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Abstract
Half-plane reflection/diffraction refer to overall optical phenomena occurring at a peri-

odic array of half-planes, playing a significant role in various fields of science and technology
such as statistical quantum mechanics and ultrahigh frequency communication in urban ar-
eas. In Kirchhoff approximation, these phenomena are understood as multiple scatterings over
half-planes. In atom optics, such reflection mechanism was utilized to increase reflectivity of
atoms from solid materials and named as “Fresnel diffraction mirror”. We recently have shown
that matter-wave optical phenomena from square-wave gratings are governed by edge diffrac-
tion from an array of half-planes with decreasing strip widths of square-wave gratings while
quantum reflection becomes predominant as the strip widths increase. Within this thesis, we
extend our previous work to study how the interaction between matter-waves and top surfaces
of strips affects half-plane reflection/diffraction. Interactions between particles and surfaces,
namely, van der Waals interactions, influence matter-wave diffraction from square-wave grat-
ings in two different manners - a manifestation of quantum reflection and a reduction of reflec-
tion/diffraction efficiencies. To effectively study the latter case, i.e., an attenuation effect, we
adapt a theoretical study obtained by Kouznetsov and Oberst. By comparing our measurement
to the theoretical results, we find that the effects of van der Waals interactions appear differently
for different particles, different grating periods and different de Broglie wavelengths. However,
the adapted theoretical analysis is still not available to provide quantitative analysis for the at-
tenuation effect. Hence, we suggest that the current theory should be improved by considering
multiple scatterings of phase shifted waves induced by the van der Waals potentials in Fres-
nel integral. Furthermore, we look into the applicability of half-plane reflection/diffraction to
van der Waals clusters and bigger molecules. Half-plane reflection of He3 was demonstrated in
our previous paper with a square wave grating, and yet it remains to be challenging to study
half-plane diffraction for the van der Waals clusters due to the low diffraction efficiencies. As a
breakthrough, we suggest a new type of grating which is referred to as “meta grating” by em-
bedding a large period into a periodic array of half-planes. Such a combination of two different
grating periods is expected to enable enhanced diffraction efficiencies of fragile van der Waals
clusters. Besides, a theoretical study is carried out with the consideration of attenuation effects
for nitrogen and helium trimer to test the possibility of applying half-plane reflection/diffraction
to bigger molecules. Considering that the reflectivity goes up with decreasing grating periods,
square-wave gratings of 20 µm period with 1 and 0.1 µm strip widths are used in our calcu-
lation. Compared to quantum reflection, much higher reflectivity is observed and it shows the
possibility to study matter-wave optical phenomena of particles with high polarizability.
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1 Introduction

1.1 Motivation
An electron microscope (e.g., Transmission Electron Microscope and Scanning Electron

Microscope) is a powerful and irreplaceable device for various fields such as material science
and biology (1, 2). Electron beams with short wavelengths enable high-resolution microscopy
for revealing the ultrastructure of crystals, biological and inorganic samples (3–5). Such an
accomplishment was driven by the development of electron optical elements capable of focus-
ing electrons into a small spot size. Matter-wave-based instruments thus has been preceded by
the development of matter-wave optical elements (e.g., matter-wave mirror, beam splitter, and
lens).

Motivated by the electron microscopes, a new type of matter-wave microscope has been
designed with He atoms as a probe source, known as He atom microscope. By exploiting low
energy (5∼100 meV) and chemical inertness of He atoms, not only insulating materials but
also structures with high aspect ratio can be investigated without damaging target samples (6).
However, the He atom microscope is limited by low intensity and resolution mainly due to a
lack of proper focusing elements (6–13). Although atomic mirrors and zone plates have been
proposed as the focusing element, limited focal spot (below 1µm) and a low transmission or
reflection efficiency remain to be settled (9–14). Studies on atom optical elements thus are
required for the realization of atom microscopes.

Among various optical elements, atomic mirrors gained increasing attention as focusing el-
ements because they are free from chromatic aberration. Since atomic beams are not monochro-
matic, diffraction-based elements including lens and zone plates focus them differently depend-
ing on their velocities, causing critical defects on the microscopes. Therefore, various atomic
mirrors have been actively studied with crystal metal surface, liquid helium surface, and solid
materials via several reflection mechanisms as a candidate for focusing elements. Nonetheless,
atomic mirrors have been impeded from an actual application on the microscopes by its low
reflectivity and difficulty in controlling their curvature (6, 14). As the latter case is beyond the
scope of my project, the development of atomic mirrors towards high reflectivity is dealt with
in this thesis.
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1.2 Atom Optics
Early-stage technology was inadequate to control atomic motions while preserving their

coherence due to an absence of a proper atomic source and elements. Since 1930, when Stern
and Estermann observed the diffraction of He atoms from the crystal surface of lithium fluoride
(15), subsequent studies on atom optics were halted for the next 40 years. Without an intense
and coherent atomic source, neither static electric or electromagnetic field nor solid materials
are suitable to change their motion, whereas both of them easily affect motions of electrons.
There are two reasons for this: i) electric, magnetic and optical forces upon thermal neutral
atoms are too weak to change their motion (16); and ii) atoms collide with rather than penetrate
through the solid material, causing diffusive scattering. Therefore, the early stage of atom optics
required further steps while electron optics were on a fast track (17–22).

A supersonic beam, developed in the 1970s, appeared to be a starting point to address the
problems mentioned above (23). Under the supersonic expansion, atoms in a high-pressure
environment, pass through an orifice into a low-pressure region. Their random thermal mo-
tions are thereby collimated, i.e., atomic wave sources with well-defined kinetic energy become
available (24). Such supersonic beams serving as the coherent atomic source enabled various
studies on the physisorption or chemisorption as well as atomic diffraction from crystal surfaces
(25–31). The advent of supersonic beam source thus played an essential role in the revival of
atom optics.

Its further progress has been accelerated by advanced technological developments in laser
and nanotechnology, giving rise to the evolution of atom optical elements. There are some ex-
amples: i) enhanced coherence and intensity of the laser enabled us to observe Bragg scattering
and the Kapitza-Dirac effect of atomic waves by generating a standing wave (32–35); ii) intense
tunable laser motivated the first approach to an evanescent wave mirror (36, 37) by adjusting
the detuning frequency with respect to the transition frequency of atoms; iii) the establishment
of nano-fabricated devices has served as atom optical elements including transmission grating
(38–40) and Fresnel zone plate (9, 11, 41, 42). Until now, such atom optical elements have been
the basis of various instruments including matter-wave interferometry (43–45) and atomic de
Broglie microscopy.

Driven by attempts to apply advanced laser technology to exploring atomic motion, ultra-
cold atoms (∼ nK) have been produced by laser-cooling and -trapping techniques. Such a new
type of atomic source provides a high-flux and much slower atomic source. Since the de Broglie
wavelength of the ultra-cold atoms is much larger than that of the thermal atoms, they accen-
tuate the wave nature of atoms. It made a significant advance in atomic mirrors: i) normal
incidence atomic reflection from the evanescent wave mirror has been attained (46, 47); ii)
the atomic reflection from an external magnetic field, known as magnetic mirror, has been per-
formed for the first time (48, 49) ; iii) it gave rise to the first observation of quantum mechanical
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phenomena such as quantum reflection (Section 1.3.2) from a solid surface. The technological
advancement is thus of paramount importance for developing atom optical elements.
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1.3 Atomic Mirrors

Classical Reflection Quantum Reflection

(a) (b)

Figure 1.1: 3D representations of atom-surface collisions with corresponding potential energy surfaces
induced by a) classical reflection and b) quantum reflection. (a) Under classical reflection, atoms collide
with a surface before being reflected (top) and it occurs at the repulsive part of the potential (bottom).
(b) [semi-classical approach] Under quantum reflection, atoms are reflected away from a surface (top)
and it occurs at the attractive part of the potential (bottom).

1.3.1 Reflection Mechanism 1: Classical Reflection(CR)
In general, a reflection refers to an optical phenomenon where particles are thrown back

from an object as sketched in Fig. 1.1(a). This picture is understood based on classical mechan-
ics: classical reflection occurs at the repulsive part of the particle-surface potential where the
total energy of the incident particles Ein equals the potential energy V as shown at the bottom
of the Fig. 1.1(a). Here, the position where classical reflection takes place is called classical
turning point.

Earlier studies of atomic mirrors have been performed with supersonic thermal beams via
He atom scattering (HAS) from crystal surfaces at near normal incidence. Under typical ex-
perimental conditions for HAS, classical reflection most likely occurs at the surface (31). In
other words, when atoms are classically reflected from the surface, the atomic reflection hap-
pens close to outmost atoms on the surface so they are influenced by the local variation of the
potential along the surface, i.e., surface roughness and adsorbates on the surfaces cause inco-
herent reflection. Complicated surface-preparation processes (e.g., annealing and sputtering)
and ultra-high vacuum (∼10-12 mbar) are therefore crucial to render surfaces smooth at the
atomic-level and to prevent surfaces from being affected by surroundings during the whole ex-
periment, respectively (25–30). However, even a perfectly clean surface may have unexpected
surface defects (i.e., surface steps, adatoms, and vacancies), decreasing reflectivity (50, 51).
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Thus, the efficiency of classical reflection from crystal surfaces has been limited by its high
sensitivity to the surface quality (52–54).

For the reasons as mentioned earlier, atomic mirrors was initially studied in a way that
atoms are prevented from colliding with surfaces. As examples, an evanescent wave mirror
and a magnetic mirror use evanescent waves and magnetic fields respectively to prevent atom-
surface collisions. The artificial repulsive potentials induced by those fields push atoms away
from the surface before they reach the surface so that reflectivity of both mirrors can be tenta-
tively 100 %. However, both mirrors have difficulty in making large in size without compromis-
ing accuracy. Because magnetic mirrors are constructed by a delicate fabrication process like
lithography techniques (49) and the evanescent wave is attenuated as propagating along the
surface, causing diffusive scattering (55). Thus, even with a remedy to minimize the reduction
of reflectivity caused by the atom-surface collision, atomic mirrors using external fields have
been limited by technical limitations.

1.3.2 Reflection Mechanism 2: Quantum Reflection (QR)
From the point of view of classical mechanics, particles are likely to be stuck onto a surface

rather than reflected when their incident kinetic energies become zero. This phenomenon, re-
ferred to as sticking, has been studied to understand gas-surface interactions as well as surface
catalytic reactions (56–59). On the other hand, it has been found that the sticking is suppressed
when atoms are reflected at long-range interactions before being accelerated towards the repul-
sive potentials (60). Such a non-classical mechanism is called quantum reflection. There are
two different perspectives on the origin of the quantum reflection: semi-classical approach and
quantum mechanical approach.

As an extension of studies on the sticking process, quantum reflection has been generally
understood as a breakdown of WKB approximation (semi-classical approach) while a differ-
ent aspect of quantum reflection was recently suggested based on a pure quantum mechanical
calculation by Miret-Artés and Pollak (pure quantum mechanical approach) (61). Although ba-
sic principles are different for each representation, both have indicated that quantum reflection
occurs away from a classical turning point as the energy of incident atoms is decreased. An
experimental observation of reflection of fragile helium dimers from a solid material has given
clear evidence for that (62). Hence, when particles are quantum mechanically reflected from
objects, an atomic scale irregularity on the surface hardly affects the reflectivity, i.e., surface-
preparation processes are not required.

Semi-classical approach (local effect)

Quantum reflection has been known to occur when the WKB approximation breaks down
where a local variation of a de Broglie wavelength is rapid. To quantify how rapidly the de
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Broglie wavelength changes in space, badlands function B (z) is introduced as below:

B(z) = ~2(
3

4

(p′)2

p4
− 1

2

p′′

p3
), (1.1)

where p is the momentum of a particle and z is the distance between atoms and a surface. For the
WKB approximation to be valid, the badlands function should be significantly zero. Theoretical
studies based on this aspect have revealed that quantum reflection takes place where the incident
energy of atoms E in equals the absolute value of the potential |V | as depicted in Fig. 1.1(b)
(60, 63). In addition, it has been found that fluctuations of the spatial de Broglie wavelength
occur at several hundreds or thousands of atomic unit away from the surface (64). In such
a condition, particles are under the influence of solely an attractive part of the atom-surface
interaction, known as Casimir-van der Waals potential. In other words, a repulsive part of the
potential has nothing to do with quantum reflection. The approximated form of Casimir-van
der Waals potential is given by the equation below:

V (z) = − C3l

(z + l)z3
, (1.2)

C3 is the van der Waals coefficient which describes the strength of the interaction and l is a cha-
racteristic length related to the transition wavelength between the electronic ground state and
the first excited state of an atom or a molecule. In the semi-classical representation, quantum
reflection is considered to be a local effect which occurs only at around the badlands region.

Pure quantum mechanical approach (non-local effect)

Miret-Artés and Pollak have recently proposed that quantum reflection is a coherent non-
local interference process between overall scatterings occurring from the whole part of the
interaction potential, refuting the semi-classical representation. In 2016, they carried out a theo-
retical analysis for experimental results on quantum reflection of He atoms from solid materials
by considering a repulsive part of the potential as well as an attractive part of the potential. In
that paper, they concluded that quantum reflection has a non-local property and not related to
the long-range badlands region of the potential (61). Furthermore, their group have provided
a numerical analysis to solve the time-dependent Schrödinger equation on quantum reflection
with a Morse potential and an Eckart potential in a subsequent paper. By comparing their re-
sults to the semi-classical studies, they reiterated that quantum reflection has nothing to do with
the badlands function, but it is a consequence of the non-local characteristic of scatterings (65).

Thus far, most of the theoretical studies on quantum reflection have been performed through
the semi-classical representation. The reasons for this is that the analytical formula is readily
obtained in the semi-classical regime and the pure quantum mechanical approach has only
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recently been suggested. Therefore, theoretical calculations for quantum reflection have been
done by adapting the semi-classical approach in our project (Section 2.1 for further informati-
on).

To experimentally investigate quantum reflection from solid materials, the particle’s kinetic
energies perpendicular to the surface must be sufficiently small. There are two ways to achieve
this prerequisite: i) using ultra-cold atoms to exploit their small kinetic energies; ii) employing
a grazing incidence condition.

Ultra-cold metastable neon atoms, produced by laser-trapping technique, led to the first ob-
servation of quantum reflection of atoms from a solid material (66). Driven by such pioneering
research, numerous studies on quantum reflection from the attractive part of the atom-surface
interaction have been carried out with various solid materials like silicon or glass surface and
even with structured surfaces both theoretically and experimentally (67–71). As a result of tho-
se active studies, solid materials are finally found to be one of atomic mirrors whose reflectivity
can reach 100 % as the vertical energy of atoms Ez → 0. Here, it is noteworthy that bare solid
materials without any applied field have been finally revealed as a decent atomic mirror through
quantum reflection.

Instead of generating ultra-cold atoms, grazing incidence conditions have been used to stu-
dy quantum reflection of thermal atoms from solid materials (72, 73). In typical experimental
conditions, the grazing incidence angle of a few mrads provides a sufficiently small vertical
kinetic energy, perpendicular to the surface. Hence, when incident matter-waves propagate al-
most parallel to the surface of a mirror or a grating, even fast atoms can be coherently reflected
from the surface. Furthermore, such a small incidence angle enables us to observe diffraction
of matter-waves from micro-fabricated gratings as well as nano-fabricated gratings: distinct
resolved diffraction peaks have been observed from micro-fabricated reflection-gratings, de-
monstrating the coherent nature of the quantum reflection (74–76). It is notable that micro-
fabricated gratings can take the place of nano-fabricated gratings in terms of an available tool
to observe matter-wave diffractions (Appendix A). The grazing incidence condition thus plays
a significant role in studying quantum reflection of thermal atoms.

1.3.3 Reflection Mechanism 3: Half-plane Reflection/Diffraction (HF)
A periodic array of half-planes, an infinite number of parallel semi-infinite planes period-

ically placed, has functioned as a simple model for the theoretical study of wave scatterings
from systematically structured surfaces. When a plane wave propagates along an array of half-
planes at a grazing incidence angle of θin, some parts of it are blocked by the half-planes (see
Fig. 1.2). According to the uncertainty principle, blocking waves reduce uncertainty of prop-
agating waves in coordinate space, giving rise to increased uncertainty in momentum space.
The blocking waves thus cause diffraction at each of the half-planes. As long as such near
field diffraction is strong enough to influence subsequent units of half-planes, a multiple scat-
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Figure 1.2: A 2D sketch of a wave-scattering from a periodic array of half-planes at grazing incidence
angle θin. A wavelength of incident waves and a period of parallel half-planes are denoted by λ and d,
respectively.

tering takes place over the edges of the half-planes and it features overall optical phenomena
occurring at the periodic array of half-planes. In addition, the periodical property of this system
induces certain conditions under which the constructive interference of diffracted waves at each
half-plane is generated, resulting in distinct diffracted waves as well as reflected waves. These
optical phenomena are referred to henceforth as “half-plane reflection/diffraction”.

Various theoretical studies of the half-plane reflection/diffraction have been carried out for
electromagnetic waves. The exact solution of the boundary value problem for the reflection
of electromagnetic waves was obtained by Carlson and Heins using the Wiener-Hopf integral
equations (77, 78). Developed formulae capable of dealing with diffraction as well as reflection
were derived in subsequent theoretical studies (79, 80) . In 2003, Bogomolny and Schmit found
an asymptotic behavior of multiple scatterings which is described by a single parameter u,
figured below (81):

u =

√
2d

λ
sin

θin

2
, (1.3)

where d is the period of parallel half-planes and λ is the wavelength of a wave, thus extending
the Carlson and Heins’ work to the semi-classical limit of the small wavelength at grazing
incidence conditions. It is noteworthy that it can describe the same optical phenomena of
different wave sources which are in different ranges of wavelengths. Until now, such theoretical
descriptions have applied to various fields of science and technology including optics (82),
statistical quantum mechanics (83–85), and ultra-frequency (0.1–1 m) communication (86–88)
to explain reflection and diffraction of waves occurring at periodic structures.

However, only recently has it been validated that such theoretical model is applicable for
atomic waves (69). Experimental observations of the half-plane reflection/diffraction in atom
optics have started with attempts to deal with a difficulty of quantum reflection from solid ma-
terials (70, 71): even with ultra-cold atoms, a quantum reflection probability from a flat surface
decreases rapidly as the atoms’ kinetic energy perpendicular to the surface becomes large, i.e.,
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a

(a) (b)

Figure 1.3: (a) A cross-sectional view (top) and an expanded view (bottom) of scanning microscope
images of the silicon grating surface. Definition of a period d and a width a of the ridge are depicted.
(b) Reflectivity of atoms from various ridged surfaces are plotted as a function of the normal incident
velocity of the atoms. A solid line show the reflectivity from the flat surface. Both a) and b) are extracted
from (71)

the flat solid surface is no longer a proper atom reflector at larger incidence angles. To pre-
vent such a drastic reduction of the reflectivity at larger incidence angle, periodically structured
surfaces have been utilized as a supplementary tool by decreasing the effective density near
the surface, namely giving smaller C3 values in Eq. (1.2). Such analysis based on quantum
reflection provided a qualitative picture of the experimental results, and yet it was insufficient
to give a quantitative interpretation.

To our knowledge, the first investigation of quantum reflection from a periodically struc-
tured surface has been reported by Shimizu and Fujita in 2002 (71). They performed an exper-
iment using several ridged silicon surfaces that have a period d between 10 and 100 µm and
a width a of the ridge between 40 nm and 11 µm. Images of one of the used ridged surfaces
are shown in Fig. 1.3(a) with definitions of the period d and the strip width a. Fig. 1.3(a) and
1.3(b) are Figure 1 and Figure 3 from reference (71), respectively. As shown in Fig. 1.3(b), the
overall reflectivity of ridged silicon surfaces (symbolic scatters) is much higher than that of the
flat silicon surface (solid line). Furthermore, weak first-order diffraction was observed from the
ridged surface that has 1 µm-wide ridges and a period of 100 µm.

Motivated by the above-mentioned experimental work, theoretical works have been under-
taken to understand the origin of the optical phenomena from regularly structured surfaces.
Shimizu and his coworkers have given quantitative analysis in two separate papers (69, 70):
two of the authors, Kouznetsov and Oberst, developed a detailed description in the latter pa-
per (69). In order to simplify calculations, the array of ridges was assumed to be an array of
ideal half-planes, i.e., the strip width a is assumed to be infinitesimally small. Based upon a per-
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spective of the wave-scattering induced by Fresnel diffraction at each edge of the ridges, they
found that the atomic reflection from grating structures depends mainly on a single parameter

β =

√
2d

λ
θin. (1.4)

Kouznetsov and Oberst introduced a different parameter p by adding a pre-factor to β such
that
√
πβ in their latter paper (69). Here, it is noteworthy that the both parameters are propor-

tional to the single parameter u (Eq. (1.3)) such that β = 2u and p = 2
√
πu. As shown in Fig.

1.4(a), experimentally obtained reflectivity from various silicon surfaces (symbolic scatters) as
a function of the single-parameter β converges to the same curve while exponentially decay-
ing in β. Note that this single parameter is completely independent of both atomic species and
surface materials.

(a) (b)

Figure 1.4: (a) The reflectivity of metastable neon and helium from the same ridged grating surface
which period is 5 µm and strip width is 100 nm as a function of the parameter β. A solid line is
the reflectivity calculated by Fresnel integral (70). A dashed line (dash-dotted line) is the numerically
calculated result (69) (the empirical result obtained by assuming an equivalent medium with effective
absorption rate ν

d (69)). (b) The reflection and diffraction efficiencies Sm as a function of the parameter p
(=
√
πβ) up to the 2nd diffraction order. Digits and circles show the numerical results of m-th order

diffraction efficiencies and total efficiency of scattering summing up to the 8th order, respectively. The
empirical result is denoted by a dashed line (same line in (a)). Both figures are taken from (70) and (69).

Initially, they assumed that Fresnel diffraction is not strong enough to cause multiple scatter-
ings. It gave rise to a useful description above, and yet theoretical result under this assumption
(solid line) was inadequate to explain diffractions and to reproduce the experimental data (sym-
bolic scatters) as shown in Fig. 1.4(a) (70). In the latter paper (69), the multiple scattering was
included in the calculation so that Fresnel diffraction occurring at a half-plane was considered
to influence the overall wave-scattering at the next units of half-planes. Here, not only specular
but also diffraction efficiency up to the 2nd order were calculated both numerically (see Fig.
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Figure 1.5: The same image of Fig 1.4(b) is taken here to compare with the theoretical result calculated
by Bogomolny and Schmit as marked with colored lines (69, 81). A notation for the diffraction order is
n in this paper, whereas m is used for the diffraction order in Ref (69).

Figure 1.6: This image is taken from (69). Here, a period d and a strip width a are denoted with
different letters L and l, respectively. A solid line denoted by R0 (p) shows the numerical result of
specular efficiency. A dashed line of Rz (p) describes the empirical result. They are the same lines with
the solid and the dashed-dotted lines presented in Fig. 1.4(a), respectively. R (p, l) shows the corrected
result by considering van der Waals interactions.

1.4(b)) and analytically. It is remarkable that their numerically calculated results are identical
to the theoretical results of the analytical formula obtained by Bogomolny and Schmit (Section
2.2 for details) as shown in Fig. 1.5 (81). It implies that half-plane reflection/diffraction are key
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to atom optical phenomena from periodically structured surfaces. It has a significant meaning
for developing a new type of atomic mirrors in the sense that the reflectivity can be higher than
quantum reflection mirror by adjusting the period of the array of half-planes.

Even with the consideration of multiple scatterings, theoretical results were still not able
to describe the experimental results (dashed line in Fig. 1.4(a)). Regarding this disagreement,
the authors pointed out that the interaction between atoms and surfaces might reduce the re-
flectivity (69). In order to estimate the effect of the interaction quantitatively, an additional
phase shift induced by the atom-surface interaction over the finite strip width of the ridges was
introduced (Section 2.2.2 for further information). By calculating the distance where waves are
out of phase due to the potential, the reduction of the reflectivity was calculated. As shown in
Fig. 1.6, the corrected data R (p, l) denoted by a solid line, shows better agreement with the
experimental results. Thus, that atom-surface interactions over the finite strip width a should
still be considered for matter-wave half-plan reflection/diffraction.
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1.4 Summary of Work Presented in This Thesis
In our previous work, we observed fully resolved matter-wave diffractions up to the 2nd or-

der from the square-wave grating of 400 µm period and strip width ranging from 10 to 200 µm
at grazing incidence conditions (89). We found that the diffraction of He atoms from the grat-
ing with 10 µm strip width mainly results from half-plane reflection/diffraction, while quantum
reflection becomes more prominent as strip widths increase. In addition, half-plane reflec-
tion/diffraction of matter-waves were experimentally investigated in a wide range of u from 0.5
to 2 by exploiting thermal particles under grazing incidence conditions. Diffraction efficiencies
as well as specular efficiencies are observed, thereby a comprehensive experimental verifica-
tion for the theoretical analysis of half-plane reflection/diffraction produced by Bogomolny and
Schmit (81) (later, Kouznetsov and Oberst reported the same theoretical results in the separate
paper (69)) was performed.

In this thesis, we extend our previous work to study the ways in which the interaction be-
tween matter-waves and the a top-surface of a finite width affects half-plane reflection/diffraction.
The particle-surface interaction, i.e., the van der Waals interaction, influences the matter-wave
diffractions from the square-wave gratings in two different manners – quantum reflection and
an attenuation effect. Firstly, in order to better understand an interplay between quantum reflec-
tion and half-plane reflection/diffraction, one of our previous results (89) is reproduced along
with corresponding results for D2. We observe that each particle exhibits different propensities
of diffraction efficiencies, suggesting different influences of quantum reflection. On the other
hand, as strips become narrow, the effect of the van der Waals interaction reveals as a reduced
probability of half-plane reflection/diffraction rather than a manifestation of quantum reflection.
Regarding this, Kouznetsov and Oberst pointed out earlier that the van der Waals interaction
near a strip of the gratings induces an additional phase shift along the path of matter-waves,
and, therefore, reduces the reflectivity (69). They theoretically analyzed such an attenuated
probability of half-plane reflection/diffraction for specular reflection (n = 0). To effectively
study such effects in our experimental condition, where not only reflection but also diffraction
is observed, we extend their theoretical analysis to the diffraction efficiencies as well. The in-
teraction effects are thereby investigated for different particles of He and D2, different grating
periods, and different de Broglie wavelengths.

Meanwhile, the reflection of fragile He3 from a square wave grating via half-plane reflec-
tion/diffraction was experimentally demonstrated within our previous work and it raises the
question as to whether it is possible to apply such a half-plane model system to molecules
generally. To look into the possibility, we reproduce the previous result of the reflectivity of
He trimers from a square-wave grating of 400 µm period and 10 µm strip width. Considering
that specular probability of half-plane reflection/diffraction can be increased by decreasing the
scalable parameter u, i.e., by reducing the period of the half-planes, we carry out a theoretical

13



analysis for reflectivities of nitrogen and helium trimer (de Broglie wavelengths of each one are
37.0 and 106 pm) from square-wave gratings of a 20 µm period and narrow strip widths (less
than 1 µm). Even with the consideration of the particle-surface interaction, specular efficien-
cies for both particles are sufficiently high to be measured at incidence angles ranging from 0.5
to 2 mrad, opening up the possibility for a new type of general atomic/molecular mirror.
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2 Theoretical Calculation
In the real world, it is inevitable for strips of square-wave gratings have a finite width.

Therefore, quantum reflection as well as an edge diffraction from an array of half-plane occurs
above the square-wave gratings by the interaction between atoms/molecules and the strips. For
a quantitative analysis, the numerical calculations for both quantum reflection and half-plane
reflection/diffraction are carried out and presented in this section. Furthermore, a reduction
of the reflectivity at the narrow strip width (less than 10 µm) is discussed in terms of the
atom-surface interaction for different particles, different periods of square-wave gratings, and
different de Broglie wavelengths.

2.1 Quantum Reflection
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Figure 2.1: Reflectivity from the blank photoresist for (a) He atoms and (b) D2 molecules at source
temperature of 51.8 K. The experimental reflectivities and the best fits are depicted with full black circles
and red solid lines, respectively. The unit of the van-der Waals coefficient C3, 10-50 Jm3 is omitted in
the legends for the sake of visibility. The insets in each graph show theoretical lines calculated for 5
different values of C3 along with experimental results in the range of 0.3 to 1.2 mrad of incidence angle
which are considered in fitting process.

We adopt the semi-classical approach whereby quantum reflection is explained as a local
effect. In order to estimate the effect of quantum reflection on our experiment, theoretical and
experimental reflection probabilities of a flat surface of photoresist, the same material with
the square-wave grating used in our experiment (Appendix C), are obtained. For theoretical
analysis, we solve 1D Schrödinger equation numerically including the Casimir-van der Waals
potential for each value of the van der Waals coefficient C3 (see Eq. (1.2)). Here, characteristic
lengths l for He and D2 are 9.25 nm and 17.3 nm, respectively. The van der Waals coefficient
is determined by fitting the calculated quantum reflection probability to the experimental result
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of the blank photoresist surface. Figure 2.1 shows the reflectivity of the flat surface of pho-
toresist and best fits of theory line calculated for each particle. The C3 value for the best fit is
determined through the method of least squares in a logarithmic scale as below:

num∑
i=1

(log(expi)− log(thoeryi))2, (2.1)

ith experimental value and corresponding theoretical value are denoted by expi and theoryi,
respectively. As the reflection from the repulsive part of the potential has been known to be
more prominent at larger incidence angles (72, 73), only first 10 data points and 9 data points
in the range of 0.3 to 1.2 mrad of the incidence angle are taken into account to the sum of the
squared residuals for He and D2, respectively.

He D2

C3 [10-50Jm3]
∑

(residuals)2 C3 [10-50Jm3]
∑

(residuals)2

1.0 1.52 8.0 0.17
2.5 0.38 8.5 0.05
2.0 0.36 9.0 0.02
2.5 0.94 9.5 0.07
3.0 1.87 10.0 0.20

Table 2.1: Sum of squared residuals at each C3

5 different C3 values with the corresponding sums of the squared residuals for He and D2

are listed in Table 2.1. Experimental data points which are taking part in the fitting procedure
along with fitting curves for each C3 value are shown enlarged in insets of Fig. 2.1. As the least
square values are determined at C3 = 2.0 × 10−50 Jm3 and C3 = 9.0 × 10−50 Jm3 for each
source, the best fits are found with those values.
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2.2 Half-Plane Reflection/Diffraction
2.2.1 Edge Diffraction from a Periodic Array of Half-Planes
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Figure 2.2: This image is taken from (89). Diffraction efficiencies en (u) for the specular (n = 0) and
for diffracted beams up to the second order calculated by adapting the Bogomolny-Schmit solution given
by Eqs. (2.2) and (2.3).

In 2003, Bogomolny and Schmit extended the preceding theory done by Carlson and Heins
(77, 78) to the semiclassical limit of the small wavelength at grazing incidence conditions by
finding the asymptotic behavior of multiple scatterings (81), i.e., their work is appropriate to
analyze our experimental results. The same results were obtained 2 years later by Kouznetsov
and Oberst (69) as a separate work to understand matter-wave optical phenomena from the
ridged surfaces. Here, we borrow the theoretical work of Bogomolny and Schmit to investigate
our experimental results. Analytical formulae of reflection coefficients, derived in their paper
(Eq. (98) in Ref. (81)), is multiplied with the factor un

u
∼ sin θn

sin θin
due to the fact that the flux

of scattered particles is the main concern in our experiment so diffraction efficiencies en are
described as below:

en =
4uun

(u+ un)2
G(u)G(un), (2.2)

where n is a diffraction order, and

G(x) = e2xζ(
1
2
)
∏
l≥1

e
−2x√

l

∏
l≥0
l 6=[x2]

∣∣∣∣∣1 + (x/
√
l + {u2})

1− (x/
√
l + {u2})

∣∣∣∣∣ . (2.3)

Here, [x] and {x} are the integer and the fractional part of the x such that x = [x] + {x}, the
constant ζ

(
1
2

)
= −1.460354 is given by the Riemann zeta function, and un =

√
n+ u2 =

sin(θn/2)
√

2d/λ. Thus, en not only depends on θin but also on the n th-order diffraction
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angle θn. The formulas Eqs. (2.2), (2.3) were numerically calculated for n from −2 to 2. In
order to estimate an infinite product in Eq. (2.3), we set the value of the upper limit for the
product lmax to 80000. We regard this value as a fairly large number because the difference
between en calculated with lmax = 60000 and 80000 is less than 1%. Figure 2.2 shows the
numerically calculated efficiencies as a function of the single parameter u.

Distinct minima of each curve and perfect reflectivity at u = 0 feature in the half-plane
reflection/diffraction:

1. When the new mth order diffraction beam emerges from a periodically structured sur-
face, clear minima appear in reflection and diffraction efficiencies. It may be linked
to emerging beam resonance (75) (in general, EBR stands out as an abrupt intensity
change of the diffraction efficiencies), corresponding to Rayleigh-Wood anomalies in
photon diffraction. In such a condition, the incidence angle is defined as Rayleigh angle
denoted by θR,m such that cos θR,m − 1 = mλ

d
. By putting this to Eq. 1.3, the following

relation is derived, uR,m =
√
m.

2. The reflection efficiency e0 approaches 1, while diffraction efficiencies en drop to 0 in
the limit u→ 0. While a reflectivity of quantum reflection can be increased by adjusting
a de Broglie wavelength or a grazing incidence angle, a reflectivity from a periodic array
of half-planes can be increased by controlling the period of the structures as well. It
implies that half-plane reflection/diffraction can provide a promising approach for the
atomic mirror.

2.2.2 Attenuation Factor (AF)
Kouznetsov and Oberst explained the mismatch between the experimental results and the

theoretical results of the edge diffraction from an array of parallel half-planes (see Fig. 1.4(a))
as considering the interaction between atoms and the finite width of the ridge in their previous
paper (69). The dispersive interactions, i.e., Casimir-van der Waals interaction, in the vicinity
of the strips have been attributed to a reduction of the reflectivity. To effectively study the
influence of matter-wave interactions, the attenuation factor is introduced in this section by
adopting the previous analysis done by Kouznetsov and Oberst (69).

They firstly estimated a phase shift induced by the atom-surface interaction. The additional
phase shift destroys the phase synchronization over the surface and leads to out-of-phase waves
with respect to the original reflected waves. To decide the portion of the reflected waves under
the influence of the potential, two characteristic distances s and s0 corresponding to out-of-
phase waves and a main contribution of the Kirchhoff integral were evaluated:

1. the marginal distance s where the additional phase shift becomes larger than 1 rad is de-
rived within the regime of Casimir-van der Waals potential (Eq. 1.2), which corresponds
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to our experiment condition, is figured as below:

s3 = (
(a+ 2s)C3l

~v(s+ l)
), (2.4)

where v is the velocity of atoms.
2. characteristic distance s0 is described as below:

s0 =
1

kθin
, (2.5)

k is the momentum of the atoms.

Here, s is determined by numerically calculating the formula of Eq. (2.4) with a 10-16 step
size of s. Such an iterative procedure is repeated until the difference between LHS (left-hand
side) and RHS (right-hand side) is less than 10-28. The intensity of the attenuated wavesR (u, a)

therefore can be approximated by the following relation:

R(u, a) = exp(− s

s0
)e0, (2.6)

e0 is the theoretical result of the specular efficiency (n = 0) formulated by Eq (2.2). As an
explicit function of the single parameter u, Eq. (2.6) can also be represented as below:

R(u, a) = (−
√

8

dλ
πus)e0. (2.7)

Additionally, for the efficiencies of non-zero nth order diffractions, we tentatively define the
attenuated intensities of diffracted waves by substituting θin by (θin+θn)

2
:

R(un, a) = exp(−
√

2

dλ
π(un + u)s)en. (2.8)

Thus, R (un, a) depends on both u and un.
An attenuation factor for specular efficiency is defined as an exponential term exp

(
− s
s0

)
in Eq. (2.6). Figure 2.3 shows the attenuation factors as a function of u to study the different
effects of particle-surface interactions on half-plane reflection/diffraction for different particles
and strip widths, periods of sqare-wave gratings, and de Broglie wavelengths,

The attenuation effects are stronger for D2 than He and for larger strip widths as shown in
Fig. 2.3(a). In general, particles with larger polarizability, namely larger C3 values, interact
more strongly with surfaces so the attenuation factor decreases more rapidly for D2 than that
for He at the same square-wave grating while a stronger additional phase shift emerges upon
top-surfaces of wider strips, causing more severe reduction of the reflectivity. When both the
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Figure 2.3: Attenuation factors as a function of a scalable parameter u at different conditions: a) at fixed
period and wavelength, b) fixed strip width and wavelength, c) fixed period and strip width. (a) A black
solid line (black dashed line) represents the attenuation factor from the grating with strip width of 10 µm
for He (D2) while a red solid line (red dashed line) and a blue solid line (blue dashed line) describe those
from the gratings with strip width of 100 µm and strip width of 200 µm for He (D2), respectively. (b)
Attenuation factors for the period of 6 µm, period of 10 µm and period of 50 µm are described by a
black solid line, a red solid line and a blue solid line, respectively. (c) A black solid line (red solid line)
shows the attenuation factor for the wavelength of 136 pm (wavelength of 320 pm)

strip width and the de Broglie wavelength are fixed, overall additional phase shifts upon the top
surface of the strips are the same. However, when it is presented as a function of the scalable
parameter u, attenuation factors are presented differently for different periods of the gratings.
In other words, the correspondence between scalable parameter u and the period of gratings
makes different effects as shown in Fig. 2.3(b). When it comes to the different wavelengths,
however, the problem is not as simple as it seems because both marginal distance s and the
original contribution to the Kirchhoff integrals s0 are dependent on the wavelength. They are
affected reversely by the change of the wavelengths. Therefore, even though the difference of
marginal distances is relatively large, attenuation factors are not so much different from each
other as shown in Fig. 2.3(c).
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3 Instrument and Method

3.1 Grazing Incidence Atom Optics Apparatus (MAGIE)
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Figure 3.1: Schematic of the experimental apparatus for the experimental observation of the matter-wave
reflection or diffraction. The inset box depicts the wave-scattering from a square-wave grating with a
period d and a strip width a as well as the definition of a sign of the diffraction order n. The height of
the structures on the substrate is denoted by h. The coordinate system is indicated in the figure.

A high-angular-resolution grazing incidence atom optics apparatus has been utilized for
previous studies on matter-wave diffractions or reflections under grazing incidence condition
(62, 73–76). A schematic of the apparatus is depicted in Fig. 3.1. Either continuous, cold He
or D2 beam is formed by supersonic expansion of each source through 5 µm of the orifice at
stagnation pressure P0 and source temperature T0. Liquid helium is used to cool down the
source.

T0 P0 ν λdB

He
51.8 K 26 bar 760 m/s 136 pm
9.40 K 0.5 bar 300 m/s 320 pm

D2 51.8 K 2.0 bar 760 m/s 136 pm
Table 3.1: Source conditions

Table 3.1 shows the used source temperatures and stagnation pressures along with corre-
sponding velocities and de Broglie wavelengths of each source. Here, the temperature and the
pressure are set for the cluster formation of each beam to be restricted so that negligible frac-
tion of clusters are expected in our measurement (90). The continuous beam is collimated by
the slit 1 and collimated once again by the slit 2 (slit width: 20-µm) after passing through a
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skimmer and two differential pumping chambers (see Fig. 3.1). Here, the width (height) of
the both slits is 20-µm (1 mm height) and they are 1 m apart from each other. The collimated
beam is scattered from the square-wave grating with period d and strip width a. The periods
and strip widths together with the height of the structures of square-wave gratings which we
conducted our experiment with are described in Fig. 3.2. In addition to the gratings, a flat
surface (not structured) coated with photoresist is prepared to examine the effect of reflection
from the flat-top surface on the half-plane reflection/diffraction.
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Figure 3.2: Microscope images of 9 different square-wave gratings used in this work.

Here, the grating is mounted for a pivotal movement about y-axis so that we can control
the incidence angle θin and grating normal is set to be z-axis. Before arriving at the detector,
the scattered beam passes through the 25-µm-width-slit 3 (5 mm height), 48 cm further down-
stream from the grating. The combination of three slits gives rise to a high angular resolution of
110 µrad (full width of half maximum of direct beam, see Fig. 3.3(c)) in our experiment. The
whole detecting part including slit 3, electron impact ionizer, and mass-spectrometer is pre-
cisely rotating to measure ion signals of the scattered beam. Here, the grating pivotal axis is
very close to the detector pivotal axis so that we assume that they share the axis.
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3.2 Angular Spectrum
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Figure 3.3: Geometrical descriptions (not to scale) for a detection method (a) when a grating is removed
from the beam path to measure the direct beam and (b) when grating is mounted within the beam path
to lead to matter-wave scatterings. Red arrows and purple-shaded regions show the beam path and
detection regime covered by rotating mass-spectrometer, respectively. (c) An angular distribution of
direct He beam as a function of the detector angle Θ measured at T0 = 51.8 K and P0 = 26 bar. (d) The
He atomic beams scattered from the square wave grating with a 400-µm period and a 10-µm strip width
are measured as a function of detection angle θ at incidence angle θin of 0.984 mrad. The reflection (n =
0) and the diffraction peaks (n 6= 0) appear when the grating is located within the beam path as shown
in b).

In our experiment, angular spectra are measured by the precisely rotating detector. Fig.
3.3(a) and 3.3(b) show schematic descriptions of our detection approach along with definitions
of a detector angle and a detection angle. The detector angle is measured with respect to one end
of the rotating detector while the detection angle is defined from the plane of z = 0 including
the grating surface. Although initial angular spectra (see Fig. 3.3(c)) are measured as a function
of the detector angle, they are more likely to be presented as a function of the detection angle
(see Fig. 3.3(d)) so that center positions of each peak directly indicate a reflection or diffraction
angles. In order to investigate efficiencies of reflection and diffraction on our experiment, not
only scattered beams but also incident beams should be considered. While the scattered beam
is simply measured when the grating is mounted inside the beam path, a further correction
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(Section 3.3) is necessary to obtain the incident beam. Although an original incident beam,
named as “direct beam” in our work, is easily measured when the grating is removed from the
beam path as depicted in Fig 3.3(c), the direct beam can be cut or blocked by the grating under
the grazing incidence condition, giving rise to a reduction of the incident beam.

3.2.1 Determination of Parameters
Incidence angle θin, diffraction angle θn, and n-th order diffraction efficiency en (0th order

diffraction efficiency is the specular efficiency) are important parameters in our experiment. To
determine such parameters, we perform a Gaussian fit to each peak in the angular spectrum.
The fitting parameters are the center position, the width, and the height of a peak. As a result of
the fitting procedure, the width wn, the area An and the center position xn are derived in terms
of the detector angle. The definitions of each parameter are given by following relations,

θin = (xdirect − x0)/2, (3.1a)

θn = xn − xdirect − θin, (3.1b)

en = An/Aincident. (3.1c)

The fitting error introduces an uncertainty of about 1 µrad to 5 µrad in the angle determination
depending on whether there is overlap with neighboring peaks or not. The diffraction peaks
have a full width at half-maximum (FWHM) of about 110 µm.
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3.3 Awing Analysis

Direct beam profile

wing profile

Scattered
beam

(a)

θin

50 μm

(50 x θin) mm

50 mm

6 mm

wing

Blocked
direct beam

(b)

Figure 3.4: (a) Description of a direct beam (apricot) and a partial loss of that (grey) under the grazing
incidence condition (not to scale). The half of the loss can be measured and is named as “wing”. (b) A
close-up of a) without profiles. Measurements of the gold mirror used in our work and beam diameter
are denoted.

The square-wave gratings used in this work are photoresist-patterned on a commercial
square gold mirror (Thorlabs PFSQ20-03-M03) which face diameter is 50 mm and thickness
is 6 mm (the details about fabrications are in Appendix C). Figure 3.4 shows the sketch of the
direct beam-loss occurring at the grazing incidence condition as well as the actual measurement
of each component. As indicated in Fig. 3.3(b), when the gold mirror is mounted, the direct
beam is partially clipped or blocked at grazing incidence angles less than 1 mrad. As the cut
or blocked direct beam does not affect the actual scattering process, it should be ruled out of
the incident beam. However, there is no way to obtain the blocked beam directly, while the cut
direct beam, called “wing” in this thesis, is easily measured. In order to estimate such a blocked
beam indirectly, the mirror should be positioned for the surface of the mirror to be centered so
that the amounts of the wing and the blocked direct beam are the same as shown in Fig. 3.3(b)
(see Appendix B for details). The gaussian peak area of the incident beam Aincident is thereby
defined as the difference between those areas of the direct beam and the wing, Adirect−2Awing.
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3.4 Formation of Helium Trimer
Conditions for cluster formations in a supersonic expansion of 4He atoms have been stud-

ied with nano-transmission gratings (90), and therefore optimum source conditions - tempera-
ture T0 = 8 K and pressure P0 = 2 bar are set to obtain most probable mole fraction for helium
trimers in our experiment. Nonetheless, it might be almost impossible to set trimers apart from
other clusters including monomers for a specular peak at the 4 amu He-ion mass. Therefore,
mass spectrometer was set at mass 8 amu to circumvent such an issue whereby measured sig-
nals are considered to stem from the scatterings of helium trimers, not monomers nor dimers.
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4 Results and Discussion

4.1 Interplay between Half-Plane Reflection/Diffraction and Quantum
Reflection

To study the different effects of quantum reflection induced by the interaction between
atoms/molecules and a top surface of the strips on half-plane reflection/diffraction for differ-
ent particles, one of our previous results is reproduced in Fig. 4.1 (first column) (89) along
with corresponding results for D2 (second column). Different propensities for matter-wave
diffractions of He and D2 for n from -2 to 2 using various square-wave gratings of fixed pe-
riod d = 400 µm with different strip widths a = 10, 30, 100, 200 µm are thereby presented. In
addition to diffraction efficiencies from each square-wave grating, reflectivities of each source
from a blank photoresist surface (without any structures on it) are measured and marked with
black full circles at the third row in Fig. 4.1. For a qualitative comparison between two differ-
ent reflection mechanisms - quantum reflection and half-plane reflection/diffraction, theoretical
results (see Section 2) are plotted by red dashed and red solid lines, respectively.

For both particles, diffraction efficiencies en for relatively narrow strip widths are more
likely to follow the theory lines of half-plane reflection/diffraction (HP theory line) - not only
efficiencies but also distinct minima exhibit clear features of half-plane reflection/diffraction.
On the other hand, they tend towards the theory line of quantum reflection (QR theory line)
with increasing strip widths – specular efficiencies (non-specular efficiencies) become larger
(eventually approach Fraunhofer-Kirchhoff constants) and minima are diminishing especially
at larger Rayleigh angles θR,m (i.e., u =

√
m). In other words, optical phenomena from the grat-

ings with shorter strip widths are governed by half-plane reflection/diffraction while quantum
reflection takes it over as the strip widths become larger. Optical phenomena of matter-waves
from the square-wave gratings thus result from the interplay between HP and QR.

However, the details are quite different for He and D2. Compared to He, there are three
characteristic differences on results of D2: i) measured efficiencies with a = 30 µm are in good
agreement with the HP theory lines at θin < 1.17 mrad while overall efficiencies with the same
grating are much higher than the HF theory lines for He; ii) minima of diffraction efficiencies
at Rayleigh angles θR,m are weak even for a = 10 µm as the incidence angle is increased while
the corresponding results for He exhibit clear minima even for the wider strips, i.e., a = 30 µm;
iii) overall observed efficiencies are below the HP theory lines for a = 10 µm while those are
slightly higher than HP theory lines for He, especially for n = 0 and 1.
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Figure 4.1: Diffraction efficiencies en of He (left column) and D2 (right column) from square wave
gratings of period d = 400 µm with strip widths a = 10, 30, 100, 200 µm at source temperature of 51.8
K (corresponding de Broglie wavelength λ = 136 pm) on a logarithmic scale. Red solid lines show the
theoretical result calculated for edge diffractions from an array of half-planes (Eq. (2.2)). The graphs
on the third row (for the cases of n = 0) also include the measured reflectivities of He (left column) and
D2 (right column) from the flat surface of photoresist (full black circles) as well as best fitting-curves of
quantum reflection (red dashed line).
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One of the big differences between the two particles is polarizability – D2 has about 3.9
times larger polarizability than He. The particles with larger polarizability interact more strongly
with surfaces, giving rise to lower quantum reflection probability and more vigorous attenuation
effects. All the features mentioned above are therefore understood as the simultaneous effects
of diminishing quantum reflection and stronger attenuation effects for D2: reduced quantum
reflection accentuate half-plane reflection/diffraction even for the strip width a = 30 µm, while
stronger attenuation effects result in weaker minima as the strip widths and incidence angle
increase. Meanwhile, regarding the weaker minima, broader velocity spread of D2 has been
known to be one of the reasons as well (91), yet it is not enough to explain the gradually
diminishing minima with the increasing incidence angles.

In general, for wider strips, attenuation factors are decreased more rapidly (see Fig. 2.3(a)),
while quantum reflection increases proportionally to the width of a flat-top-surface (89). Our
analysis described here shows a general tendency, explicating the interplay between quantum
reflection and half-plane reflection/diffraction plays a major role on matter wave diffractions
from the square wave gratings. However, it only gives us a qualitative picture, and therefore,
studies on sole effects for each case are required for quantitative analysis. Although the sole
influence of quantum reflection can be indirectly studied by applying Fraunhofer-Kirchhoff
diffraction theory under the assumption that the reflectivity from the flat-top surfaces of the
gratings is estimated by the reflectivity of the flat surface multiplied by the ratio a/d, similar
studies on the attenuation effect still have difficulties as the theoretical analysis on attenuation
factor remains to be verified in a wider range of u.

Finding a suitable condition under which quantum reflection can be suppressed is therefore
essential to exclusively study the attenuation effect. However, it is still ambiguous to determine
where to draw a line of such condition, i.e., it is a question of how narrow the strip width has
to be to exclude quantum reflection. Here, the results of D2 for the square-wave grating of the
10 µm strip width are noticeable in a sense that the overall efficiencies are even below the HP
theory lines. It implies that quantum reflection hardly takes place over the top surface of the
strips at this condition. Motivated by this observation, we perform a subsequent analysis with
narrower square-wave gratings as presented in the next section.
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4.2 Attenuation Effects on half-plane reflection/diffraction
4.2.1 Different Particles

To deal with the above-mentioned issue, a similar investigation is implemented for the strip
widths of 3 µm and 10 µm. Figure 4.2 shows diffraction efficiencies of He and D2 from square-
wave gratings of 400 µm period with 3 µm (left column) and 10 µm (right column) strip widths
along with the theory lines of attenuated efficiencies, calculated by multiplying HP theory lines
by attenuation factors. The gratings used here are newly produced to control other variables
such as surface contamination which may affect diffraction efficiencies. Although the height
of the structures are 2 µm rather than 1 µm (the height of the strips for all the gratings used in
Section 4.1 is controlled to be 1 µm), overall results obtained with new grating of strip width
10 µm are similar with the observation measured from the corresponding grating prepared in
the past (see Fig. 4.3).

For the grating with 3 µm-wide strips, both particles exhibit diffraction efficiencies lower
than the HP theory lines while only D2 exhibits lower efficiencies than the HP theory lines
for 10 µm-wide strips. Furthermore, the experimental results from the 10 µm strip width are
higher than those from the 3 µm strip width for each particle. In fact, the resultant efficiencies
for the 10 µm strip width are supposed to be lower than those for the 3 µm strip width in
theory, yet the experimental results show the opposite tendency. Additionally, we find that
the theoretically obtained attenuated efficiencies, marked with dashed black lines (dotted black
lines) for He (D2), are always lower than the experimental results for the 10 µm strip width.
Such a disagreement between the experimental results and the theoretical results indicates that
quantum reflection remains to affect the matter-wave reflection/diffraction from the grating for
the 10 µm strip width, limiting the isolated study of the attenuation effect.

Hence, we have focused on the results obtained with the grating of strip width 3 µm to
effectively study the attenuation effect, and thereby see the availability of the theoretical model
for the attenuation effect. According to the theoretical description of the attenuation factor
(Section 2.2.2), the attenuation effect is considered to be more prominent as u increases, yet the
experimental results for He are rather closer to the HP theory lines with increasing u. It suggests
that we can not completely ignore the effect of quantum reflection even at the narrower strip
width for the case of He. Even so, we find that the theoretically obtained attenuated efficiencies
for both particles are in fairly good agreement with the experimental results as long as u is
smaller than the corresponding value of the first Rayleigh angle θR,1 (θR,|n|+1 for n < 0). After
the certain value of u, the theory lines of attenuated efficiencies increasingly deviate from the
observed efficiencies as u increases and it is not clear whether such a disagreement results from
the manifestation of quantum reflection or the limitation on the theory of attenuation effect.

Despite all the factors mentioned above, the theoretical model for the attenuation effects
provides the qualitative information – stronger particle-surface interactions for D2 cause more
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prominent attenuation effects than He, and, therefore, D2 exhibits lower diffraction efficiencies.
In addition, diffraction efficiencies which are even below the HP lines imply that we should ac-
count for the particle-surface interactions to understand matter-wave optical phenomena from
the square wave gratings, namely periodically structured surfaces. Therefore, the current theo-
retical model for the attenuation effect should be improved to address those optical phenomena
quantitatively. As a first step for this, we investigate matter-wave optical phenomena for differ-
ent conditions in following sections – different grating periods (Section 4.2.2) and de Broglie
wavelengths (Section 4.2.3) to look into the limiting factors for the current theory. Now that we
know that quantum reflection can hinder the attenuation effect, the strip widths of the gratings
are fixed at 2 µm which is the narrowest width that the conventional photolithography technique
can produce (Appendix C).
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Figure 4.2: Diffraction efficiencies en of He (full black circles) and D2 (open black circles) as a function
of u measured from square wave gratings of period d = 400 µm with strip widths a = 3 µm (left
column) and 10 µm (right column) at source temperature of 51.8 K (corresponding de Broglie wave-
length λ = 136 pm) on a logarithmic scale. Red solid lines show the theoretical result calculated for an
array of half-planes. Theoretical calculations for attenuated efficiencies for He and D2 are marked with
black dashed and black dotted lines, respectively.
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Figure 4.3: Diffraction efficiencies en of He (left column) and D2 (right column) as a function of u mea-
sured from two square wave gratings which have the same period d = 400 µm and strip width 10 µm at
source temperature of 51.8 K (corresponding de Broglie wavelength λ = 136 pm) on a logarithmic
scale. Open black circles (full black circles) represent the experimental results obtained from the grating
whose structural height is 1 µm (2 µm).
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4.2.2 Different Grating Periods
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Figure 4.4: Diffraction efficiencies en of He as a function of u from square wave gratings of 6 µm (first
row), 10 µm (second row), and 50 µm (third row) periods with 2 µm strip width at source temperature of
51.8 K (corresponding de Broglie wavelength λ = 136 pm) on a logarithmic scale. Colored solid lines
in the figures on the left column show the theoretical diffraction efficiencies calculated for the ideal half-
plane model while colored dashed lines on the right column show theoretically calculated attenuated
efficiencies.

Diffraction efficiencies of He from the square wave gratings of 6, 10, and 50 µm periods
with 2 µm strip width along with the HP theory lines (left column) and theoretically calculated
attenuated efficiencies (right column) are presented in Fig. 4.4. The positive-order-diffraction
efficiencies are measured until the signal to noise of the diffracted peaks become less than 2
to minimize the fitting error. Here, we find that the diffracted peaks emerged from a shorter
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period exhibit higher fitting error, attributing this to the surface defects arising from the fab-
rication process. In practice, defects are more likely to be found at the gratings with shorter
periods or narrower strip widths under the photolithography technique. Since the non-specular
efficiencies are not clear for the gratings of 6 µm and 10 µm periods, only specular efficiencies
are compared to the theoretical results in Figure 4.5 to examine the tendencies of the attenuation
effects for different grating periods.
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Figure 4.5: Specular efficiencies for the same experimental results shown in Fig. 4.4. The calculated
attenuated specular efficiencies are presented with colored dashed lines while HP theory line is marked
with a solid red line.

Overall, the experimental results are in better agreement with the attenuated efficiencies
(right column) than the HP lines (left column) as shown in Fig. 4.4. Furthermore, not only
a general tendency of measured specular efficiencies, i.e., higher efficiencies are shown from
gratings with longer periods, but also relative gaps between measured specular efficiencies are
explained better by considering the attenuation factors as presented in Fig. 4.5. However, as u
increases, the theoretically obtained attenuated efficiencies gradually deviate from the observed
efficiencies, overestimating the experimental results. Thus, the current theory for the attenuated
efficiencies only gives us a qualitative picture.

Nonetheless, we get a hint for limitations on the current theory from our observation: de-
viations between the experimental results and the theoretical results begin at smaller values
of u for shorter periods, implying that theoretical description of the attenuation factors is more
appropriate for longer grating periods. In the theory of attenuation effects, the multiple scatter-
ings of the phase-shifted waves induced by the particle-surface interactions are assumed to be
negligible so the attenuation effect is not taken into account for the Fresnel integral. In other
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words, this theory may not be appropriate to describe the attenuation effects as long as the mul-
tiple scattering takes place. Since multiple scatterings are more likely to occur at the gratings
with shorter periods, such speculation is consistent with our observation.
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4.2.3 Different de Broglie Wavelengths
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Figure 4.6: Diffraction efficiencies en of He as a function of u from the same square wave grating of
50 µm period with 2 µm strip width at source temperature of 9.40 K (λ = 320 pm, top) and 51.8 K
(λ = 136 pm, bottom) on a logarithmic scale. Colored solid lines in graphs on the left column show the
theoretical diffraction efficiencies calculated for the ideal half-plane model and the colored dashed lines
on the right column show theoretically calculated attenuated efficiencies.

Diffraction efficiencies of He from the same square wave grating of 50 µm period and 2 µm
strip width are measured at two different source conditions, 9.40 K (λ = 320 pm) and 51.8
K (λ = 136 pm). The experimental results along with the HP theory lines (left column) and
theoretically calculated attenuated efficiencies (right column) are presented in Fig. 4.6. One
of the experimental results which is measured at 51.8 K is presented once again to study the
different attenuation effects for different wavelengths. Additionally, specular efficiencies of He
measured at each condition are shown in Fig. 4.7 with the corresponding attenuated efficiencies
and original HP theory line for the sake of comparison.

Here, as elsewhere in this subsection, theoretically calculated attenuated efficiencies not
only show a better agreement with the experimental results (see Fig. 4.6) but also illustrate
the general tendency of the attenuation effects for each case (see Fig. 4.7), providing a qual-
itative analysis on the different attenuation effects induced by the difference of de Broglie
wavelengths. Meanwhile, it is noteworthy that the calculated attenuated efficiencies are almost
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perfectly matched with the experimental results for the larger de Broglie wavelength while
overestimating the experimental results obtained with the shorter de Broglie wavelength. Be-
cause multiple scatterings are more likely to occur for shorter wavelengths, those results further
support our hypothesis as mentioned above: considering multiple scatterings of phase-shifted
waves is a key for improving the current theory for the attenuation effect.
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Figure 4.7: Specular efficiencies for the same experimental results in Fig. 4.6. The calculated attenuated
specular efficiencies are presented with dashed lines while HP theory line is marked with a red solid
line.
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4.3 Possibility of Applying Half-Plane Reflection/Diffraction to Molecules
4.3.1 Half-Plane Reflection/Diffraction of van der Waals Clusters
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Figure 4.8: This image is taken from our previous paper (89). (a) Specular efficiency of He3 from a
square wave grating of 400 µm period and 10 µm strip width at source temperature of 9.40 K (corre-
sponding wavelength λ = 106 pm). A solid red line shows a HP theory line for n = 0. (b) Sketch of
a meta grating formed by identical patches (period dm, width am) of half-plane array. This structure is
expected to allow for efficient reflection and diffraction of fragile van der Waals clusters.

In the preceding section, we study non-negligible influences of particle-surface interactions
on half-plane reflection/diffraction. Even so, the origin of ideal half-plane reflection/diffraction
is nothing to do with van der Waals interactions, implying half-plane reflection/diffraction is
expected to apply for fragile van der Waals clusters. The specular efficiency of helium trimer
from a square wave grating of 400 µm period and 10 µm strip width was demonstrated in our
previous paper (89) and is reproduced in Fig. 4.8 to suggest a new type of grating to study
diffraction of fragile van der Waals clusters.

According to the theoretical description on half-plane reflection/diffraction (Section 2.2),
specular efficiency rapidly increases while diffraction efficiencies are suppressed to 0 in the
limit of u→ 0. As the scalable parameter u is proportional to the square root of the grating pe-
riod d, higher specular efficiencies can be achieved by reducing grating periods. To effectively
see this, a range of u which is achievable by using a shorter grating period of 20 µm is depicted
by the gray shaded as shown in Fig. 4.8(a). In this regime of u, a specular efficiency of about
40 % is available, indicating a possibility of further applications. We can thus observe reason-
ably high reflection efficiencies by exploiting half-plane reflection/diffraction, yet diffraction
efficiencies are still low to be measured for van der Waals clusters.

To overcome such a limitation, we suggest a new type of grating by designing a super-
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periodic half-plane array. Figure 4.8(b) depicts a meta grating which are composed of both a
small half-plane period d and a large grating super-period dm. The combination of half-plane
array and super-period grating will lead to diffraction at enhanced reflection probabilities as
compared to previous experiments, opening up a possibility to study diffraction of fragile van
der Waals clusters such as He2 and He3.
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4.3.2 Theoretical Analysis for Helium Trimer and Nitrogen
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Figure 4.9: Theoretically obtained attenuated specular efficiencies of He3 (λ = 106 pm) and N2 (λ =
37.0 pm) measured from the square wave gratings of 20 µm period with 1 µm and 0.1 µm strip widths
as a function of u. A solid red line (solid black line) represents the attenuated specular efficiency for the
0.1 µm strip width while a dashed red line (dashed black line) shows the attenuated specular efficiency
for the 1 µm strip width for He3 (N2). Dashed vertical lines indicate the positions where corresponding
incidence angles are 0.5, 1.0, 1.5, and 2.0 mrad.

We perform a theoretical study of matter-wave reflection optical phenomena from square-
wave gratings of 20 µm period with 0.1 and 1 µm strip widths using He3 and N2 to see the
applicability of half-plane reflection/diffraction to more general gases. Considering the boiling
point of the nitrogen (77.4 K), the source temperature is assumed to be 100 K (correspond-
ing de Broglie wavelength is 37.0 pm), while the source temperature is set at 9.40 K for He3

(corresponding de Broglie wavelength is 160 pm).
Now that we know attenuation effects play an important role in matter-wave diffraction

from square wave gratings, attenuated specular efficiencies of He3 and N2 rather than ideal HP
theory lines are shown with corresponding incidence angles at intervals of 0.5 mrad (marked
with dashed vertical lines) in Fig. 4.9. Considering the difference in polarizability, the van
der Waals constant for nitrogen is assumed to be 10 times larger than helium, namely C3 =

2.0× 10−49 Jm3. As nitrogen has higher polarizability than helium trimer, the attenuated spec-
ular efficiencies of N2 are lower than those for He3 as depicted in Fig. 4.9. Although overall
specular efficiencies are rapidly decreased with increasing u, their efficiencies for both strip
widths at an incidence angle of 0.5 mrad are still higher than 4%. Such a striking result is only
available with half-plane reflection/diffraction. Reflectivity of nitrogen under quantum reflec-
tion, for instance, is already below 10-4 under the same condition of the source condition and
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the incidence angle. Half-plane reflection/diffraction can thus be a powerful tool to extend the
study of matter-wave optical phenomena to bigger molecules.
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5 Conclusion
Within this work, matter-wave optical phenomena from periodically structured surfaces,

a model system to study half-plane reflection/diffraction (HP), have been investigated using
square wave gratings. By adopting a well-established HP theory performed by Bogomolny and
Schmitz (81), quantitative comparison between theory and experiment have been available. In
our previous work, we found that matter-wave reflection/diffraction for He deviates from the
theoretical results of half-plane reflection/diffraction as strip widths of square wave gratings
get larger, attributing this to a influence of quantum reflection (89). By carrying out similar
studies for D2, different propensities of matter-wave reflection/diffraction for different particles
are presented: overall diffraction efficiencies are higher for He than D2 under the same con-
dition due to its higher probability of quantum reflection. Thus, we find that such difference
of optical phenomena for different particles under the same condition results from the differ-
ent interplay between quantum reflection and half-plane reflection/diffraction. On the other
hand, we find that particle-surface interactions give rise to a reduction of half-plane reflec-
tion/diffraction efficiencies rather than a manifestation of quantum reflection for shorter strip
widths. In order to effectively study the attenuated reflection/diffraction, theoretical analysis on
attenuation effects obtained by Kouznetsov and Oberst (69) is adapted. Different attenuation
effects thereby have been studied in three different conditions – different particles, different
grating periods, and different de Broglie wavelengths. Overall, experimental results show a
better agreement with theoretically calculated attenuated efficiencies than ideal half-plane re-
flection/diffraction theory lines, indicating the attenuation effects should be taken into account
when dealing with half-plane reflection/diffraction for matter-waves. Nonetheless, the current
theory of attenuation effects can provide us only qualitative analysis, implying that the theory
needs to be improved for quantitative analysis. By comparing experimental results to the cor-
responding theoretical results of attenuated efficiencies at each condition, general tendencies
are found: the theoretical description of the attenuation effects is more appropriate for longer
grating periods and for shorter de Broglie wavelengths. This indicates that one of assumptions
made in Kouznetsov and Oberst’ theoretical description – multiple scatterings of phase-shifted
waves are too weak to affect Fresnel integral, is not suitable for some conditions. We hereby
suggest that a next step for improving the current theory is dealing with the multiple scatterings
of phase-shifted waves. Furthermore, the studies on half-plane reflection/diffraction for fragile
van der Waals clusters and bigger molecules have been carried out. By reproducing one of
our previous results – reflection of He3 from a square-wave grating was demonstrated – we
show that the reflectivity of van der Waals clusters can be high enough to be measured under
half-plane reflection/diffraction. However, studies on diffractions of van der Waals clusters re-
main to be difficult due to their low efficiencies. Here, we suggest a new type of grating by
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combining two different grating periods. Such super-periodic half-plane array will enable us
to observe enhanced diffraction efficiencies. In addition to that, theoretical study has been per-
formed for attenuated efficiencies of nitrogen and helium trimer from square wave gratings of
20 µm period with 0.1 and 1 µm strip widths. We find that probability of half-plane reflection
exhibit much higher than quantum reflection probability under the same condition, showing the
applicability to general molecules.
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52. J. Leigh, J. Phys. C 4, L359 (1971).

53. W. H. Weinberg, J. Phys. C Solid State Phys. 5, 2098 (1972).

54. S. V. Krishnaswamy, D. R. Frankl, G. Derry, D. Wesner, Surf. Sci. 77, 493 (1978).

55. C. Henkel, C. I. Westbrook, A. Aspect, J. Opt. Soc. Am. B 13, 233 (1996).

56. W. Brenig, Z. Phys. B 36, 227 (1979).

57. E. R. Bittner, J. Chem. Phys. 100, 5314 (1994).

58. D. P. Clougherty, W. Kohn, Phys. Rev. B 46, 4921 (1992).

59. T. W. Hijmans, J. T. Walraven, G. V. Shlyapnikov, Phys. Rev. B 45, 2561 (1992).

60. A. Mody, M. Haggerty, J. M. Doyle, E. J. Heller, Phys. Rev. B 64, 085418 (2001).

61. S. Miret-Artés, E. Pollak, J. Phys. Chem. Lett. 8, 1009 (2017).

62. B. S. Zhao, G. Meijer, W. Schöllkopf, Science 331, 892 (2011).
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Appendix A

Nano-Fabricated Transmission Grating vs. Micro-Fabricated Reflection
Grating
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Figure A.1: Schematics of wave-scattering from (a) the nano-transmission grating whose period is 100
nm and (b) the square-wave grating whose period is 400 µm. Calculated angular positions of the n-th
order diffraction angles versus incidence angle θin of the matter-wave whose de Broglie wavelength is
136 pm over certain ranges of incidence angles from each grating are shown in (c) and (d), respectively.
Dashed lines(solid lines) indicate the diffraction angles of negative orders (positive and specular orders).

Under the grazing incidence condition, resolved diffraction peaks have been observed from
micro-fabricated reflection-gratings (74, 75, 89, 91). Figure A.1(a) and A.1(b) show the schemat-
ics of matter-wave scattering from a transmission grating with the period of 100 nm and a
square-wave grating whose period is 400 µm, respectively. For the sake of convenience, the
incidence angle θin and the diffraction angle θn are defined with respect to the normal line for
the nano-transmission grating while those are determined from the grating-surface plane for
the square-wave grating. A sign of the diffraction order is defined in a way that diffraction
angles of positive orders are larger than those of negative orders. In order to observe the dif-
ference between two gratings, n-th-order diffraction angles over certain ranges of incidence
angles from each grating are calculated by the grating equation in Fig. A.1(c) and A.1(d), re-
spectively. Here, matter-wave de Broglie wavelength is fixed at 136 pm. Assuming the angular
resolution of the atomic beam is around 100 µrad, up to 5th order diffraction peaks can be
observed at grazing incidence angles from the micro-fabricated reflection-grating as it can be
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from a nano-transmission grating at a normal incidence condition. Considering the fact that
the reflection and diffraction efficiencies are increased as incidence angle goes smaller from
the reflection-type grating, diffraction efficiencies from square-wave gratings are expected to
be higher as much as those efficiencies from transmission grating. Therefore, micro-fabricated
structures can act as a matter-wave-grating and it appears important for the generality of matter-
wave elements due to its lower price and size-limit than nano-fabricated structures like the
nano-transmission grating. Thus, micro-fabricated solid structures can be a good candidate for
practical matter-wave optical instruments as exploiting grazing incidence condition.
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Appendix B

Position Optimization of a Mirror
The relative position of a mirror in the beam path is crucial to evaluate an approximate value

of blocked direct beams because they can not be measured directly from the experiment. When
the mirror is positioned at the center of the beam path, the amounts of the cut beam (wing) and
blocked beam are the same, i.e., the amount of the blocked beam can be estimated as that of
the cut beam. Hence, the procedure of optimizing the mirror’s position utilized in our work is
presented here.
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Figure B.1: A ratio of the area of the wing to the area of the direct beam as a function of a incidence
angle θin. The ratio corresponding to the incidence angle of 0.5 mrad is denoted as a red dot

Here, the dimeter of the incident beam arriving at the grating is assumed to be around 50 µm
for the quantitative analysis on the incident beam really taking part in the scattering process.
When the mirror is mounted at the center of the beam path while forming an incidence angle θin,
the diameter of the incident beam is estimated as 50 sin θin ≈ 50 θin mm, i.e., a ratio of the
wing to the direct beam is estimated as following relation:

Awing
Adirect

=
1

2
× 50θin

50
=
θin
2
. (5.2)

Figure B.1 shows the ratio as a function of the incidence angle θin. As a reference value,
we adjust the grating position at 0.5 mrad of the incidence angle θin until Awing

Adirect
= 0.25 as

indicated with a red dot.
There are two motors to control a center-of-mass motion and a rotation of the mirror, de-
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(a)

SM2

(b) (c)

SM3

Figure B.2: Sketch of (a) step 1, (b) 3, and (c) 4 described in the main text (not to scale). The arrow
displays the direction of the direct beam.

noted as SM2 (step motor 2) and SM3 (step motor 3) in our experiment as presented in Fig.
B.2. Each motor is electronically controlled using a computer program developed with the
software LabVIEW. With this, the incidence angle is finely adjusted whereby 0.048 mrad of
angular resolution is achieved. The details of the optimization procedure are described below:

1. make sure that the mirror is totally pushed away from the beam path and rotated counter-
clockwise as depicted in Fig. B.2(a).

2. position the detector at the center position of the direct beam xdirect, thereby we can
monitor the intensity of the direct beam.

3. push the mirror inside the beam path through adjusting SM2 until the signal starts to be
decreased (see Fig. B.2(b)).

4. rotate the mirror clockwise by SM3 until the signal becomes to go down again (see Fig.
B.2(c)).

5. measure an angular spectrum to investigate the incidence angle.
6. repeat the step 3 to 5 until the incidence angle reaches 0.5 mrad.
7. push the mirror through SM2 until the ratio of the area of the wing to that of the direct

beam becomes a quarter.
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Appendix C

Fabrication of Gratings
Each of the four reflection gratings used in this work consists of a 50-mm-long microstruc-

tured array of parallel strips made of 1-µm-thick photoresist patterned on a gold mirror. Figure
11 shows microscopy images of all gratings used in this work. The center-to-center distance of
the strips defines a period d and 4-mm-long strips have widths a. Given this geometry, the gold
surface between the strips is completely shadowed by the strips for all incidence angles used in
this work.

The fabrication of the gratings was performed using conventional photolithography. Pho-
toresist (AZ 5214E, AZ Electronic Materials) was spin-coated onto a commercial gold mirror
(Thorlabs PFSQ20-03-M03) at 4000 r.p.m. The mirror was soft-baked at 105 ◦C for 90 s, fol-
lowed by UV exposure through a photomask at 100 mJ/cm2 (MA6, Suss MicroTec) and devel-
opment (MIF 300, AZ Electronic Materials). The thickness of the grating strips was measured
using a surface profiler (P6, KLA Tencor). We also prepared a flat sample formed by blank
(not structured) photoresist of the same thickness (1 µm) making it possible to compare the
reflectivity measured with the unstructured photoresist to the one measured with the gratings.
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