same surface.

This allows us, for the first time, to use measurements of atom-surface interactions

to distinguish between atomic structure models. The ratios of C3 reported here

constitute the first experimental detection of the contribution of core electrons to

C3. The impact of core electrons is shown in Fig. 2.5.

Indeed, measurements of C3 can serve as an excellent benchmark for atomic

structure calculations because core electrons contribute more to C3 coefficients than

to C6 or the DC polarizability (α0). In Rb, for example, 3% of α0 is due to core

electrons and calculations of α0 have an uncertainty of 0.1%. By comparison, in vdW
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Figure 2.5: Experimentally determined ratios of potential strength relative to Na
(C3/C

Na
3 ). The solid line with slope of 1 and intercept of 0 is the prediction for a

single oscillator atom near a perfect conductor. The figure also shows results from a
many-body calculation for the atom [89] and a Tauc-Lorentz model for the surface
[82].

interactions between Rb and an ideal surface, 35% of C3 is due to core electrons and

calculations of C3 have an uncertainty of 1-2% [90, 91].

The reason why core electron contributions are larger in C3 than in C6 can

be seen by expressing both C3 and C6 as an integral over α(iω) [90]. For C6 the

integrand is quadratic in α, while for C3 the integrand is linear in α. Atomic core

electrons contribute to α(iω) at energies far above that of the principal transition.

Since α(iω) is small at these high frequencies the core electron contribution to C6

are dampened.

Calculations of atomic polarizability and van der Waals potential coefficients

(C6 and C3) are in demand for predicting pressure-induced shifts and temperature

induced shifts in atomic clock frequencies, scattering lengths in Bose-Einstein con-

densates, and binding energies for molecules [92–95]. Related calculations are also

needed to interpret atomic parity violation as a test of the standard model [96–98].

However, calculating these quantities is challenging because including core electrons,
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as opposed to considering only the valence electrons, requires modeling many-body

interactions in a quantum system with relativistic corrections. Fortunately, these

quantities (α0, C3, and C6) are interrelated and can each be expressed in terms of

dipole matrix elements. Therefore, measurements of any one of these quantities,

even for a few atomic species, can help test the calculation methods that are used

to predict all of these quantities for several different species.

Appendix C contains the manuscript titled “Can atom-surface potential mea-

surements test atomic structure models?”. This paper explores in detail the effect

of the surface on future ratio measurements of C3 and the utility of present and

future ratio measurements of C3 as tests of atomic structure calculations. Ratios

of C3 for alkali metals, alkaline earths, and noble gas atoms in ground as well as

metastable states are considered. We found that certain ratios are much less sen-

sitive to surface properties than others. For example, the ratio CK
3 /C

Na
3 shifts by

0.3% if the surface plasmon frequency changes by 50%; the ratio CNa
3 /CHe

3 shifts

by 20% if the plasmon frequency changes by 50%. The manuscript also shows that

measurements of the vdW potential in the non-retarded regime are more useful as

tests for atomic structure calculations than measurements in the retarded regime.

Appendix C also discusses the orientation dependence of the vdW potential for

molecules and atoms in metastable states. For Sr* as well as Na2, the difference

between C⊥
3 and C

‖
3 is large enough to be detected given the current level of exper-

imental precision.

2.3.2 Magic Open Fraction: Absolute measurements of C3

Appendix D contains the manuscript “Magic ratio of window width to grating period

for van der Waals potential measurements using material gratings”, published in

Physical Review A in 2009. The main objective of the paper is to demonstrate how

absolute measurements of C3 can be made more precisely by using a grating with a

particular ratio of window width to grating period (open fraction), or a particular

rotation angle.

Absolute measurements of C3, not just ratios, are needed to better understand
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the effect of surface properties on the vdW potential and may aid in the search for

non-Newtonian gravitational potentials (see also section 2.3.3).

The dominant source of uncertainty in C3 in previous diffraction experiments

was imprecise knowledge of the grating’s geometric parameters. Perreault et al.

[30] reported an uncertainty in C3 of 25% due to an uncertainty in the window

width (w) of only 1 nm (when w = 50 nm).

Perreault et al. determined w by SEM imaging; conventional imaging techniques

however cannot easily improve these measurements. SEM/ TEM imaging is hindered

by charging and image charge effects, while STM/AFM images show a convolution

of the sample with the unknown tip shape.

It was difficult to determine either C3 or w from a study of diffraction alone

because the effect of a small increase in C3 is usually very similar to the effect of

a small decrease in the window width. Appendix D explains the origin of this cor-

relation and will show how the correlation vanishes for certain “magic” values of

the open-fraction w/d. Gratings with this magic open-fraction enable us to deter-

mine both C3 and w independently from each other, thus eliminating the effect that

limited the precision of previous experiments.

We have experimentally found the magic open-fraction by repeatedly coating a

grating with metal until the desired wmagic was reached (see Fig. 2.6). In the study

of atom-surface interactions however, it is undesirable to contaminate the surface.

We therefore developed a similar method wherein the grating is rotated by an angle,

βm, to change the projected open-fraction such that the C3 - w correlation vanishes

(see Fig 2.7).

The improved precision allows us to detect a change in C3 due to a thin layer

of metal deposited on the grating. In addition, Appendix D discusses the effect of

edges on the atom-grating interaction.

The magic open-fraction/magic angle method can determine both C3 and the

geometric parameters of the grating. The next section will show how a grating whose

parameters were determined using the magic angle method was used to improve

atom interferometry measurements of vdW potentials.



31

��

��

��

��

��

��

��

��

��

��

w
 (

nm
)

�����

 C3 ( eV Å
3
 ) 

 G1 coated once 

 G1 coated twice 

 G1 coated thrice 

 G2 not coated 

 G2 coated once 

 G2 coated twice 

 G2 coated thrice

Figure 2.6: Contours of χ2 = χ2
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Figure 2.7: A schematic representation of the grating geometry. The grating bars
have a trapezoidal cross-section with a wedge angle α. The grating can be rotated
by an angle β around an axis parallel to the grating bars (y). The period of the
grating (d) is 100 nm. The width of the grating windows (w) varies for different
gratings between 40 and 70 nm. The thickness of the bars (t) is about 120 nm. w′

is the projected widow width.
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2.3.3 Interferometry Measurements

Appendix E contains the manuscript “Dispersive atom interferometry phase shifts

due to atom-surface interactions”, published in Europhysics Letters in 2009. The

manuscript was coauthored with the group of Jacques Vigué in Toulouse, France.

The main objective of the manuscript was to demonstrate that a nanograting can

be used as a phase shifting element in an atom interferometer that uses standing

waves of light as beamsplitters. The manuscript explains the advantages of using

standing waves of light instead of nanogratings as beamsplitters; we will return to

this point below.

With a separated beam atom interferometer [19], almost any type of perturba-

tion can be measured by transmitting one arm of the interferometer through an

interaction region while the reference arm propagates freely. The modulus and the

phase of the transmission amplitude can be determined from the interference sig-

nals. Here we describe an experiment where one arm of the interferometer passes

through a nanostructure. The resulting interaction depends on the atom-surface

van der Waals potential [78].

Earlier work by Perreault et al. [78] used an atom interferometer that utilised

material nanogratings as beamsplitters. The multiple diffracted beams produced

by the nanogratings formed multiple parallel interferometers which complicate the

interpretation of the experiment. The experiment described here uses laser standing

waves as beamsplitters. Because these light gratings operate in the Bragg regime,

they can be tuned to produce only two diffraction orders. The results are dramati-

cally easier to interpret so we were able to measure the surface-induced phase shift

with an uncertainty of 2%. Perreault et al. obtained an uncertainty of 50% in the

measured phase.

To determine C3 from this measured phase, independent measurements of grat-

ing’s geometric parameters (bar width, wedge angle, and thickness) were needed.

These parameters were obtained using the magic angle method described in the

previous section. Uncertainty in these geometric parameters caused an uncertainty



33

in C3 of 6%.

The velocity-dependent phase shifts of atoms transmitted through a nanograting

serve to measure both the strength and the position-dependence of the atom-surface

potential at a distance of 5 to 10 nm from the surface. These measurements show

that at these distances, the potential for Li is well described by a −C3/r
3 depen-

dence.

Appendix F contains the manuscript “Atom interferometry measurement of the

atom-surface van der Waals interaction”, published in Europhysics Journal D in

2011. The objective of the manuscript is to describe the EPL work in detail and to

show how both the modulus and the phase of the zeroth order diffraction amplitude

can be reported from a single experiment.

We used these data to measure the strength of the vdW potential at different

atom-surface separations and to set experimental limits on possible Yukawa-type

modification of Newtonian gravity at short length scales. In addition, we compared

the measured C3 parameter to theoretical predictions based on a formula due to

Lifshitz [11, 99]. We used the optical constants of the lithium atom and considered

a SiNx surface as well as a gold surface.

Using an approximate analytical model, Appendix F also discusses how to

measure atom-surface interactions in the Casimir-Polder regime using larger nano-

structures and slower atom beams.

2.3.4 Blazed Gratings

Appendix G contains the manuscript “Experimental demonstration of blazed nano-

gratings for atom optics”. The manuscript discusses the use of nanogratings as

beamsplitters in an atom interferometer. The objective of the manuscript is to

describe how one can improve the performance of the interferometer by carefully

choosing the open fractions and rotation angles of the gratings.

Material transmission gratings serve as coherent beam splitters for atom- and

electron-interferometers, offering great versatility in the type of particles used. In

addition, these gratings provide large dispersion angles owing to their small period,
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Figure 2.8: Induced phase vs. beam velocity v. The experimental data points have
been fitted by multiple models. The full line is a numerical model with the only free
parameter being the C3 coefficient, with a fitted value C3 = 3.25 meV.nm3. The
power law fit which follows a v−0.49 dependence is represented by a dotted curve
which is almost indistinguishable from the numerical fit. The numerical model has
also been fitted assuming a C2r

−2 and a C4r
−4 atom-surface potential and these

fits are very different: the dispersion of the phase shift with atom velocity appears
to be very sensitive to the shape of the atom-surface potential. Finally, we have
calculated the phase shift with our numerical model by adding to the VdW term
(with a reduced C3 value, C3 = 1.5 meV.nm3) a non-Newtonian gravity term with
α = 1027 and λ = 2 nm: in this case too, the dispersion is very different from the
experimental results.
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which makes them ideal for use in separated path interferometers. The drawback of

using material gratings is that they are absorptive and a significant fraction of flux

is lost to higher diffraction orders. Material gratings that enhance transmission into

the order(s) of interest (i.e., blazed gratings) therefore have the potential to increase

contrast and improve precision of interferometers based on material gratings.

Van der Waals and image-charge potentials can be used to create asymmetric

(i.e. blazed) diffraction patterns for atoms and electrons. This has been previously

demonstrated for atoms [77] and electrons [26, 27]. Previous proposals have sug-

gested making blazed material gratings by depositing electrodes onto the grating

bars to apply a tunable phase shift to the transmitted atoms or by using reflecting

nano-structures [25, 100]. Neither have thus far been realized for gratings, however

Fujita et al. have shown that it is possible to produce a transmission hologram for

atoms that incorporates an adjustable electric field to modify the far-field diffrac-

tion pattern [21]. The influence of particle-surface interactions on interferometer

fringe contrast has been explored for near-field interferometers featuring overlap-

ping paths [101], but Champenois et al. have noted that such effects need to be

studied in far-field interferometers with separated paths as well [102].

When designing a 3-nanograting Mach-Zehnder interferometer, the open frac-

tions and rotation angles of each of the three gratings affect the fringe contrast

of the interferometer. Appendix G discusses optimizing transmission into the first

order by rotating currently available gratings, and shows that this improves perfor-

mance of atom and electron interferometers. In addition, we show that ignoring the

effect of the vdW potential when choosing the open fractions of the three gratings

can reduce the fringe contrast by a factor of 2.

2.3.5 Deconstructing Diffraction Data

Interpretation of diffraction measurements up to now have relied heavily on models

of the interaction between atoms and a nano-grating that describe the atom-grating

potential in highly simplified terms. We already discussed in Appendix C that

the atom-surface potential may deviate from the retarded r−3 limit, even at short
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distances (r ∼ 10 nm). There is therefore a need to develop methods that interpret

measurements of diffraction from a nanograting in terms of a scattering potential

without placing a-priori restrictions on the functional form of that potential.

We did this in the case of ratio measurements by fitting the data with an empir-

ically found power law. Although this power law was statistically consistent with

the data, it does not exhibit the right physical behavior in limiting cases such as

very large or very small atom beam velocities.

Appendix I will discuss a new analysis method for diffraction data that allows us

to determine a model-independent near-field phase profile of the atom wave function

just beyond the grating. This near-field phase profile is independent of any model

of the grating that produced it. In addition, this method lets us fit diffraction data

in a general way while retaining the correct behavior that diffraction data should

exhibit at very high and very low velocities. This new method produces ratios of

C3 that are consistent with those previously found, but in better agreement with

theoretical predictions. This indicates that the ratios reported in Appendix A may

be subject to some uncertainty caused by the analysis method used. Both methods

of analysis support the claim that core electrons contribute to the vdW potential.
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CHAPTER 3

OUTLOOK

The great advantage of experiments using nanogratings is that they can be extended

to a number of atomic and molecular species. In the Cronin lab, nanogratings have

been used to diffract electrons, atoms, and molecules; and atom beams using new

species of atoms and molecules continue to be developed. In addition, measurements

of DC atomic polarizability using an atom interferometer built with nano-gratings

have been done, and are ongoing with a long list of atoms (See Table 3.1 and

Appendix H) with the goal to provide new benchmarks for atomic theory calculations

[48].

Table 3.1: Status of Atom Optics in the Cronin lab
The table shows the different types of particles that have been used to create atom
beams in the Cronin lab. The table also shows for which atoms we have resolved
diffraction, measured C3, measured α0 and measured time of flight (TOF). See
Appendix H for a discussion of ongoing work with nanogratings.

Beam Diffraction Interferometer C3 α0 TOF

Li
√ √ √

Na
√ √ √ √ √

K
√ √ √ √ √

Rb
√ √ √ √ √

Cs
√

He*
√ √ √

Ar*
√ √

Sr
√ √

Na2
√ √

Electrons
√ √ √ √†

† In the case of electrons, the image-charge potential was measured

The demonstration, in this dissertation, that ratio measurements of atom-surface

potentials can serve as benchmarks for atomic theory should encourage future vdW
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measurements. A few new experiments may be performed in the Cronin lab in the

foreseeable future. We showed in this dissertation that calculations of C3 ratios

are insensitive to surface properties, given a simplified model of the surface. It is

worth while to test experimentally that this is indeed true for real surfaces with

contaminations and surface roughness. One could, for example, measure a C3 ratio

for a clean silicon nitride grating, then coat the grating with a thin layer of metal

and measure C3 ratios again. The diffraction order intensities should change due to

the metal coating, though the measured ratios should remain the same.

The Cronin lab is in a unique position to extend ratio measurements of C3 to a

range of different atomic species. Appendix C already discusses future ratio mea-

surements for several atomic species where benchmarks for theoretical calculations

are needed to improve the precision of atomic clocks using, for example, Sr or Yb

atoms.

Related calculations were needed to interpret atomic parity violation (APV) in

Cs as a test for the standard model [96–98], and improved atomic theory calculations

are needed to interpret measurements of APV in Yb [103]. In addition, atomic

structure calculations are needed to interpret experimental limits on CP-violating

permanent atomic electric dipole moments (EDMs) as constraints on physics beyond

the standard model [104, 105].

We encourage the atomic theory community to calculate C3 for atoms and

molecules and to report ratios of these quantities. We showed that ratios of C3

are insensitive to surface properties provided that C3 is evaluated for a real surface

(i.e., gold or SiNx and not a perfect conductor). Because of this, we encourage the-

orists to use at least a simple physical model (e.g., Drude model) when computing

C3 values.

Unfortunately, the atoms for which measurements are in highest demand also

pose the largest experimental challenges: creating intense beams of, for example, Sr,

and efficiently detecting these atoms is difficult. Also, resolving diffraction orders

for Yb may be challenging due to the large mass of Yb. For this reason we should

also consider a wider application of diffraction measurements, for example, to study
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small molecules or to study different grating geometries.

The theory for the interaction between small molecules, such as methane and

benzene, as well as their interaction with a surface is subject to much larger un-

certainties than is the case for the alkali atoms [106–108]. Molecule-surface binding

energies as well as binding configurations affect surface chemistry, reaction rates,

and the operation of molecular transistors. For this reason, these molecules are at-

tractive candidates for future experiments. Future measurements of C3 for molecules

can offer a benchmark for density functional theory and other molecular physics the-

ories [109]. In addition, from an experimental point of view, making bright beams

of these molecules should be straightforward.

Recently developed gratings [110, 111] that are 100 times thicker than the grat-

ings used in this dissertation provide the exciting opportunity to study diffraction

beyond the Eikonal approximation [112]. This may lead to the observation of new

phenomena such as atom-surface potential induced glory oscillations. In addition,

these new grating geometries will allow us to study the atom-surface potential at

larger atom-surface separations and we may be able to observe the the transition

from the non-retarded van der Waals regime to the retarded Casimir-Polder regime.

A next generation of atom-surface potential measurements, proposed recently

[113], may use atomic clocks based on atoms trapped in an optical lattice near a

surface. For Sr atoms, the shift in the clock frequency due to the presence of the

surface (200 nm from the atoms) is 106 times larger than the Sr clock precision.

Yet, due to imperfect confinement of the atoms, the precision in atom-surface po-

tential measurements would be about 0.1%. This would yield measurements of the

vdW potential shape and temperature dependence with unprecedented precision.

However, these types of experiments are only sensitive to relative shift of the two

clock states, and therefore do not offer the same sensitivity to the contribution of

core electrons. Based on the work in this dissertation we can now see that these

future measurements may be strengthened if ratios for different atomic species were

studied to negate the effect of surface imperfections.

The better understanding of the atom-surface potential gained from the exper-
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iments described here will aid the development of novel miniaturized atom optics

experiments such as nanoscale traps for atoms just above a surface as well as atom

interferometers confined within waveguides on microchips [114–118]. In addition,

this work may help face future challenges in creating microscopic robots.
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We measured ratios of van der Waals potential coefficients (C3) for different atoms (Li, Na, K, and Rb)

interacting with the same surface by studying atom diffraction from a nanograting. These measurements

are a sensitive test of atomic structure calculations because C3 ratios are strongly influenced by core

electrons and only weakly influenced by the permittivity and geometry of the surface. Our measurement

uncertainty of 2% in the ratio CK
3 =C

Na
3 is close to the uncertainty of the best theoretical predictions, and

some of these predictions are inconsistent with our measurement.

DOI: 10.1103/PhysRevLett.105.233202 PACS numbers: 34.35.+a, 03.75.Be, 34.20.Cf

Calculations of atomic polarizability (�) and
van der Waals (vdW) potential coefficients (C6 and C3)
are in demand for predicting pressure-induced and black-
body shifts for atomic clocks, scattering lengths in Bose-
Einstein condensates, and binding energies for molecules
[1–4]. Related calculations are also needed to interpret
atomic parity violation as a test of the standard model
[5,6]. However, calculating these quantities is challenging
because including core electrons, as opposed to consider-
ing only the valence electrons, requires modeling many-
body interactions in a quantum system with relativistic
corrections. Fortunately, these quantities (�, C3, and C6)
are interrelated and can each be expressed in terms of
dipole matrix elements. Therefore, measurements of any
one of these quantities, even for a few atomic species, can
help test the calculation methods that are used to predict all
of these quantities for several different species.

Both dc polarizability (�0) and van der Waals atom-
atom potential coefficients (C6) have been used previously
as benchmarks for atomic theory calculations [6,7]. Until
now, however, it has been difficult to use vdWatom-surface
potential coefficients (C3) as a benchmark because of shifts
and uncertainties in C3 due to unknown properties of the
surface [8]. We have overcome this problem by studying
ratios of C3 for different atoms.

In this Letter, we show that ratios of interaction strengths
for Li, Na, K, and Rb atoms interacting with a surface
depend very weakly on the permittivity and geometry of
the surface, provided that the atoms interact with the same
surface. This allows us, for the first time, to use measure-
ments of atom-surface interactions to distinguish between
atomic structure models. The ratios of C3 reported here
constitute the first experimental detection of the contribu-
tion of core electrons to C3.

Indeed, measurements of C3 can serve as an excellent
benchmark for atomic structure calculations because core
electrons contribute more to C3 coefficients than to C6 or
�0 [9]. In Rb, for example, 3% of �0 is due to core
electrons and calculations of �0 have an uncertainty of
0.1%. By comparison, in vdW interactions between Rb and

an ideal surface, 35% of C3 is due to core electrons and
calculations of C3 have an uncertainty of 1%–2% [7,10].
We will first briefly describe our experiment and explain

how ratios of C3 are measured. Next we will explain why
surface composition has a very small effect on C3 ratios.
Finally we compare calculations from several different
atomic structure models to our measurements.
Our experimental setup is described in detail elsewhere

[11,12]. In brief, we studied diffraction of supersonic
beams of Li, Na, K, or Rb atoms incident on a 100-nm
period silicon nitride (SiNx) nanograting. vdW interactions
between the atoms and the grating bars affect the relative
intensities of the far-field diffraction orders. We adjust the
velocity of the atom beam by changing between carrier
gas mixtures in order to study the intensities of far-field
diffraction orders as a function of velocity (see Fig. 1).
Earlier experiments using nanogratings reported

absolute measurements of C3 [11–14]. However, because

FIG. 1 (color online). Measurements of the relative diffraction
intensity of the 2nd and 3rd diffraction orders (I2=I3) for Na and
K. Ratios of the potential strengths can be obtained from these
data by finding two velocities v and v0 such that ðI2=I3ÞNa ¼
ðI2=I3ÞK. The arrows indicate two such velocities v ¼ 1390 m=s
and v0 ¼ 2100 m=s. We find CK

3 =C
Na
3 ¼ v0=v ¼ 1:51. We ob-

tained a more precise ratio by fitting the data [19].
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different experiments used different samples, ratios of
these previous experiments do not provide the same preci-
sion as the directly measured ratios presented here. For
high precision ratio measurements it is essential to study
the exact same surface sample since both geometry and
composition may vary from sample to sample. To achieve
this, we take care to illuminate the same 100 grating bars
with each of our different 10-�m wide atomic beams.

We first show how the ratios of C3 can be obtained from
our experimental data without needing to know the geome-
try of the grating (period, open fraction, and bar shape)
or the shape of the potential [15]. For a real surface that
has significant roughness or a layer of contamination,
the van der Waals potential may differ from the ideal
form V ¼ �C3r

�3, where r is the distance to the surface
[16]. Furthermore, for a surface of finite extent, such as our
nanogratings, the potential near the edges of the grating
bars is a function of multiple spatial coordinates. We there-
fore consider a more general form for the potential,

VvdW ¼ �C3fðx; zÞ; (1)

where x is parallel to the grating k vector and z is the
direction of atom propagation. Since the grating bars are
relatively uniform in the y direction, we assume that V is
independent of y. Although we still assume that the poten-
tial is proportional to C3, the only restriction we put on
fðx; zÞ is that it be the same for all atoms. This is true by
construction in the pairwise interaction (PWI) approxima-
tion [8,17], so we only require that deviations from the
PWI approximation are proportional toC3 and the same for
all atoms. For the simple geometry of our gratings, this is a
reasonable approximation [12].

As in previous work, we model the grating as a thin
phase and amplitude mask [11–13]. The incident atom
beam is approximately a plane wave, so the wave function
just beyond the grating is given by c ðx; zÞ ¼ aðxÞ�
exp½ikzzþ i�vdWðxÞ�, where aðxÞ accounts for absorption
by the nanostructure and �vdW is a phase induced by the
atom-surface potential. Propagation in the free space be-
yond the grating results in a set of equally spaced diffrac-
tion orders in the far field. If both aðxÞ and �vdWðxÞ are
periodic with period d, then the intensity of the nth order
(relative to the incident intensity) is given by

In¼
��������
1

d

Z d=2

�d=2
aðxÞexp½i�vdWðxÞþ i2�nx=d�dx

��������
2

: (2)

Note that the only atom-specific quantities are contained in
�vdW. In the Raman-Nath approximation �vdW is given by

�vdWðxÞ ¼ C3

@v

Z zf

z0

fðx; zÞdz; (3)

where v is the velocity of the atoms and z0 and zf are

positions before and after the grating, respectively.
Since the only quantity that changes between different

experiments on the same grating is C3=v, any experiment

using the same grating and the same C3=v will produce
the same diffraction intensities. For two species with C3

and C0
3, respectively, this implies

InðvÞ ¼ I0nðv0Þ with v0 ¼ vC0
3=C3: (4)

We can therefore determine the ratio of potential strengths
directly by finding two velocities v and v0 that yield the
same diffraction intensities for two different atomic spe-
cies (as indicated in Fig. 1).
Rather than studying simply the diffraction intensities

In, we focus on the relative intensity I2=I3. Studying
relative intensities reduces systematic errors associated
with detector nonlinearity, the beam profile used to fit the
diffraction data, and fluctuations in the incident beam
intensity. We choose the 2nd and 3rd orders because they
are more sensitive to C3 than the 0th and 1st orders and
more easily detectable than higher orders. Figure 1 shows
I2=I3 as a function of velocity for K and Na. The measured
ratios for Li, Na, K, and Rb are given in Table I.
The assumptions of Eq. (1) are considerably more gen-

eral than in previous work with nanogratings. It is therefore
worthwhile to verify experimentally that our measure-
ments are independent of geometry. We repeated our mea-
surements using gratings with different grating bar widths
as well as gratings that were rotated by several degrees.
This yielded different diffraction intensities, but the re-
ported ratios of C3 remained unchanged. The reproducibil-
ity of our experiment is consistent with the uncertainties
obtained from fitting the data in Fig. 1. For more details
regarding the uncertainties reported in Table I, see [19].
We now show why the surface composition only has a

small effect on the ratios of C3. The vdW coefficient is
given in the nonretarded regime by

C3 ¼ @

4�

Z 1

0
�ði!Þgði!Þd!; (5)

where �ði!Þ is the atomic polarizability. The function
gði!Þ describes the surface response and is given by
gði!Þ ¼ ½�ði!Þ � 1�=½�ði!Þ þ 1�, where �ði!Þ is the
electric permittivity of the surface.
In order to explore the effect of the surface, it is in-

structive to consider the simplified model proposed by
Vidali and Cole that uses single-oscillator expressions for
both the atom and the surface [20]. The integral in Eq. (5)
can then be solved exactly:

TABLE I. Measured ratios of C3 compared to theory. The
theoretical values are obtained using many-body calculations
for �ði!Þ and a Tauc-Lorentz model for a SiNx surface [16,18].

Ratio Theoretical prediction This measurement

CLi
3 =C

Na
3 0.896 0:89� 0:04

CK
3 =C

Na
3 1.51 1:544� 0:025

CRb
3 =CK

3 1.13 1:12� 0:04

CRb
3 =CNa

3 1.69 1:72� 0:07
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C3 ¼ @�0g0
!0!s

8ð!0 þ!sÞ ; (6)

where !s is the surface-plasmon frequency and !0 is the
frequency of the Lorentz oscillator used to model the atom.
For alkali atoms near a SiNx surface, !0 � !s, and we
may make the approximation

C3 � @�0g0!0=8: (7)

In the case of a perfect conductor (!s ! 1), Eq. (7)
becomes exact.

For a material with finite conductivity, the first-order
correction to Eq. (7) is of order !0=!s. The corresponding
correction to the ratioC3=C

0
3 for two atoms with!0 and!

0
0

is of order �=!s, where � ¼ !0 �!0
0. For Na and K in our

experiments, @� � 0:3 eV and for a SiNx surface @!s �
13 eV, so the effect of the surface on the ratio CK

3 =C
Na
3

should be less than 2%. We verify this below with more
realistic descriptions of gði!Þ and �ði!Þ.

Because of Eq. (7), it is enlightening to plot the relative
potential strengths Ci

3=C
Na
3 versus the quantity

ð�0!0Þi=ð�0!0ÞNa, with i 2 fLi;K;Rbg (see Fig. 2). We
plot the ratios relative to Na because our atom beam works
best with Na, which thus gives the most accurate reference.
It is evident from Fig. 2 that Eq. (7), i.e., the case of a
single-oscillator atom near a perfectly conducting surface,
is not an adequate description of the current experiment.
Instead, our measurements are consistent with a model that
includes atomic core electrons.

To emphasize the utility of ratio measurements we
investigate five different models for the surface and two
different models for the atom. We considered the Tauc-
Lorentz model [21] with three different parametrizations to
describe a SiNx surface [18,22,23]. For comparison, we
also considered a Drude model for a gold surface as well as
a perfect conductor. For the atom we compare two different

models: a single-oscillator model and the model provided
by Derevianko et al. that includes core electrons [7,16].
We list the results in Table II.
The range in C3 due to different models of SiNx illus-

trates the problems we have overcome by studying ratios.
Including core electrons in the description of the atom
increases the predictions for CNa

3 by about 6% and for CK
3

by 12%. Since different models for the SiNx surface cause
shifts of about 6% for both atoms, it has been hard to use
direct measurements of C3 for one atomic species to dis-
tinguish between different models for the atom.
The main point of this Letter is that the ratio CK

3 =C
Na
3

varies by only 1% between the different SiNx models while
the different atomic models still yield shifts of 6%. This
means we have found a remarkable situation in which
ratios are not only easier to measure, but are more useful
to study because predictions of ratios are relatively insen-
sitive to the type of surface used.
Theoretical predictions of C3 in the literature are typi-

cally given for the case of an atom interacting with a
perfect conductor. Table II shows that, although our ratios
do not vary much between the different realistic surface
models, a theory that includes core electrons and assumes
an ideal surface still overestimates the ratio CK

3 =C
Na
3 for a

real surface by about 2%. This is because heavier atoms
have additional core electron excitations at higher frequen-
cies. Note that this correction to the ratio is 50 times
smaller than the corresponding correction for absolute
measurements.
Table III shows a summary of recent theoretical predic-

tions of the ratio CK
3 =C

Na
3 found in the literature; all these

theories assume an ideal surface. Therefore, we expect the
predictions in Table III need to be decreased by about 2%
before we can compare them to our experiment that used a
real surface.
After this adjustment, our measurement CK

3 =C
Na
3 ¼

1:544� 0:025 is inconsistent with the effective core

FIG. 2 (color online). Experimentally determined ratios of
potential strength relative to Na (C3=C

Na
3 ). The solid line with

slope of 1 and intercept of 0 is the prediction for a single-
oscillator atom near a perfect conductor [Eq. (7)]. The figure also
shows results from a many-body calculation for the atom [16]
and Tauc-Lorentz model for the surface [18].

TABLE II. Theoretical predictions of C3 for Na and K in
eV �A3 and their ratios resulting from different models for the
surface and the atoms.

Surface model Atom model CNa
3 CK

3 CK
3 =C

Na
3

SiNx [22] Single-oscillator 3.34 4.70 1.407

SiNx [18] Single-oscillator 3.17 4.50 1.420a

SiNx [23] Single-oscillator 3.31 4.67 1.409

Gold [24] Single-oscillator 4.76 6.92 1.455

Perfect conductor Single-oscillator 6.25 8.61 1.375a

SiNx [22] Many-body [16] 3.48 5.27 1.514

SiNx [18] Many-body [16] 3.28 4.95 1.510a

SiNx [23] Many-body [16] 3.44 5.20 1.512

Gold [24] Many-body [16] 4.84 7.31 1.510

Perfect conductor Many-body [16] 7.54 11.6 1.548

aThese values are also shown in Fig. 2.
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potential model of Ref. [25] and third-order many-body
perturbation theory [26]. Our experiment is in best agree-
ment with values based on the direct integration of�ði!Þ in
Refs. [7,16] and the semiempirical approach in Ref. [27].

In summary, by measuring diffraction intensities of a
supersonic atom beam from a material transmission grating
we were able to make precision measurements of ratios of
C3 for Li, Na, K, and Rb interacting with the same surface.
We showed that these ratios are insensitive to the material
composition of the grating. Since the ratios of C3 no longer
depend on the specific nature of some exotic surface such
as SiNx, this measurement is suitable as a benchmark for
atomic physics calculations. We report the ratio CK

3 =C
Na
3

with 2% precision, which is sufficient to distinguish be-
tween some theoretical predictions.

It is possible to extend our method to a range of atomic
and molecular species because our method does not rely
on species-specific equipment such as resonant lasers [14].
There are several systems for which our method can
provide a benchmark that would advance the current state
of the art. The ratio CSr

3 =C
Na
3 , for example, varies by 4%

between different theoretical predictions [16,27].
Uncertainties in C3 for Yb and metastable Sr are estimated
to be significantly larger [1,28,29]. vdW potentials are also
a significant source of uncertainty in computing binding
energies of molecules to surfaces [30]. All these systems
are therefore attractive candidates for future ratio
measurements.
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TABLE III. Summary of theoretical predictions of the ratio
CK
3 =C

Na
3 found in the literature, assuming a perfectly conducting

surface. To compare these values to our measurement,
CK
3 =C

Na
3 ¼ 1:544� 0:025 for a real surface, the theoretical

values must be reduced by about 2%. MBPT stands for many-
body perturbation theory and SD refers to the single-double
method.

Method Reference CK
3 =C

Na
3

Effective core potential [25] 1.37

Third-order MBPT [26] 1.50

All-order many-body (SD) [26] 1.52

Direct integration of � (SD) [7] Method II 1.53

Direct integration of � [7] Method I 1.55

Integration of tabulated � [16] 1.55

Semiempirical [27] 1.56
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APPENDIX B

REPRINT: SUPPLEMENT TO: ATOM DIFFRACTION REVEALS THE

IMPACT OF ATOMIC CORE ELECTRONS ON ATOM-SURFACE

POTENTIALS

The following manuscript was published as supplemental material to to the article

“Atom Diffraction Reveals the Impact of Atomic Core Electrons on Atom-Surface

Potentials”, V.P.A. Lonij, C.E. Klauss, W.F. Holmgren, and A.D. Cronin, Physical

Review Letters 105, 233202 (2010). It is reprinted with permission from the Ameri-

can Physical Society. The results of this article are discussed in Section 2.3.1 of this

dissertation.
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Supplement to: Atom diffraction reveals the impact of atomic core electrons on

atom-surface potentials

Vincent P. A. Lonij, Catherine E. Klauss, William F. Holmgren, and Alexander D. Cronin∗

University of Arizona, Department of Physics, Tucson, AZ 85721

This document is intended as an auxiliary document to our manuscript in Physical Review Letters.
Here we will discuss in more detail the fitting procedure we used to obtain the final results reported
in our manuscript. We will also discuss the uncertainties in the ratios of C3 that we report.

As we explained in our main manuscript [1], we study
a supersonic beam of atoms incident on a 100 nm period
nano-grating. We record multiple diffraction patterns at
different velocities. An example of a diffraction pattern
is shown in Fig. 1. From this diffraction pattern we can
determine the intensities of the diffraction orders (In) as
well as the mean velocity of the atom beam (v).
In this document we will show how we obtained ra-

tios of C3 from many such diffraction patterns and how
statistical as well as systematic uncertainties affect these
ratios. We will first briefly describe our measurement
procedure and show more examples of data. We will
then discuss our analysis procedure and the fit functions
we used. Finally we will discuss how we repeated our
measurements several times to obtain the statistical un-
certainty in ratios of C3 and we will justify the final un-
certainty we reported in our main manuscript.
The main source of uncertainty in the C3 ratios is

the measurement of I2/I3 which varies more than ex-
pected between diffraction patterns. This is due to non-
Poissonian noise in our detector as well as our atom-
beam source. Systematic shifts in I2/I3 either of the form
I2/I3 → (I2/I3 + error) or I2/I3 → (I2/I3 ∗ error) do
not affect the measured C3 ratio, as long as these errors
affect all atomic species equally.
The statistical uncertainty in the velocity determined

from one diffraction pattern (Fig. 1) is about 0.25-0.5%
[2]. The ratio I2/I3 can be determined with about 3%
statistical accuracy. We show below that one ratio mea-
surement of C3 consists of hundreds of such diffraction
patterns. Each diffraction pattern gives us an indepen-
dent measurement of velocity, therefore the contribution
of the statistical uncertainty in an individual velocity
measurement to the uncertainty in a C3 ratio is negli-
gible.
The most likely sources of systematic uncertainties in v

do not affect ratios of C3. Systematic errors in the veloc-
ity can be due to a misalignment of the detector position
sensor or an error in the measurement of the distance
between the detector and the diffraction grating. Both
errors would change the measured velocity by the same
factor for different atomic species (v → v∗error). Errors
of this type do not affect velocity ratios that we use to
report ratios of C3 (see eqn. (4) in the main manuscript).
To measure diffraction intensities as a function of ve-

locity, we slowly varied the carrier gas of the supersonic

FIG. 1. Atom count rate as a function of detector position.
A fit to one side of the diffraction pattern is shown. We fit
positive and negative diffraction orders separately because the
diffraction pattern can be asymmetric [3].

FIG. 2. Several hundred diffraction patterns contribute to
one experimental run. The color of the data points indicates
the time at which the corresponding diffraction pattern was
measured. The start of the run at 3000 m/s is indicated in
red, we then gradually change to 1000 m/s (green) and back
to 3000 m/s (blue). Note that the red and blue points are
consistent. Points at low velocities have larger error bars and
a correspondingly large spread because the atom-beam is less
intense at lower velocities.

beam over the course of about an hour, while recording
a diffraction pattern every 20 seconds. We start with an
atom-beam velocity of 3000 m/s, and change the carrier
gas gradually to achieve a velocity of 700 m/s. We then
reverse the process and return to 3000 m/s. This en-
tire procedure starting at high velocity, changing to low
velocity, and ultimately returning to a high velocity, re-
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FIG. 3. I2/I3 for Na and K. These data were obtained from
a different grating sample than the data reported in the main
manuscript. Note that these data show significantly differ-
ent values for I2/I3 (in the main manuscript Fig. 1, all the
I2/I3 > 1). The reported C3 ratio however, is the same.

FIG. 4. I2/I3 for Li and Na.

sults in several hundred diffraction patterns. The I2/I3
obtained from these diffraction data are shown in Fig.
2. Note that diffraction intensities at the beginning and
the end of a run, shown in red and blue respectively, are
very similar. Outliers that are due to a malfunction of
the detector or the atom-beam source were removed (not
shown in Fig. 2).
To make the data in Fig. 2 more tractable for fitting,

we re-sampled the data such that one experimental run
for one atomic species would contain 20 points. The re-
sult is the data shown in Fig. 1 of the main manuscript.
For completeness we show here an additional dataset for
K and Na (Fig. 3) as well as the corresponding figures
that include Li (Fig. 4) and Rb (Fig. 5).
We will now describe the fit function we used and we

will show that the statistical uncertainty obtained from
the fitting procedure is consistent with the reproducibil-
ity of our measurement.
We will denote

gNa(v, {pi}) ≡ INa
2

(v)/INa
3

(v) (1)

FIG. 5. I2/I3 for Kand Rb.

where {pi} are a set of (fit)parameters. We recall eqn.
(4) in the main manuscript:

gNa(v) = gK(v′) with v′ = vCNa

3 /CK

3 . (2)

That is, gNa(v) and gK(v) have the same functional form
up to a scaling in v. This allows us to do a global fit
to two datasets (for two different atoms) using only one
additional parameter γ:

gNa(v, {pi}) = gK(γv, {pi}) (3)

What remains is to choose a suitable function g that fits
the data well. Previous work has shown that a power law
describes diffraction phases well over a limited velocity
range [4]. We found that a power law (In ∝ vb) also
describes diffraction intensities quite well over a limited
velocity range. To determine the ratio CK

3
/CNa

3
we used

gK(v;A, b) = Avb (4)

and

gNa(v;A, b, γ) = A(γv)b (5)

to fit the K and Na data in Fig. 3 simultaneously. The
fit to the three data runs yields two ratios, listed in the
figure, we also give the reduced χ2.
We repeated our experiments under several different

conditions. We used two different grating samples, pre-
forming two runs for K and one run for Na on each sam-
ple. For each run, we considered the positive diffraction
orders and the negative diffraction orders separately. We
also considered separately the detector moving from left
to right, and moving right to left. In total, this makes 16
different conditions. The results from those 16 conditions
are shown in Fig. 6.
We can make two estimates of the uncertainty of a sin-

gle ratio measurement. First, based on the least-squares
fit statistics, we find the average uncertainty σf = 0.055.
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FIG. 6. The ratios of C3 for multiple experimental runs
are shown. Theoretical predictions with and without core-
electrons are shown for comparison.

TABLE I. Results of repeated measurements of CK

3 /CNa

3 ±σ,
where σ is the uncertainty obtained from the fit.

CK

3 /CNa

3 χ2 CLi

3 /CNa

3 χ2 CRb

3 /CK

3 χ2

1.59 ± 0.06 1.09 0.95 ± 0.14 1.75 1.07 ± 0.06 0.92

1.55 ± 0.06 1.09 0.88 ± 0.10 0.82 1.10 ± 0.07 0.92

1.59 ± 0.06 1.04 0.70 ± 0.13 1.86 1.08 ± 0.09 1.28

1.55 ± 0.06 1.04 1.06 ± 0.13 1.39 1.11 ± 0.09 1.28

1.48 ± 0.04 0.95 0.90 ± 0.05 0.96 1.14 ± 0.09 1.21

1.48 ± 0.04 0.95 0.87 ± 0.05 1.10 1.15 ± 0.08 1.21

1.54 ± 0.06 0.62 0.90 ± 0.05 1.05 1.12 ± 0.10 1.83

1.52 ± 0.06 0.62 0.84 ± 0.05 1.34 1.16 ± 0.10 1.83

1.54 ± 0.05 1.19

1.58 ± 0.05 1.19

1.53 ± 0.06 1.01

1.56 ± 0.05 1.01

1.61 ± 0.06 1.70

1.68 ± 0.07 1.70

1.43 ± 0.04 0.99

1.47 ± 0.04 0.99

Second, we can calculate the “sample standard devia-
tion” for the distribution of our 16 measurements. This
method gives a standard deviation of a single measure-
ment to be σd = 0.061.
Finally we can determine a sample mean µ and a cor-

responding standard deviation for that mean, σµ. For N
independent measurements we have

σµ = σd/
√
N (6)

We used σd because it is a more conservative estimate.
This gives us σµ = 0.061/4 = 0.015.
Some systematic errors may still remain due to un-

certainty in the detector noise background or deviations
from the approximations made in the main manuscript
eqns. (1)-(4). We estimate each of these errors to con-
tribute less than than 0.5% uncertainty in the ratios of C3

we report. For this reason and because the 16 measure-
ments may not be completely independent, we chose to
be more conservative in the main manuscript and report
CK

3
/CNa

3
= 1.54± 0.025.

The Li and Rb data are of lesser quality. In the case of
Rb, the larger atomic mass leads to a diffraction pattern
with smaller separation between orders. This means we
can only perform our experiment at low velocities where
the atom beam is less intense. In the case of Li, the small
vapor pressure of Li makes it harder to create a bright
beam. The lower signal/noise ratio limits the range of
velocities we can use.
As a consequence there is not as much overlap between

the Na and Li data (or K and Rb data) as there is between
the Na and K data. This means some extrapolation is
required which is why we used the physically motivated
model from Refs. [3, 5] to fit the data in Fig. 4 and
Fig. 5. The lesser degree of overlap in values of I2/I3
leads to larger uncertainties. The results of repeating
the experiments are shown in Fig. 6.
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APPENDIX C

PAPER: CAN ATOM-SURFACE POTENTIAL MEASUREMENTS TEST

ATOMIC STRUCTURE MODELS?

The following manuscript is unpublished. A manuscript based on the work presented

here was submitted to the Journal of Physical Chemistry A. The results of this article

are discussed in Section 2.3.1 of this dissertation.
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Can atom-surface potential measurements test atomic structure models?

Vincent P. A. Lonij, Catherine E. Klauss, William F. Holmgren, and Alexander D. Cronin∗

University of Arizona, Department of Physics, Tucson, AZ 85721

Measurements of C3 can be excellent benchmarks for atomic structure calculations because atom-
surface van der Waals potential strengths (C3) are more sensitive to the contribution of atomic
core electrons than other atomic properties like the atom-atom potential strength (C6) and DC
polarizability (α0). We recently demonstrated that using atom diffraction from a nanograting to
make ratio measurements of C3 for alkali atoms significantly reduces uncertainties due to unknown
surface permittivity. In this paper we discuss in detail the effect of the surface on C3 ratios and
explore which ratios are the most favorable for future measurements. In addition, we discuss the
effect of retardation on our C3 ratio measurements and propose measurements of the orientation
dependence of C3 for metastable atoms.

I. INTRODUCTION

Diffraction of atoms from nano-structures has led to
several discoveries in physical chemistry, such as exper-
imental proof that He2 molecules exist [1, 2], and sev-
eral measurements of van der Waals (vdW) potentials
[3–7]. In the pioneering demonstration of atomic diffrac-
tion from nanogratings in 1988, Pritchard remarked on
the opportunity to study the Casimir atom-wall poten-
tial [8]. Then in 1999 the Toennies group produced a
landmark paper by Grisenti et al. measuring vdW C3

coefficients with 20% uncertainty for He, Ne, Ar, and Kr
atoms interacting with the silicon nitride (SiNx) surfaces
of the nanograting bars [3].
In 2010 we adapted Toennies’ technique to measure C3

ratios for Li, Na, K, and Rb atoms with 2% uncertainty
in the ratio CK

3 /CNa
3 . We obtain this small uncertainty

because these C3 ratios are insensitive to surface permit-
tivity and grating geometry. Thanks to this improved
precision, we detected the contribution of atomic core
electrons - not just the valence electron - to vdW inter-
actions between alkali atoms and a silicon nitride surface
[9].
For alkali atoms, the core electron contribution to C3 is

about 6 times larger than the core electron contribution
to α0. Since uncertainty in theoretical calculations are
mainly due to core electrons, this means that a measure-
ment of C3 with an uncertainty of 2% can test atomic
structure models with the same precision as a measure-
ment of α0 with 0.3% uncertainty [10].
In this JPC article we discuss limitations of using atom

diffraction from nanogratings as a test for atomic struc-
ture calculations. In particular we explore to what extent
ratios of C3 for different types of atoms are independent
of surface properties. We conclude that certain pairs of
atoms, e.g. Na and K have ratios of C3 that are stable to
within 0.3% even if the plasmon frequency for the surface
changes by as much as 50%. We will also discuss the ef-
fect of retardation on C3 ratios measured with nanograt-

∗cronin@physics.arizona.edu

ings and show that retardation shifts the ratio CK
3
/CNa

3

by 0.3%. Therefore ratio measurements of C3 with a sys-
tematic uncertainty of ≤0.6% are possible. This implies
that ratios of C3, obtained for different atoms interacting
with the same nanograting sample can serve as excellent
benchmark tests for atomic structure calculations.
First, we cite several related applications of nanograt-

ings to celebrate how much impact nanogratings have
already had on physical chemistry. Pritchard’s 3-grating
interferometer [11] enabled measurements of atomic po-
larizabilities [12, 13], observations of glory oscillations
due to atom-atom interactions [14–16], and measure-
ments of phase shifts due to atom-surface interactions
[17–19]. Pritchard also used nanogratings as a de Broglie
wave spectrometer to measure the the Na2 molecular
concentration in a supersonic sodium beam [20]. The
Toennies group elaborated on this to study 4He2 and
4He3, and several molecules of the type 4He3nHem and
helium-hydrogen clusters [21, 22]. Using nanogratings
the Toennies group measured the size of helium dimers
and trimers [23, 24], studied molecular formation rates
and magic numbers [25], and searched for the elusive Efi-
mov state [26]. Nano-gratings have also been used in
the Zeilinger and Arndt groups for C60, and even larger
molecule diffraction [27], interferometry [28], Casimir-
Polder studies [28] and polarizability measurements [29].
Many of these applications are reviewed in [30]. We now
return to the present study in which we explore how ra-
tios of C3 can serve as a benchmark test for atomic struc-
ture calculations.
Challenges arise when using nanogratings for precision

measurements of C3 because the gratings are not per-
fectly shaped, and they are not made of a pure mate-
rial. Indeed, critics of these studies have pointed out
that the silicon nitride in these experiments is an exotic
surface, meaning that measurements of atom-surface C3

measurements with these gratings do not test a funda-
mental property of atoms because C3 also depends on
the unknown permittivity of the grating surface.
The list of challenges includes:

• Imperfect knowledge of the silicon nitride permit-
tivity (ε(iω))
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• Lack of knowledge of the window sizes

• Inhomogeneous window sizes

• Impurities on the surface, due, among other things,
to atom beam deposits

• The shape and roughness of the nanograting bars

These challenges have been discussed in many previous
works [3–7] and have limited the extent to which mea-
surements of C3 using nanogratings have been used to
test atomic structure calculations. In reference [9] we
showed that all of these challenges are much less signifi-
cant when studying the ratio of C3 for two different types
of atoms interacting with the same nanograting sample.
In this paper we will first discuss how ratios of C3 can

be measured using nanogratings. We will then introduce
a simple model for the atom-surface interaction to ex-
plain the qualitative difference between alkali and noble
gas atoms interacting with a surface. We will use this
simple model to compare the usefulness of C3 measure-
ments to measurements of α0 as tests of atomic struc-
ture models. We will then discuss the remaining sources
of uncertainty due to the surface and retardation. Fi-
nally we will highlight a potential future application of
Atom Optics to measure orientation dependence of C3

for molecules or metastable atoms.

II. MEASUREMENTS OF C3 AND C3 RATIOS

We will now describe the method we used [9] to mea-
sure ratios of C3 and contrast our current work with pre-
vious experiments. We study diffraction of supersonic
beams of Li, Na, K and Rb atoms incident on a 100 nm
period material grating. Our experimental setup is sim-
ilar to our previous work [6, 7].
The interaction between the atoms and the grating sur-

face affects the far-field diffraction intensities. By chang-
ing the carrier gas mixture inside the supersonic beam
source we can adjust the velocity of the atom beam. Us-
ing mixtures of He, Ar and Kr as carrier gasses, we study
diffraction order intensities (In) as a function of velocity
ranging form 700 m/s to 3000 m/s (see Fig. 1). We re-
port the relative intensity of the second and third diffrac-
tion orders (I2/I3) because these orders are more sensi-
tive to the vdW potential than the 0th and 1st orders
and can be measured with better precision than higher
orders.
We will now show how C3 ratios can be obtained from

diffraction intensities without assuming a specific shape
of the potential.
For a real surface that has significant roughness or a

layer of contamination, the van der Waals potential may
differ from the ideal form V = −C3r

−3, where r is the
distance to the surface [32]. Furthermore, for a surface
of finite extent, such as our nanogratings, the potential
near the edges of the grating bars is a function ofmultiple

FIG. 1. (Color online) Measurements of the relative diffrac-
tion intensity of the 2nd and 3rd diffraction orders (I2/I3) for
Na and K. Ratios of the potential strengths can be obtained
from these data by finding two velocities v and v′ such that
(I2/I3)

Na = (I2/I3)
K. The arrows indicate two such velocities

v = 1490 m/s and v′ = 2280 m/s. For the data shown in the
figure, we find CK

3 /CNa

3 = v′/v = 1.53. By fitting the data
we can obtain a more precise value [31].

spatial coordinates. We therefore consider amore general
form for the potential

VvdW = −C3f(x, z) (1)

where x is parallel to the grating k-vector, and z is the
direction of atom propagation. Since the grating bars are
relatively uniform in the y direction, we assume that V
is independent of y.
As in previous work, we model the grating as a thin

phase and amplitude mask [3, 6, 7]. Propagation in the
free space beyond the grating results in a set of equally
spaced diffraction orders in the far-field. The intensity of
the nth order (relative to the incident intensity) is given
by

In =

∣∣∣∣∣1d
∫ d/2

−d/2

a(x) exp [iφvdW(x) + i2πnx/d] dx

∣∣∣∣∣
2

. (2)

Note that the only atom-specific quantities are con-
tained in φvdW which is given by

φvdW(x) =
C3

h̄v

∫ zf

z0

f(x, z)dz (3)

where v is the velocity of the atoms, and z0 and zf are
positions before and after the grating respectively. (See
appendix B for a derivation of this expression and a jus-
tification of the approximations we used.)
Since the only quantity that changes between different

experiments on the same grating is C3/v, any experiment
using the same grating and the same C3/v will produce
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the same diffraction intensities. For two species with C3

and C′

3
respectively this implies

In(v) = I ′n(v
′) with v′ = vC′

3
/C3. (4)

We can therefore determine the ratio of potential
strengths directly by finding two velocities v and v′ that
yield the same diffraction intensities for two different
atomic species (as indicated in Fig. 1).
We stress again the need to probe the same surface

sample with both atomic species. In particular we make
sure that the 10 µm atom beam is incident on the same
100 grating bars in each experiment. The reason for this
is that the grating bar widths and shapes vary across
different regions of one grating sample.
Because of this, taking ratios of previous absolutemea-

surements does not yield the same precise ratio measure-
ments. For example the experiments in [7] and [19] use
the same grating sample yet they report values of C3

for sodium and lithium that are inconsistent with each
other. Indeed, the ratio CLi

3
/CNa

3
found from these two

separate experiments is 0.72 ±0.08. From theory we ex-
pect CLi

3
/CNa

3
=0.89; the deviation can be explained by

both experiments probing slightly different regions on the
sample, where the grating bar width and shape may be
different.
We also collaborated with the Toennies group to mea-

sure diffraction of He and Na from the same grating. Be-
cause CHe

3 is 10 times smaller than CNa
3 , He diffraction is

more suitable to determine the geometry of the grating
bars. We hoped the geometric parameters obtained from
the He experiments could be used to improve precision in
measurements of C3 for Na. However, because we could
not adequately control which region of the grating sample
was being probed in both experiments (with one experi-
ment in Göttingen and the other in Tucson), the results
of these ratio measurements had large uncertainties.
By carefully controlling the position of the sample

between experiments and making direct ratio measure-
ments, with beams of different atoms in the same ma-
chine, we have overcome the challenge posed by unknown
geometric parameters of the grating. In the next section,
as well as section V, we will show that ratios of C3 are
also insensitive to the surface permittivity.

III. ALKALI VS. NOBLE GAS ATOMS

To gain a qualitative understanding of vdW interac-
tions we will start by comparing recent results for alkali
atoms [9] to the 1999 work by Grisenti et al. on noble
gas atoms [3]. These two experiments exhibit an inter-
esting qualitative difference in the dependence of C3 on
the DC polarizability (α0). For the alkali atoms the vdW
potential is approximately proportional to the atomic po-
larizability times the principal transition frequency of the
atom (C3 ∝ α0ωa). For the noble gas atoms on the other
hand, C3 is proportional to α0 alone (C3 ∝ α0).

Both these two different trends are correctly predicted
by a single oscillator model for the atoms combined with
a plasmon model for the surface. Alkali and noble gas
atoms respectively correspond to two limiting cases for
this model.
In general, the vdW coefficient is given in the non-

retarded regime by

C3 =
h̄

4π

∫
∞

0

α(iω)g(iω) dω, (5)

where α(iω) is the atomic polarizability. The function
g(iω) describes the surface response and is given by

g(iω) =
ε(iω)− 1

ε(iω) + 1
, (6)

where ε(iω) is the electric permittivity of the surface.
In order to explore the effect of the surface, it is in-

structive to consider the simplified model proposed by
Vidali and Cole that uses single-oscillator expressions for
both the atom and the surface [33]. The single Lorentz
oscillator model for the atom yields

α(iω) =
α0

1 +
(

ω
ωa

)2 , (7)

where ωa is the principal transition frequency and α0 is
the DC polarizability. The principal transition frequency
ωa is an effective parameter to be chosen such that using
our approximate model for α(iω) gives the correct value
for C6 [34]. This way we can apply our single oscillator
model even to atoms with multiple valence electrons.
For the surface response function g(iω) we use a similar

expression

g(iω) =
g0

1 +
(

ω
ωs

)2 , (8)

where ωs is the surface plasmon frequency and g0 is a sur-
face dependent constant. We can now solve the integral
in 5 analytically [33] and find

C3 = h̄α0g0
ωaωs

8(ωa + ωs)
. (9)

For the SiNx surface that was used in both experiments
h̄ωs ≈ 14eV [5, 35, 36]. For the alkali atoms h̄ωa ≈ 2eV
while for the noble gasses h̄ωa =15 to 30 eV. These two
cases roughly correspond to the two limiting cases of 9,
ωa � ωs and ωa � ωs:

C3 ≈
{
h̄α0g0ωa/8 ωa � ωs

h̄α0g0ωs/8 ωa � ωs.
(10)
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Thus we see that for the alkali atoms C3 is linear in α0ωa.
For the noble gasses on the other hand C3 is linear in α0

alone.
In the case of a perfect conductor (ωs → ∞), therefore,

C3 of noble gases near a perfect conductor would also be
proportional to α0ωa.
Note that for both cases of 10 the ratio C3/C

′

3 is inde-
pendent of surface properties as long as both atoms have
ωa � ωs or ωa � ωs. A deviation from either limit in-
troduces a dependence of C3/C

′

3
on ωs. Especially when

ωa � ωs for one species and ωa � ωs for the other,
uncertainty in the surface properties will become impor-
tant. We will discuss this in section V. Before we further
discuss systematic shifts, let us ask, what precision is
needed to test atomic theory?

IV. TESTS OF ATOMIC THEORY

Calculations of polarizability for atoms are in demand
because they are needed to predict black-body radiation
shifts in atomic clocks. These radiation shifts are cur-
rently the dominant uncertainty in the precision of Sr
clocks [37, 38]. In addition, calculations of the atom-
atom VdW potential strength (C6) are needed to predict
pressure-induced shifts in atomic clocks and scattering
lengths in BECs.
Theoretical calculations of atomic polarizability and

C6 are challenging because including the contribution of
atomic core electrons requires modeling many-body in-
teractions in a quantum system with relativistic correc-
tions. A test for these calculations even for a few atomic
species can improve predictions for several other species.
For example, measurement using Na and K can test mod-
els used for all univalent atoms. Similarly, measurements
using Ca and Sr could test theory for all divalent species.
In this section we will extend the single oscillatormodel

we reviewed above to include an effective description of
core electrons. We will see that core electrons contribute
to α(iω) at frequencies far above ωa and as a consequence
contribute amore to C3 than to α0. Furthermore, we will
show that measurements of C3 with 2% uncertainty can
be just as useful to test atomic structure calculations as
measurements of α0 with 0.3% uncertainty.
All three quantities α0, C6, and C3 can be written in

terms of α(iω). In turn, α(iω) can be written in terms
of a sum over dipole matrix elements,

α(iω) =
e2

me

∑
i

fi
ω2

i + ω2
, (11)

where ωi are transition frequencies and fi are oscillator
strengths such that

∑
i fi = N , the number of electrons.

The first term in this sum (using α0 = α(0) = e2fv/ω
2
0
me

and ω0 = ωa) corresponds to the approximation of 7. We
now improve upon 7 by keeping the first 2 terms of 11:

α(iω) =
e2

me

(
fv

ω2 + ω2
v

+
fc

ω2 + ω2
c

)
. (12)

The first term captures the contribution to α from the
valence electrons, the second term represents to contri-
bution due to all other transitions, including core exci-
tations. Since ωv � ωc the contribution of the second
term to α0 is small; Let us now examine its contribution
to C3.
Once again using 5 and 8, we obtain three expressions

that are the two-oscillator analogon to 9

α0 ≈ e2

me

(
fv
ω2
v

+
fc
ω2
c

)
(13)

C6 ≈
(

e2

me

)2

3h̄

(
f2
v

4ω3
v

+
fcfv

ω2
cωv + ωcω2

v

)
(14)

C3 ≈ e2

me

h̄

8
×
(

g0fvω
2
s

ω2
sωv + ωsω2

v

+
g0fcω

2
s

ω2
cωs + ωcω2

s

)
. (15)

The dominant source of uncertainty in theoretical cal-
culations is the contribution of core electrons, corre-
sponding in our toy model to uncertainty in fc and ωc.
We denote the portion of α, C6, and C3 due to core elec-
trons as αc, Cc

6 , and Cc
3 respectively. We can then write,

based on 13, 14, and 15 respectively

αc
0

α0

≈ fc
fv

(
ωv

ωc

)2

(16)

Cc
6

C6

≈ 4
fc
fv

(
ωv

ωc

)2

(17)

Cc
3

C3

≈ fc
fv

(
ωv

ωc

)
for ωs � ωc. (18)

The values for fc and ωc are given in Table I. We see
that for the alkali metals and alkaline earths ωc/ωv ≈
15. Using these values we see that Cc

3
/C3 ≈ 4Cc

6
/C6 ≈

15αc
0/α0. These estimates of the magnitude of the core

electron contribution based on a simple two oscillator
model is in excellent agreement with the values reported
by Derevianko et al. [10].
Equation (18) is appropriate for a perfectly conducting

surface (such as the one considered by Derevianko et al.).
For a real surface however, ωs ∼ ωc and we get

Cc
3/C3

αc
0
/α0

≈ ωs/ωv + 1

ωs/ωc + 1
(19)

For alkali metals core electrons contribute a 6 times larger
fraction to C3 than they do to α0. For other atoms listed
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TABLE I. Our 12 has four parameters fv, ωv, fc, and ωc. We
obtained estimates of these parameters from a least-sqares
fit of 12 to the tabulated data of α(iω) [39] . We find, as
expected, that fv ≈ Nv where Nv is the number of valence
electrons and that ωv is close to the principal transition fre-
quency. The ωv and ωc are in atomic units.

fv ωv fc ωc

H 0.6111 0.3930 0.3541 0.8067

Li 0.7580 0.0682 0.4138 0.6289

Na 0.9721 0.0775 4.3205 2.1063

K 1.0071 0.0594 5.8047 1.0433

Rb 1.0514 0.0582 7.0950 0.9008

Cs 1.0746 0.0528 8.5354 0.7561

Fr 1.1274 0.0614 9.2979 0.7005

Be 1.4200 0.1955 0.6299 1.0188

Mg 1.6749 0.1569 0.5724 0.4133

Ca 1.8397 0.1096 4.9669 1.1240

Sr 1.9207 0.1003 6.5344 1.0082

Ba 1.8904 0.0850 7.7396 0.8053

He 0.8795 0.8820 0.9803 1.9719

Ne 1.1287 0.8156 5.0993 2.2925

Ar 2.7176 0.5744 4.3430 1.2372

Kr 3.5869 0.5141 5.5227 1.3138

Xe 4.7254 0.4465 8.1016 1.5425

Be* 1.4522 0.1929 0.6299 1.0188

Mg* 1.7290 0.1307 0.5724 0.4133

Ca* 0.8218 0.0532 4.9669 1.1240

Sr* 0.6813 0.0385 6.5344 1.0082

Ne* 0.9925 0.0729 5.0993 2.2925

Ar* 1.0545 0.0568 4.3430 1.2372

Kr* 1.1505 0.0575 5.5227 1.3138

Xe* 1.2492 0.0536 8.1016 1.5425

in table I,
Cc

3/C3

αc
0/α0

ranges from 4 to 9. This means that

a measurement of C3 with an uncertainty of 2%, as was
recently achieved for alkali atoms[9], can test theoretical
models of core electrons at the same level of precision as
a measurement of α0 with 0.3% uncertainty.
For comparison, uncertainties in recent measurements

of α0 for alkali metals are about 1% and ratios of α0 can
be measured with an uncertainty of 0.3% [13].
We have thus far demonstrated that C3 measurements

can be an excellent test for atomic theory calculations
and that ratio measurements of C3 significantly reduce
systematic errors due to uncertainty in the surface per-
mittivity. In light of this we use the next two sections
to discuss how surface related uncertainties and retarda-
tion both limit the precision that can be attained in ratio
measurements of C3.

V. THE EFFECT OF THE SURFACE ON C3

RATIOS

To quantify the remaining effect of the surface in ratios
of C3 we start with 9 andmake no assumptions about the
size of ωa or ωs. We will see that the degree to which the
surface affects C3 ratios depends on the specific atoms
being compared.
The ratio of C3 for two different atoms interacting with

the same surface is given by

R ≡ C3/C
′

3 (20)

This ratio is dependent on only one surface parameter,
the surface plasmon frequency (ωs). The effect of ωs on
R is dependent on the two atoms under consideration. If
we consider only the valence electrons, we have

R ≈ Rv =
α0

α′

0

ωa

ω′

a

ω′

a + ωs

ωa + ωs

(21)

and the fractional uncertainty in Rv is given by

δRv

Rv
=

1

Rv

∂Rv

∂ωs

δωs =
ωa − ω′

a

(ωa + ωs)(ω′

a + ωs)
δωs (22)

It is straightforward to verify that both limits ωa � ωs

and ωa � ωs still give a small fractional uncertainty in R.
However, we now have an additional condition that leads
to a small uncertainty in R, namely |ωa−ω′

a| � (ωa+ωs).
This suggests that if we want to use ratio measure-

ments of C3 to test atomic theory and we wish to do
so without being hindered by our lack of knowledge of
the surface plasmon frequency, ωs, ratios of atoms with
|ωa − ω′

a| � (ωa + ωs) are more favorable to study.
The single oscillator model is not adequate at the level

of accuracy that current measurements can achieve. Us-
ing the two-oscillator model of Section IV, we include
core electrons to first order in ωv/ωc and ωs/ωc to ob-
tain

δRtot

Rtot
=

δRv

Rv
+

fcωv

fv(ωc + ωs)2
δωs − f ′

cω
′

v

f ′

v(ω
′

c + ωs)2
δωs.

(23)
However, since core electron contributions for different
atoms are of similar magnitude and because δωs � ωc,
these corrections to the fractional uncertainty in R are
small.
The nanogratings we used are made of silicon nitride.

Different manufacturing conditions can lead to variations
in ωs on the order of 20% [5, 35, 36]. Surface adsorbates
and surface rougness can lead to further shifts. Let us
assume that all these uncertainties are adequately ac-
counted for, provided that we allow a 50% uncertainty in
ωs. We can then use 23 to calculate shifts in C3 ratios
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due to shifts in ωs. The results are given in Fig. 2. A
few selected ratios are also listed in table II.
Note that the change in CK

3
/CNa

3
due to a change of

50% in ωs is less than 0.3% while the corresponding
change in CHe

3 /CNa
3 is almost 20%. This large system-

atic dependence of R on ωs is due to the very different
frequency dependence of αNa(iω) and αHe(iω).
It is worthwhile to note however that CNa

3
/CHe

3
≈ 10.

Therefore, to measure CNa
3 /CHe

3 with the method pre-
sented in this paper, we would need He and Na beams
with velocities vNa/vHe ≈ 10 [see 4]. Since this range of
velocities is hard to achieve in a single experiment, it is
unlikely that CNa

3 /CHe
3 will be measured with the current

setup.
Alkali metals and alkaline earths on the other hand

all have values of C3 that are within a factor of two of
each other, and thus make ideal candidates for future
measurements. There is currently considerable interest
in tests of atomic theory for Sr, in the context of black
body radiation shifts of high precision atomic clocks. Be-
cause of experimental limitations, it is favorable to mea-
sure ratios of atoms with both similar mass and similar
C3. This would make the ratio for Rb and Sr an ideal
candidate. Table II shows that this ratio would change
by 2% due to a 50% change in ωs. For the ratio of Ca
to Sr however, uncertainties due to the surface are less
than 0.01%. For comparison, state of the art theoretical
computation methods differ by about 3% for the ratio
CSr

3
/CCa

3
[39, 40].

At this level of precision other effects such as retarda-
tion may start to become important; we will discuss this
next.

TABLE II. Uncertainties in C3 ratios due to unknown sur-
face properties and due to retardation. Values are evaluated
using g0 = 0.588, ωs = 13 eV and assuming δωs/ωs = 0.5.
Computations are performed using the two oscillator model
with parameters listed in Table I. Error due to retardation is
computed according to 25.

Atom 1 Atom 2 C3/C
′

3 Err. Surf Err Ret

Li Na 0.897 1.3% 1.1%

K Na 1.506 0.3% 0.3%

Rb K 1.119 0.9% 0.7%

Rb Na 1.686 1.2% 1.0%

Sr Rb 0.951 2.4% 2.0%

Sr Ca 1.196 .001% 0.04%

Sr* Ca 1.231 4.7% 4.0%

Sr* Rb 0.980 2.3% 2.1%

Sr* Sr 1.030 4.7% 4.0%

Sr* K 1.096 1.5% 1.4%

Sr* Ca* 1.211 0.5% 0.6%

Sr* Ar* 1.050 0.2% 0.05%

FIG. 2. Uncertainty in C3/C
′

3 due to an uncertainty in the
surface plasmon frequency δωs = ωs/2 [see 23] for 25 different
atoms. White corresponds to small uncertainty, red and black
are large uncertainties. For errors due to retardation, see Fig.
4.

VI. RETARDATION

The simple r−3 dependence of the atom-surface poten-
tial is only valid at short distances where retardation can
be ignored [41, 42]. At larger distances the fluctuating
dipole of the atom and its image dipole are no longer
perfectly correlated (due to the finite speed of light) and
the potential starts to fall off faster, see Fig. 3.
For a single oscillator atom, the transition from the

retarded to the non retarded regime occurs roughly at
a distance of r = ωv/c, where c is the speed of light.
When we include core electrons, the deviation from r−3

is enhanced at short distances because ωc � ωv, i.e., the
contribution of core electrons to the potential falls off
faster than the valence contribution.
Consequently, at large distances, the fractional contri-

bution of core electrons to the potential is significantly
reduced. In the retarded limit, r � c/ωv, the potential
is given by V = −C4/r

4 where C4 is given by [42]

C4 =
α0

4πε0

3h̄c

8π
. (24)

Note that C4 is dependent only on α0, not on α(iω) as
was the case for C3. Because of this, core electrons con-
tribute only a few percent to C4 (2% for K). Recall that
the core electron contribution to C3 is 27% for K (and a
perfect conductor). This means that for the purpose of
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FIG. 3. The potential as a function of distance. We show
V (r) · r3 to highlight the deviation from the r−3 behavior.
The ratio of potentials depends only weakly on distance. The
potentials are calculated according to Zhou et al. [42].

testing atomic structure models measurements of C3 are
much more valuable than measurements of C4.
For a real surface the plasmon frequency is typically

much smaller than ωc; this reduces both the overall con-
tribution of core electrons and the large deviation from
the r−3 dependence. According to the exact model [42],
the deviation from r−3 in the case of a real surface is
about 8% at 10 nm (as opposed to 5% we find using a
single oscillator).
As we mentioned in our introduction, one of the ad-

vantages of studying ratios is that knowledge of the exact
shape of the potential is not required. We only require
that the shape of the potential is the same, up to a pre-
factor, for both atoms under consideration. To investi-
gate if the shape of the potential is indeed the same for
different atoms with V (x) and V ′(x) respectively, we cal-
culate the exact shape of the potential using Eq. (4.26)
from Zhou et al. [42]. and compare the ratio of the po-
tentials, see Fig. 3. To get a quantitative measure of
the effect of retardation on our ratio measurements, we
evaluate the quantity

V (0.1nm)/V ′(0.1nm)

V (10nm)/V ′(10nm)
(25)

The result is shown in figure 4.
The effect of retardation is similar to the effect of the

surface: ratios between alkali metals and alkaline earths
are affected by < 1%, ratios between noble gas atoms
are affected < 5%, however ratios between noble gas and
alkali atoms are affected by 20%. This is once again
because atoms with similar ωa are affected by retardation
in the same way.
Note that retardation does not necessarily contribute

to the uncertainty in C3 measurements since the effect is
known and can be corrected for. However, even if we do
not correct for retardation, the shift in C3 ratios is small

FIG. 4. Shift in C3/C
′

3 due to retardation at a distance of
10 nm for 25 different atoms. White corresponds to small
uncertainty, red and black are large uncertainties. For errors
due to uncertainty in surface permittivity, see fig. 2.

for several species, including those measured by Lonij et
al.[9] (see Table II).

VII. ORIENTATION DEPENDENCE OF C3

Molecules and atoms in some states have an anisotropic
polarizability. The polarizability for these particles is still

defined according to the expression �p =
↔

α �E where �p is

the dipole moment of the particle and �E is an external

electric field, however, the polarizability
↔

α is now a ten-
sor. As a consequence, the magnitude of �p relative to

the magnitude of �E depends on the direction of �E. In

addition, �p and �E are no longer necessarily parallel.

TABLE III. Tensor components of α for Ar*, Sr*, and Na2.
The current level of experimental precision for ratio measure-
ments of C3 is about 2%. This means the orientation depen-
dence of C3 should be detectable.

State αzz αyy C
‖

3
/C⊥

3

Ar* [43] 3P2 mJ=0 345 313 0.975

Ar* [43] 3P2 mJ=2 302 334 1.025

Sr* [44] 3P2 mJ=0 656 414 0.887

Sr* [44] 3P2 mJ=2 333 576 1.133

Na2 [45] 379 200 1.155
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Because of this, C3 is now dependent on the orientation
of the atom (the value of mJ ). We derive in appendix A
for an axially symmetric particle that

C
‖

3

C⊥

3

=
αzz + 3αyy

2αzz + 2αyy

. (26)

where αzz is the polarizability along the symmetry axis
and αyy is the polarizability perpendicular to the sym-
metry axis.

Table III shows C
‖

3
/C⊥

3 for Ar*, Sr* and Na2. For Sr*

in the 3P2(mJ = 2) state, we find C
‖

3
/C⊥

3 = 1.13. This
effect could be detected in diffraction experiments at the
current level of experimental precision.
Molecules also have a tensor polarizability. In the case

of Na2 we find C
‖

3
/C⊥

3
= 1.16, which could be detectable

in diffraction experiments if themolecules can be aligned.

VIII. CONCLUSION

We investigated the usefulness of ratio measurements
of atom-surface potentials as benchmarks for atomic
structure calculations. We showed that measurements of
certain ratios, in particular, ratios for which ωv ≈ ω′

v, are
more favorable to study because shifts due to unknown
surface permittivity are small for these ratios. We showed
that, although retardation significantly affects the shape
of the potential even at an atom-surface separation of 10
nm, the effect of retardation on potential ratios is smaller
than experimental uncertainties.
Shifts due to surface properties and retardation set a

limit on the useful precision for measurements of C3 ra-
tios. The ratio CK

3
/CNa

3
cannot be determined to better

than 0.6% without taking into account retardation and
having better knowledge of surface permittivity. The ra-
tio CSr

3 /CCa
3 on the other hand is subject to a shift of

<0.05%.
Recent experiments achieved a precision of 2% in the

ratio CK
3
/CNa

3
[9]. To achieve a factor of 10 improvement

in precision several experimental challenges will have to
be overcome. The 2%measurements of CK

3
/CNa

3
required

recording hundreds of diffraction patterns over the course
of several hours. To get a factor of 10 better statistical
precision, 102 = 100 times more data would be required.
More importantly other systematic experimental prob-
lems such as overlap between diffraction orders, uncer-
tainty in the background noise and detector non-linearity
each contribute about 0.5% uncertainty.
Alternative techniques such as atom interferometry

[17, 19] or quantum reflection [46, 47] may yield more
precise ratio measurements.
For comparison, state of the art theoretical computa-

tion methods differ by about 3% for the ratio CSr
3 /CCa

3

therefore ratio measurements of C3 can be an excellent
benchmark for atomic structure calculations.

Appendix A: Derivation of C⊥

3 and C
‖

3

If
↔

α is a tensor then C3 is dependent on the orientation
of the atom relative to the surface.
The case of particles with a tensor polarizability has

been studied before [48, 49] starting from the Lifshitz
result[50]. In this section we will give a derivation of
the orientation dependence of C3 by modeling the dipole
moment of the atom as a Lorenz oscillator coupled to its
image dipole due to a surface at distance r [51].
Consider a particle with dipole moment �p located at

the origin, this dipole produces an electric field �E(�r) at
position �r given by

�E(�r) =
3r̂(�p · r̂)− �p

4πε0|r|3 (A1)

where r̂ is the unit vector along �r. Similarly, given two
particles labeled A and B, with dipole moments pi (i ∈
A,B) separated by �r, the potential of particle A due to
the field produced by particle B is given by Vd(�r) = −�pA ·
EB which gives us

Vd(�r) = −3(r̂ · �pA)(�pB · r̂)− �pB · �pA
4πε0|�r|3 (A2)

This result is simply the classical potential between two
electric dipoles. In the case of a free dipole interacting
with a surface (i.e. its image dipole) this expression re-
duces to

Vd(r) = − e2

8πε0(2r)3
[(r̂ · �x)2 + 1] (A3)

where �r is normal to the surface, |r| is the atom-surface
separation, and we have used �p = e�x where e is the elec-
tron charge.
However, in the absence of an external electric field, a

classical polarizable particle has 〈p〉 = 0 and 〈p2〉 = 0;
this gives V = 0. It is not until we introduce quantum
mechanics into our model that the VdW potential ap-
pears.
Let us model the polarization of a particle as a har-

monic oscillator in �x. The Hamiltonian for this system is
given by

H = − h̄2

2m
∇2 +

1

2
m(�xT ↔

ω
2

a �x) + Vd(�x) (A4)

and describes a 3-dimensional harmonic oscillator.
Since V ∝ x2 we see that the effect of the surface is

simply to modify the frequency tensor

↔

ω
′

a =

√√√√↔

ω
2

a +
e2

m

[
↔

r
2

+1]

4πε0(2r)3
(A5)

≈ ↔

ωa +

↔

α
↔

ωa

2

[
↔

r
2

+1]

4πε0(2r)3
, (A6)
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we we have used
↔

α= e2

m
↔
ω

2

a

and we defined �x
↔

r
2

�x ≡
(r̂ · �x)2.
This three dimensional harmonic oscillator can be de-

coupled into three one dimensional harmonic oscillators if
↔

ω
′

a can be diagonalized. This yields three eigenmodes of
this system ωj , (j ∈ {1, 2, 3}). Rather than solving this
general equation, we will examine two cases in which this
equation can be significantly simplified.
If ωa is a scalar (or a constant times the identity ma-

trix) then we are free to choose our coordinate system
such that r̂ = (0, 0, 1) and we can decompose the three di-
mensional harmonic oscillator into three one-dimensional
oscillators. In this case the term in square brackets is 2
for the oscillator perpendicular to the surface and 1 for
the two directions parallel to the surface. The total en-
ergy of this oscillator in its ground state is dependent on
the atom-surface distance and is given by

E =
1

2
h̄(ω′

1 + ω′

2 + ω′

3) =
1

2
h̄ωa + VV dW (r) (A7)

where

VV dW = − h̄αωa

4πε0

1

8(r)3
(A8)

which is the ordinary van der Waals potential.
If α is a tensor, but the atom is aligned such that one

of its principal axes is aligned parallel to r̂ (perpendicular
surface). If the atom is aligned such that αzz corresponds
to the direction perpendicular to the surface we obtain
A7 with

V ⊥

V dW (r) =
h̄[2ωzzαzz + ωyyαyy + ωxxαxx]

128πε0r3
(A9)

Note that the oscillator perpendicular to the surface con-
tributes twice as much to the VdW potential as each par-
allel oscillator. For an axially symmetric particle, such
as a diatomic molecule or an atom, αxx = αyy, we can
identify

C⊥

3
=

h̄ωa

8πε0
(2αzz + 2αyy) (A10)

C
‖

3
=

h̄ωa

8πε0
(αzz + 3αyy) (A11)

Finally we get

C
‖

3

C⊥

3

=
αzz + 3αyy

2αzz + 2αyy

(A12)

This is consistent with the finding by Harris et al. [48].

Appendix B: Derivation of diffraction intensities

In our 2010 paper we claim that we can measure ra-
tios of potential strengths with a precision of about 2%.
Since this precision is a factor of 10 improvement over
several previous diffraction experiments, it is worthwhile
to revisit some of the approximations that are commonly
used in the analysis of nano grating experiments. We will
also discuss how going beyond these approximationsmay
lead to interesting phenomena like glory oscillations that
could be observed in future experiments with different
equipment or different operating conditions.
We use three approximations when analyzing diffrac-

tion from nano-gratings [52, 53]. First, the paraxial
(Eikonal) approximation assumes that nearly all the en-
ergy of the atom is due to its propagation along one di-
rection. Second, the WKB approximation assumes that
propagation along that direction is unaffected by the po-
tential. Finally, the Raman-Nath (thin-grating) approxi-
mation assumes that propagation in transverse directions
is negligible compared to the distance over which the po-
tential varies significantly. In this section we will derive
validity ranges for these approximations in the context
of diffraction from nanogratings. We will see that these
approximations are valid in the following regimes respec-
tively:

∂2

∂z2
φ � ∂2

∂x2
φ � k2z (B1)

V � E (B2)

∂2

∂x2
V � 8E

∆z2
(B3)

where E is the kinetic energy of the atom and kz is the
k-vector along the direction of propagation, ψ is the en-
velope of the atom’s wave function (defined below) and
∆z is the propagation distance. Since the VdW potential
diverges near a surface, it is clear that these conditions
are not satisfied everywhere near the grating. We will
discuss how this affects our measurements.
In our experiment z is the direction of propagation, y

is the direction along a grating bar and x is perpendicular
to the bars. In what follows we will assume for simplicity
that the potential is independent of y.
We start with the time-independent Schrödinger equa-

tion:

[
− h̄2

2m
∇2 + V (x, z)

]
Ψ(r, t) = EΨ(r, t). (B4)

When the potential is zero the solutions are plane waves.
In our experiment, we have a well-collimated atom beam
propagating in the z direction, which is well described
by a plane wave. We therefore attempt a solution of the
form
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Ψ(x, z) = ei(kzz)ψ(x, z) (B5)

where we expect ψ(x, z) to be a slowly varying function

of x and z, and kz =
√
2mE/h̄. When we plug this trial

solution into (B4) we get

[
h̄2

2m
(k2z − 2ikz

∂

∂z
−∇2) + V (x, z)

]
ψ(x, z) = Eψ(x, z).

(B6)
Our first approximation is to neglect ∇2

zψ(x, z). Using
E = h̄2k2z/2m we get

h̄2

2m
2ikz

∂

∂z
ψ(x, z) =

[
− h̄2

2m
∇2

x + V (x, z)

]
ψ(x, z).

(B7)
In the absence of a potential this is called the paraxial
approximation and the only requirement is that ∇2

zψ �
∇2

xψ � k2z . In the presence of a potential the additional
requirement that V � h̄2k2z/2m is often called the WKB
approximation. We will discuss the validity of these ap-
proximations below.
Equation (B7) is of the same form as the Schrödinger

equation with zm/h̄k = z/vz taking the role of time. We
can write

ih̄vz
∂

∂z
ψ(x, z) = H ′ψ(x, z). (B8)

A formal solution to B8 is given by

ψ(x, z) = e
−

i
h̄vz

∫
z
z0

H′dz′
ψ(x, z0). (B9)

If we drop the ∇2
x term from H ′ in (B8), we find the

familiar result

ψ(x, z0 +∆z) = e
−

i
h̄v

∫ z0+∆z
z0

V (x,z′
)dz′

ψ(x, z0). (B10)

which we can write as

ψ(x, z0 +∆z) = eiφvdW (x)ψ(x, z0). (B11)

From (B9) we can see in what regime this approxima-
tion is valid by expanding the exponential. For simplicity
we take H ′ to be independent of z and find

ψ(x, z0 +∆z) ≈ 1 +

[
− i∆z

h̄v
(− h̄2

2m
∇2

x + V )

− ∆z2

2h̄2v2
(− h̄2

2m
∇2

x + V )2 + ...

]
ψ(x, z0). (B12)

If ∇2
xφ � kz/∆z, we can neglect all the terms where ∇2

x

acts directly on φ(x, z0) . The remaining terms are

ψ(x, z0 +∆z) ≈
[
1− i∆z

h̄v
V

− ∆z2

2h̄2v2
(V 2 − h̄2

2m
∇2

xV ) + ...

]
ψ(x, z0). (B13)

We can see that (B11) is valid when the second term in
parentheses is very small. We identify Ek = mv2/2 as
the kinetic energy of the incoming atoms and we get

∆z2

8

∇2
xV (x)

Ek

� 1. (B14)

This requirement is reminiscent of a similar criterion in
optics [54]. The analogy for de Broglie wave is different
due to the dispersion of the vacuum, i.e. ω = h̄k2/2m
instead of ω = ck. Note that if we had simply neglected
the ∇2

x term in (B7), we would not have obtained (B14).
We now turn to the specific case of diffraction from a

nanograting. We can divide this system into three parts:
propagation in free space before encountering the grating
(0 < z < z0), propagation between the grating bars (z0 <
z < z0 + ∆z), and propagation in free space after the
grating to the detector (z0 +∆z < z < z0 + L). We will
consider each of these three regions separately.
Our beam is collimated by two 10 µm apertures sep-

arated by 1m. From this geometry we can conclude
that |kx|max ≈ 10−5kz , so we are well justified to take
ω = h̄k2z/2m. Before the grating the wave function has
the form

Ψ(x, z, t) = ei(kr−ωt) ≈ ei(kz−ωt)e−ik x2

2z , (B15)

therefore,

ψ(x, z) = e−ik x2

2z . (B16)

Using z = 1 m and xmax = 10−5 m we see that ∇2
zΨ ≈

1010∇2
xφ ≈ 1020∇2

zφ. Equation (B1) is satisfied. The
condition ∇2

xφ(x, z0) � kz/∆z is more restrictive. Using
∆z = 100 nm (the thickness of the grating) and k = 1011

m−1, we find ∇2
xφ(x, z0) ≈ 10−5kz/∆z.

Near the grating V �= 0 and we have to consider (B2)
and (B3) as well. For the purpose of evaluating the va-
lidity of (B2) and (B3), we assume V = −C3/x

3. For
a nanograting with rectangular bars (the wedge angle α
is 0) this description of the potential is accurate. For
nanogratings with α �= 0, V has a more complicated de-
pendence on x and z, in this case, however, atoms passing
through the grating without hitting a wall spend more
time further away from a wall, in a region of weaker po-
tential. Therefore taking V = −C3/x

3 is a more restric-
tive assumption.
A Na atom traveling at 1000 m/s has a kinetic energy

of about 0.1 eV, using C3=3 eVÅ
3

we see that Ek ≈ V
when the atom is about 0.3 nm from the surface. When
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the atom is 1 nm from the surface Ek ≈ 30V . We see
that (B2) is satisfied for the majority of the region near
the grating.
Equation (B3) is once again more restrictive and we

find ∂2
xV ≈ 8E/d2 when the atom is 3 nm from the sur-

face. This is a significant fraction of the total window
width, however this region does not contribute signifi-
cantly to the detected diffraction intensities. To show
this we first discuss propagation of the atom beyond the
grating.
This propagation can be described analogous to

Fresnel-Kirchhoff diffraction formalism in optics which
is valid as long as (B1) is satisfied. We finally arrive at
the expression for the intensity of the nth order

In =

∣∣∣∣∣1d
∫ d/2

−d/2

a(x) exp [iφvdW(x, zf ) + i2πnx/d] dx

∣∣∣∣∣
2

(B17)
where zf = z0 +∆z and φ(x) is given by (B11).
These two equations [(B17) and (B11)] are the starting

point of section II. The only thing that remains is to show
that atoms that pass through the grating less than 3 nm
from a surface do not contribute significantly to the 2nd
and 3rd orders.
At 3 nm from the surface the φvdW(x) term in the

exponent of (B17) dominates and, making a change of
integration variable we can write the contribution to the

complex amplitude of a subsection of the grating window
as

An(s) =
1

d

∫ w/2

s

exp [iφvdW(x, zf ) + i2πnx/d] dx

≈ 1

d

(
C3∆z

h̄v

)1/3 ∫ ∞

φ(s)

φ−4/3 exp[iφ]dφ (B18)

The second integral can be solved analytically and we
find An(3 nm)/An(10 nm) ≈ 0.01. In other words, as
long as the grating window is wider than 20 nm (our
grating have w ≈ 50 nm), atoms passing within 3 nm
of the surface contribute much less than 1% to detected
diffraction orders.
For gratings that are 50 times thicker [55, 56], devia-

tions from the Raman-Nath (RN) approximation, which
have been discussed in the literature [53], should become
significant. Large deviations from the RN approximation
can lead to interesting phenomena such as atom-surface
potential induced glory oscillations as a function of the
atom beam velocity [14]. The magnitude and period of
these oscillations are dependent on the VdW potential,
thereforemeasurements of atom-surface glory oscillations
may give even better understanding of atom-surface po-
tentials.
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We report improved precision measurements of the van der Waals potential strength �C3� for Na atoms and
a silicon-nitride �SiNx� surface. We studied diffraction from nanofabricated gratings with a particular “magic”
open fraction that allows us to determine C3 without the need for separate measurements of the width of the
grating openings. Therefore, finding the magic open fraction improves the precision of C3 measurements. The
same effect is demonstrated for a grating with an arbitrary open fraction by rotating it to a particular “magic”
angle, yielding C3=3.42�0.19 eV Å3 for Na and a SiNx surface. This precision is sufficient to detect a change
in C3 due to a thin metal coating on the grating surface. We discuss the contribution to C3 of core electrons and
edge effects.
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I. INTRODUCTION

Van der Waals and Casimir-Polder potentials are the
dominant interactions between charge-neutral objects at nan-
ometer to micrometer length scales. As such they have at-
tracted considerable interest in the field of microtechnology
as well as the field of quantum gravity, where some theories
predict deviations from Newtonian potentials at very short
length scales �1�. The dependence of these potentials on the
geometry and dielectric function of surfaces is only partially
understood. In the present paper we report measurements of
sufficient precision to study these effects.

Over the past decade, van der Waals �VdW� potentials
between atoms and surfaces have been measured using dif-
fraction from nanofabricated gratings �2–4�, quantum reflec-
tion from surfaces �5,6�, and spectroscopy of Cs atoms in
nanocells �7�. The most accurate of these reported an uncer-
tainty of 15% �6�.

In this paper we report the VdW potential strength �C3�
for Na atoms and a silicon-nitride �SiNx� surface with a pre-
cision of 5% by studying diffraction of an atom beam from a
nanograting. We applied this improved precision to show that
we can detect a change in C3 due to a thin layer of metal
deposited on the grating. In addition we will discuss the ef-
fect of edges on the atom-surface potential and some of the
difficulties in calculating the VdW potential for real systems.

The dominant source of uncertainty in C3 in previous dif-
fraction experiments was imprecise knowledge of the grat-
ing’s geometric parameters. Perreault et al. �4� reported an
uncertainty in C3 of 25% due to an uncertainty in the win-
dow width �w� of only 1 nm �when w=50 nm�. This corre-
lation between C3 and w is the main problem that we have
overcome by finding the “magic” open fraction. We can now
measure C3 independently of w.

Perreault et al. determined w by SEM imaging; conven-
tional imaging techniques however cannot easily improve
these measurements. SEM and TEM imaging is hindered by
charging and image charge effects, while STM and AFM
images show a convolution of the sample and the unknown
tip shape. The experiment described in this paper allows us
to determine the geometric parameters in addition to C3.

The reason it was difficult to determine either C3 or w
from a study of diffraction alone is that the effect of a small

increase in C3 is usually very similar to the effect of a small
decrease in the window width. In this paper we explain the
origin of this correlation and we will show how the correla-
tion disappears for certain special values of the open fraction
w /d. Gratings with this magic open fraction enable us to
determine C3 and w independently from each other, thus
eliminating the effect that limited the precision of previous
experiments.

We have experimentally demonstrated this by repeatedly
coating a grating with metal until the desired wmagic was
reached �Sec. II�. In the study of atom-surface interactions
however, it is undesirable to contaminate the surface. We
therefore developed a similar method wherein the grating is
rotated by an angle, �m, to change the projected open frac-
tion such that the C3-w correlation vanishes �Sec. III�.

Our experimental setup is described elsewhere �4�. In
brief, we used a supersonic beam of Na atoms incident on a
SiNx material grating with a period of d=100 nm �Fig. 1�.
We measured the flux of diffracted atoms as a function of
position by translating a hot-wire detector in the transverse

d

w

�

Atom Beam �

t

z

x

w'

�

FIG. 1. A schematic representation of the grating geometry. The
grating bars have a trapezoidal cross section with a wedge angle �.
The grating can be rotated around an axis parallel to the grating bars
�y� by an angle �. The period of the grating �d� is 100 nm. The
width of the grating windows �w� varies for different gratings be-
tween 40 and 70 nm. The thickness of the bars �t� is about 120 nm.
w� is the projected widow width.
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direction �Fig. 2�. We then did a least-squares fit of these data
to determine the diffraction order intensities �In�. We mea-
sured In at different grating rotation angles �, as a function of
velocity, ranging from 1000 to 3000 m/s. In the analysis we
used only the ratio I2 / I3 vs velocity �Fig. 3� to determine
both C3 and w. We choose to focus on these two orders
because they are more sensitive to C3 than the zeroth and
first orders and more easily detectable than higher orders.
Studying the ratio reduces systematic errors associated with
detector nonlinearity and the beam-profile used to fit the dif-
fraction data. When measuring diffraction intensities as a
function of grating rotation, we recorded a complete diffrac-
tion pattern for each rotation angle, thus taking into account
the change in separation of the orders due to foreshortening
of the grating period; this was ignored in previous work by
Cronin et al. �8�.

Given the typical grating geometry, we know all atoms
must pass within 30 nm of a surface. We are therefore sen-
sitive exclusively to the short-range nonretarded VdW poten-

tial. We used the model described in Ref. �4� to fit the dif-
fraction intensities. The potential was approximated by that
of two surfaces of infinite extent, colocated with the two
inside surfaces of a grating window. The potential of one
such a surface is well known to have the form

V�r� = −
C3

r3 , �1�

where r is the distance from the atom to the surface. This
potential was then assumed to be “on” only for a distance t
while the atom is between the grating bars. In the WKB
approximation, the phase of the atom wave function just be-
yond the grating is given by

�VdW�x� = −
1

�v
�

z0

z0+t

VVdW�z,x;w,�,�,t�dz , �2�

where z is the direction of propagation and x is the transverse
coordinate �see Fig. 1�. The intensity of the far-field diffrac-
tion orders can now be calculated using techniques from
Fourier optics.

II. MAGIC OPEN FRACTION

The question of whether there is an optimal nanograting
geometry to use in diffraction experiments has been a topic
of informal conversation for some time �9�. We will show
that there is indeed a “magic” open fraction that improves
the precision of C3 measurements by a factor of 5. The VdW-
induced phase has curvature, just as would be the case for the
phase acquired by light due to a lens. Thus we see that the
VdW potential causes atoms to be deflected into higher or-
ders. Similarly, a grating with a smaller window width would
lead to more intensity in the higher orders relative to the
zeroth order. It is tempting to try to approximate the effect of
the VdW potential by a simple diffraction model that uses
C3eff=0 and a modified window width

C3eff = 0,

weff = w − �w�C3� . �3�

This approximation has become the matter of textbooks �10�,
and it illustrates how a measurement of the VdW potential
cannot be made unless the window width is well known. We
derive an expression for weff in Appendix A.

The fact that we can make such an approximation ex-
plains the correlation between the fit parameters C3 and w. It
is therefore of interest to examine whether or not this ap-
proximation holds for all C3 and w. We recall that diffraction
from a binary amplitude mask produces zero intensity in the
mth order when the open fraction w /d=1 /m. However, Cro-
nin et al. �8� demonstrated that, in the presence of the VdW
potential, diffraction from material gratings will never pro-
duce a diffraction order with zero intensity. We therefore
expect that there exists a particular magic open fraction
where the approximation in Eq. �3� breaks down. We expect
this to occur when the effective open fraction approaches an
integer fraction, i.e.,

A
to

m
s

D
et

ec
te

d/
Se

co
nd

Detector Position (mm)

FIG. 2. �Color online� Atom flux as a function of detector posi-
tion in the far field, 2.43 m from a rotated diffraction grating. Note
that at non-normal incidence, the positive orders differ in intensity
from the negative orders. This asymmetry is well described by
theory �8�.

I 2/
I 3

Velocity (m/s)

FIG. 3. �Color online� The ratio of the intensities of the second
and third diffraction orders I2 / I3 is shown as a function of velocity
for grating G1 at normal incidence. Measurements were made after
repeated coating with Au-Pd. The curves indicate three least-
squares fits to the data.
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w → wmagic as weff/d → 1/m . �4�

In Appendix A we derive an expression for wmagic and we
show that the correlation between C3 and w indeed vanishes
as w→wmagic.

For simplicity, we first use simulated data to investigate
what happens to the fit parameters C3 and w when w
→wmagic. We simulated I2 / I3 vs velocity �similar to Fig. 3�
for several grating geometries and fitted the simulated data
with our model. Figure 4 shows a contour plot of the �2

surface in C3-w space for several different values of w. For
most values of w these contours describe extended valleys,
making it impossible to determine either parameter uniquely.
Near the magic open fraction however, �2 has a well defined
minimum.

To produce a grating with the magic open fraction we
started with a grating that had a larger open fraction, coated
it with a thin layer of metal and measured atom diffraction.
We repeated this procedure until the magic open fraction was
reached. The samples were coated using a Hummer IV sput-
ter coater with a Au-Pd target. The coating was applied using
a plasma current of 2 mA for 30 s at a pressure of about 100
mTorr; this nominally corresponds to a 1 nm layer of depo-
sition. The mean-free-path length under these sputtering con-
ditions is about 1 mm which means that the deposition oc-
curs at a wide range of angles �omnidirectional� and that a
simple geometric model of the atomic trajectories suffices to
determine how much material is deposited on the inside
walls of the grating bars. A coating was applied to both the
front and back of the grating.

A precise determination of C3 and w requires additional
knowledge of a grating’s geometric parameters. We obtain
these parameters from rocking curves by doing a least-
squares fit to the data shown in Fig. 6. A careful analysis of
the covariance matrix for this fit shows that there are two
parameters that can be determined independently of C3 and

w. These parameters are the wedge angle ���, and the rota-
tion angle beyond which no atoms can pass through the grat-
ing ��c�.

Armed with this knowledge of � and �c, we measured the
ratio I2 / I3 as a function of velocity to determine C3 and w.
These data are shown in Fig. 3. We did this several times:
after one, two, and three coatings for two different gratings.
Figure 5 shows �2 contour plots corresponding to fits of
these data. The shape of the �2 contours match very well to
the simulation shown in Fig. 4. We can see that for a window
width a few nm larger or smaller than about 60 nm, the �2

contours describe long valleys. The best fit C3
=4.2�0.4 eV Å3 is significantly higher than expected for a
SiNx surface but is consistent with a metal coated grating.
We will interpret the measured values for C3 Secs. V and VI.

III. MAGIC ANGLE

In the study of atom-surface interactions it is usually un-
desirable to cover the surface with any coatings. We can use
a technique similar to the one above on a grating of any
initial open fraction by rotating the grating around a grating
bar. When the grating is rotated by an angle greater than the
wedge angle �, the projected open fraction is reduced �see
Fig. 1�. When we rotate the grating, the acquired phase pro-
file changes as the inside surfaces of the grating bar are ei-
ther rotated toward or away from the path of the atoms.
Taking into account this change, we can rotate the grating by
a particular “magic” angle �m such that Eq. �4� is satisfied.

A grating was placed on a motorized rotation stage with
an optical encoder with 1/25 degree precision. We acquired
diffraction scans at about 50 angles ranging from −25° to 25°
and fitted the zeroth-order intensity as a function of angle for
an a posteriori calibration of normal incidence.

We do not know a priori at what angle to position the
grating since we would need to know both the window width
and C3 to calculate the magic angle. We can however detect
the magic angle in a diffraction experiment. From Eq. �4� we
expect that the intensity of one of the orders will be minimal

w
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m
)

C3 ( eV Å
3

)

FIG. 4. The figure shows contours of �2=�min
2 +1 in the C3-w

plane corresponding to the 1-	 uncertainty of the parameters. Con-
tours are shown for simulated data sets with C3=3 eV Å3, d
=100 nm, and different values of w. The contours describe ex-
tended valleys at most open fractions but narrow to a well defined
minimum for one particular magic open fraction. In this example
wmagic=61 nm, in general this value is dependent on C3 ,�, and t as
described in Appendix A.
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G1 coated once

G1 coated twice

G1 coated thrice

G2 not coated

G2 coated once

G2 coated twice

G2 coated thrice

FIG. 5. �Color online� Contours of �2=�min
2 +1 in C3-w space

for two gratings �labeled G1 and G2� after repeated coatings with
Au-Pd. The small contour for “G1 coated twice” shows the impact
of the magic open fraction.
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at the magic angle. Figure 6 shows the intensities of orders 1
through 4 relative to the zeroth order obtained from 50 dif-
fraction scans at different angles. The third order is minimal
at an angle of 10.5°. We therefore expect the magic angle to
be around 10.5°.

We did this experiment for two different gratings, one that
was pure SiNx and one that had been coated with Au-Pd. The
results for the Au-Pd coated grating are shown in Figs. 7 and
8. The magic angle was found to occur at 10.5°. To achieve
the best precision in C3 and w we did a global fit to I2 / I3 vs
velocity at 9° –11°, shown in Fig. 7. The combination of C3
and w obtained this way is consistent with diffraction data at
normal incidence, as can be seen from Fig. 8. We find C3
=4.8�0.5 eV Å3, which is once again significantly larger
than the value expected for a SiNx surface.

The same experiment on a grating with no Au-Pd coating
on the other hand yields C3=3.26�0.16 eV Å3, which is
consistent with theory for a SiNx surface. The �2 contour for
the clean grating is shown in Fig. 9. The values found for C3
for different gratings and coatings are summarized in Table I.
The fit parameters for both gratings are summarized in Table
II. In order to find the physical C3 for this combination of
atom and surface, we need to take into account the shape of
the potential more carefully. This is discussed in Sec. V.

The grating labeled G3 was used by Lepoutre et al. �12�
to measure VdW induced phase shifts in an atom interferom-
eter. Our determination of the grating geometry enabled Lep-
outre et al. to verify the 1 /r3 form of the VdW potential.

IV. THEORETICAL PREDICTIONS

An ab initio calculation of the atom-surface interaction
can be a very challenging undertaking; even a calculation for
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FIG. 6. �Color online� The intensity of orders 1, 2, 3, and 4
relative to the zeroth order as a function of the grating rotation �
�see Fig. 1�. Each set of points at one angle represents one diffrac-
tion scan like the one shown in Fig. 2. A least-squares fit to these
data allows us to determine � and �c independently from w and C3.
Although w and C3 are left as free parameters in this fit, they are not
well constrained. The data represented here are for a grating deter-
mined to have �=5�1 degrees and �c=26.5�0.1 degrees. For a
further discussion of rocking curves see references �8,11�.
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FIG. 7. �Color online� The ratio I2 / I3 as a function of velocity at
three different angles of incidence, near the magic angle. The lines
indicate a global fit to the 16 data points that are shown. The data
shown here is for the grating labeled G3.
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I2/I3 at 10.5 deg

I2/I3 at 0 deg

I1 - I4 at 0 deg at v = 2000 m/s

Global fit of I2/I3
at 9,10 and 11 deg

FIG. 8. �Color online� Contours of �2=�min
2 +1 in C3-w space

for the Au-Pd coated grating labeled G3. The blue �thin solid� el-
lipse corresponds to a fit of a single diffraction scan like Fig. 2 at
2000 m/s at normal incidence. The black �dashed� and green �dot-
ted� ellipses correspond to data similar to Fig. 7 at a single angle
�=0° and �=10.5°, respectively. The red �bold solid� ellipse cor-
responds to the global fit of the three angles shown in Fig. 7 result-
ing in the best constraint on C3.
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After 1 x 2 Hour Exposure

After 2 x 2 Hour Exposure

FIG. 9. The effect of exposure to the Na atom beam is demon-
strated. One 2 h exposure in this figure corresponds to a dose 100
times larger than in a typical experimental run. The clean SiNx

grating shows a C3 of 3.26�0.16 eV Å3
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idealized atoms and surfaces can only be done analytically in
a handful of special cases. For an arbitrary geometry there is
as of yet no proven method to exactly calculate the interac-
tion strength �13�. For a real system, we must consider the
frequency response of the atom as well as that of the surface,
which is affected by the composition and the geometry of the
surface. For an infinite plane surface, the VdW coefficient in
the nonretarded regime is given in Ref. �14� by

C3 =
�

4

�

0

�

�pol�i��
�i�� − 1

�i�� + 1
d� , �5�

where �pol�i�� is the atomic polarizability and �i�� is the
dielectric response function of the surface in atomic units. In
general �pol�i�� is given by

�pol�i�� = �
n

fn

�n
2 + �2 , �6�

where fn are the oscillator strengths for transitions from the
ground state to all the n other states with �f i=1. For the
present case it is sufficient to include only the two D-lines of
sodium since their combined oscillator strength fD1+ fD2
=0.961. Indeed, for �=0 Eq. �6� yields �pol�0�=160.7 a.u.
=23.81 Å3 which accounts for 99% of the static dipole po-
larizability of sodium.

The optical response of the silicon nitride was obtained
experimentally in Ref. �15�. The material studied in this ref-
erence was produced in a way similar to the material of our

TABLE I. Experimental results and theoretical predictions.

Experiment C3 �eV Å3�

This work:

Na and SiNx fit parameter, grating A 3.26 �0.16 a

Na and Au-Pd fit parameter, grating G1 4.30 �0.5

Na and Au-Pd fit parameter, grating G3 4.80 �0.5

Na and SiNx with PWI correction, grating A 3.42 �0.19 a

Na and Au-Pd with PWI correction, grating G1 4.51 �0.5

Na and Au-Pd with PWI correction, grating G3 5.04 �0.5

Previous work:

Na and SiNx �4� 2.70 �0.8

Theory

Na and perfect conductor 7.6 �16�
Na and SiNx using single oscillator �pol�i�� and
tabulated �i�� 3.3 �15�, Eq. �5�
Na and SiNx using tabulated �pol�i�� and �i�� 3.48 �15,20�, Eq. �5�
Na and Bulk Au 5.11 �21�
Na and 1 nm Au at r=10 nm 4.3 �22�
Na and 2 nm Au at r=10 nm 4.5 �22�
Na and 3 nm Au at r=10 nm 4.6 �22�
aThe sources of the reported uncertainty are discussed in Appendix B.

TABLE II. Best fit parameters found from least-squares fits for three different gratings. The origin of the
quoted uncertainties is explained in Appendix B. A0 represents a clean grating, A1 and A2 correspond to the
same grating after one and two exposures to the Na beam, respectively. G1 and G3 are Au-Pd coated gratings.
G3 is the Au-Pd coated interaction grating used in Ref. �12�.

Grating name
C3

�eV Å3�
w

�nm�
�

�deg�
t

�nm�

A0
a,c 3.26 �0.16 57.0 �1.0 3.5 �0.5 140 �10

A1
a,d 3.24 �0.3 57.5 �1.0 3.3 �0.5 140 �10

A2
a,d 3.1 �0.3 54.5 �1.0 3.1 �0.5 140 �10

G1b,e 4.3 �0.5 61.6 �1.0 4.5 �0.5 110 �10

G3a,e 4.8 �0.5 53.0 �1.2 5.0 �1.0 110 �10

aC3 and w determined by magic angle method.
bC3 and w determined by magic open-fraction method.
cClean SiNx grating.
dGrating exposed to Na atom beam.
eAu-Pd coated grating.
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gratings. The stoichiometry of the SiNx is not exact, but x is
nearly equal to 4/3.

Theoretical calculations by Derevianko et al. �16� have
shown that the effect of core electrons to C3 can be signifi-
cant. They report a 15% increase in C3 for sodium and the
surface of an ideal conductor as compared to a model not
including core electrons. For a SiNx or a gold surface, theory
predicts a more modest increase in C3 on the order of 6%.
This is understandable since core excitations mainly contrib-
ute to �pol�i�� at high frequencies where the response of a
real surface is small. Our measurements using a SiNx surface
are in better agreement with the model that includes core
electrons although the deviation from a simple Lorenz oscil-
lator model is only 1 standard deviation. The results are sum-
marized in Table I.

V. PAIRWISE INTERACTION

The parameter C3 is only defined for an atom near an
infinitely extended plane surface for which the potential has
a well-known C3 /r3 dependence. In the case of a more com-
plicated geometry such as our gratings, the potential is in
principle a function of all three spatial coordinates �VVdW
=VVdW�x ,y ,z��. There are multiple ways of defining a C3 in
this case. One way is the approximation discussed before Eq.
�1�, where we use the potential of two infinite planes colo-
cated with the grating’s inner walls. This approximation
however ignores the effect of edges. A more precise way to
define C3 is to use the pairwise interaction �PWI� model.

The PWI approximation assumes that the interaction of an
atom with a solid body is proportional to the sum of the
interactions with each of the atoms composing the body.
Mostepanenko et al. suggested that the PWI model, which
neglects any multibody interactions and screening effects,
gives the right spatial dependence of the potential but re-
quires a normalization constant in order to yield the correct
potential �17�. The PWI potential is given by

V�r� = − K�
V

d3r�
nC6

�r − r��6
, �7�

where the normalization constant K is dependent on the ge-
ometry of the solid, and its material properties, n is the num-
ber density of atoms and C6 is the atom-atom interaction
constant.

The normalization constant can be obtained by comparing
the PWI model with an exact calculation for an infinite
plane. We can then express KnC6 in terms of C3 for an infi-
nite plane:

V = − �
x�0

dx� dy� dz
KplanenC6

��x + d�2 + y2 + z2�6/2 �8�

=−
Kplane
nC6

6d3 �9�

=−
C3

d3 , �10�

where d is the distance to the surface. We can now identify
C3=
KplanenC6 /6. A numerical evaluation of the integral in
Eq. �2� using the potential in Eq. �7� with KnC6=6C3 /

shows that the PWI model yields a smaller �VdW by about
5% as compared to the approximation discussed before Eq.
�1�. We accordingly apply a 5% correction to the C3 found
from our fits.

By construction the PWI model gives the correct potential
near the middle of a grating bar and close to the surface,
where the effect of edges is negligible. Near an edge, the
PWI model may yield a potential that differs from the actual
potential by no more than 13%. We obtained this upper
bound to the error by comparing the PWI model to the exact
solution in the limiting case of an atom far away from a
perfectly conducting sphere �18,19�. In this case the PWI
potential is expected to differ most from the real potential by
reasoning analogous to that in Ref. �17�. We further assume
that the real potential of an atom near a surface of finite
extent must be smaller than the potential near an infinite
surface thus creating an additional upper bound to the error.
Based on an analysis of the error along the propagation path
of the atom, we conclude that the PWI correction introduces
an error that is no larger than 3% to the acquired phase and
thus to our measurement of C3.

VI. EFFECT OF A THIN LAYER OF METAL

The two measurements of C3 for Na and an Au-Pd coated
grating both showed a significantly larger C3 than is ex-
pected for a clean SiNx surface. The magic open-fraction
experiment and the magic angle experiment were done using
two different samples and give C3=4.3 eV Å3 and C3
=4.8 eV Å3, respectively. These results are in agreement
with theoretical predictions for C3 near a gold coated surface.

A thin surface layer �roughly less than an optical skin-
depth� does not produce the same VdW potential as a bulk
material even in the idealized case of a uniform layer that
retains the optical response properties of the bulk material.
Studies of the Casimir potential between large bodies have
detected a dependence on surface properties at distances
greater than 100 nm �23�. For thin layers, less than a skin
depth of the surface material, the effect of the surface layer is
significantly reduced at these distances. Based on theoretical
work however, we expect the effect on the short-range VdW
potential to be significant even for very thin layers �22�.

Our metal coated gratings consist of a thin coating of a
Au-Pd mixture on top of a silicon nitride nanobar. In mod-
eling such a system we must take into account the interface
between the vacuum and the thin outer surface as well as the
interface between the surface layer and the underlying bulk
material. To do this, we have evaluated expression 4.14 in
Ref. �22�. We used a Drude model for Au�i�� and an insu-
lator model for SiNx

�i��.
Two problems present themselves in a precise interpreta-

tion of the results. First, the atom-surface potential is depen-
dent on the thickness of the coating, which is not very well
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known and may be nonuniform. Second, in the presence of a
thin surface layer the VdW potential no longer follows an
exact 1 /r3 potential. For a 2 nm layer of Au, C3 varies from
4.8 to 4.2 eV Å3 at distances of 2 to 25 nm from the surface,
respectively. Where we used C3=V�r�r3. We evaluated the
potential at a distance of 10 nm, where our experiments are
most sensitive �4�. A 2 nm layer of Au on the surface gives
C3=4.5 eV Å3. This value depends on the thickness of the
Au layer, a 3 nm layer, for example, gives C3=4.6 eV Å3.

In the analysis of our data, we still assumed a 1 /r3 poten-
tial since we are most sensitive to a small range of distances
and the physical potential only deviates weakly from this
form over a short range. Any errors introduced by this as-
sumption must be smaller than the range of C3 given above
and are of the order of the uncertainty reported.

Despite these difficulties, the reported C3 for a metal
coated grating is significantly different from the SiNx mea-
surement. The change of more than 30% is consistent with
theory �see Table I�. Our measurements on both metal coated
samples are clearly inconsistent with a clean SiNx surface.

The growth of thin films of metal is a complicated process
subject to many experimental parameters �24�, however there
are several pieces of evidence that show that there is a sig-
nificant amount of metal on the inside surfaces of the grating.
First, we know that the mean-free-path length in the coating
process is about 1 mm. This means the deposition is omni-
directional and the inside of the bars will be coated with
nominally 1 nm of metal. Second, SEM images of the metal
coated grating show significantly reduced effects of charging
as compared to before coating, this indicates the surface is
conducting charge. Third, x-ray spectra we obtained in the
SEM show the presence of Au. Finally, the measured C3 is
consistent with metal coating on the inside of the bars. It is
however inconsistent with both theoretical predictions and
our measurement of C3 for a clean SiNx grating.

VII. EFFECT OF THE NA BEAM ON THE GRATING

During an experiment, a grating is exposed to the atom
beam for several hours. A set of 50 diffraction scans used to
make Fig. 6 takes about 30 min to acquire. Such a data set is
taken at four different velocities to fully characterize a grat-
ing. The total exposure time to the atom beam is about 2 h
per experiment. To determine if prolonged beam exposure
causes contamination and a affects C3, we exposed the grat-
ing to a high flux atom beam. Under normal experimental
conditions the atom beam is collimated by two 10-�m-wide
slits which attenuate the flux at the location of the grating by
a factor of about 100. To test the effect of beam exposure we
removed both collimating slits and exposed the grating to the
unattenuated atom beam source for a duration of 2 h.

The results are shown in Fig. 9. After the first 2 h, the
open fraction is not significantly affected, after another 2 h
exposure, the window width is changed by 2.5 nm. Table II
shows the best-fit geometric parameters before and after
coating, A0 represents a clean grating, A1 and A2 correspond
to the same grating after one and two exposures, respec-
tively.

The best-fit value for C3 is not significantly changed after
exposure to the atom beam. We propose this is due to non-

uniform coating of the grating. The directionality of the atom
beam suggest that the majority of the atoms would hit the
front face of the grating bars, only about 10% would hit the
side of the bars directly. AFM images confirm that the so-
dium forms large clumps on the front face of the grating that
overshadow the grating windows. The change in the wedge
angle after the coating is consistent with this explanation.

We conclude that under normal experimental conditions,
the effect of beam exposure should be 100 times smaller
corresponding to 0.01 nm per 2 h experiment. These deposi-
tion rates are consistent with the atom count rate we measure
at the detector. A small amount of contamination will still be
present.

VIII. CONCLUSION

We measured the VdW potential for Na and a SiNx sur-
face with five times better precision than previous work. We
made use of the fact that using a grating with a particular
magic open fraction or a magic rotation angle, C3 can be
determined independently from the geometric grating param-
eters. This method also yields a precise determination of the
geometric parameters of the grating. These measurements are
not subject to the systematic problems that plague conven-
tional imaging techniques and are therefore useful in other
experiments using nanogratings. Our measurements are pre-
cise enough to detect an increase in the atom-surface poten-
tial due to a thin layer of metal. We also detected the effect of
extended exposure to the atom beam on the grating param-
eters; however the effect of contamination by the atom beam
was verified to be negligible under normal experimental con-
ditions. Our measurements are now approaching a precision
where they are sensitive to edge effects and the contribution
of core electrons.
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APPENDIX A: DERIVING THE MAGIC OPEN
FRACTION

To better understand the correlation between the window
width and the VdW coefficient, we consider diffraction from
a grating with rectangular bars. In the far field, the intensity
of the nth order is In= �An�2. Where the complex amplitude An
is shown in Ref. �4� to be

An =
1

d
�

−w/2

w/2

exp�i	−
2
nx

d
+ �VdW�x�
�dx , �A1�

with

�VdW�x� =
C3t

�v
� 1

�w/2 − x�3 +
1

�w/2 + x�3 , �A2�

where w ,d, and t are the grating window width, period, and
thickness, respectively, v is the velocity of the atoms, and x
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is the position along the grating window �Fig. 1�. This inte-
gral is represented graphically in Fig. 10 by a Cornu spiral
�8,25�. The length of the curve is equal to the window width,
while the distance between the end points gives �An�. For
C3=0 the curve would lie on the circle shown in the figure;
when C3 is nonzero the extremities of this curve spiral away
from the circle, one inside the circle and one outside. This
immediately demonstrates that in the presence of the VdW
potential, there are no orders with zero intensity.

To study the effect of small changes �C3 and �w on the
diffraction intensity, we need to look at the corresponding
translation of the end points. As indicated in the figure, a
change in w adds a length in the middle of the curve where
the curvature of the Cornu spiral is nearly equal to that of the
circle, thus causing the end points of the spiral to move par-
allel to the circle. A change in C3 increases the curvature of
the end of the spiral, which has an effect on the end points
that is similar but not exactly the same.

To equate a change in C3 to an equivalent change in w, we
consider only the projection of the end point onto the circle
that corresponds to C3=0. This neglects radial translations of
the end points due to �C3. The points on this circle nearest to
the end points we label �weff /2 for reasons that will soon
become clear. To approximate the location of these two
points we can use the fact that the part of the spiral where
�VdW�
 can be neglected. At the point on the Cornu spiral
where �VdW=
, the tangent line of the spiral is antiparallel

to the circle. The value of weff can then be found from Eq.
�A1� by solving

exp	i
 − i
2
n

d
x�
 = − exp	− i

2
n

d
weff/2
 , �A3�

where x� is the coordinate where �VdW=
. The minus sign
on the right-hand side accounts for the fact that the tangent
vectors on the circle �C3=0� and on the Cornu spiral are
pointed in opposite directions. The value of x� can easily be
found by considering the potential of a single wall, it is how-
ever more convenient to define x0=w /2−x�, the distance
from the atom to the nearest wall. We find x0 by solving

t

�v

C3

x0
3 = 
 . �A4�

The relationship between �w and �C3 is then seen to be

�w =
�weff

�C3
�C3 = 2

�x0

�C3
�C3. �A5�

Using common values for the parameters, t=120 nm, v
=1000 m /s, and C3=3 eV Å3, we get

�C3

�w
= �C3

−2t


�v
−1/3

� 0.8
eV Å3

nm
. �A6�

This is very close to the relationship found empirically in
Ref. �4� between the best-fit value for C3 and the fixed value
used for w.

A rough approximation for In can now be found by setting
C3=0 and using weff in place of the physical value for the
window width. This approximation is not very useful in in-
terpreting experimental data but it does allow us to make an
estimate of the magic open fraction. This approximation pre-
dicts a zero in the single-slit diffraction envelope at order n
when w /d=m /n for integer m. When �n ,m�= �2,1� the sec-
ond order is predicted to be missing. Since there are no dif-
fraction orders with zero intensity, we find the magic open
fraction by solving

weff/d = �wmagic − 2x0�/d = 1/2. �A7�

Using C3�3 eV Å3, we find 2x0�10 nm so we predict a
magic open fraction for w=60 nm. A numerical calculation
shows that the covariances of the fit parameters w and C3
indeed become small near w=60 nm. There are also magic
open fractions near w=45 nm and w=90 nm corresponding
to �n ,m�= �3,1� and �2,2�. In general

wmagic

d
=

m

n
+ 2� C3t


�v
1/3

. �A8�

Figure 10 also shows a spiral for a grating with the magic
open fraction, demonstrating how the model using only weff
gives the wrong result.

Near the magic open fraction, the approximation of using
an effective open fraction with C3=0 is no longer valid.
There is no longer a simple analytic expression for the rela-
tionship between the fit parameters C3 and w. In order to still
quantitatively explore �C3 /�w near the magic open fraction,
we have numerically computed this derivative.

R
e

(
S

)

Im ( S )

1/2 weff

- 1/2 weff

w

C3

FIG. 10. �Color online� A Cornu spiral is a graphical represen-
tation of the integral in Eq. �A1�, it is a curve in the complex plane
parametrized by �R�S�q�� ,I�S�q��� where S�q�= 1

d�−w/2
q exp�i�

− 2
nx
d +�VdW�x���dx. The length of the curve is equal to the domain

of integration �w�, while the distance between the end points gives
the absolute value of the amplitude of the diffraction order. The
figure shows a Cornu spiral in blue �dark gray� for the second order
�n=2� for a grating with w=50 nm and C3=3 eV Å3. The figure
also shows a Cornu spiral for a grating with the magic open fraction
in red �light gray�.
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We can now show that the correlation between the fit
parameters C3 and w indeed vanishes �i.e., �C3 /�w=0� at
this magic open fraction. For a single measurement at a
single velocity In�v1�, we find a relationship between C3 and
w that is, at least locally, linear with slope a1=�C3

In /�wIn.
This relationship is shown in Fig. 11 by the solid line. If we
include the uncertainty associated with In the linear relation-
ship becomes a confidence region, given by the area between
the dashed lines. In order to determine the combination
�C3 ,w� we need another measurement at a different velocity
In�v2�. If the slope a1 is similar to a2 the confidence region is
still an extended valley. Only if the angle between the two
lines is large are both parameters C3 and w well constrained.
In that case, as indicated in Fig. 11, X marks the spot. From
Fig. 11 we can also see that the condition of minimum cor-
relation is not exactly the same as the condition for the best
constraint on w and C3. The former only requires a1=−a2
while for the latter we want the angle between the two lines
to be 90° �26�. The fact that �C3

In /�wIn can be both positive
or negative means that a suitable combination of measure-
ments can yield �C3 /�w�Cov�C3 ,w� /Var�w�=0 for the
two fit parameters. This quantity can be also be obtained by
fitting a set of data with w fixed and determining C3 for
different values of w �27�.

The angle between two lines with slopes a1 and a2 is
given by �=atan�a1�−atan�a2�. Figure 12 shows � as a func-
tion of w and shows that the angle indeed approaches 90°
around the predicted open fraction wmagic /d. The largest �
occurs when one of the slopes is negative. This only happens
in a narrow range near wmagic when either �C3

In or �wIn

changes sign. We therefore expect the best constraint on C3
to be obtained with an open fraction �or grating rotation
angle� that minimizes In as our simple guess predicted.

APPENDIX B: DISCUSSION OF REPORTED
UNCERTAINTIES

Given the small uncertainty in the reported values for C3,
it is appropriate to discuss the various sources of statistical

and systematic errors. Errors due to surface roughness or
variations in the grating parameters have previously been
discussed in the literature. First, we consider variations in the
grating parameters such as the bar thickness. SEM images
that show that the RMS deviation of the grating bar width is
about 1.4 nm. We do not observe the exponential dampening
predicted in Ref. �28� so we think surface variations cannot
be described in terms of a distribution of the geometric pa-
rameters. This is consistent with findings in Ref. �3�. Instead
they can be treated as surface roughness.

In quantum reflection experiments in particular, surface
roughness influences the reflection efficiency. In our experi-
ment however, surface variations on a scale smaller than the
grating bar thickness tend to average out since the atoms
sample multiple areas of the surface. The potential near a
rough surface to first order has the same spatial dependence
and the same C3 as a smooth surface but relative to an ef-
fective surface distance �29�. This should be taken into ac-
count in the interpretation of our report of geometric param-
eters but is of less significance to our reported values of C3.

We determine the velocity of our atom beam by measur-
ing the distance between diffraction orders. The uncertainty
in the velocity is due to the uncertainty in the distance be-
tween the grating and the detector which we know to within
1%.

As can be seen from Table III, the dominant source of
uncertainty is the uncertainty in determining the I2 / I3. This is
due to the fact that one of the orders is very small near the
magic open fraction or magic angle. The total error given by
the individual errors added in quadrature is 5.7%.

The PWI correction factor of 5% was obtained in a sim-
plified geometry �using bars with rectangular cross section�
by computing the correction to the integrated phase �Eq. �2��
using the PWI potential. We did this for multiple paths
through the grating at normal incidence. Since this is a com-
putationally intensive procedure it was not feasible to fit our
experimental data with this model and get more exact knowl-
edge of the effect of the PWI correction on the fit parameters.

The main source of uncertainty in the determination of w

w
(n

m
)

C3 ( eV Å
3

)

FIG. 11. �Color online� The two solid lines correspond to the
relationship between the best fit C3 and w for a measurement of I2

at velocities v1=1000 m /s and v2=2000 m /s, respectively. The
dashed lines correspond to the 1	 confidence interval. The area
where the confidence intervals overlap is smallest when the angle �
between the two lines is closest to 90°.

(r
ad

ia
ns

)

w (nm)

FIG. 12. The angle � between the two lines in Fig. 11 is plotted
versus w. The angle is closest to 
 /2 around w=61 nm which is
indeed around where we expect the magic open fraction to be. As
the angle approaches 
 /2 the parameters C3 and w become maxi-
mally constrained. �=
 /2 is indicated by the dashed line.
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is the uncertainty in the wedge angle �. The contours shown
in Figs. 8 and 9 show a far more stringent bound on w than
we ultimately quote in Table II because the �2 contours cor-
respond to a fit with � fixed. We note that the parameter w

refers to the average window width so even though we allow
for variations in the physical window width from point to
point on the order of 2 nm, the parameter w can be con-
strained to within 1 nm.
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TABLE III. Sources of errors for measurement of C3 for a Na atom and a SiNx surface.

Quantity Value Uncertainty
Uncertainty in C3

�%�

Grating-detector distancea 2.43 m 1% 1.0

Grating wedge angle � 3.5° 0.5° 0.9

Critical angle �c 26.5° 0.1° 1.5

Geometry variations 2 nm rms max 2 nm 1.0

Surface roughness 2 nm rms max 2 nm 1.0

I2 / I3 from fit of diffraction data 1–7 10% 4.2

Total uncertainty in fit parameter C3 3.26 eV Å3 0.16 eV Å3 4.9

PWI correction 5% shift 3% 3.0

Physical C3 3.42 eV Å3 0.19 eV Å3 5.7

aThe grating-detector distance is required to determine the velocity.
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Abstract – We used the Toulouse atom interferometer to study how Van der Waals (VdW)
interactions between atoms and surfaces cause velocity-dependent phase shifts for atomic de
Broglie waves. By introducing a thin nano-grating in one branch of this interferometer, we observed
a phase shift that depends on velocity to the power −0.49. This dispersion serves to measure both
the strength and the position dependence of the atom-surface potential in the range from 5 to
10 nm from the surface, and it can also set new limits on non-Newtonian gravity in the 2 nm range.

Copyright c© EPLA, 2009

Atom interferometers are celebrated tools for measuring
atomic de Broglie wave phase shifts [1]. By transmitting
one arm of an atom interferometer through a nano-
structure, an electric field, or a dilute gas, measurements
have been made of Van der Waals (VdW) potentials [2]
atomic polarizabilities [3–5], and complex scattering
amplitudes [6–8] respectively. Studies of dispersion, i.e.
phase shifts as a function of atomic velocity, provide
additional information about the interactions that cause
these phase shifts. For example, glory undulations
observed in [7,8] can reveal the number of bound states in
atom-atom potentials as well as the long-range shape of
such potentials. Here, we report the first observations of
dispersive phase shifts caused by atom-surface interactions
with enough precision to measure both the strength and
the position dependence of the atom-surface potential.
Atom-surface interactions in the non-retarded Van der
Waals regime and in the longer-range Casimir-Polder
regime [9] are the topic for hundreds of references in
the field of QED [10]. These interactions are impor-
tant for a large variety of experiments involving atoms
or molecules near surfaces: atoms or molecules passing
through nano-gratings [11–13]; propagation of molecules
in Talbot-Lau interferometers using material gratings [14];
reflection properties of atomic mirrors using evanescent

(a)E-mail: jacques.vigue@irsamc.ups-tlse.fr

laser waves [15–17] including atom interferometry exper-
iments [18,19]. Atom-surface interactions are necessary
to understand quantum reflection from nano- or micro-
structured surfaces [20–23], BEC interferometry on a
chip [24], MOT dynamics near an optical fiber [25,26], or
searches for nanometer-scale modifications to Newtonian
gravity [27].
The first measurement of atom-surface interactions
by atom optics techniques was made by the research
group of J. P. Toennies in 1999 [11], by measuring the
intensities of the various diffraction orders transmitted
by a nano-grating and this work was followed by similar
experiments [28,29]. Atom interferometry can be used to
measure the phase shift associated to diffraction by a
nano-grating, as first done by the research group of one
of us (ADC) [2,30]. The long-range part of this potential
has been studied by observing quantum reflection of
atoms [31]. Laser spectroscopy, which can be also used
to study atoms near surfaces [32], is sensitive only to the
difference of the interaction potentials corresponding to
the atom internal states connected by the laser. We cannot
review here all the other methods available to study the
atom-surface interaction potential and we refer the reader
to the review paper by Hoinkes [33].
Deviations from the C3/r

3 form of the atom-surface
potential can be caused by retardation, adsorbed atoms,
and in principle by gravity [34]. There is therefore
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~ 250 mµ

Fig. 1: Left part: experimental set-up of our interferometer. A
supersonic beam of lithium is diffracted by three standing laser
waves, forming a Mach-Zehnder atom interferometer. The laser
standing waves are obtained by reflecting three lasers beams
on the mirrors noted Mi with i= 1–3. A nano-grating can be
inserted just before the second standing wave, at the position
where the distance between the two atomic beams labelled u
and l is largest, of the order of 100µm. The output beams
labelled 1 and 2 carry complementary fringe signals and the
detector D measures the intensity of one of these two beams.
Right part: schematic drawing of the nano-grating showing the
250µm wide gap and the atomic beams with the “u” beam
going through the grating and the “l” beam going through
the gap.

motivation to measure the strength and functional form
of the atom-surface interaction potential with unprece-
dented accuracy. The methods and analysis presented
here advance the Atom Optics techniques available for
such measurements.
We use a silicon nitride nano-structure with 53 nm wide
windows as a phase shifter in an atom interferometer.
With lithium atom beams with velocity v in the range 700
to 3400m/s, our measurements show a surface-induced
phase proportional to v−0.49. This is contrary to the naive
prediction of v−1, therefore we are motivated to present
an analytical model to explain this unusual dispersion
and discuss its implications for new applications for atom
interferometry.
We emphasize that the first experiment [2] to detect
surface-induced phase shifts with an atom interferometer
was not accurate enough to study dispersion, and there-
fore could not test the power law of the potential. By
comparison, the measurements presented here have a 30
times improved accuracy for phase shifts at any one veloc-
ity. In this manuscript, we explain the improved meth-
ods and observations first. Then we discuss the origin of
the dispersion. Finally, we discuss the significance of this
dispersion for new measurements, such as searches for non-
Newtonian gravitational interactions.
Our experiment uses the Toulouse atom interferometer
discussed in [35]. The experimental set-up is shown on
fig. 1. A supersonic beam of lithium atoms seeded in
a carrier gas crosses three near-resonant laser standing
waves that diffract the beam, thus forming a Mach-
Zehnder atom interferometer. This atomic beam is highly
collimated by two slits with widths ca. 15µm (the exact
value depending on the carrier gas used for the supersonic
expansion) separated by 0.76m, resulting in an atomic
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 ∆ϕ  ~ 0.214 rad

Fig. 2: (Colour on-line) Atom interference fringes recorded with
(A) both arms (visibility VA = 32%), (B) one arm (VB = 34%),
or (C) neither arm (VC = 72%) passing through the nano-
structure, with a lithium beam velocity v= 1062± 20m/s. The
counting period is 0.1 s per data point.

beam angular width close to 20µrad FWHM. This high
collimation is needed to separate the u and l beams in
the interferometer and also the two output beams labelled
1 and 2 in fig. 1. Because the light gratings match the
Bragg condition, the Toulouse interferometer has only two
arms, as opposed to the interferometer used in [2]. The
results are dramatically easier to interpret so we were
able to measure the surface-induced phase shift with an
uncertainty of 2%.
The measured intensity output from the interferometer
depends on the positions xi of the three standing-wave
mirrors Mi [35] and a phase ϕ:

I = I0 [1+V cos(kg(x1− 2x2+x3)+ϕ)] . (1)

Here, I0 is the mean intensity, V is the fringe visibility,
and kg is the light-grating k-vector. To observe atom-
interference fringes, shown in fig. 2, we displace mirror
M3 with a piezo drive. We measure its position using a
Michelson interferometer involvingM3 and a fixed mirror.
This interferometer is completely under vacuum and
operated with a He-Ne laser. The resulting uncertainty
on measurements of the phase ϕ of the atom interference
fringes is about 3 milliradians, for a 100 second recording
with neither arm going through the nano-grating, as in
recording C of fig. 2.
We locate the phase-shifting nano-structure just before
the second laser standing wave. The distance between
the two interferometer arms, which is largest at this
point, is inversely proportional to the atom velocity v
and close to 100µm when v= 1000m/s with first order
Bragg diffraction. For velocities larger than 2000m/s, we
use second order Bragg diffraction to increase the path
separation. However, in this case, the interference fringes
have a lower visibility and some stray beams due to
weak first order diffraction are present. These two defects
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Fig. 3: (Colour on-line) Measured fringe visibility V, mean
intensity I0, and phase shift ∆ϕ shown as a function of the
interaction grating position xG, for a lithium beam velocity
v= 1062± 20m/s. At the reference position, xG = 0, both
interferometer arms go through the gap, so they are unaffected
by the grating. When 65< |xG|< 190µm (case B or D), only
one arm goes through the grating and we observe opposite
phase shifts. The mean intensity and the fringe visibility are
reduced, as discussed in the text. When |xG|> 190µm (case
A or E), both arms go through the grating, the phase shift
returns to 0. The best fit is represented by the continuous line.

reduce the accuracy of our phase measurements when
v > 2000m/s.
Our phase-shifting element is the same interaction
grating used in the Perreault experiment [2], except that
the gap for the reference beam has been enlarged from 100
to 250µm and the structure has been sputter-coated with
Au/Pd metal. The enlarged gap makes data shown in
fig. 3 much easier to interpret. The thin (nominally 1 nm
thick) layer of Au/Pd made the structure more suitable for
SEM imaging, and may have increased the C3 VdW coef-
ficient. This free-standing, Au/Pd-coated, silicon nitride
membrane has an array of 53± 1 nm wide windows that
are regularly spaced, with a period of dG = 100± 0.1 nm:
the width to period ratio has been very accurately
measured by atom diffraction studies [36]. Atoms trans-
mitted through these windows must therefore have passed
within 26.5 nm of a material surface. This causes the
VdW-induced phase Φ0. The interaction grating is on a
translation stage so that either one (or both) of the inter-
ferometer arms can pass through the gap, relatively far

from any surfaces. Hence, the interference fringes can shift
in phase by as much as ∆ϕ=±Φ0, with the sign depend-
ing on which arm goes through the interaction grating.
The windows are oriented horizontally such that diffrac-
tion from the periodic structure deflects atoms out of the
plane of the interferometer. Beam components that are
diffracted by the nano-grating no longer match the Bragg
condition of the light gratings, and thus contribute only
incoherent background flux. Only the direct, 0th order,
beam contributes to the interference signal and we note
A0 the transmission amplitude of this order. The observed
phase shift ∆ϕ is equal to ±Φ0 where Φ0 is the argument
of the complex amplitude A0. A0 has a modulus less than
1 and only |A0|2 ∼ 8% of the incident flux is transmitted
into the 0th order. As a consequence, the fringe intensity
and visibility are both reduced when one arm goes through
the interaction grating. Moreover, these reductions are not
the same when one arm goes through the nano-grating
as compared to the other arm. This is because, initially,
the interferometer is slightly unbalanced, with more de
Broglie wave amplitude in one arm. When both atomic
arms go through the nano-structure, the measured phase
is expected to be the same as when both arms go through
the gap, but the intensity and visibility are modified. A
complete description of the signal as the interaction grat-
ing translates across both interferometer arms is beyond
the scope of the present letter, and will be presented else-
where. Results from this experiment and a best-fit model
are shown in fig. 3. Five conditions are identified, with the
interaction grating attenuating (A) both arms, (B) one
arm, (C) neither arm, (D) the other arm, and (E) both
arms again. The cases B and D provide two measurements
of the grating phase shift, Φ0, corresponding to different
parts of the interaction grating. These two measurements
are in good agreement, as a consequence of the good homo-
geneity of the grating.
The visibility, mean intensity, phase shift profiles in
fig. 3 are significantly different than in the Perreault
experiment [2], for which profiles are published in [37].
The larger gap and better resolved interferometer arms
help to make clear plateaus in fig. 3. The presence of
only two arms due to Bragg diffraction also helps to make
the profiles in fig. 3 much easier to model. After these
improvements, the dominant source of uncertainty in our
determination of Φ0 is phase drift. We compensate for
phase drift by making alternate measurements, a reference
scan allowing both interferometer arms to pass through
the grating gap and a measurement scan with the grating
at a different position. The phase shift ∆ϕ is taken as
the phase difference between the measurement scan and
the mean of the two reference scans done just before and
just after the measurement. In this way, an individual
measurement of the phase shift ∆ϕ has a statistical
uncertainty σ≈ 20mrad. During a run of few hours, we
can get several tens of such phase measurements thus
providing a complete picture of the effect of the grating
on the interferometer signals.
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Fig. 4: (Colour on-line) Induced phase vs. beam velocity v.
The experimental data points have been fitted by various
models. The full line is a numerical model with the only free
parameter being the C3 coefficient, with a fitted value C3 =
3.25meV · nm3. The power law fit which follows a v−0.49-
dependence is represented by a dotted curve which is almost
indistinguishable from the numerical fit. The numerical model
has also been fitted assuming a C2r

−2 and a C4r−4 atom-
surface potential and these fits are very different: the dispersion
of the phase shift with atom velocity appears to be very sensi-
tive to the shape of the atom-surface potential. Finally, we
have calculated the phase shift with our numerical model by
adding to the VdW term (with a reduced C3 value, C3 =
1.5meV · nm3) a non-Newtonian gravity term with α= 1027
and λ= 2 nm: in this case too, the dispersion is very different
from the experimental results.

We collected similar data for six different velocities
of the lithium beam covering the 700–3400m/s range.
The beam velocity was controlled by changing the carrier
gas, and the velocity was measured by studying Bragg
diffraction rocking curves and by Doppler-sensitive laser-
induced fluorescence spectra. The experimental spread in
velocity was typically 20% (FWHM) of the mean velocity.
To determine Φ0 for each velocity, we have taken

a weighted average of all the available measurements,
with a weight inversely proportional to the square of
their statistical uncertainty. The results are plotted as
a function of the beam’s mean velocity v in fig. 4,
and are well described by Φ0 ∝ v−0.49. The data point
corresponding to v= 3300m/s was not included in the fit,
because it deviates from the general trend. We explain
this deviation by the experimental problems associated
with imperfect second order Bragg diffraction at that
velocity.
Next, we discuss the origin of the phase shift and its
dispersion. If the phase shift Φ0 is from VdW interactions
in the non-retarded regime, the potential is expected
to be:

VVdW (r) =−C3
r3

(2)

in the case of an infinite plane, r being the shortest
distance to the surface and C3 the VdW coefficient. We

approximate the potential for an atom in the window
between two grating bars by the potential caused by two
infinite planes coincident with the two nearest grating
walls, as given in equation (2) and we then allow the
potential to be “on” only while the atom is between the
grating bars (for a detailed discussion, see [11,29]). The
thickness of the grating bars is LG = 110± 5 nm [36], so
this interaction grating can be modelled as a thin phase
and amplitude mask. The grating bars have a trapezoidal
cross section and we take the wedge angle αG of the
trapezoid into account when explaining the induced phase.
Once the grating geometry is known in terms of the
period dG, window width wG, thickness LG and wedge
angle αG, the phase due to the interaction of the atom
with the two nearest walls can be calculated in the WKB
approximation:

φ(x) =− 1
�v

∫ LG
0

VVdW (z, x;wG, αG)dz. (3)

Here φ(x) is the phase shift acquired by the incident
wave just after the grating; this phase depends on the
nanometer-scale position, x, within the grating windows.
This position-dependent phase is inversely propositional
to the velocity v. From φ(x), we deduce the complex
amplitude An of the n-th diffraction order:

|An|eiΦn = 1
d

∫ w/2
−w/2

exp

[
i

(
φ(x)− 2πnx

d

)]
dx. (4)

Our experiment measures the phase Φ0 of the 0th order
amplitude, which is given by:

Φ0 = arctan



∫ w/2
−w/2 sin[φ(x)]dx∫ w/2
−w/2 cos[φ(x)]dx


 . (5)

In order to fit the Φ0 data, we used a numerical model
which takes into account the grating geometry. Even
though this numerical model fits the Φ0 data very well,
it is interesting to explain by a simple analytic expression
the dependence of this phase on the velocity. Cronin et al.
have previously introduced a generalized Cornu spiral to
visualize the integral in eq. (4) and to discuss the intensity
|An|2 of the various diffraction orders [38]. We have used
the same analysis to develop an analytical expression for
the phase Φ0. From a plot of the Cornu spiral (not shown
here), the dominant contribution to Φ0 comes from the
region where |φ(x)|<π/2; the contribution of the region
with |φ(x)|>π/2 is almost negligible since this is a region
of rapidly oscillating phase.
To get an analytic expression of the phase shift Φ0,
we must simplify eq. (4) and an obvious simplification
is to note that, as φ(x) is an even function of x, we
may take the integral only from x= 0 to x=w/2 and
double the result to get the amplitude A0. We may then
assume that the phase φ(x) is only due to the nearest
wall because, as shown by numerical calculations, the
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dominant contributions to the amplitude phase Φ0 are due
to trajectories close to the wall (another way of explaining
this approximation is to note that the exact value of φ(0) is
considerably smaller than the value of Φ0). We also assume
that the wall is parallel to the atomic velocity (i.e. the
wedge angle αG us equal to 0). For positive x, the phase
φ(x) is then given by

φ(x) =
C3LG

�v [(wG/2)−x]3
(6)

and, after a change of variables, Φ0 is approximately

Φ0 ≈
∫∞
A3
sin[φ]φ−4/3dφ∫∞

A3
cos[φ]φ−4/3dφ

. (7)

Here A3 = φ(0) = C3LG
�v
(w/2)−3 is the phase acquired

along the center of the window. We can expand both
the numerator and the denominator in this expression in
terms of A and find:

Φ0 ≈
Γ
(
2
3

)
A

2−√3×Γ ( 23)A ≈
1.35
(
C3LG
�v

)1/3
w− 2.35 (C3LG

�v

)1/3 , (8)

where we have given only the first-order terms in A. An
interesting point is that the dominant contribution to the
integral of sin[φ(x)] comes not from the center of the
opening, where the atom-surface distance x is close to w/2,
but from the region where φ(x)≈ 1 rad, corresponding
to an atom-wall distance r1 = [C3LG/(�v)]

1/3. In our
experiment, r1 decreases from r1 ≈ 9 nm when v= 700m/s
to r1 ≈ 5.6 nm when v= 3300m/s.
By taking the logarithmic derivative of eq. (8), we
can deduce the exponent q of the best approximation of
Φ0(v) by a power law of the form Φ0 ∝ vq. We thus get
q=− w

3(w−2.35r1) ≈−0.48 when r1 ≈ 7 nm, corresponding
to a velocity v≈ 1600m/s. This agrees well with our exper-
imental data, but it is an unusual velocity dependence for
a phase shift in atom optics. A uniform potential applied
to one arm of an atom interferometer usually results in
a phase proportional to v−1. The velocity dependence is
related to the spatial dependence of the potential. For
example, a gas cell in one arm induces a phase propor-
tional to v−7/5 compounded with glory oscillations due to
bound states. Topological phases, such as the Aharonov-
Casher phase, are independent of velocity.
We explain the observed velocity dependence by the fact
that the phase comes mostly from a region of distance to
the wall which itself depends on velocity. The similarity
to q=−1/2 is a coincidence. Equation (8) predicts Φ0 ∝
v[−1/p+f(v)] where f(v) is a velocity-dependent correction
factor and p describes a more general ansatz for an atom-
surface interaction potential given by V =−Cpr−p.
In fact, using the numerical model and assuming an
atom-surface interaction potential given by −Cp/rp, we
find that the best fit is obtained for p= 2.9± 0.2. At any
one velocity, we could not constrain the value of p. It is

the observed dispersion that provides sensitivity to p at
short atom-surface separations.
The presence of non-Newtonian gravitational inter-
actions can also be hypothesized as an explanation
for the observed phase shifts. We analyzed our
data using a model that includes a potential term
VG(�) =−Gm1m2(1+αe−�/λ)/� with � the distance
to any volume element of the nano-structure. When
we analyze the observed phase shifts with this
potential we can constrain (α, λ) = (< 1026, 2 nm) or
(α, λ) = (< 1023, 10 nm). At λ= 2nm, this upper limit
on α is comparable to previous upper limits [27,39]. We
emphasize that the observed dispersion helps to set a
more strict limit on α. In the future, α can be constrained
by two additional orders of magnitude by using heavier
atoms with a weaker atom-surface interaction such as
xenon.
The analysis leading to eq. (8) also serves to make a
prediction for much larger nano-structures, such as the
ones described in [40]. For these structures with w� r1,
we predict that the phase shift depends inversely on
the window size and inversely on the one-third power of
velocity, Φ0 ∝w−1v−1/3, whereas one might näıvely have
predicted that Φ0 would depend on w

−3. We emphasize
that this prediction assumes that the atomic wave function
extends uniformly over the entire grating window, which
does not apply for localized distributions of atoms in a
larger cavity, such as a BEC trapped near a surface.
From eq. (8), it is apparent that an accurate C3 is highly

dependent on good knowledge of the grating geometrical
parameters (dG, wG, LG and αG). These parameters were
determined using the method described in [36] and we
thus get the fitted value C3 = 3.25± 0.2meV ·nm3. Using
equation 2.36 of reference [41], we have calculated the
following C3 values: C3 ≈ 3.10meV ·nm3 with the optical
constants of bulk Si3N4 [42] and C3 ≈ 2.95meV ·nm3 with
the optical constants of SiNx given in ref. [28], with the
optical constants being represented, in both cases, by the
Tauc-Lorentz formula [43]. The agreement is reasonably
good, especially if one considers that the thin metallic
Au/Pd layer should increase the C3 coefficient.
In summary, we have been able to measure the phase
shift due to the Van der Waals interaction of the atoms
with a silicon nitride grating with a 2% relative uncer-
tainty. The main impact of this research is that our
improvement in precision allows us to study dispersion of
this phase shift for the first time. The VdW-induced phase
shift was found to scale like v−0.49, a somewhat unusual
result. We have used the observed dispersion to determine
the strength and the power-law of the VdW potential. The
VdW C3 coefficient for lithium atoms and a silicon nitride
surface, covered with a thin Au/Pd layer, was determined
from this phase shift with 6% uncertainty. The observed
dispersion is also necessary to establish a constraint on
a possible non-Newtwonian gravitational interaction and
we get an upper limit comparable to the best published
values for a range parameter λ≈ 2 nm.
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Abstract. Using a nano-scale grid as a phase-shifting component, an atom interferometer has been utilized
to study atom-surface van der Waals (VdW) interactions. We report phase shifts on the order of 0.2 rad,
with a few percent uncertainty. We also report the velocity-dependent attenuation of atomic de Broglie
wave amplitude that occurs in conjunction with the observed phase shifts. From these data we deduce the
strength of the VdW potential and its dependence on the atom-surface separation. We discuss how our
measurements can be used to set limits on the strength of non-Newtonian gravity at short length scales and
we discuss the possibility of measuring the atom-surface interactions over a larger range of atom-surface
distances. We also compare our results to several theoretical predictions for the VdW potential of Li near
a variety of surfaces.

1 Introduction

Diffraction of atoms by nano gratings has attracted at-
tention recently because the diffraction amplitudes are
sensitive to atom-surface van der Waals (VdW) interac-
tions. In references [1–8] the relative intensities of several
diffraction orders were studied, whereas in references [9,10]
atom interferometers were used to measure the additional
phase induced by a nano-grating. In this paper we show
how both the modulus and the phase of the zeroth order
diffraction amplitude can be reported from a single ex-
periment. We used these data to measure the strength of
the VdW potential at different atom-surface separations
and to set experimental limits on possible Yukawa-type
modification of Newtonian gravity at short length scales.

With a separated beam atom interferometer [11],
almost any type of perturbation can be measured by trans-
mitting one arm of the interferometer through an interac-
tion region while the reference arm propagates freely. The
modulus and the phase of the transmission amplitude can
be determined from the interference signals. A variety of
such experiments have already been done: atomic elec-
tric polarizabilities have been measured with interaction
regions containing an electric field [12–14], complex scat-
tering amplitudes have been measured with an interaction
region containing a dilute gas [15–17], and in this paper
we describe an experiment where one arm of the inter-
ferometer passes through a nanostructure. The resulting
interaction depends on the atom-surface van der Waals
potential [9,10].

a e-mail: jacques.vigue@irsamc.ups-tlse.fr

Several previous experimental techniques have been
used to measure atom-surface interactions. The study of
the short-range (r < 1 nm, where r is the atom-surface dis-
tance) part of atom-surface interaction is well developed,
the detection of atom-surface bound states by inelastic
scattering experiments can give very accurate measure-
ments and we refer the reader to the review paper by
Hoinkes [18] for more details. However, inelastic scatter-
ing experiments do not give a direct access to the long
range part of this interaction (r > 1 nm). In this range,
atom-surface interaction is attractive and dominated by
the dipole-dipole term, which behaves as −C3/r3. Such a
potential may support a series of long-range bound states
which are difficult to detect because of insufficient reso-
lution and sensitivity. Laser spectroscopy of atoms inter-
acting with a dielectric surface has already given access
to the long-range part of the atom-surface interaction [19]
but this spectroscopy is sensitive only to the difference of
the interaction potentials corresponding to the different
internal states of the atom that are coupled by the laser.

Atom optics experiments, such as atom diffraction
from a nano grating, can be used to measure the long-
range interaction of the atom in its ground state with
the surface. The first experiment of this type was done in
1999 by Grisenti et al. [1], who measured the intensities of
the various diffraction orders of a nano grating as a func-
tion of the atom velocity. Several similar experiments have
been performed since then [4–6,8]. These experiments give
access to the modulus of the diffraction amplitude but not
to its phase which can be measured only by atom interfer-
ometry; this was done for the first time by Perreault and
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Cronin [9] in 2005 (see also [20,21]). We present here new
results from an improved experiment of this type origi-
nally reported in [10].

There is a growing interest for the very long range part
of the atom-atom, atom-surface and surface-surface inter-
actions because of the Casimir effect and its connection
to vacuum zero-point energy [22]. This effect has been de-
tected by various experimental techniques: observation of
the quantum reflection of atoms from a surface [23,24];
study of the vibration of a trapped Bose-Einstein conden-
sate near a surface [25–27]. Towards the end of this paper
(Sect. 3.6) we discuss how to study this long-range region
by atom interferometry by adapting our experiment. First,
we introduce the structure of this paper.

We describe the principle of our experiment in
Sections 2.1 and 2.2. In Section 2.3, we describe our atom
interferometer and we present experimental signals. We
show experimental results for the modulus and the phase
of the diffraction amplitude in Section 2.4. The phase of
this diffraction amplitude presents an unexpected behav-
ior: it does not vary as 1/v, which is the classic behavior
for a perturbation-induced phase shift.

In Section 3, we explain this behavior quantitatively
by a numerical calculation and also by an analytic model.
We show how the observed velocity dependence serves as
a sensitive test of the dependence of the atom-surface in-
teraction with the atom-surface distance r. If we assume
a general form for the atom-surface potential of −Cp/rp,
we determine that p = 2.9 ± 0.2, thus confirming that
the dipole-dipole interaction, with p = 3, dominates the
van der Waals (VdW) interaction in the range of distances
to which our experiment is sensitive (Sect. 3.3). A large
source of uncertainty in measurements of atom-surface in-
teractions using nano gratings has traditionally been the
lack of knowledge of the grating geometry (width and
shape of the nano-bars). Thanks to a thorough analysis
of the diffraction pattern, two of us (VPAL and ADC) [6]
have been able to measure very accurately the geometri-
cal parameters of the nano grating we have used. With
this knowledge, we can use the measured phase to ob-
tain the C3 parameter for lithium atom interacting with a
silicon nitride surface with 6% precision. In Section 3.4
we compare the measured C3 parameter to theoretical
predictions based on a formula due to Lifshitz [28,29].
Using the analytical model explained in Section 3.5, we
can gain some physical insight into the behavior of our ex-
periment. Based on this analytic model we discuss how to
measure atom-surface interactions in the Casimir-Polder
regime using larger nano-structures in Section 3.6. Finally,
in Section 3.7 we show how our experiment can be used
to test possible modifications of gravity at very short
range. Assuming a Yukawa potential term, if the range
parameter is close to 2 nm, our experiment appears to
be a competitive test with other experiments measuring
Van der Waals interaction and we briefly discuss possible
improvements. However, a considerably better sensitivity
has been achieved with neutron interferometry and we ex-
plain why.

Fig. 1. (Color online) Schematic top view of our atom interfer-
ometer: after a strong collimation by narrow slits (not shown
here), a supersonic beam of lithium is diffracted three times by
laser standing waves in the Bragg regime. The laser standing
waves are obtained by reflecting a laser beam on the mirrors
Mi (i = 1−3) and the Bragg regime requires an angle of in-
cidence of the atomic beam equal to pBθB . The distance D
between consecutive laser standing waves is D = 0.6 m. Each
atom can go from the source to the detector by two paths la-
beled u and l which interfere on the detector. A detection slit
(not shown) selects one of the output beams labeled 1 and 2,
which carry complementary fringe signals. A nano grating G
can be inserted just before the second standing wave, at the
position where the distance between the two interferometer
arms u and l is largest, of the order of 100 µm. This figure
defines the axis X,Y,Z used in the analysis.

2 Principle and results of the experiment

We have described our atom interferometer in refer-
ence [30] and we recall here only the main features. A
supersonic beam of lithium seeded in a carrier gas is highly
collimated. The collimated beam then crosses three quasi-
resonant laser standing waves which diffract the lithium
atoms, thus forming a Mach-Zehnder atom interferometer
(see Fig. 1). Atomic diffraction occurs in the Bragg regime
which has the advantage of producing only two beams, of
orders 0 and pB with a tunable amplitude ratio: the order
pB is chosen by incidence angle of the atom beam on the
laser standing waves, equal to pBθB, with θB = λdB/λL,
λdB being the atom de Broglie wavelength λdB = h/(mv)
and λL the laser wavelength. In this experiment we have
used both first order (pB = 1) and second order (pB = 2)
Bragg diffraction. The amplitude ratio between the orders
0 and pB is tuned by the parameters of the standing wave
(laser beam diameter and power density, laser frequency
detuning). A detection slit selects the output beam which
is detected by a hot-wire detector. A very important point
is that the two interferometer arms are well separated in
space, near the second laser standing wave, and we are
thus able to perturb the propagation of only one arm and
to detect the perturbation on the interference signals.
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Fig. 2. (Color online) Atom interference fringes recorded with
(A) both arms (visibility VA = 32%), (B) one arm (VB =
34%), or (C) neither arm (VC = 72%) passing through the
nano grating. The mean velocity of the lithium beam is equal
to v = 744 ± 18 m/s. The counting period is 0.1 s per data
point.

2.1 Simple model of the atom interferometer signal

A complete model of our Mach-Zehnder interferometer is
very complex because the diffraction by the collimation
slits is intermediate between the near-field and the far-field
regimes [31,32]. A plane-wave model of the interferometer
is however sufficient to calculate the effect of a nano grat-
ing on the interferometer signals. With this simplification,
the output signal intensity results from the interference
of two arms of the interferometer (see Fig. 1) described
by amplitudes au and al corresponding to the upper and
lower arm respectively:

I = |au + al exp (iϕ)|2 (1)

where the phase is the sum of three terms ϕ = ϕ0 +∆ϕ+
ϕnoise. The induced phase ∆ϕ is the result of a phase shift
applied to one of the interferometer arms by an interac-
tion, in this case a nano grating. We introduce the phase
ϕnoise to describe all the fluctuating phases which are re-
sponsible for reducing fringe visibility (see Sect. 2.6).

The phase is given by ϕ0 = 2pBkL (2X2 − X1 − X3),
where kL = 2π/λL is the wavevector of the laser used for
atom diffraction. ϕ0 depends on the positions Xi of the
mirrors Mi (i = 1, 2, 3) of the three laser standing waves
(X is normal to the mirror surface, see Fig. 1). By displac-
ing mirror M3, we observe oscillations in the output signal
as a function of the mirror position X3. The position of
the mirror is controlled by a piezo drive. In order to have
precise knowledge of the displacement of mirror M3, we
have built a Michelson interferometer involving M3 and a
fixed mirror. This interferometer, which is completely un-
der vacuum, is operated with an helium-neon laser. The
recorded Michelson fringes provide a measurement of X3

with a twenty times better sensitivity than previous meth-
ods using an optical Mach-Zehnder interferometer. In this
way, we have an accurate calibration of the displacement
of mirror M3 and this information is needed to plot the
atom interference fringes shown in Figure 2.

Fig. 3. (Color online) (top) Optical microscope image of
the interaction grating. The nano-structure appears as a gray
membrane. A 200 µm wide gap has been made in the mem-
brane to allow one or both interferometer arms to pass though
the grating without interacting with the nano-structure. The
two ovals represent schematically the two arms of the inter-
ferometer, roughly to scale in the horizontal direction but not
in the vertical direction (in this direction the arm extension
is close to 1 mm. (bottom) Electron microscope image of the
nano-structure. The 100 nm period nano-structure is visible as
well as the 1.5 µm period support structure. A small part of
the gap is visible to the left.

2.2 The transmission nano grating used as phase
shifting component

Transmission nano gratings with periods on the order
of 100 nm have been used in atom interferometry ex-
periments [33,34] both as coherent beam-splitters and as
phase shifting elements. The phase shift arises due to the
van der Waals atom-surface interaction between the atoms
and the grating walls.

In the present work, we use the same nano grating
used by Perreault et al. [7,9,21] which consists of a se-
ries of regularly spaced openings in a SiNx membrane. To
describe the nano-grating, we use a x axis perpendicu-
lar to the nano-bars and a y parallel to these bars. The
width w of the openings is about w = 53 ± 1.2 nm and
the nano grating period dx is dx = 100 ± 0.1 nm, see Fig-
ure 3. A periodic support structure in the perpendicular
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direction keeps the bars from sticking together. The pe-
riod of this structure is dy = 1.5 µm and its open fraction
βy is close to βy = 0.67 ± 0.04. The membrane thickness
L is L = 110 ± 5 nm.

In the current experiment, the grating is oriented with
the nano-bars horizontally (as in Fig. 3), i.e. the grating x
axis is roughly parallel to the interferometer Y axis, such
that diffraction from this nano-structure deflects atoms
out of the plane of the interferometer. A 200 µm wide gap
in the nano-structure allows one or both interferometer
arms to pass through without interacting with the nanos-
tructure. We give a detailed description of the effect of the
nano gratings on an atomic beam in Section 3.

When one of the interferometer arms interacts with
a nano grating, there is diffraction due to the 100 nm
period nano-structure as well as the 1.5 µm period support
structure. The result is a series of diffracted beams with
momenta in the x and y directions with their complex
diffraction amplitudes noted A(pGx, pGy).

We consider first the case with a nano grating intro-
duced on only one of the interferometer arms, for exam-
ple the arm labeled u as shown in Figure 1. When the
nano grating is introduced in this beam, the (0, 0) order
diffracted beam replaces the incident beam and the am-
plitude au of this beam is replaced by auA(0, 0). All the
diffracted beams with (pGx, pGy) �= (0, 0) propagate inside
the interferometer and their contribution to the signal is
proportional to their degree of transmission by the de-
tection slit, denoted Tu(pGx, pGy). Because the diffracted
beams make a non-vanishing angle with the main output
beams of the interferometer, the interference of these stray
beams with the main output beams is completely washed
out by the integration over the detector surface and also
by the integration over the atom velocity distribution.

The signal can now be written:

I = |auA(0, 0) + al exp (iϕ)|2 + Isb,u

with Isb,u =
∑

pGx,pGy �=(0,0)

a2
u |A(pGx, pGy)|2

×Tu (pGx, pGy) . (2)

Here Isb,u designates the total intensity of the detected
stray beams in this configuration. This signal can also be
written in the usual form, I = Im [1 + Vm cosϕm] with
modified parameters:

Im = a2
u |A(0, 0)|2 + a2

l + Isb,u

Vm =
2aual |A(0, 0)| 〈cosϕnoise〉
a2

u |A(0, 0)|2 + a2
l + Isb,u

ϕm = ϕ0 − Φ0 (3)

where we have noted Φ0 = arg (A(0, 0)). If one assumes
that the arm amplitudes are initially balanced (|au| ≈
|al|), the introduction of the nano grating always reduces
the fringe visibility i.e. Vm < V0, even if the detected
stray beam intensity Isb,u is small. This is because the
nano gratings are absorptive and attenuate the transmit-
ted beam. Since the interferometer is usually not perfectly

balanced (|au| �= |al|), the modified visibility Vm will de-
pend on which arm passes through the nano grating.

It is possible to extract directly the modulus |A(0, 0)|
of the diffraction amplitude from the knowledge of the
modified intensity and visibility:

|A(0, 0)| =
ImVm

I0V0
(4)

where I0 is the mean intensity when both arms go through
the nanograting gap. This expression gives the modulus of
the part of the atom beam that contributes to the detected
fringes. Furthermore, the background count rate from our
detector does not affect equation (4).

The case with the nano grating located on the lower
atomic beam is completely analogous. The main differ-
ences concern the visibility because the detected stray
beam intensities Isb,u and Isb,l may be substantially differ-
ent. In addition the equation for the phase now becomes:

ϕm = ϕ0 + Φ0. (5)

When the nano grating is introduced on both interferom-
eter arms, the situation is more complex, with more stray
beams. We will not give any equations for this case but
we point out a few interesting properties:

– both amplitudes au and al are multiplied by A(0, 0), so
that the fringe phase must be the same as when there
was no nano grating on the interferometer arms;

– the two beam amplitudes are now balanced, exactly as
when there was no nano grating on the interferome-
ter arms. If there were no stray beams, the visibility
should be back to its initial value V0. The no-stray
beam hypothesis is obviously not realistic but, never-
theless, in some experiments, we have observed a small
increase of the visibility with respect to the case where
only one arm was passing through the nano grating;

– we have already said that the nano grating x axis is
not exactly coincident with the Y axis of the inter-
ferometer. In case of an exact coincidence, some stray
beams would fulfill the Bragg condition and would be
diffracted by the laser standing waves, thus forming
supplementary interferometers. A very small angle be-
tween the nano grating axis and the interferometer axis
is sufficient to prevent this possibility and, as we have
not aligned precisely the nano grating axis with re-
spect to the interferometer axis, we think that the sig-
nals due to this supplementary interferometers can be
neglected.

2.3 Interpreting the interferometer signals

The nano grating is on a translation stage along the X di-
rection and it is thus possible to have either 0, 1 or 2 arms
going through the nano grating and, as the arms can go
through the nano grating on both sides of the window, we
can explore the following five different situations, using
the notations of Figure 1.
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Fig. 4. (Color online) The visibility V of the interference fringes,
the mean signal intensity Im and the phase shift ∆ϕ are plot-
ted as a function of the interaction-nano grating position XG,
for a lithium beam velocity v = 744 ± 18 m/s. The reference
position corresponds to XG = 0. This position belongs to the
configuration C with both interferometer arms going unaffected
through the nano grating gap. When 90 � |XG| � 175 µm, one
arm goes through the nano grating while the other arm prop-
agates through the nano grating gap (configurations B or D)
and we observe opposite phase shifts. The mean intensity and
the fringe visibility are reduced, as discussed in the text. When
|XG| � 200 µm (configurations A or E), both arms go through
the nano grating and the phase shift is close to 0, as expected.
The asymmetry between the intensities and visibilities in config-
urations B and D come from imbalance in the amplitudes of the
two paths (u) and (l) (see Fig. 1). Configuration D corresponds
to intercepting atomic beam (l) which is broadened by velocity-
dependent diffraction. Therefore region D is slightly wider than
region B. The best fit (which neglects the latter effect) is repre-
sented by the continuous line.

(A) Both arms go through the nano grating on one side of
the gap;

(B) arm u goes through the nano grating and the other
arm goes through the gap;

(C) both arms go through the gap;
(D) arm l goes through the nano grating and the other arm

passes through the gap;
(E) both arms go through the nano grating on the other

side of the gap.
The results are shown in Figure 4.

The cases (B) and (D) provide two measurements of
the interaction of the nano grating with the atomic beam
from which we can deduce the zero-order amplitude and
phase. These two measurements test different parts of the
nano grating but they are in very good agreement: this is
proof of the very good homogeneity of the nano grating
geometrical parameters. Finally, cases (A) and (E) enable
us to verify the prediction of a vanishing phase shift when
the two atomic beams go through the nano grating but,
as the mean intensity Im and the visibility Vm are both
considerably reduced with respect to case (C), the phase
sensitivity is reduced and this test is not very accurate.

The procedure we used to characterize the effect of
the nano grating is as follows. In a first step, we align
our atom interferometer with the two arms going through
the nano grating gap (configuration C). In this config-
uration we routinely achieve a fringe visibility V0 close
to 70% and a detected mean intensity I0 of the order of
(2−10) × 104 counts/s. The value of I0 is stable during

an experimental run but this value is determined by the
choice of the supersonic beam source parameters (choice of
carrier gas and pressure, oven temperature) and by the slit
widths (collimation and detection slits). A typical fringe
signal is plotted in Figure 2.

Then, we studied the five configurations (A) though
(E) and recorded interference fringes in all cases. From
the recorded fringes, we have measured the mean inten-
sity Im, the fringe visibility Vm and the phase-shift ∆ϕ.
In Figure 4, we have plotted these three quantities as a
function of the nano grating position XG.

Because of attenuation by the nano grating, the mean
intensity is reduced when one arm of the interferometer
goes through the nano-structure (cases B and D). When
both arms pass through the nanostructure, the mean in-
tensity is even further reduced. The visibility is also af-
fected by the nano grating; attenuation and stray beams
greatly decrease the visibility in cases B and D (as com-
pared to C). It varies only slightly when going from B to
A or from D to E and in some cases the visibility is larger
when the two arms go through the nano grating than when
only one goes through it. We clearly observe all the effects
predicted by our analysis in Section 2.2. The change ∆ϕ
in the measured phase is clearly visible when going from
C to B or to D and this change is a measurement of the
argument Φ0 of A(0, 0). An accurate measurement of this
phase-shift requires careful control for the phase drift of
the fringe signal. We explain this in Section 2.5.
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Table 1. For each carrier gas, we give the measured mean
velocity v of the lithium beam.

Carrier gas Velocity v (m/s)

Kr 744 ± 18
Ar 1062 ± 20

Ar 50%–He 50% 1181 ± 27
Ne 1520 ± 38

Ar 10%–He 90% 2400 ± 100
He 3300 ± 82

2.4 Velocity dependence of the zeroth order
diffraction amplitude

The lithium beam mean velocity can be varied by chang-
ing the carrier gas [17] and we have thus covered the
750−3300 m/s range (see Tab. 1). The atomic beam mean
velocity v was measured by Bragg diffraction rocking
curve and by Doppler sensitive laser induced fluorescence.

In the first method, we record the intensity of the
atomic beam transmitted through a laser standing wave
as a function of the rotation of the mirror producing
this standing wave. We observe two intensity dips when
the Bragg condition for order pB = ±1 is fulfilled.
The difference in mirror rotation angles between the two
peaks gives us the Bragg angle, from which we deduce
the beam mean velocity. The signals are similar to those
presented in Figure 3 of reference [30].

In the second method, the atom is excited by a laser
crossing the atomic beam with an angle near 45◦ and the
fluorescence intensity is recorded as a function of the laser
frequency. We thus get the fluorescence intensity as a func-
tion of the Doppler shift. The two methods are in good
agreement and give the mean velocity with a few percents
uncertainty (see Tab. 1).

The maximum distance between the interferometer
arms occurs near the second laser standing wave and,
when using first order Bragg diffraction, the distance be-
tween the centers of the two arms is about 100 µm for
an atom velocity v = 1000 m/s. This distance is sufficient
to let us position a nano-grating such that it intercepts
only one arm without disturbing the other one. However,
when the velocity v increases, this distance decreases like
1/v. When the velocity is larger than 2000 m/s, the dis-
tance becomes too small to perform a clean experiment.
In this case (i.e. the two largest velocities of Tab. 1), we
used second order Bragg diffraction, thus doubling this
distance. However, when using second order Bragg diffrac-
tion, we have not been able to fully suppress the stray
atomic beams due to residual first-order diffraction on the
laser standing waves and the experiment was less ideal
than when using first-order diffraction.

Figure 5 shows the measured phase Φ0 of the zeroth or-
der diffraction amplitude as a function of the mean veloc-
ity of the atom beam (the values are collected in Tab. 2).
The velocity dependence is due entirely to the VdW inter-
action as, in the absence of atom-surface interactions, the
phase Φ0 should vanish. The data is shown on a log-log

Fig. 5. (Color online) Phase Φ0 of the zeroth order diffraction
amplitude as a function of the atomic beam mean velocity v.
The data closely follow a power law (Φ0 ∝ v−0.49) indicated by
the dashed red line. The data were also fit using the model de-
scribed in Section 3. The black, blue and green lines correspond
to fits using a potential shape V = −Cp/rp with p = {2, 3, 4}
respectively. The rightmost two data points were obtained us-
ing second order Bragg diffraction by the laser standing waves.
In this condition there is still a small amount of first order
Bragg diffraction which causes a significant systematic error.

Table 2. Experimental results: for each experiment, we recall
the atomic beam mean velocity v and we give the measured
values of the phase Φ0 in mrad and of the modulus |A(0, 0)|
of the zeroth order diffraction amplitude. The 1σ statistical
error bars of are estimated from the dispersion of large series
of measurements. These results are discussed in the next part.

Velocity v (m/s) Φ0 (mrad) |A(0, 0)|
744 ± 18 271.1 ± 3.3 0.2459 ± 0.0015
1062 ± 20 232.1 ± 3.5 0.2594 ± 0.0020
1181 ± 27 212.4 ± 2.2 0.2602 ± 0.0025
1520 ± 38 189.3 ± 2.0 0.2699 ± 0.0041
2400 ± 100 155.6 ± 5.9 0.2716 ± 0.0019
3300 ± 82 149.6 ± 4.8 0.2805 ± 0.0025

plot and it appears to lie on a line in this plot. This sug-
gests a power-law behavior, in fact Φ0 ∝ v−0.49. This par-
ticular velocity dependence is unusual in atom optics; we
will give an explanation for this dependence in Section 3.

Using equation (4), we have also determined the mod-
ulus |A(0, 0)| of the zeroth order diffraction amplitude.
That is, we can determine the modulus of the part of the
beam that actually contributes to the fringes. The results,
also collected in Table 2, are plotted in Figure 6. We want
to point out that this interferometric technique gives a
very small uncertainty, near 0.5% in the best cases but
it can be applied only to the zeroth order of diffraction
amplitude. The dependence on velocity is once again en-
tirely due to the van der Waals interaction.

We can explain the modulus of the diffraction ampli-
tude by considering both diffraction from the nano-bars,



97

S. Lepoutre et al.: Atom interferometry measurement of the atom-surface van der Waals interaction 7

Fig. 6. (Color online) Modulus |A(0, 0)| of the zeroth order
diffraction amplitude as a function of the atomic beam mean
velocity v. The data are based in equation (4). The method by
which |A(0, 0)| is calculated is explained in Section 3.3. The
black, blue and green lines correspond to calculations using a
potential shape V = −Cp/rp with p = {2, 3, 4} respectively.
The p = 3 fit has only one free parameter: βfit

y , the support
structure open-fraction. For the p = 2 and p = 4 calculations,
βy is fixed to the value found from the p = 3 fit in order
to highlight the effect of the shape of the potential on the
modulus.

as described in Section 3.3, as well as diffraction from the
support structure (see Fig. 3). We use the same numeri-
cal model to fit the modulus as we used to fit the phase
data. The geometric parameters for the grating are taken
from reference [6] and the value for C3 is obtained from
the phase data. The fit shown in Figure 6 has only one
free parameter: the open-fraction of the support structure
(see Sect. 3.2). The open-fraction of the support structure
found from the fit in Figure 6 is βfit

y = 0.61±0.01. However
if we determine the support structure open-fraction from
SEM images like Figure 3, we find βSEM

y = 0.67 ± 0.04.
The discrepancy could be due to an additional source of
contrast-loss when the grating is introduced to one arm
of the interferometer, i.e. the parameter ϕnoise in equa-
tion (3) need not be the same in both the numerator and
the denominator of equation (4). This additional random
variation in the phase can be caused by a distribution of
grating geometric parameters across the different regions
of the grating that we are sampling.

In addition to the fit based on the potential V =
−Cp/rp with p = 3, we also show fits using p = 2 and
p = 4. These fits have no free parameters, as we deter-
mined Cp from the phase data and use the support struc-
ture open-fraction, βfit

y , found from the p = 3 fit. These
plots highlight the fact that the modulus, just like the
phase is highly sensitive to the shape of the potential. If
the additional loss in visibility that cause the discrepancy
between βfit

y and βSEM
y were better understood, measure-

ments of the modulus could better constrain the shape of
the potential.

2.5 Phase drift

As in our previous experiments [17,35], the phase of the
interferometer signal drifts with time. In order to improve
the measurement accuracy, we alternate between record-
ing fringes with and without the perturbation. We first
record fringes at a reference position (taken as the origin
XG = 0) corresponding to the middle of configuration C,
with two arms going through the nano grating gap. Then
we measure fringes at a different position XG and finally
again at XG = 0. The phase shift due to the nano grating
is taken equal to the difference between the phase mea-
sured with the nano grating at XG and the mean of the
two phases measured at XG = 0 just before and after.
The phase measured with the nano grating at the XG = 0
reference position drifts with time and a typical varia-
tion is about 1−2 rad during a two-hour long series of
measurements.

This phase drift corresponds a very small displacement
of the mirrors of the three laser standing waves, as a 53 nm
variation of (2X2 − X1 − X3) is sufficient to induce a 1 rad
phase shift. This drift appears to have at least two origins.
There is a continuous trend which, during a series of mea-
surements, slows down with time. The slowing down be-
havior suggests a creep phenomenon (see for example [36])
which are well known to appear with piezo-actuators. This
creep effect is not due to the piezo-actuator of mirror M3

as we measure the position of this mirror with the Michel-
son interferometer described above. There is also an os-
cillation of the phase with a period ca. 20 min and an
amplitude ca. 100 milliradians. This oscillation is clearly
correlated to an oscillation of the temperature of the re-
frigerated water which flows through baffles of the oil diffu-
sion pumps pumping the interferometer vacuum chamber:
this temperature oscillates with a 3 K amplitude and with
the same period. We think that the metal bar supporting
the three laser standing wave mirrors, which is coupled
to these baffles by radiation, may be slightly distorted by
the induced temperature gradient: a distortion inducing a
variation of (2X2 − X1 − X3) equal to 5 nm is sufficient
to explain the oscillating part of the phase drift.

This phase drift is not negligible with respect to the
measured phase-shift Φ0 and the phase without the nano
grating is not a linear function of time. The mean of the
two XG = 0 phases measured just before and after the
measurement done with the nano grating at XG does not
fully cancel this drift. In order to reduce the uncertainty on
the nano grating induced phase-shift, for each gas velocity,
we have made numerous measurements of the phase-shift.
From the fits, we deduce for each measurement an error
bar from which we calculate a weight used for a weighted
average of the measurements. A χ2 test is used to evalu-
ate the 1σ error bar on this average. We have thus mea-
sured the phase Φ0. The results, collected in Table 2, are
plotted in Figures 4 and 5. As stated above, the measure-
ments corresponding to the two highest velocities, which
were made with second-order Bragg diffraction, are less
satisfactory because of the existence of some stray beams
due to residual first-order diffraction. In particular, for
the phase measurements, the accuracy is less good than



98

8 The European Physical Journal D

for lower velocities, for which we have been able to reach
an uncertainty below or near 3 mrad, which is 33 times
smaller than in the similar experiment [9] done in 2005.

2.6 Phase noise

We have introduced the phase ϕnoise to describe all the
fluctuating phases (spatial fluctuations due to various
atom trajectories or rapid temporal fluctuations due vi-
brations of the mirrors Mi [35]). The measured signal is
an average of the distribution of ϕnoise. Assuming that
this distribution is even and centered around ϕnoise = 0
so that 〈sin(ϕnoise)〉 = 0, equation (1) becomes:

I = a2
u + a2

l + 2aual cos(ϕ0 + ∆ϕ)〈cos ϕnoise〉 (6)

where au and al are chosen real. This signal can be written
in the usual form:

I = I0 [1 + V0 cos(ϕ0 + ∆ϕ)] . (7)

Here I0 is the mean intensity, I0 = a2
u + a2

l , V0 is the
fringe visibility, V0 = 2aual〈cos ϕnoise〉/

(
a2

u + a2
l

)
and ϕ0

is the fringe phase of the unperturbed interferometer. The
existence of a phase noise explains why the visibility V0

is smaller than its maximum value equal to 1, even when
the two arms are perfectly balanced with |au| = |al|.

3 Model of the atom-surface interaction

We now turn to the theoretical prediction of complex
diffraction amplitudes (modulus and phase) in the pres-
ence of atom-surface interactions. We discuss more specif-
ically the case of the zeroth diffraction order and com-
pare our experimental results to theory. We also obtain
an analytic expression for the phase to explain the un-
usual velocity dependence. We finally discuss some alter-
native potentials such as a non-Newtonian modification to
gravity.

3.1 Action of a nano grating on a plane wave

When a nano grating is introduced on an atomic beam
represented as an incident plane wave Ψi = exp (ik · r),
the array of equally spaced openings produces a series of
beams corresponding to the various diffraction orders pG.
The transmitted wave Ψt is approximately given by:

Ψt =
∑

p

A(pG) exp [ik · r] exp [ipGkG · (r − r0)] (8)

where kG is the nano grating wavevector (a vector perpen-
dicular to the nano grating lines, in its plane and of mod-
ulus kG = 2π/d where d is the nano grating period). r0 is
a reference point in the nano grating plane and A(pG) is
the diffraction amplitude of order pG. The phase of A(pG)
depends on the reference point r0 for all orders except

for the zeroth order. Equation (8) is a good approxima-
tion near normal incidence when the diffraction angles are
small i.e. when kG � k.

The nano gratings used in atom optics experi-
ments [33,34] are more complex with a periodic structure
in two orthogonal directions: the nano grating in the x di-
rection with a period dx, typically equal to dx ∼ 100 nm,
and a periodic support bar structure in the y direction
with a larger period dy, typically equal to dy ∼ 1 µm
(Fig. 3). The nano grating axis x and y could be oriented
in any direction in the X, Y plane. We have chosen to
put the x axis close to but not exactly coincident with the
axis Y of the interferometer. We define two wave-vectors
kGx in the x direction, with kGx = 2π/dx and kGy in the
y direction, with kGy = 2π/dy and we must use two in-
dices pGx and pGy to label the diffracted beams. Within
the same approximations as above, the transmitted wave
is now given by:

Ψt =
∑

pGx,pGy

A(pGx, pGy) exp [ik · r]

× exp [i (pGxkGx + pGykGy) · (r − r0)]. (9)

3.2 Calculation of the diffraction amplitude,
without atom-surface interaction

Let us first neglect the atom-surface interaction and, as
in usual diffraction theory, assume that the grating bars
perfectly absorb the incoming wave and that the wave
is perfectly transmitted by the grating slits. Then, the
diffraction amplitudes are directly related to the Fourier
components of the transmitted wave. Assuming perfectly
rectangular slits and taking the origin point r0 at the cen-
ter of a slit, we get:

A(pGx, pGy) =
sin (pGxπβx)

pGxπ

sin (pGyπβy)
pGyπ

. (10)

βx and βy are the nano grating open fractions (i.e. the
ratio of the size of the opening to the period) in the x
and y directions, pGx and pGy label the diffraction orders.
With our choice of origin, all these amplitudes are real.
Equation (10) is valid if pGx and pGy are not equal to 0.
When pGx or pGy vanishes, the ratio sin (pGiπβi) / (pGiπ)
must be replaced by βi so that A(0, 0) = βxβy. In this
approximation, the zeroth-order amplitude has a phase
equal to zero, arg (A(0, 0)) = 0.

When we take into account the atom surface inter-
action below, we will only include the potential for the
calculation of diffraction in the x direction. This is justi-
fied considering the opening width is only w = 53 nm. At
this distance the effect of the van der Waals potential is
significant. The size of the grating openings in the y direc-
tion is considerably larger, βydy ≈ 1 µm so the potential
will be approximately constant along the y direction. We
will assume that A(0, 0) is given by the product of the ze-
roth order amplitude βy for diffraction in the y direction,
and the (complex) diffraction amplitude in the x direction
calculated below.
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Fig. 7. A schematic representation of the nano grating geom-
etry. The nano grating bars have a trapezoidal cross-section,
with a wedge angle α = 5 ± 1 deg. The period of the nano
grating is dy = 100 ± 0.1 nm and the period of the support
structure is dx = 1.5 µm. The width w of the nano grating
windows is w = 53 ± 1.2 nm. The thickness L of the bars is
about L = 110 ± 5 nm.

3.3 Diffraction amplitudes in the presence
of atom-surface interactions

To explain the velocity dependence of the measured phase,
we must consider the interaction of the atom with the
nano grating in some detail. The atom-surface interaction
potential is well known to have the form

V (r) = −Cp

rp
. (11)

This formula is valid for an atom at a distance r from an
infinite homogeneous half-space. We expect that p → 3 for
r � λ/2π and p → 4 for r 	 λ/2π, where λ is the reso-
nance wavelength of the atom. For lithium λ = 671 nm, so
that, λ/2π = 107 nm. Since the nano grating windows are
53 nm wide, the atoms propagate within ca. 25 nm of a
surface. Furthermore, in the present experiment, the ma-
jority of the observed phase shift comes from atom-surface
distances near 7 nm, as we will discuss near equation (20).
We therefore expect p = 3.

An exact calculation of the potential viewed by an
atom near a nano grating would be very complex. We will
use the usual approximation [1,5] which replaces the exact
potential between two grating bars by the potential due
to two infinite half-spaces coincident with the two nearest
walls. The potential is taken to vanish when the atom is
outside of the grating. As the kinetic energy of the atoms
is much larger than the atom-surface potential and the
nano grating thickness is small enough, we will model the
nano grating as a phase mask. As an atom passes with a
velocity v through the nano grating, its wave-function ac-
quires a position-dependent phase given in the WKB (or
eikonal) approximation by:

φ(x) = − 1
�v

∫ z0+L

z0

V (x, z)dz (12)

where z is the direction of propagation, z0 the coordinate
of the nano grating entrance plane, x is the direction per-
pendicular to the nano grating bars and L is the thickness

Fig. 8. The minimum of χ2 found by fitting the data in Fig-
ure 5 using different values of p in equation (12). The values
of χ2 near the minimum are well described by a parabola with
minimum at p = 2.9.

of the nano grating (see Fig. 7). The integral in equa-
tion (12) can be written as the sum of two terms repre-
senting the potential due to each of the two nearest walls:

φ(x) = φ− + φ+. (13)

For an atom-surface potential of the form in equation (11),
the integral in equation (12) can be solved exactly to yield

φ± =
Cp

�v

[L tan(α) + w/2 ± x]1−p − (w/2 ± x)1−p

(1 − p) tan(α) cosp(α)
(14)

where x is measured from the middle of a window (other
parameters are defined in Fig. 7). A regularly spaced array
of grating windows produces a diffraction pattern in the
far field consisting of regularly spaced diffraction peaks.
The complex amplitude of the pGxth diffraction order in
the far field is now given by:

|ApGx |eiΦpGx =
∫ w/2

−w/2

exp
[
i

(
φ(x) − 2πpGxx

dx

)]
dx

(15)
where dx is the nano grating period in the x direction. The
phase of the zeroth order diffraction amplitude is given by:

Φ0 = arctan



∫ w/2

−w/2 sin [φ(x)] dx∫ w/2

−w/2 cos [φ(x)] dx


 . (16)

A numerical evaluation of this model using p = 3 matches
the data in Figure 5 very well. For the geometric param-
eters of the grating we used the values from reference [6].
We also used different values of p to fit the data. The
results of using p = 2 and p = 4 are also shown in Fig-
ure 5 and these results clearly disagree with our measured
data. To determine the best value for p we repeated the fit
in Figure 5 for several values of p and recorded the mini-
mum in χ2 found for each p. The results shown in Figure 8
are well described by a parabola that has a minimum for
p = 2.9. The standard deviation associated with p is given
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by the value of p for which χ2 = χ2
min + 1 and, from this

figure, we see p = 2.9 ± 0.2.
The fit of our phase measurements in Figure 5 gives

us C3 = (3.25 ± 0.2) meVnm3. While this value is very
close to the value we would expect for lithium atom and
a silicon nitride surface, we know that this grating has a
thin gold-palladium metal coating on its surface. In addi-
tion, the C3 coefficient has been measured for Na using
the same grating [6]; the ratio between the two values
C3(Li)/C3(Na) = 3.25/4.8 = 0.7 is not very close to the
ratio 0.9 we expect (see Appendix B). We discuss possible
causes for this discrepancy below in Section 3.4.

As an additional check, we can fit the modulus of the
transmitted amplitude to our model. The numerical eval-
uation of equation (15) using p = 3 and the fitted value of
C3 provides |A0| as a function of the atom velocity v. To
compare this result with our measurement of |A(0, 0)| , we
must multiply it by the open fraction βy in the y direc-
tion. We have fitted our measurements and obtained the
best fit which gives βy = 0.61±0.01, a value in reasonable
agreement with a measurement based on SEM images of
the grating, βy = 0.67 ± 0.04. The best fit is represented
in Figure 6.

3.4 Comparison to theoretical prediction

We have evaluated several theoretical models for the atom-
surface interaction. We have considered the interaction
between Li and several different surfaces: a silicon nitride
(SiNx) surface (exploring different possible compositions),
a bulk gold surface, and a SiNx coated with a thin layer
of gold. We know the grating has been covered with a
thin layer of gold-palladium which can have a significant
effect on the van der Waals potential strength. The de-
tails of these models are given in Appendix B. We give
the results here in Table 3.

While we know the grating is coated with a thin layer
of metal, the measured value of C3 seems to be closer to
the value for a pure SiNx surface. In addition, the ratio be-
tween this measurement and a measurement of C3 for Na
using the same grating is smaller than we expect. There
are several possible explanations for this. The reported
value for C3 is sensitively dependent on the geometry of
the grating bars. It is possible that the characterization of
the geometry in reference [6] was done on a slightly differ-
ent region of the grating. Though the grating is fairly uni-
form, a 3 nm change to the width of the grating openings
is sufficient to explain the discrepancy. It is also possible
that the fringes formed by stray beams are not entirely
washed out and that they contribute in a systematic way
to the measured phase.

Though repeated measurements are reproducible, it
cannot be ruled out that the different environments used
for the current experiment and the one in [6] introduce
different contaminations to the surface that affect C3.

Several other physical phenomena may affect the indi-
vidual C3 values, as well as the ratio between the values
obtained for Li and Na. The list of possibilities includes
an oxide layer on the nanograting, contamination of the

Table 3. Theoretical and experimental values of C3

in meVnm3. The theoretical calculations are based on various
surface permittivities given in the associated references. Refer-
ence [40] also uses a different, more complete, model for atomic
polarizability. Experimentally measured C3 values for lithium
are from our atom interferometer experiments (described in the
present paper and reference [10]), and for sodium the measured
C3 comes from atom diffraction experiments described in refer-
ence [6]. Both sets of experiments use the same Au/Pd-coated
SiNx nanograting sample. See Appendix B for details.

Theory

Surface Na Li

SiNx [4] 3.17 2.95
Bulk Si3N4 [54] 3.34 3.10
SiNx and 1-nm of Au [38] 4.30 3.82
Bulk Au [39] 4.93 4.50
Bulk Au [40] 5.47 4.88

Experiment

Nanograting in interferometer [10] 3.25 ± 0.20
Nanograting and diffraction [6] 4.85 ± 0.50

nanograting by the Na and Li atom beams, additional
phase shifts due to propagation within the nanograting
that cannot be modeled with the WKB (thin grating)
approximation made in equation (12), different contribu-
tions to C3 due to atomic core electrons, and also retar-
dation. In particular, there should be different shifts due
retardation for Li and Na because of their different reso-
nance frequencies, and also due to the different distance
ranges where the two different types experiments are most
sensitive (approximately 7 nm for Li in the interferome-
ter experiment [10] and 5 nm for Na in the diffraction
experiments [6,9]). We have calculated the shifts in our
measured C3 due to each of these issues, and we conclude
that every one of these possibilities would make a smaller
shift than the uncertainty we still have due to the fact
that the different experiments may have probed grossly
different regions on the nanograting where the bars may
be as much as 3 nm thicker or thinner. In the future, ex-
periments such as the one in reference [8] can be designed
to measure C3 ratios more accurately to focus on these
effects.

3.5 Analytical calculation of the diffraction amplitude
and physical explanation of its velocity dependence

We have developed an analytic expression for the zeroth
order phase, described in detail in Appendix A. The nu-
merical model described above fits the Φ0 data very well
but it is interesting to try to understand the physical ef-
fects that cause its unusual velocity dependence.

Cronin and Perreault [7] have previously introduced a
generalized Cornu spiral to visualize the integral in equa-
tion (15) and to predict the intensity of the various diffrac-
tion orders. We have used the same ideas to develop an an-
alytical expression for the zeroth order amplitude |A0|eiΦ0 .
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Fig. 9. (Online color) The Cornu spiral corresponding to the
integral in equation (15). The vertical axis is scaled differently
than the horizontal axis to exaggerate plotted angles. The to-
tal 0th order phase is dominated by the region near r1 where
φ(r1) ≈ 1. The potential farther away from the wall is to weak
the contribute significantly (φ(0) � Φ0). The potential closer
to the wall is so strong that it preferentially deflects atoms into
higher diffraction orders. At these short distances the curva-
ture of the Cornu spiral increases rapidly causing it to curl into
a small spiral, thus no longer contributing significantly to Φ0.

A plot of the Cornu spiral (Fig. 9) shows that the dom-
inant contribution to this phase comes from the region
where |φ(x)| � π/2. To simplify the model, we consider
square bars and the interaction with one of the nano grat-
ing walls only: this second assumption is justified by the
fact that φ(0) � Φ0. With these assumptions, the phase
φ(x) is then given by:

φ(x) =
C3L

�v [(w/2) − x]3
. (17)

The calculation is detailed in Appendix A and we com-
ment here only the results. The results are the first-order
terms of an expansion in r1 = [C3L/ (�v)]1/3 which is the
atom-surface distance such that φ(r1) = 1 rad. We get:

Φ0 ≈ 1.354r1

w − 2.345r1
. (18)

We can use this last result to explain the fact that Φ0 is
well approximated by a power law function of the atom
velocity v, Φ0 ∝ vq. We calculate the log-derivative of Φ0

with respect to v:

dΦ0

Φ0
= − w

3 (w − 2.345r1)
dv

v
(19)

where we have used that dr1/r1 = −dv/(3v). We thus
expect a local power-law dependence of Φ0 on v where the
exponent q is given by

q =
dΦ0

Φ0

/dv

v
= − w

3 (w − 2.345r1)
≈ −0.48 (20)

where the numerical value is calculated with r1 = 7 nm
corresponding to the center v ≈ 1600 m/s of the studied
velocity range.

This velocity dependence for a phase shift in atom op-
tics is unusual. A perturbation applied to one arm of an
atom interferometer usually results in a phase shift pro-
portional to v−1 while a gradient of an electric or magnetic
field applied to both arms of an interferometer induces a
phase shift proportional to v−2. Geometric or topological
phases, such as the Aharonov-Casher phase, are indepen-
dent of velocity. Inertial forces due to acceleration and
rotation of the interferometer with respect to a Galilean
frame induce phase shift proportional respectively to v−2

and v−1. The anomalous velocity dependence observed
here is explained by the fact that the phase shift comes
mostly from a region of atom-surface separation near r1

which depends on the atom velocity and the similarity
with q = −1/2 is simply a coincidence as shown clearly
by equation (20). Instead the power q is related to the
power p of the potential by q = 1/p plus a correction
which is a function of C3, L and v.

3.6 Scaling of the experiment

It is worthwhile at this point to consider what would hap-
pen if we scaled this experiment to larger sizes of the grat-
ing windows. In particular, would it be possible to scale
this experiment such that we can detect effects of retar-
dation at distance ranges in the Casimir-Polder regime?
For Li, we expect to see deviations from the V ∝ r−3 law
at a distance of about 107 nm.

We have demonstrated the ability to measure VdW
induced phases of about 0.1 radians, we will therefore re-
quire that the phase induced by a larger nano structure
be at least this large. We discussed in the previous sec-
tion that the experiment is most sensitive to an atom-wall
separation of r1. Though r1 is not directly dependent of
the window width w, we must have r1 < w/2. There-
fore, a requirement to be able to measure atom-surface
potentials at larger distances is that the grating windows
are larger. From equation (18) we can see that for large
windows the measured phase goes approximately as 1/w,
not as 1/w3 which one might naively expect. Larger nano-
structures would therefore still produce a significant phase
shift. If we want r1 ≈ 100 nm and Φ0 ≈ 0.1 we see that
w < 1500 nm would be acceptable.

The experiment is most sensitive to a range of atom-
surface separations near r1. At longer distances, the po-
tential is so weak that it does not contribute significantly
to the measured phase shift; at shorter distances the po-
tential is so strong that atoms are deflected away from
the detector. To get r1 = 107 nm, we must increase the
ratio L/v by a factor of 3500. Nano-structures that have
L = 2 µm are currently available, for these gratings we
need atoms traveling at a velocity of 10 m/s to see the
effect of retardation. Such velocities are currently not at-
tainable by supersonic sources, but are achievable in cold
atom experiments.
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Using supersonic sources, velocities of 500 m/s may
be attainable (some novel methods can even attain
250 m/s [37]). For these velocities nano structures that
are about 1 mm thick would be required. Under these two
extreme conditions, one should question if the approxi-
mations used in the current analysis are still valid. The
above discussion assumes the atom beam is coherent over
the width of a grating window. In the case of a beam that
is (mostly) uncollimated in the Y direction, like in the
current experiment, the coherence length in the Y direc-
tion is much less than the proposed 1 µm window width.
As a consequence, such gratings would produce a signal
with significantly reduced contrast.

3.7 Test of possible modification of Newton’s law
of gravitation at short distances

The precision of our measurement can be used to test the
existence of other interactions at short length scales. Many
works have been devoted to the test of possible modifica-
tions of Newtonian gravity at various length scales [41–45].
The potential energy between two point masses m1 and
m2 is commonly assumed to be given by a Yukawa type
term:

U(r) =
Gm1m2

r
[1 + α exp (−r/λ)] . (21)

G is Newton’s gravitational constant and r is the distance
between the masses. α and λ measure the amplitude and
the range of the non-Newtonian alteration of the gravi-
tational energy. Accordingly, the Newtonian expression is
recovered either by putting α = 0 (purely Newtonian in-
teraction), or for a given α �= 0, by letting λ → 0 (infinitely
small range).

It is straightforward to verify that the purely
Newtonian part of the interaction is totally negligible in
our experiment, so we will focus on the non-Newtonian
term. Just like in the case of the van der Waals phase
shift discussed above, we replace the exact potential by
the one created by two infinite half-spaces coincident with
the two nearest nano grating walls, when the atom is in
the channel between two nano grating bars, and zero ev-
erywhere else. This approximation is good as long as the
range λ is small with respect to the bar thickness equal
to (dx − w) ≈ 47 nm in our experiment. Then, if µ is
the density of the grating material and m1 the mass of
the atom, a straightforward integration proves that the
non-Newtonian potential is given by:

U(x) = 2πGm1µαλ2

×
[
exp
[(w

2
− x
)

/λ
]

+ exp
[(w

2
+ x
)

/λ
]]

. (22)

In order to simplify this formula, we have neglected the
wedge angle of the grating bars and the potential is thus
independent of z, as long as the atom is between the grat-
ing bars (0 < z < L). However, all the numerical calcula-
tions have taken the wedge of the grating bars into account
and we use equation (12), but replace the van der Waals
term V by the sum V + U .

Fig. 10. (Color online) Phase Φ0 of the zeroth order diffraction
amplitude as a function of the atomic beam mean velocity v.
Three different fits of Φ0 are made with different values of the
the amplitude α of the Non-Newtonian gravitational potential,
with a fixed range λ = 2 nm: the full curve corresponds to
α = 0 and the best fit gives C3 = 3.25 meV nm3; the short-
dashed (blue) curve corresponds to α = 1026 and the best fit
gives C3 = 3.12 meVnm3 and this fit is as good as the fit with
α = 0; the long-dashed (black) curve corresponds to α = 1027

and the best fit gives C3 = 2.55 meV nm3 and this last fit is
clearly less good than the the two previous ones and the C3

value is clearly too low.

Using the silicon nitride bulk density µ = 3270 kg/m3

and the Newton constant G = 6.67 × 10−11 m3 kg−1 s−2.
we determine the maximum |α| value compatible with the
measured phase shifts, by using a fit with α and C3 as
free parameters, while the range λ is fixed. We show in
Figure 10 fits of the measured phase Φ0 of the zeroth or-
der diffraction amplitude, assuming various values of the
amplitude α of the Non-Newtonian gravitational poten-
tial, with a fixed range λ = 2 nm. From this series of
fits, we can set a limit on the amplitude α for this range,
|α| � 1026.

We have made similar calculations for a range λ = 1
and 10 nm and our results are plotted in Figure 11
where they are compared with previous experiments based
on macroscopic force measurements [46]. The constraint
on |α| is less strict than the previously published results
except for a range λ = 2 nm, where it is almost exactly
the same, |α| � 1026. To improve this limit, we could en-
hance the modified gravitational potential with respect to
the van der Waals term. This could be done by using a
heavier atom and a more dense grating material without
increasing C3 too much. Using cesium atoms will enable
to use laser diffraction and using a gold (coated) grating
material would enhance the product m1µ by a factor 112.
Because cesium has a larger electric polarizability than
lithium and because gold is metallic, the C3 coefficient
would be 3 times larger than for the lithium-SiNx inter-
action. The experiment can be even farther improved by
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Fig. 11. (Color online) Constraint on the α parameter of the Yukawa
potential describing a possible modification of Newtonian at short
range as a function of the range parameter λ. The full dots (red on-
line) represent the maximum |α| value compatible with our phase shift
measurements calculated assuming λ = 1, 2 and 10 nm. This figure
copied from Fischbach et al. [46] presents the limit obtained by several
macroscopic force experiments of Israelachvili and Tabor [47] (curve
labeled vdW) and by Ederth [48] (curve labeled Ederth) (see Ref. [46]
for more details). When λ = 1 or 10 nm, our limit on |α| is less strict
than previous measurements but when λ = 2, our limit is competitive
with these macroscopic measurements. Finally, the neutron data is
taken from Figure 28 of the review by Abele [49] who plots in an α-λ
diagram the results of reference [50].

using an atom like xenon which has a mass similar to ce-
sium but a VdW interaction that is 10 times smaller.

Neutron optics and collision experiments have given
more stringent constraints on α for λ values in the
nanometer range. In the review of Abele [49], Figure 28
presents limiting α values derived from a reanalysis of ex-
isting data by Leeb and Schmiedmayer [50]. For a range
λ < 10−8 m, these constraints are up to several orders of
magnitude stronger than those derived from experiments
involving atoms or solids interacting with solids. This is
easy to explain by the fact that the electric polarizability
αn of neutron [49] is many orders of magnitude smaller
those of atoms (αn ≈ 10−48 m3 as compared to the one
of lithium atom αLi = 2.43 × 10−29 m3). The extremely
low electric polarizability of neutron makes that its VdW
interaction with matter is negligible and the only impor-
tant interaction of neutron with matter is the short range
nuclear interaction. With experiments involving atoms or
solids interacting with solids, the limits on an hypotheti-
cal non-Newtonian gravitational interaction at short range
correspond to the case where the van der Waals interac-
tion and the non-Newtonian gravitational interaction are
of comparable magnitudes.

4 Conclusion

We summarize the main results of this paper:

– We have used the Toulouse atom interferometer to
measure the zeroth order diffraction amplitude of
lithium waves by a nano grating made of silicon ni-
tride. Thanks to some technical improvements, we have
been able to measure the modulus and the phase of this
amplitude with an uncertainty close to 1% for most of
the data points. Most of the measurements have been
done with our interferometer using first order Bragg
diffraction, but we have also used second order Bragg
diffraction in some cases in order to enhance the dis-

tance between the interferometer arms. Even if the ac-
curacy was less good in this case, the prospect of using
higher order Bragg diffraction is very interesting as it
opens up many possibilities.

– The phase measurements exhibit an unexpected de-
pendence with the atom velocity, roughly like v−0.49.
We have developed a numerical model and an approxi-
mate analytical calculation which explain this velocity
dependence. The zeroth order diffraction amplitude is
calculated by integrals similar to those appearing in
the Cornu spiral and the dominant contributions come
from an atom-surface distance which is a function of
the atom velocity. This explains why the effect of the
atom-surface potential cannot be understood by a sim-
ple perturbation calculation which would predict a v−1

velocity dependence.
– The high accuracy of our measurements has enabled

us to test the dependence of the atom-surface inter-
action with distance. Our data is consistent with a
−Cp/rp potential only if p = 2.9 ± 0.2, in good agree-
ment with theory which predicts that, in the range of
distance tested by our experiment around 10 nm, the
van der Waals potential behaves as −C3/r3.

– Using accurate determinations of the grating geomet-
rical parameters deduced from a series of diffraction
experiments [6], we used phase data to determine
C3 = 3.25 ± 0.2 meVnm3. This value is in good but
not exact agreement with our calculation using a well-
established theoretical formula and an accurate de-
scription of the atom and surface optical properties.
The small disagreement is probably due to a 1 nm
thick gold-palladium coating deposited on the grating
for STM imaging purposes.

– We have used the same data to test a possible modifica-
tion of the gravitation potential at short range. If this
modification is described by a Yukawa potential, our
experiment achieves a sensitivity comparable to best
published results for a range of the Yukawa term equal
to λ = 2 nm, at least if we except the experiments
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involving neutron interferometry. It seems possible to
improve our results by a factor of the order of 10 this
sensitivity by using a denser material for the grating
and, if possible, a heavier atom.

A more general remark concerns the extraordinary sen-
sitivity achieved by atom interferometry with separated
arms. We are now able to measure phase-shifts with a few
milliradians error bar and this uncertainty is not limited
by fundamental effects but by an uncontrolled phase drift
which should be reduced in an improved experiment. The
detection of extremely weak interactions is at hand.

S.L., H.J., G.T., M.B. and J.V. thank CNRS INP, Région
Midi-Pyrénées and ANR (grant ANR-05-BLAN-0094) for sup-
port. VPAL and ADC acknowledge financial support from NSF
grant No. 0969348.

Appendix A: Analytic calculation
of the zeroth-order amplitude
in a simplified geometry

We want to calculate the zeroth-order diffraction ampli-
tude given by equation (15):

|A0|eiΦ0 =
1
dx

∫ w/2

−w/2

exp [iφ(x)] dx. (A.1)

As φ(x) is an even function of x, we can write |A0|eiΦ0 =
Ic + iIs with:

Ic =
2
dx

∫ w/2

0

cos[φ(x)]dx

Is =
2
dx

∫ w/2

0

sin[φ(x)]dx. (A.2)

To simplify the calculation, we take the wedge angle of
the grating α = 0 and we consider the interaction with
only one of the nano grating walls, so that φ(x) is given
by equation (17). We can now write the phase acquired
along a straight path through the grating in terms of two
dimensionless parameters, U = 2x/w and A = 2r1/w,
where r1 = [C3L/ (�v)]1/3 (r1 is the atom-surface distance
for which φ(x) = 1 rad). The phase φ becomes

φ(U) = (A/(1 − U))3 . (A.3)

If A = 0 (i.e. C3 = 0), then Ic = w/(2dx) and Is = 0.
When C3 �= 0, the first corrections are linear in r1 and we
calculate here only these first-order terms. We begin by
writing

Is =
w

dx

∫ 1

0

sin φ(U)dU

Ic =
w

dx

∫ 1

0

cosφ(U)dU. (A.4)

We now use φ as the new integrating variable and, for Is,
we get:

Is =
Aw

3dx

∫ +∞

A3
φ−4/3 sin(φ)dφ

≈ Aw

2dx
Γ

(
2
3

)
=

r1

dx
Γ

(
2
3

)
. (A.5)

We have used results from reference [51,52] and we have
kept only the term linear in A. For Ic, we only calculate
the linear term in the Taylor expansion of equation (A.2).
To this end, we must calculate the derivative of Ic with
respect to A at A = 0 and we find:

∂Ic

∂A

∣∣∣∣
A=0

= − w

dx

∫ +∞

0

φ−1/3 sin(φ)dφ = −w
√

3
2dx

Γ

(
2
3

)
.

We thus get Ic up to its first order term in A:

Ic ≈ w

dx

[
1 −

√
3

2
× Γ

(
2
3

)
A

]
(A.6)

substituting wA = 2r1 we get

Ic ≈ w

dx
− r1

√
3

dx
Γ

(
2
3

)
. (A.7)

The zeroth order amplitude phase Φ0 is approximately
given by Φ0 ≈ Is/Ic and we finally get:

Φ0 ≈ Γ
(

2
3

)
r1

w − √
3 × Γ

(
2
3

)
r1

≈ 1.354r1

w − 2.345r1
(A.8)

where Γ (2/3) ≈ 1.354. The modulus |A0| of the zeroth or-
der amplitude is approximately given by |A0| =

√
I2
c + I2

s

with Ic and Is given by equations (A.7) and (A.7).
A slightly less accurate result is obtained by keeping
only the first order term in r1, with |A0| ≈ Ic ≈[
w − r1

√
3Γ (2/3)

]
/dx.

Appendix B: Calculation of the atom-surface
C3 coefficient

We calculate the van der Waals C3 coefficient describing
the interaction of a silicon nitride surface with various
atoms: two alkali Li and Na, the rare gases He, Ne, Ar,
Kr, Xe and also the D2 molecule. We also calculate C3

for Li near a silicon nitride surface coated with a uniform
layer of gold. All these C3 coefficients have been measured
by atom optics and/or interferometry [1,9]. We start from
the result of Lifshitz [28] and of Zaremba and Kohn [29]:

C3 =
1
4π

∫ ∞

0

α(iω)g(iω)dω (B.1)

where α(iω) is the atomic dynamic polarizability and
g(iω) is the surface response function, in both case for
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imaginary frequency. g(iω) is related to the solid electric
permittivity by:

g(iω) =
ε(iω) − 1
ε(iω) + 1

. (B.2)

Vidali and Cole [53] proposed to use approximate
Lorentzian forms for α(iω) and g(iω):

g(iω) = g0/

[
1 +

(�ω)2

E2
s

]
(B.3)

g0 is dimensionless, 0 < g0 < 1, and Es is the mean dipolar
excitation energy of the solid.

α(iω) = α0/

[
1 +

(�ω)2

E2
d

]
(B.4)

α0 is the atom static electric polarizability and
Ed its mean dipolar excitation energy. From equa-
tions (B.1), (B.3) and (B.4), Vidali and Cole obtained a
closed form expression of C3:

C3 =
g0α0EdEs

8(Ed + Es)
. (B.5)

To obtain a more accurate value of C3 we are going to eval-
uate the function ε(iω) from measurements of the complex
index of refraction n + ik of Si3N4 [54]. We get the real
and imaginary parts of ε = ε1 + iε2 by ε1 = n2 − k2

and ε2 = 2nk, which are plotted in Figure 12. For
the following calculations, we must interpolate ε1(ω) and
ε2(ω) by sufficiently regular analytic functions. In 1996,
Jellison and Modine [55] have proposed to represent ε2 by
the following Tauc-Lorentz (TL) formula:

ε2TL(E) =
ACE0(E − Eg)2

(E2
0 − E2)2 + C2E2

1
E

, when E > Eg

ε2TL(E) = 0, when E ≤ Eg (B.6)

where Eg is the band-gap energy, while A, C, and E0

are respectively the strength, the spectral width and the
center of the resonance (all these quantities are in units
of energy). Using the Kramers-Kronig relations, an ana-
lytic expression for ε1TL can be found as demonstrated by
Jellison and Modine [55].

Using the commercial software Origin, we have fitted
the Tauc-Lorentz formula ε2TL(E) to the available data
over its complete energy range and we have obtained A =
242.5±7.3 eV, C = 5.93±0.07 eV, Eg = 5.19±0.04 eV,
E0 = 8.18±0.06 eV. As shown in Figure 12, this fit is very
good. Then, assuming ε1TL(∞) = 1, we have introduced
these parameters in the formula for ε1TL(E) and, as shown
by Figure 12, the agreement with the measured values
of ε1(E) is very good too.

The same Tauc-Lorentz formula was used by Savas
to describe the complex permittivity of the LPCVD sil-
icon nitride SiNx he used to manufacture nano grat-
ings [3]: he obtains very different values of the param-
eters A = 74.5 eV, C = 7.62 eV, Eg = 2.29 eV and

Fig. 12. Plots of the real and imaginary parts ε1 and ε2 of
the complex dielectric permittivity of bulk Si3N4 as a function
of the photon energy in eV. The data points are experimen-
tal while the curves represent the fit using the Tauc-Lorentz
formula (see text).

E0 = 7.17 eV and these differences are probably due to
the non-stoichiometric character of the SiNx membrane.
We will use these two sets of parameters to describe sil-
icon nitride permittivity, in order to have an idea of the
effect of the variation of the surface properties. As our
nano grating has also been produced by Savas, we expect
that the data for LPCVD silicon nitride SiNx should give
the best results.

We can now deduce the dielectric constant at imag-
inary frequencies ε(iω) by the Kramers-Kronig rela-
tion [56,57]:

ε(iω) = 1 +
2
π

∫ ∞

ωg

ξ ε2TL(ξ)
ξ2 + ω2

dξ. (B.7)

We have used the commercial software Mathematica to
calculate the integral of equation (B.7) and the results
are plotted in Figure 13.

For the atomic polarizability, we have used the sin-
gle oscillator model given by equation (B.4) for all the
atoms and for D2 molecule. In addition we used a two-
oscillator model for lithium as well. The static electric
polarizability α0 and the mean dipolar excitation energy
Ed were taken from Tang et al. [58] for the rare gases,
and from Kramer and Herschbach [59] for D2. For lithium
and sodium, we use the most accurate calculated values of
the electric polarizability, α0(Li) = 164.111 a.u. [60] and
α0(Na) = 162.6 a.u. [61] respectively with Ed from [58].
Table 4 compares experimental and calculated values of C3

coefficients and the agreement is good in almost all cases:
the agreement is usually better with the calculation us-
ing the thin film SiNx electric permittivity except for Na
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Fig. 13. Plot of dielectric constant ε(iω) of silicon nitride for
imaginary frequency, as function of the photon energy �ω: the
full curve describes the bulk Si3N4, with the parameters fitted
in the present paper and the dashed curve describes the thin
film SiNx, with the parameters fitted by Savas and quoted in
reference [3].

and Li, since these two measurements were done with a
grating that has a thin metal coating.

For lithium, the total oscillator strength of the
first resonance transition is considerably lower than 1,
f1 = 0.747 [62] and we cannot neglect higher excitation
transitions. We must write the electric polarizability in
the form:

α(iω) =
∑

j

fj

ω2
j + ω2

. (B.8)

For lithium, the resonance transition explains 98.68% of
the calculated electric polarizability [60] and the remain-
ing transitions with

∑
j �=1 fj = 0.253 contribute only

to 1.32% of the static polarizability because their frequen-
cies ωj are in the UV. Following equation (B.5), the rel-
ative contribution of these transitions is expected to be
larger to C3 than to the static polarizability. As discussed
by Jacquey in her thesis [63], the knowledge of the oscil-
lator strengths of the Rydberg states and of the contin-
uum is not very good. Here, we replace all these contri-
butions by a second effective oscillator with feff = 0.253
and �ωeff = 9.19 eV, chosen such that the static polar-
izability is conserved. The results of this new calculation
appear in Table 4: C3 increases by about 3%.

To evaluate C3 for Li and Na near a bulk gold surface
we used a Drude model for the permittivity

εAu(iω) = 1 +
ω2

p

ω2 + γω
(B.9)

Table 4. Comparison between experimental and calculated
values of C3 in meVnm3. Experimental C3 values are from
reference [1] for H2 and the rare gases, from our experiment
(present paper and Ref. [10]) for lithium and from refer-
ence [6] for sodium. The calculations differ by the choice of the
Tauc-Lorentz parameters describing silicon nitride (see text).
For lithium, we present the results of two calculations, with a
single-oscillator model (a) and with a two-oscillator model (b)
for the atom. For bulk Au we present our calculated value (see
text), and we also tabulate the value calculated in [40] (c).

Species Experiment Calculation Calculation
Bulk Si3N4 Thin film SiNx

D2 0.35 ± 0.06 0.51 0.42
D2 0.31 ± 0.07
He 0.10 ± 0.02 0.15 0.122
Ne 0.22 ± 0.04 0.25 0.212
Ar 0.71 ± 0.12 0.86 0.736
Kr 1.09 ± 0.18 1.18 1.01

Li (a) 3.25 ± 0.20 3.00 2.86
Li (b) 3.10 2.95
Na (a) 4.85 ± 0.30 3.34 3.17

Species Experiment Calculation Calculation
Bulk Au SiNx 1 nm Au

Li 3.25 ± 0.20 4.50 3.82
Li (c) 4.88
Na 4.85 ± 0.50 4.93 4.30

Na (c) 5.47

where the ωp is the plasma frequency and γ is a damping
constant. The values of C3 obtained from this formula with
�ωp = 6.36 eV and �γ = 26 meV are listed in Table 4.

Our metal coated grating consists of a thin coating of
a Au/Pd mixture on top of the silicon nitride nano-bars.
In modeling such a system we must take into account the
interface between the vacuum and the thin outer surface
as well as the interface between the surface layer and the
underlying bulk material. To do this, we have evaluated
expression 4.14 in reference [64]. We used a Drude model
for εAu(iω) and a simple insulator model for εSiNx

(iω).
The results are shown in Table 4.
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4. R. Brühl, R.P. Fouquet, R.E. Grisenti, J.P. Toennies, G.C.
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available on http://tel.archives-ouvertes.fr/

64. F. Zhou, L. Spruch, Phys. Rev. A 52, 297 (1995)



108

APPENDIX G
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NANO-GRATINGS FOR ATOM OPTICS

The following manuscript is unpublished. The results of this article are discussed in

Section 2.3.4 of this dissertation.
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Experimental demonstration of blazed nano-gratings for atom optics

Vincent P. A. Lonij, Ben McMorran, and Alexander D. Cronin
University of Arizona, Department of Physics, Tucson, AZ 85721

Van der Waals and image-charge potentials can be used to create asymmetric (i.e. blazed) diffrac-
tion patterns for atoms and electrons. We experimentally demonstrated blazed diffraction of atoms
from material gratings. We discuss optimizing transmission into the first order using currently avail-
able gratings, and we show that this improves performance of atom and electron interferometers. A
detailed study of diffraction as a function of grating rotation also allows us to precisely determine
the grating geometry and the Van der Waals potential strength.

I. INTRODUCTION

Material transmission gratings serve as coherent beam
splitters for atom- and electron-interferometers, offering
great versatility in the type of particles used. The 100
nm period gratings discussed in this article have been
used to diffract atoms, molecules, and electrons [1–4]. In
addition, these gratings provide large dispersion angles
owing to their small period, which makes them ideal for
use in separated path interferometers. The drawback of
using material gratings is that they are absorptive and
a significant fraction of flux is lost to higher diffraction
orders. Material gratings that enhance transmission into
the order(s) of interest (i.e. blazed gratings), therefore
have the potential to increase contrast and improve pre-
cision of interferometers based on material gratings.

Previous proposals have suggested making blazed ma-
terial gratings by depositing electrodes onto the grating
bars to apply a tunable phase shift to the transmitted
atoms or by using reflecting nano-structures [5, 6]. Nei-
ther have thus far been realized for gratings, however
Fujita et al. have shown that it is possible to produce
a transmission hologram for atoms that incorporates an
adjustable electric field to modify the far-field diffraction
pattern [7].

We have experimentally demonstrated blazed diffrac-
tion of Na atoms from a silicon-nitride (SiNx) grating by
utilizing the Van der Waals (VdW) atom-surface poten-
tial. In order to understand this, we discuss how atoms
at non-normal incidence diffract from a nano-grating and
how the Van der Waals potential affects this diffraction.
As an application of these blazed gratings we will dis-
cuss optimizing the precision with which separated path
atom- and electron-interferometers measure phase shifts.
The influence of particle-surface interactions on interfer-
ometer fringe contrast has been explored for near-field in-
terferometers featuring overlapping paths [8], but Cham-
penois et al. have noted that such effects need to be
studied in far-field interferometers with separated paths
as well [9].

As an additional application, we will also show that a
detailed study of the diffraction intensities as a function
of grating rotation can be used to determine both the ge-
ometric parameters of the grating and the VdW potential
strength. Previous work demonstrated that angle of in-
cidence can affect the relative intensities of the far-field

FIG. 1: A schematic representation of the grating geometry.
The grating bars have a trapezoidal cross-section, the wedge
angle of the trapezoid is α. The grating can be rotated around
an axis parallel to the grating bars by an angle β. The period
of the grating, d = 100 nm, the open width of the grating
windows w, varies for different gratings between 40 and 70
nm, the thickness of the structure, t is about 150 nm. w′ is
the projected widow width.

diffraction orders in such a way that the the VdW poten-
tial cannot be ignored [1, 10]. In the present paper we
refine this technique to determine the grating parameters
and the VdW potential strength with improved precision.

II. EFFECT OF THE VAN DER WAALS
POTENTIAL

An atom passing through a grating is attracted to the
grating surface due to the Van der Waals potential. This
potential imparts a position-dependent phase shift to the
atom’s wave-function. By tailoring the shape and orien-
tation of the grating bars we can exploit the VdW po-
tential to create blazed diffraction in the far field. The
grating bars in this experiment have a trapezoidal cross-
section (Figure 1), they have a period of 100 nm and
are about 150 nm thick. The experimentally determined
grating parameters are listed in Table I.

The Van der Waals potential between an atom and an
infinite surface in the non-retarded regime is given by

VV dW (r) = −C3

r3
(1)
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where r indicates the shortest distance to the surface and
C3 is the VdW coefficient. We approximate the poten-
tial for an atom in the channel between two grating bars
by the potential caused by two infinite surfaces coplanar
with the two nearest grating walls, as given in eqn. 1. We
then allow the potential to be ‘on’ only while the atom is
between the grating bars. For a detailed discussion, see
[11].

The grating is sufficiently thin so diffraction effects
within the grating can be neglected (t � d2kz). If we as-
sume that the incoming wave is a plane wave (kx � kz),
we can write the wave function just beyond the grating
as

ψ(x, z) = eikzψ(x, 0)
[
T (x) ∗ Comb

(
x

Cos(β)d

)]
(2)

where T (x) is the complex transmission function of a sin-
gle grating window, Comb(x/Cos(β)d) indicates an infi-
nite series of delta-functions spaced by Cos(β)d, and ∗
denotes convolution. As long as the propagation of the
wave function inside the grating is weakly affected by the
potential we can write

T (x) = eiφV dW (x) [θ(x + w′/2) − θ(x − w′/2)]

where w′ is the effective window width (see Figure 1) and
θ is the Heaviside step function. φV dW is the additional
phase due to the VdW interaction with the grating which
can be calculated in the WKB approximation to first
order in (V/E):

φV dW (x) = − 1
h̄v

∫ zf

z0

VV dW (z, x; w, β, α, t)dz.

This VdW-induced phase is dependent on the transverse
coordinate x and the geometric parameters of the grating
w, α and t, and the grating rotation β (see Figure 1). The
integral is along the direction of propagation.

These equations are no longer valid near the grating
surface where VV dW diverges. For the present situation
of Na atoms and a SiNx grating, an atom’s trajectory
starts to be significantly affected by the potential at a
distance 6 nanometers from the surface. For the condi-
tion |β| = α, atoms incident 4 nanometers from a surface
will hit the surface before passing through the 150 nm
thick grating. Neglecting this effect leads to an error of
1% in the calculation of the first order intensity and an
error in the fourth order of up to 20%.

Using standard techniques from Fourier optics, we find
that the far-field diffraction pattern is a set of evenly
spaced peaks due to the periodic structure of the grating,
weighted by a diffraction envelope due to T (x) of a single
window [11, 12]. The diffraction amplitude for the n-th
order is given by the value of the diffraction envelope at
the location of the n-th order.

An =
1

Cos(β)d

∫ ∞

−∞
T (x)e−i 2πnx

Cos(β)d dx (3)
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FIG. 2: A diffraction pattern formed by Na atoms traveling at
1000 m/s after passing through a grating that was rotated by
5.6 degrees. The diffraction pattern clearly shows a different
intensity in the +1st and -1st orders. The diffraction pattern
is mirrored compared to Figure 3.

The intensity of each order, relative to the incident in-
tensity is then In = A2

n. A plane wave incident along
a direction not normal to the grating (β �= 0) will ac-
quire an asymmetric curvature in the near field. This in
turn leads to a diffraction pattern in the far field that is
not symmetric around the zeroth order, i.e. I1 �= I−1.
Figure 2 shows experimental data of the atom flux as
a function of position in the far field and demonstrates
blazed diffraction of sodium atoms by a grating rotated
5.6 degrees from normal. Figure 3 shows diffraction from
a grating rotated 185.6 degrees from normal incidence.
Note that the diffraction intensities in Figure 3 are mir-
rored with respect to Figure 2. This evidence shows that
it is not merely the angle of incidence, but in fact the
orientation of the inner surfaces of the grating bars that
determine the diffraction amplitudes. Similarly, diffrac-
tion data obtained at -5.6 degrees (not shown) is mirrored
with respect to diffraction at 5.6 degrees. Note that for
bars with a square cross-section (α = 0) the diffraction
pattern would always be symmetric regardless of twist
angle; the same is true in the absence of the VdW poten-
tial (C3 = 0).

III. DETERMINING GRATING PARAMETERS

Though the period of the gratings is known with a
precision of 0.1%, conventional imaging methods are of
limited use when determining the open fraction, wedge
angle, and thickness of a grating. AFM/STM methods
are limited by knowledge of the tip shape and SEM/TEM
methods are affected by image potentials, charging, and
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FIG. 3: A diffraction pattern formed by Na atoms traveling
at 1000 m/s after passing through a grating that was rotated
by 185.6 degrees. The diffraction pattern is the mirrored com-
pared to Figure 2.

edge effects.

By measuring diffraction intensities as a function of
rotation angle (i.e. rocking curves), we can determine
the grating parameters and measure the VdW coefficient.
There are two previous studies of these rocking curves
for atoms. Grisenti et al. studied diffraction of helium
atoms at different angles to determine the window width
and wedge angle but did not include the VdW potential
[13]. Cronin et al. studied rocking curves for sodium
atoms by measuring the peak intensity of an order with
a stationary detector [10]. This method does not fully
account for the fact that the position of the order changes
due to foreshortening of the grating period. It also does
not take into account the overlap between neighboring
orders. Cronin et al. conclusively demonstrated that
the VdW potential is required to explain the data but
reported a large uncertainty in the VdW coefficient and
grating parameters.

In this work, we fully take into account the displace-
ment and overlap of the orders. The data shown in Fig-
ure 4 were obtained by measuring the entire diffraction
pattern (as shown in Figure 2) for different grating ro-
tation angles and fitting each diffraction pattern with a
weighted sum of empirically determined line-shapes. The
fit allows for broadening of higher orders due to longitu-
dinal velocity spread of the atom beam and allows for the
presence of Na2 dimers. The line-shape was determined
independently with the grating removed from the beam
line. Figure 4 shows the relative intensity of orders 1
through 4 and a global least squares fit to all these data.
Table I lists the experimentally determined grating pa-
rameters.

TABLE I: Grating parameters determined from data in Fig-
ure 4 and other similar data, with uncertainties. The limiting
factor in the precision is the ability to precisely determine the
diffraction intensities. Due to the fact that the fit parameters
are correlated, it is important to obtain very precise mea-
surements of the In. The experimental reproducibility yields
an uncertainty in the parameters that is larger than the sta-
tistical uncertainty. The table gives the grating parameters
determined from multiple experiments with the same grating
and uncertainty based on reproducibility.

C3 3.50 ± 0.4 eV Å
3

w 53.6 ± 0.5 nm

α 4.95 ± 0.3 degrees

t/w 2.68 ± 0.1
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FIG. 4: Rocking curves for orders 1 through 4. The intensi-
ties, relative to 0th order, of orders 1 though 4 are shown as
a function of the incidence angle β. The data were obtained
by fitting 20 individual diffraction patterns and incorporating
both In and I−n using In(β) = I−n(−β). The lines indicate
a global least squares fit.

IV. INTERFEROMETER EFFICIENCY

It has been shown that particle-surface interactions
can have an effect on the contrast in near-field inter-
ferometers. In Talbot-Lau interferometers for fullerene
molecules the non-uniform phase shifts caused by these
interactions have an undesirable effect on fringe contrast
[8]. Similarly, interference in a Lau interferometer for
electrons is sensitive to the image charge interaction be-
tween electrons and grating surfaces [3]. In the following
discussion we will focus on separated path interferome-
ters. We will show that the VdW potential can be utilized
to improve the efficiency (as defined below in eqn. 4) of
a three grating Mach-Zehnder configuration.

For separated path interferometers that use nano-
gratings as beamsplitters, we are most interested in the
behavior of the zeroth and first orders. We will first dis-
cuss the behavior of the 1st order as a function of rotation
angle and then discuss how this applies to the efficiency
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FIG. 5: The solid line shows the fraction of the incident inten-
sity transmitted into the +1st order as a function of rotation
angle of the grating. The dashed line shows the intensity
transmitted into the -1st order. The dotted line shows the
transmission into the 1st order for the situation where the
wedge angle of the grating bars is zero.

of a phase measurement in a Mach-Zehnder interferom-
eter. By rotating the grating around an axis parallel to
a grating bar we can adjust the blaze to maximize the
transmission into the 1st order. Figure 5 shows diffrac-
tion flux into the +1st and -1st orders as a function of
the angle of rotation for a grating with a wedge angle of
5 degrees. For atoms traveling at 1000 m/s, a maximum
in the 1st order intensity is achieved for an angle of 6 de-
grees. At this angle the 1st order contains 11.3% of the
incident intensity, which is a 13% increase over a grating
that is not rotated or a grating of the same open fraction
that has square bars.

For electrons, this effect becomes more pronounced.
Electrons interact with the grating in a similar way due
to the image charge induced in the grating bars. For
electrons the potential due to an infinite surface is given
by

Vimg =
1

4πε0

eqi

2r

where e is the electron charge, qi is the image charge and
r is the closest distance to the surface. We can now apply
the analysis of atom diffraction to the case of electrons.
Recent experiments with electrons confirmed that rotat-
ing a grating can increase flux into the first order by up
to 30% [14, 15].

To investigate how these blazed gratings can improve
the performance of atom- and electron-interferometers,
we will consider a three grating Mach-Zehnder config-
uration. The optimization of such a configuration with
respect to the grating parameters has been discussed pre-
viously not including the VdW potential or only consid-
ering the special case of bars with square cross section
[16–18]. The uncertainty in a measurement of the phase

due to shot noise is given by

σφ =
1

C
√

N

where C is the contrast defined by C = IMax−IMin
IMax+IMin

, and
N is the total number of atoms counted. We want to
minimize σφ so we define the efficiency

Eφ ≡ C2〈I〉 (4)

as the quantity we want to maximize. Here the average
intensity 〈I〉 is taken as a fraction of the incident inten-
sity, so Eφ is a dimensionless quantity. Increasing Eφ by
a factor of two would allow us to reduce σφ by a factor
of

√
2, or obtain the same σφ while cutting in half the

required integration time. For a Mach-Zehnder configu-
ration the transmitted intensity and contrast are given
by

〈I〉 =
[(

eG1
0 eG2

1

)2
+
(
eG1
1 eG2

−1

)2] [w3

d

]
Iinc, (5)

C =
eG1
0 eG2

1 eG1
1 eG2

−1

(eG1
0 eG2

1 )2 + (eG1
1 eG2−1)2

[
sin(kgw3/2)
(kgw3/2)

]
(6)

where eGm
n ≡ |An| indicates the fraction of the incident

amplitude on grating m ∈ 1, 2, 3 that is transmitted into
order n [16].

The efficiency of a Mach-Zehnder interferometer is de-
pendent on the respective parameters of the three grat-
ings. We have some control over these parameters in
the grating manufacturing process, in particular we can
choose the open fraction of a grating. We have also
changed the open fraction at a later time by metal-
coating similar gratings. Furthermore, we predict that
one can change the VdW potential by using laser light
[19]. In the design the interferometer, it is important to
base the choice of open fractions on a complete model
of the gratings. For example, if one were to choose the
open fractions to maximize Eφ, based on a näıve model
that neglects the VdW potential, the the maximum Eφ

that can be achieved is less than 50% of what one would
have expected. This loss in efficiency can be avoided
by selecting larger open fractions to compensate for the
VdW potential. Similarly, it is important to take into
account the wedge angle. Figure 6 and Table II show a
comparison between several models.

We can now further increase Eφ by rotating the three
gratings to take advantage of the blazed diffraction that
we have observed. The three gratings are required to
have the same projected period, so |β1| = |β2| = |β3|,
modulo π. When optimizing Eφ we find that β2 = β1+π.
In this configuration the three grating planes are still par-
allel, but at the first grating, the +1st order is enhanced,
while at the second grating the -1st order is enhanced.
Figure 6 shows that rotated gratings will improve the
efficiency by 13% over non-rotated gratings. For elec-
trons, the improvement due to rotating the gratings is
35%. The optimized open fractions and rotation angle
are listed in Table II.
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FIG. 6: Interferometer efficiencies, Eφ, for several conditions.
If the respective open fractions for three gratings in a Mach-
Zehnder interferometer are chosen to optimize Eφ, based on a
model that neglects the particle-surface potential or the wedge
angle, the efficiency of the interferometer will be smaller than
expected. When both these factors are included, rotating the
three gratings can further increase Eφ. Table II shows the
parameters used for each category in this figure.
For Atoms
A: The red (striped) bar indicates the expected optimized
efficiency if the VdW potential is neglected, the blue (solid)
bar indicates the efficiency that can actually be attained.
B: The red bar indicates the expected optimized efficiency
if the wedge angle is neglected, the blue bar indicates the
efficiency that can actually be achieved for gratings with a
wedge angle of 5 degrees.
C: The red bar indicates the maximum efficiency that can
be achieved for a grating with a wedge angle of 5 degrees at
normal incidence. The blue bar indicates the efficiency that
can be achieved when the gratings are rotated by 5.9 degrees.
For Electrons
D: The red bar indicates the expected optimized efficiency if
the image-charge potential is neglected, the blue bar indicates
the efficiency that can actually be attained.
E: The red bar indicates the maximum efficiency that can be
achieved for a gratings with a wedge angle of 5 degrees at
normal incidence. The blue bar indicates the efficiency that
can be achieved when the gratings are rotated by 6.9 degrees.

It is interesting to note in Figure 6 that the predicted
optimized efficiencies (indicated by the striped red bars)
are all nearly identical, both for atoms and electrons, re-
gardless of whether the particle-surface interactions are
included. The difference between the models is in the
open fractions that are predicted to produce this effi-
ciency. Comparing cases A and B in Table II, we see
that w1/d and w2/d are both increased by approximately
20 nm to compensate for the VdW interaction. In this
regard the effect of particle-surface interactions on the

far-field diffraction orders is similar to the effect of reduc-
ing the widow width. There are however ways in which
the VdW does not have the same effect as decreasing the
widow width such as phase shifts for the far-field diffrac-
tion orders [20, 21] and lack of missing orders [10].

TABLE II: Efficiency of a Mach-Zehnder interferometer for
several combinations of C3, wedge angle, open fractions and
rotation angles. The † indicates that this set of open fractions
optimizes C2〈I〉 for the given combination of C3 and α. The
letters in the last column refer to the categories in Figure 6.

Na atoms (at 1000 m/s)

C3 (meV Å3) α β w1/d w2/d w3/d C2〈I〉
0 0 0 0.56 0.50 0.37 0.0070 A†

3.2 0 0 0.56 0.50 0.37 0.0034 A

3.2 0 0 0.77 0.70 0.37 0.0072 B†
3.2 5 0 0.77 0.70 0.37 0.0063 B

3.2 5 0 0.68 0.62 0.37 0.0071 C†
3.2 5 5.9 0.73 0.66 0.40 0.0081 C†

Electrons (500 eV)

qi(e) α β w1/d w2/d w3/d C2〈I〉
0 0 0 0.56 0.50 0.37 0.0070 D†
1 0 0 0.56 0.50 0.037 0.0041 D

1 5 0 0.66 0.59 0.37 0.0070 E†
1 5 6.9 0.74 0.64 0.42 0.0094 E†

V. CONCLUSION

We have demonstrated blazed diffraction of atoms
from material gratings by making use of the Van der
Waals potential and the trapezoidal cross section of the
grating bars. We discussed how to optimize transmis-
sion into the 1st order and how to use this technique
to improve the efficiency of both atom and electron
interferometers. We also quantified how important
it is for the design of a three grating Mach Zehnder
interferometer to be based on a complete model of the
way atoms and electrons are diffracted by nano-gratings.
Since the particle-surface interactions effectively reduce
the window width, it is desirable to have good knowledge
of both the grating geometry and the Van der Waals
potential. By studying diffraction from a grating at
several angles of incidence, we were able to determine
all these parameters in a single experiment with a single
atom beam velocity.

We acknowledge support from the National Science
Foundation Grant No. 0653623.
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Abstract. We discuss three new applications of nanogratings for atom, molecule,

and electron optics. We use beams of Na, K, and Rb in the same 3-grating atom

interferometer to measure atomic polarizability ratios with 0.3% uncertainty (e.g.

αRb/αNa = 1.959 ± 0.005). We measure van der Waals potential ratios for different

atoms with 2.0% uncertainty (e.g., CK
3 /C

Na
3 = 1.54± 0.03). We also use nanogratings

to operate two types of electron interferometers.
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1. Introduction

Nanogratings are a celebrated tool for making atom interferometers, in part because they

diffract all different types of atoms and molecules. Nanogratings have been available for

more than two decades, yet it is only recently that we have obtained scientific results that

take advantage of using several different atomic species in the same atom interferometer.

The first demonstration of nanogratings for atom diffraction and atom interferometry

[1, 2] led to many achievements in matter wave optics summarized in the 2009 review

by Cronin et. al. [3]. Newer applications for nanogratings are discussed here.

At the University of Arizona we use matter wave interferometers that work with

all different types of atoms and molecules and also electrons. For example, we have

diffracted Li, Na, K, Rb, Sr, and He∗ atoms, Na2 molecules, and 0.5 keV to 25 keV

electrons using 100-nm period nanogratings made by Savas et. al. [4, 5]. We recently

showed how measurements of polarizability (α) and van der Waals coefficients (C3)

have more scientific impact if ratios such as αRb/αNa or CK
3 /C

Na
3 are studied [6, 7].

We also demonstrated several types of electron diffraction and electron interferometry

experiments using nanogratings [8, 9, 10, 11, 12]. In this manuscript we discuss these

experiments with atoms and electrons, and we highlight the resulting new applications

for nanogratings.

2. Measuring ratios of atomic polarizibility

The art of measuring ratios of quantities in order to gain higher precision is well

established in many fields. Indeed, Molof et. al.’s measurements of K and Rb

polarizabilities [13] in 1974 were made as ratios, with respect to the polarizability of

He∗. However, in atom interferometry it is uncommon to find measurements where

ratios between different atomic species offer higher precision, because dedicated laser

systems are often needed to manipulate and detect different types of atoms. As we show

here, nanogratings make it possible to combine atom interferometry with multi-species

ratio measurements. (For a related example see [14].)

Using an electric-field gradient inside a 3-nanograting atom interferometer, we

measured the ground-state DC polarizability for Na, K, and Rb with 0.8% uncertainty

for each atom and 0.3% uncertainty in the ratios (e.g. αRb/αNa = 1.959 ± 0.005) [6].

Our ratio measurements are three times more precise than our absolute measurements

because several quantities with uncertainty, such as the electric field strength, remain

unchanged when we switch between atoms. We use the same nanogratings, same field

gradient, and same detector for the different atoms. Hence, the fractional uncertainty

is reduced when reporting ratios such as αRb/αNa. A schematic of this experiment is

shown in Figure 1.

The phase shift φα in an atom interferometer due to a voltage V between the
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10 kV

Figure 1. Atom interferometer with electric-field gradient for measuring

polarizaibility of several different atomic species. (Right) a detail of the electric-field

interaction region

electrodes in Figure 1 can be expressed in terms of polarizability (α) as

φα =

[
16π2zintV

2

dg
ln−2

(
a+R + b

a+R− b

)
bx

(b2 − x2)2

]
α

mv2
(1)

where zint is the distance from the first grating to the electrodes, dg is the grating period,

a is the thickness of the spacer between the electrodes, R is the radius of the cylindrical

electrode, b ≡ a
√
1 + 2R/a, x is the location of beam, m is the mass, and v is the

velocity of the atom [6].

The quantity in square brackets in equation 1 does not change when we switch

atoms. Therefore, we can report the ratio of polarizabilities for two atoms as:

αRb

αNa

=
φRb

φNa

mRb

mNa

(
vRb

vNa

)2
. (2)

Equation (2) communicates the key idea that several quantities, such as the size and

location of the electrodes, and the applied voltage, all cancel out when reporting the

ratio of atomic polarizabilities. However, this result is approximate because the velocity

distribution, the multiple interferometers created by other diffraction orders, and several

smaller imprefections affect equation (1), as we quantified in Holmgren et. al. [6].

Because our ratio measurements are seven times more precise than the best previous

measurements for K and Rb [13], our measurements serve as an excellent test of atomic

structure calculations. In Holmgren et. al. [6] we compared polarizability calculations

from thirteen publications to our measurements. Seven of these thirteen publications

provide predictions within 0.6% of our ratio data, and only four predictions are consistent

with our data within 0.3%. Furthermore, we plan to use this approach with theoretically

well-understood atoms such as Li to calibrate the apparatus, and then use the same

interferometer to study more complicated atoms such as Yb and Sr.

Ratios are a good test of calculations because the contribution from core electrons

(the dominant source of uncertainty in theoretical calculations) differs between atomic

species. Next we will discuss how atomic core electrons affect atom-surface potentials.
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3. Measuring ratios of van der Waals C3 coefficients

In the same apparatus, we used atom diffraction to measure atom-surface van der

Waals C3 coefficients for Li, Na, K, and Rb atoms interacting with a silicon nitride

nanograting surface. In Lonij et. al. [7] we reported the ratio CK
3 /C

Na
3 with 2%

uncertainty (CK
3 /C

Na
3 = 1.54±0.03). This precision is ten times better than several direct

measurements of C3 [15, 16, 17, 18]. Ratios can be reported with smaller uncertainty

because we developed a method of analysis to ensure that several imprecisely known

quantities, such as the width of the nanograting windows (w ≈ 50 nm), cancel out when

reporting a ratio of C3 values. Alignment is crucial for these ratio experiments because

we require that different types of atoms interact with the same nanograting bars.

This application also benefits from the fact that ratios such as CK
3 /C

Na
3 are

insensitive to the permittivity ε(ω) of the surface, provided that the same surface is

used for experiments with different atoms. Because of this we can use C3 ratios to test

atomic structure calculations.

As we mentioned in the previous section, including core electrons (as opposed to the

outermost valence electron of atoms) poses a challenge in atomic structure calculations.

These core electrons contribute more to C3 than to α, for example core electrons

contribute 17% to C3 for Rb atoms interacting with a silicon-nitride surface (as compared

to the 3% contribution by the core electrons to αRb [19]). Thanks to the 2% precision we

achieved in C3 ratio measurements we found that semiempirical techniques [20, 21] are

slightly better than 3rd order MBPT [22], and references [20, 21], are much better than

effective core potential methods [23] for predicting ratios of atom-surface interaction

strengths.

Since atom interferometry is known for its precision, it is noteworthy that

our diffraction measurements [7] offer a more precise test of theory than recent

interferometery measurements of C3 values [24, 25, 26]. This is because the most

precise interferometry measurements of the VdW potential [26] are not easily adapted

to multiple atomic species, and interferometric measurements of C3 ratios have not yet

been achieved.

However, interferometry measurements have led to better understanding of the

shape of the VdW potential: analysis of surface-induced de Broglie wave phase-shifts

as a function of atom velocity enabled us to measure how the potential U depends on

distance r from a surface. In Lepoutre et. al. [26] we found U(r) = −Cpr
−p with

p = 2.9 ± 0.1. Interferometer and diffraction experiments with nanogratings thus give

access to complementary information about the VdW potential.

4. Electron interferometry with nanogratings

Because nanogratings are such versatile tools for atom optics, it is natural to ask if

they can also be used for other types of matter waves, such as electrons. This question

represents a flow of ideas in the reverse direction, since electron interferometers were
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Figure 2. Electron diffraction by a nanograting using a 2.8 keV converging

beam. The 13th diffraction order is visible on a 2 second exposure with a back-thinned

CCD camera.

demonstrated in the 1950’s by Marton et. al. [27] and Möllenstdet et. al. [28] (using

crystals and charged-wire bi-prisms) long before nanogratings or atom interferometers

were developed. Yet the recent few years have witnessed a burst of new demonstrations

with nanogratings in the field of electron interferometry [8, 9, 29, 10, 30, 11, 12].

Metal-coated nanogratings can diffract electron beams as shown in Figure 2.

However, 1 keV electron diffraction cannot be observed from bare silicon nitride

nanogratings, due to nonuniform charging. A discontinuous layer of sputter-deposited

Au/Pd metal with 2 nm nominal thickness is all that is required to abate the charging

effects, even though this much metal is not enough to make the gratings macroscopically

conductive.

Since electrons are charged, the potential energy for an electron 10 nm from a

nanograting bar is 10,000 times stronger than the Na atom-surface (van der Waals)

interaction at the same distance. Therefore electron interactions with nanogratings

may lead to new studies of quantum decoherence and energy loss spectroscopy (see for

example [31, 32, 33, 34, 35]).
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Figure 3. Electron Tablot revivals using a 5 keV collimated beam. The composite

image shows electron flux transmitted through two nanogratings as a function of their

2D displacement (∆x,∆z).

To explore the coherence of electron waves transmitted and diffracted by

nanogratings, we built a Talbot interferometer [12] with two nanogratings and a

collimated electron beam, as shown in Figure 3. Our Talbot interferometer for

electrons was inspired by earlier atom optics experiments that verified near-field

(Fresnel) interference effects [36, 37, 38, 39]. Our observation of several Talbot revivals

shown in Figure 3 proves that electron de Broglie waves remain coherent after passing

through a nanograting and propagating several Talbot lengths. The Talbot length is

zT = 2d2g/λdB = 1 mm for 5 keV electrons (λdB = 20 pm) and nanogratings with period

dg = 100 nm.

Electron holography works with nanogratings as well. Electron holography is a well-

developed art that normally uses either crystal beam splitters or charged-wire bi-prisms.

We showed that nanogratings work as beam splitters for electron holography by building

a Lau interferometer for electrons [10]. Shown in Figure 4, the Lau interferometer uses

two nanogratings and a diverging electron beam with a low degree of coherence. We

used our Lau interferometer to study phase objects, such as electric fields in around
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Figure 4. Electron Lau fringes formed with a 5 keV diverging beam. The Lau

fringes are imaged directly with a CCD.
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samples [10]. Unlike separated-beam electron holography setups, Lau interferometers

can map gradients in the index of refraction for electron waves.

Lau interferometers can also measure the transverse coherence length of electron

beams. We have done this by rotating a nanograting, as shown in Figure 5 and

monitoring the visibility of the Lau fringes. The resulting data are plotted as visibility

versus rotation angle in Figure 5 for two different settings of the magnetic lens, and

hence two different values of transverse coherence length. Similar studies in light optics

[40] have shown how Lau interferometers offer several advantages for studying beams

with very short transverse coherence lengths. Using our analysis of Lau fringe visibility

[11], we measured a 10-nm transverse coherence length for an electron beam at the

location of the first grating. It is a remarkable property of Lau interferometers that a

grating with a period of 100-nm can be used to measure much smaller (e.g. 10-nm)

coherence lengths.

5. Discussion

At the University of Arizona we continue to develop new applications for a matter wave

interferometer that works with different types of atoms and molecules. Our approach

uses nanogratings as species-independent beam splitters. That a nanograting-based

interferometer can work with several different atoms has been often advertised since the

initial demonstration [2], but it is only within the last few years that we have produced

scientific results with several atomic species in the same atom interferometer machine.

Electron interferometry with nanogratings has emerged as a new sub-field with

many applications. At the University of Arizona we have demonstrated the first Lau and

the first Talbot interferometers for electrons. Nanogratings made these interferometers

possible. Historically the Talbot effect was observed with electron beams and crystal

lattices (and is often referred to as Fourier self-imaging), but neither a two-grating

Talbot interferometer nor a Lau interferometer were realized with electron beams until

nanogratings were available [41]. With these electron interferometers we demonstrated

electron holography, wave-front curvature measurements, transverse coherence length

measurements, and electron-surface interaction potential measurements. Even more

recently, McMorran et. al. at NIST has demonstrated electron beams with orbital

angular momentum (vortex states) created with a nanostructured diffraction mask [42].

The work described here builds on atom optics research with nanogratings pioneered

by the Pritchard group at MIT [1, 2]. Several other laboratories not emphasized in this

article have made impressive progress using nanostructures in matter wave optics as

well. A partial list includes the Toennies group in Göttingen [15, 16], the Zeilinger and

Arndt groups in Vienna [43, 44, 33, 45, 14], the Batelaan group in Lincoln (working on

electrons) [8, 29, 30], the Shimizu group in Tokyo, McMorran now at NIST Gathersberg,

Holst in Bergen, and Schöllkopf in Berlin. Additional applications not discussed here

include nano-structured holograms, zone plates, Talbot-Lau and Kapitza-Dirac-Talbot-

Lau interferometers, longer-range Casimir-Polder force measurements, and vortex state



124

New applications for nanogratings 9

creation. New nanostructures such as the thicker gratings from MIT [46] and the forked

holograms from NIST [42] are welcome additions to the toolkit for matter wave optics.
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The following manuscript is unpublished. The results of this article are discussed in

Section 2.3.5 of this dissertation.
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There has been significant interest in the exact distance
dependence of the vdW potential between an atom and a
surface, which may, even at short distances (r ∼ 10 nm),
deviate from the retarded r−3 limit. There is therefore
a need to develop methods that interpret measurements
of diffraction from a nanograting in terms of a scatter-
ing potential without placing a-priori restrictions on the
functional form of that potential.
The work in this dissertation as well the other work

using nanogratings to study the van der Waals potential
has relied extensively on simplified models of the inter-
action between an atom and the grating surface. For
example, a model developed by Grisenti et al. [1] as-
sumes the potential between an atom and a grating bar
to be that of an atom interacting with an infinitely ex-
tending surface collocated with the grating surface. This
potential is then assumed to be “on” only when the atom
is between two grating bars. (see Fig. 1).
This model has been used by several authors includ-

ing the present work [1–16]. The model was used in the
past because it allows an analytic expression for the wave
function of the atom jus beyond the grating. However,
this simple model ignores retardation, surface contam-
inations, and edge effects. It also assumes the grating
bars have a trapezoidal cross-section. Each one of these
assumptions affects the shape and strength of the vdW
potential. (see Fig. 1).
In light of the improvements in precisionmeasurements

of vdW potentials [16], it is desirable to develop a more
general method to analyze diffraction data. We started
to do this when we determined C3 ratios by fitting diffrac-
tion intensities with an empirically found power law. In
this chapter we will develop a physically motivated, but
still general, analysis method.
In this chapter we will show that the Grisenti model

does not adequately describe the diffraction data pre-
sented by Lonij et al. [16]. We will develop a two step
analysis procedure that enables us to transform measure-
ments of diffraction intensities into a model-independent
near-field phase profile. We will demonstrate the advan-
tage of this method by applying a nonlinear least squares
fit to this near-field phase profile using the pairwise in-
teraction (PWI) approximation to model the grating.
The PWI approximation (see Fig. 1) is a significantly
more accurate physical description of the atom-grating
potential. However, using the PWI approximation to fit
diffraction data was previously prohibitively computa-
tionally demanding. In addition, this new analysis yields
ratios of C3 that are in better agreement with theory.
The method presented here is a form of diffraction

tomography [17]. The most commonly used diffraction
tomography methods rely on the Born approximation,

which assumes the scattering potential to be weak, or the
Rytov approximation which assumes the potential vary
slowly [17]. In the case of diffraction of an atom from a
nanograting, these approximations are not valid through-
out the grating region. In addition we have access to only
a few diffraction orders over a limited range of velocities
(i.e. wavelengths). We therefore restrict ourselves to con-
structing the phase of the atomic wave function in a plane
just beyond the nanograting (the near-field phase profile,
φvdW ). This near-field phase profile is a projection of the
scattering potential.
Diffraction intensities In in the far field are given in

the Frounhoffer approximation by

In =

∣∣∣∣∣1d
∫ d/2

−d/2

a(x) exp [iφvdW(x) + i2πnx/d] dx

∣∣∣∣∣
2

, (1)

where φvdW(x) is the phase accumulated by the atom
just beyond the grating due to the vdW potential [10].
The diffraction data may be explained by a number of

effects. These effects may be mundane, like non-uniform
grating bars or detector background noise. However, we
may find some more interesting effects, like retardation,
surface roughness or edge effects. We will not give and in-
depth analysis of each of these effects we willmerely show
that there exists a near-field phase profile that completely
explains the data. However, this near-field phase profile
is not fully explained by either the Grisenti model or the
PWI model.
We will try to specify φvdW(x) in terms as general as

possible while retaining some physical constrains such as
continuity and a purely attractive potential. Specifically,
we assume the the near-field phase profile for a single
grating window is given by

φvdW (x) = a
Poly({pi}, w/2− x)

(w/2− x)3
+a

Poly({pi}, w/2 + x)

(w/2 + x)3

(2)
where w is the grating window width, Poly({pi}, x) is a
polynomial with coefficients {pi}, and a is a constant.
Figure 2 shows a least squares fit of I2/I3 for Na and
K using this specification for φvdW , leaving a, w, and
{pi} as free parameters. For comparison, fits of I2/I3
using a power law or using the Grisenti model are also
shown. The fit based on a general near-field phase pro-
file as well as the power law fit adequately describe the
data; the Grisenti model does not. The values for the
ratio obtained from the physical model are are statisti-
cally consistent with values obtained using the power law
(they differ by about 1 standard deviation). Results from
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FIG. 1: Left: Atom-surface potential in the pairwise interaction approximation. Right: Atom-surface potential due
to infinitely extending surfaces collocated with the grating wall; the potential is ‘on’ only between two grating bars.

FIG. 2: Fit of diffraction data

the physical model are in slightly better agreement with
many-body calculations of C3[18].
It is evident from eqn. 1 that the addition of an over-

all constant to φ does not alter the diffraction intensi-
ties. This means that the ∂φ/∂x fully determines diffrac-
tion intensities. The function ∂φ/∂x we obtained from
the data in Fig. 2 is shown in Fig. 3 with confidence
bands (Appendix A explains how confidence bands are
obtained).
Since we obtain the derivative of the phase ∂φ/∂x from

the diffraction data, we only need to compute this deriva-
tive when modeling the grating. Calculating this deriva-
tive from the pairwise interaction (PWI) approximation
is less computationally intensive than calculating the full
phase, as we will see next.
The PWI approximation assumes that the interaction

of an atom with a solid body is proportional to the sum
of the interactions with each of the atoms composing
the body. Mostepanenko et al. suggested that the PWI
model, which neglects any many body interactions and

FIG. 3: Derivative of the near-field phase profile ∂φ/∂x.

screening effects, gives the right spatial dependence of the
potential but requires a normalization constant in order
to yield the correct potential[19]. The PWI potential is
given by

V (r) = −K

∫∫∫
nC6

|r− r′|6 dxdydz (3)

where the normalization constant K is dependent on the
geometry of the solid and its material properties, n is
the number density of atoms in the grating, and C6 is
the atom-atom interaction constant.
We will assume that the grating bars are uniform along

the y direction (parallel to the bars). We furthermore
assume that the n is constant throughout the grating bar
and zero everywhere else. Recall that we are interested
in the derivative ∂V/∂x; integrating eqn. 3 over y and
taking the derivative with respect to x we obtain
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3

∂V (r)

∂x
= −K3π

8

∑
bars

∮
p

dl · x̂ nC6

|r− r′|5 , (4)

where the contour integral is over the edges of a grat-
ing bar and the sum indicates that this integral must be
performed for each grating bar. We have thus reduced a
volume integral to a line integral which can be numeri-
cally computed for any grating geometry.
Figure 3 shows a least squares fit of the near-field phase

profile using eqn. 4. While the PWI model is much
more realistic than the Grisenti model, the PWI model
only offers a modestly better fit compared to the Grisenti
model.
Future models of the atom-grating interaction can in-

clude grating bars with a layer of contamination, grating
bars with a cross section that deviates from a trapezoid,
and the effect of retardation.
The analysis method reported here can help interpret

future experiments with nanogratings. For thicker grat-
ings with a very small wedge angle [20], the effect of edges
and wedges is small and we expect the projection of the
potential (i.e. the phase profile) to have an x-dependence
similar to that of the interaction between an atom and
an infinite plane. This would provide, for the first time,
a model independent measurement of the shape of the
vdW potential between an atom and a nanograting.

Appendix A: Confidence bands

Confidence bands are calculated as follows. Given a
vector of N stochastic variables �x = xi (i ∈ 0..N − 1)

with associated covariancematrix C (Cij = Cov(xi, xj)).
Consider f , the linear combination of xi given by

f = �AT · �x+ const. (A1)

The variance in f is then given by

V ar(f) = �ATC �A. (A2)

Now let us use this fact to determine confidence bands
on a function of a set of parameters with uncertainties.
The canonical example of this problem is the determina-
tion of confidence bands on a fit function.
We first approximate the function by its first order

Taylor expansion around �x = �m.

f ≈ f(�m) + J�x (A3)

Where J is the Jacobian matrix. Since we are consid-
ering a scalar function f, J is in fact just a 1 by N matrix,
i.e. a vector.
By inspection we have

V ar(f) ≈ JTCJ (A4)
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APPENDIX J

SCHEMATIC OF ATOM BEAM SOURCE

The following schematics describe the atom beam source that was developed for the

work in this dissertation. The design is discussed in section 2.2 of this dissertation.
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