Lniversitat
wien

DISSERTATION

Titel der Dissertation

A universal matter-wave interferometer with optical
gratings

Verfasser

Mag. Philipp Haslinger

angestrebter akademischer Grad

Doktor der Naturwissenschaften (Dr.rer.nat.)

Wien, 2013

Studienkennzahl It. Studienblatt: A 091411
Dissertationsgebiet It. Studienblatt: Physik

Betreuerin / Betreuer: Univ.-Prof. Dr. Markus Arndt












Contents

ZuSammMeENTaSSUNG.....ovuiiieiiiniiinriiinieinreiestessrosssssessssssssesssssssssssssnsssssens 7
N 1] 3 T 9
1  Interferometry: Introduction to the concept of time-domain.............c..c..... 16
1.1 Talbot-Lau interferometry in space and time...........ccceeeeveeeiiieneeesieennennen. 20
1.1.1 Interference Contrast — VISibility......c.ccoceviiniiviniiiniiniiniinicencnene 20
1.1.2 Talbot-Lau N SPACE.......eeeiieiieeiieeiieeteeite ettt ettt ere e eenees 22
1.1.3 Van der Waals interaction and optical phase grating.............c............. 24
1.1.4 Talbot-Lau interferometry in the time-domain...........c.ccceeceeeeeeneenen. 26

2 A universal matter wave interferometer in the time-domain with optical

Gratings...c..cceeesercssnercssnnscnns 28
2.1 Advantages of light ratings .........ccceevveriieniiiiienie e 30
2.2 Theoretical deSCIIPLION. .......eieriieeiiieeiee ettt e e 31

2.2.1 Absorption of @ Photon .........eeeviiiiiiiiiieeceeee e 32
222 E-field particle INteraction ...........c.ceevueerieeiiieniieniesie e 34
223 Photon SCAtLETING.......ccouieiieiiieiieeie ettt e 35
2.3 Particle light Interaction...........ccueeeeiieeiiieeiieeceeeeeee e 35
2.4 How to record interference pattern? ...........ccoeceeevieeerieeeieeesiieeeeeeevee e 38

3  Experimental realization 41

3.1 SOUTCES ..ttt ettt et st e b e st bee st e e bt e eabeenbeeeaeean 41
3.1.1 Magnetron SPULLET SOUTCE......ecevreerireeriieeniieeeieeeeieeesiieeeereeesireeeaeee s 43
3.1.2 The Even-Lavie —Valve .......cccoviiiiiiiiiniiiiicceccee e 46

3.1.3 Laser desorption — Thermal laser evaporation..........ccccceeeeveeeeveeennenn. 49




6

Table of contents

3.2 Detection - Time of flight mass-Spectrometer ...........cccveeeeveeeecreeercieeenieeens 50
33 Laser system and beam line for VUV radiation at 157nm............cceeeuveenne 51
3.4 MIITOr @t 157 NIMi.cciiiiiiiiiiiieieeetee ettt 54
3.5  Measurement routine - Data acqUiSItion ..........ccceevveeriieniieniienieeiiesee e 57
3.6  Error consideration - Statistical €IToT.........cccueeiuieriiriiieniieieeeeee e 64

4 A tool for quantum enhanced measurements 67
4.1 A (S5 (0] (o} e U PRRURRRRUPR 69
4.1.1 Static polarizability ..........cocceveeviiriiniiiiecee e 69
4.1.2 Optical polarizability at 157 M ......cccoevieiiiieiiieieeiecieeeeeeee e 72
4.13 A e 1 1S 1) 10 1] 0 PSR 73
4.14 Spectroscopy - Absolute absorption cross section ¢ from UV- far IR 73

4.2 Decoherence of Matter-Waves..........eeveeiiienieiiienie e 75
4.2.1 Depletion Grating .......ccceecuieecieeriieeieeiie et eee e e sae e ee v e seeeennees 79

S Influence of Coriolis force in matter wave interferometry 83

6  Outlook........ccueecueeeuerannnnnes 88
6.1 OTIMA with pulsed thermal laser evaporation ........c..cceceeceeeeevervieneenneenne. 88
6.2  OTIMA - interferometry in an 10N-trap ........coveeveereereenueneeneerienieneeeeeenes 90

A ©11) 1 T4 11 1) 11 [T 93

8 Pictures of the experiment 94
O PUDLICATIONS ..ccecuneeeiineeiiinnessnnecssneecssanecssanessssnessssnesssseessssesssssesssssssssssesssssssssasens 97
10 Acknowledgements 157
11  Curriculum Vitae 158

12 Bibliography .......c..ccceveecrcnrecnne .. 161













10

ZUSAMMENFASSUNG

Die Quantenmechanik wurde urspriinglich entwickelt um mikroskopische Vorgiange
genauer und besser beschreiben zu konnen. Doch bald stieBen WissenschaftlerInnen
auf weitreichende und zum Teil mit hergebrachten Vorstellungen unvereinbare
Vorhersagen, wie den Welle-Teilchen Dualismus von Materie [1,2] oder die
quantenmechanische Verschrinkung von Teilchen [3,4]. In keinem einzigen
Experiment konnte jedoch die Quantenmechanik falsifiziert werden. Heute ist sie die
am meisten getestete Theorie der Physik. Es stellt sich jedoch die Frage nach
moglichen Grenzen des Giiltigkeitsbereiches der Quantenmechanik. Wie
makroskopisch, komplex und massiv diirfen Quantensysteme sein? Wie weit
voneinander und fiir welche Zeit kann man Wellenfunktionen kohérent trennen?
Welche Dekohérenz-Mechanismen gibt es, die unsere Welt so klassisch erscheinen
lassen?

Wihrend meiner Dissertation setzte ich mich theoretisch als auch experimentell mit
Materiewellen-Interferometrie von Atomen bis Molekiillen und molekularen
Clustern auseinander.

Wihrend meines Forschungsaufenthalts in der Gruppe von Prof. Holger Miiller an
der University of California, Berkeley, konnten wir die dazumal groBte Raum-Zeit
Aufspaltung von atomaren Wellenfunktionen zeigen [5]. Dabei wurden die
Materiewellen von Césiumatomen bis zu 8.8 mm und fiir 500 ms kohédrent getrennt
und anschlieBend wieder vereinigt. Entscheidend fiir diese grofle rdumliche und
zeitliche Separation der Materiewellen war die Kompensation der Erdrotation, die
durch die Corioliskraft ein kohédrentes Zusammenfiigen der Materiewellen
verhindert.

Das zentrale Thema meiner Dissertation an der Universitit Wien war der Aufbau
eines rein optischen ionisierenden Talbot-Lau Materiewellen-Interferometer
(OTIMA) [6,7], das komplexe Teilchen an nur einigen Nanosekunden langen
Lichtgittern beugt. Dadurch kann man erreichen, Teilchen unabhédngig von ihrer

Geschwindigkeit zu interferieren. Dieser Effekt wurde schon fiir bestimmte Atome



beobachtet [8] und wurde nun zum ersten Mal auch fiir komplexe Teilchen bis zu
2300 amu durch das OTIMA-Interferometer gezeigt. Diese fundamentale Art der
zeitlichen Interferenz ist nur noch abhéngig von der Masse der Teilchen. Ein
Interferenzmuster kann jetzt nicht nur im Raum, sondern auch in der
Massenverteilung von Teilchen gemessen werden. Die gepulsten Lichtgitter
erzeugen aus einer unkollimierten Molekiilwolke ein Interferenzmuster, das eine
Periode von 78.5 nm besitzt und dadurch sehr empfindlich auf duflere Einfliisse ist.
Diese hohe Empfindlichkeit zusammen mit der Geschwindigkeitsunabhédngigkeit
kann in zukiinftigen Deflektometrie-Experimenten genutzt werden, kleinste auf

Teilchen wirkende Kréfte sehr prizise zu messen.
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ABSTRACT

Quantum mechanics was initially developed to describe microscopic processes but
scientists quickly came to far-reaching predictions, such as the wave-particle
dualism of matter [1,2] or the entanglement of particles [3,4], which often contradict
our classical intuition. However, not even a single experiment could falsify any
theoretical prediction of quantum mechanics. Today it is the most tested theory in
physics. The question of the range and limits of its validity arises. To which extend
can systems be macroscopic, complex and massive while retaining their quantum
features? Is there a spatial and temporal restriction to the separation of wave
functions? Which decoherence mechanisms force systems at macroscopic scales to
appear classical?

During my thesis I focused theoretically as well as experimentally on matter-wave
interferometry with atoms, molecules and molecular clusters.

During my 3 month exchange stay in the group of Prof. Miiller at the University of
California at Berkeley we have carried out an experiment to show the largest space-
time area interferometer at that time [9]. Here, matter waves of caesium atoms have
been coherently split and recombined up to 8.8 mm and for 500 ms. Key to run this
experiment was to compensate for earth’s rotation. Without this compensation the
Coriolis force would have prevented the split matter-waves from a precise
recombination.

The main subject of my thesis at the University of Vienna was the experimental
realization of the (first) all Optical Time-domain Jonizing Matter-wave (OTIMA)
interferometer [6,7]. It consists of three pulsed nanosecond standing light waves
which act on the particles with a well-defined timing sequence. Interference in the
time-domain is independent of the particles’ velocities and of their de Broglie
wavelengths. This has been demonstrated earlier for atoms by addressing laser light
to certain atomic levels [8]. In contrast to that, the OTIMA interferometer uses
optical ionization gratings [10] which allow us to coherently manipulate many

atoms, molecules and nanoparticles, since photo ionization is mostly independent of



the specific internal level structure of the nanoparticle. As a result we can interfere
different particles simultaneously. Quantum interference in the OTIMA setup is not
only visible in the spatial interference pattern but also in the mass selective
transmission, which is a feature of the time-domain. This has been proven for
Anthracene clusters up to 2300 amu [6]. The interference pattern has a period of
78.5 nm and is therefore highly sensitive to external forces. This feature as well as
the accurate timing of the OTIMA offer an enormous advantage for future

deflectometry experiments.
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1 Interferometry: Introduction to the concept

of time-domain

xmax

AX=A

Y

A

S

Figure 1-1 Sketch of a far field interferometer

A normal “double slit experiment” consists of two slits separated by the distance d
and a device that detects the particles after a distance s. The particles/waves
approach the double slit (see Figure 1-1) from the left with nearly parallel
trajectories (collimated by slits). Such double slit experiments have been performed
with light [11] electrons, atoms, small and large molecules [12—15] to demonstrate

their wave properties. The vertical position of the interference maximum is given by

X = nil- (E 1-1)
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where 7 is the interference order and 4 the wavelength. Good wavelength selection is
necessary to observe a high contrast interference pattern. Photons from a thermal
source, a light bulb for instance, can be optically filtered in order to achieve a
“monochromatic” beam. This is more challenging for thermal particles. The de

Broglie wavelength [1] is given by

Aagp = —
mv

h denotes the Plank’s constant, m the mass and v the velocity of the particle. To
restrict the spectrum of different de Broglie wavelengths in a thermal beam, the
velocity and/or the mass distribution must be narrowed. Mass distributions are much
easier to control, for example by using chemical preselected molecules/atoms and/or
post mass selection in time-of-flight or quadrupole mass-spectrometer [16,17]. The
velocity of a certain thermal particle is random and follows the Maxwell-Boltzmann
distribution. In order to detect just a narrow band of velocities, the beam can be
chopped or pulsed. However, this restriction of velocities is not crucial. Changing
equation (E 1-1) slightly to

h s ht
mvd md

Xmax =

eliminates the velocity dependence. The position x,,, depends on t = %, a time,

defined by the slit separation d and the mass m. This is the time the matter-wave
needs to become diffracted by a distance x,,,,. After the same time all particles with
the same mass produce the same interference, regardless of their velocities. To make

1t more intuitive, a momentum kick can be extracted from this formula

Pa

I
Ql =

which only depends on the grating constant d. This grating kick is equal for all

particles irrespective of their velocities or masses.
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Let us now assume an experiment with a pulsed source placed in front of the double
slit, which produces plane matter-waves. A particle pulse containing different
velocities is emitted and passes through the two slits. After some time an
interference pattern forms in space (x-z plane), see Figure 1-2. This interference
pattern spreads out along the z-axis (beam-direction) corresponding to the various
velocities of the molecules, but it is totally non-dispersive in the x-axis (parallel to
the grating). If the particles were detected on a screen with a fixed position, the
interference contrast would be reduced because of the different transit times between
the double slit and the screen. This smearing can be avoided by a time-domain
detection scheme using a pulsed standing light wave of the same period as the
appearing interference fringes. The standing light wave can be produced by a pulsed
laser beam that is retro-reflected on a mirror. The wavelength of the laser photons
has to be chosen in order to efficiently ionize the particles in the antinodes of the
standing light wave. The laser grating acts like a spatially filtering mask and it is
applied at a time when X,,,, is of the size of the grating constant d; of the laser
grating, over a wide area in the z-y plane. In other words, a pulsed standing light
wave with a grating constant d; is used to scan over an interference pattern with the
period d;. The remaining particles are afterwards detected and plotted as a function
of the vertical position of the scanning laser grating. In order to guarantee that all
detected particles have interacted with the diffraction grating at the same starting
time, the material diffraction grating has to be replaced by a pulsed laser grating of
period d;.

An important property of the particle beam is spatial coherence. It can be created by
sending the massive particles through a transmission grating. When we translate the
van Cittert-Zernike theorem [18] into the time-domain it tells us that a molecular
beam, as provided by a transmission grating, coherently illuminates after a fixed
time a diffraction grating with the same grating constants.

Thus, the combination of three light gratings (one to produce a coherent beam, one
to diffract the matter waves and one to detect the interference pattern) forms an
interferometer in the time-domain. The spatial realization of this three grating near-

field interferometer is known as Talbot-Lau interferometer [19,20].
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0 4 8 12 16 20 24 28
Time T/TT

Figure 1-2 Simulation of the transition from the near-field to the far-field: A grating
is illuminated from the left by a spatially coherent wave of particles with a certain
mass. Regions of bright colors indicate high intensity. After the time Tt the particles
show an interference pattern similar to the grating structure. This is repeated several
times T/T1=1, 2, 3, ... At larger distances the principal far-field diffraction orders are
built up. Figure from[21], modified.
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Talbot-Lau interferometry in space and time

1.1 Talbot-Lau interferometry in space and time

In this chapter I would like to connect the concept of the Talbot-Lau interferometer,
which works in the near-field regime, with the idea of time-domain interferometry
[8]. T will start with a short description of the Talbot-Lau interferometer (TLI) with
three material gratings [19,20]. Then I will replace the second material grating with
a laser grating and introduce the Kapitza-Dirac-Talbot-Lau interferometer
(KDTLI)[22]. Finally, I will focus on the all optical implementation of a TLI, an
Optical Time-domain /Jonizing MAtter (OTIMA) interferometer [6,7,10]. This
interferometer works in a pulsed way and is suitable to interfere matter in the time-
domain. But first I would like to establish a quantity which measures the intensity of

the interference contrast.

1.1.1 Interference Contrast — Visibility

To compare the quality of the interference patterns, one can define the quantity
visibility V. The visibility is a function of the maximal S,,,, and minimal S,,;,

signal intensities of an interference pattern[18].

V= M e [0,1]
Smax + Smin

Figure 1-3 shows the expected near-field interference pattern behind a grating,
which is illuminated by a plane wave. A carpet of different periodicities builds up as
a function of the distance from the grating. These entire patterns can be decomposed
at each position in a Fourier spectrum and written in a basis of sinusoidal functions.
The interference fringes in a TLI are resolved by scanning the third grating with a
grating period d over these patterns. The transmitted signal, a function of the

position x, is given in first order approximation by:
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S(x)= Sy + ZSlsin(n%)

1
Where d denotes the grating constant and n = (Li modl) defines the periodicity
T

of the interference pattern. This leads to a visibility given by the amplitude and the

offset of a sine function.

28,
o =5 (E 1-2)

Instead of scanning the interference pattern over several periods, it is in various
experiments sufficient to measure just at two positions in order to extract the
amplitude (if knowledge about the frequency can be assumed). In experiments
where the absolute knowledge of the visibility is not necessary, or only relative
changes in the visibility are measured, it is appropriate to accumulate the transmitted
particles at one x-point near the interference maximum Sg,, of the formed
interference pattern and without interference S, (for example with misaligned
gratings).

In this case we will make use of a more general quantity, the normalized signal

difference

ASN _ (Squa - Scla) (E 1_3)
Scla

21
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Talbot-Lau interferometry in space and time

1.1.2 Talbot-Lau in space

0 0.5 1 1.5 2

Distance L/Ly
Figure 1-3 The Talbot carpet illustrates the near field interference pattern of a
grating illuminated from the left with a monochromatic plane wave. Various
interference fringes emerge with periods of multiple integer of the grating constant

d. After a distance Lr, an interference pattern is formed with the same period as the
grating d. Regions of bright colors indicate high intensities. Figure from [21].

In 1836 William Henry Fox Talbot discovered that intensity variations of parallel
monochromatic light behind an illuminated grating reproduce the grating structure
after certain distance [23]. This so called Talbot distance Lt depends on the grating

constant d and the wavelength of the incoming light 4.

nd?
LT =

A

The lateral periodicity of this effect is denoted by n. If n is an even integer, the

observed interference pattern reproduces exactly the grating. For odd integers, the
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pattern is laterally shifted by a half grating period. For non-integers but rational

multiples, the fringes show higher spatial periods as the original grating (see Figure

1-3).

~_incoherent source

_ ﬁ1st grating prepares beam coherence

diffraction grating

scanning grating

detector

longitudinal coordinate

Figure 1-4 A Talbot-Lau-interferometer (TLI) consists of 3 gratings with the same
grating constant. The distance between the gratings has to be equal in order to fulfill
the Talbot [23] and the Lau [24] condition. The first grating prepares coherence
from an incoherent beam at the position of the second grating, which is used to
diffract the particles-waves. The appearing interference pattern is scanned by
shifting the third grating. The remaining particles are detected and counted as a
function of the position of the third grating. Figure from [25].

In order to use the Talbot-effect a source of monochromatic plane waves is needed
[26]. Laser like sources have been built for atoms [27-30], but for complex
molecules it is necessary to use point sources with collimated and velocity selected
beams, as discussed in 3.1.

An efficient way to produce sufficient coherence is provided by the Lau-effect [24].
It is an experimental implementation of the Van Cittert-Zernike theorem, which

states that the coherence function at a certain distance (the Talbot-length Lt) behind

23
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Talbot-Lau interferometry in space and time

an incoherently illuminated aperture has the same shape as the interference pattern
under coherent illumination of the same aperture [18]. The aperture given by a
grating with the period d has the needed shape to produce (after a distance L) the
required coherence function for the diffraction grating. A TLI is formed [19,20,31]
by combining the Talbot- and the Lau-effect, see Figure 1-4.

The Lau-effect provides the coherence and the Talbot effect delivers an interference
pattern. In order to detect the interference pattern of periodicity d, a third grating
with the same period can be used. It acts as a transmission mask and is scanned over
the matter density pattern. When the transmitted signal is detected as a function of
the position of the third grating, it represents a measure of molecular interference.
The main advantage of the Talbot-Lau concept compared to far-field diffraction is
the compatibility with laterally incoherent particle beams. This allows one to
renounce on collimation slits and to work with thousands of coherence preparation
slits in parallel - which results in an enormous signal enhancement over the single
slit collimator. In addition, this scheme offers a favorable length scaling behavior
with the wavelength: The required grating period decreases with the square root of

Aqp 1n the near-field whereas it scales linearly in the far-field regime.

1.1.3 Van der Waals interaction and optical phase grating

The TL interferometer would be a perfect instrument to prove the quantum wave
properties of heavy particles if it were not for the van der Waals interaction [32],
which attracts the particles towards the grating walls. It is caused by dipole
fluctuations of the polarizable particles in interaction with their induced image

charges in the grating walls. It scales with [33]

r3

The first equation holds close the grating wall (van der Waals regime), while the

reduced potential on the right-hand side is valid for large distances to the wall
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(Casimir Polder regime). The typical transition between short and long distances is
of the order of the wavelength of the strongest dipole transition in the polarizable
particle, in practice several dozen nanometers. » denotes the distance between the
particle and the grating wall and C, = 3hca /81 is a constant that only depends on
the particles’s polarizability for the case of a perfectly conducing metal surface.

The constant C3 depends on the total frequency spectrum of both the polarizability
and the gratings dielectric constant [34]. In order to study interference of heavier
particles, the particle velocity should be slow enough to ensure compatibility of the
de Broglie wavelength with the experimental settings. However, the deflection
caused by the van der Waals force grows quadratically with the interaction time at
the grating [35,36]. This results in a smearing out of the interference pattern and it
effectively reduces the grating’s open fraction. The acceleration towards the gratings
walls will lead to absorption of particles within a certain distance from the walls.
Let’s consider for example [33] a Ausggo cluster with a mass of about 10%amu in a
distance of 50 nm from a 100 nm long grating wall. At a velocity of 1 m/s, which is
required for the interference of a 10° amu particle in a tabletop experiment, the
cluster is absorbed after ~100 ns. This illustration shows the technical limitation for
material diffraction gratings. Although grating structures fabricated with ultra-thin
membranes like atomically thin grapheme [37] or meta-material [38] may overcome
this restriction, even the thinnest grating membranes will still influence particles
while approaching and escaping the grating structure by a van der Waals dispersive
interaction.

A way to get rid of this problem is given by gratings made out of standing light
waves, which act as phase gratings to diffract the particles (see 2.3). The
periodically modulated electrical field of a standing light wave interacts with the
optical polarizability of the particles. Far-field diffraction experiments [35] with
standing light waves as well as the experimental implementation of a TL-
interferometer with a diffraction grating made of a standing light wave (Kapitza -
Dirac Talbot — Lau interferometer (KDTLI)) have been successfully shown [22,39].
The KDTLI holds the current record of the heaviest diffracted particles [40].

Quantum interference has been demonstrated for tailor-made organic molecules with
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Talbot-Lau interferometry in space and time

about 430 atoms [41] and a mass of 6910 amu most recently even more than 800
atoms and masses beyond 10100 amu [42].

Nevertheless the van der Waals interaction still plays a role in this experiment since
the first and the third grating have to act as absorptive mechanical masks and are
therefore material gratings. In addition, velocity selection is needed to form
molecular beam with a moderate monochromaticity of better than év/v < 20%.
All these restrictions are circumvented by implementing a Talbot-Lau interferometer

by three ionizing pulsed standing light waves in the time-domain.

1.1.4 Talbot-Lau interferometry in the time-domain

Now we’ll have a closer look at the formula of the Talbot length. That’s the distance
a particle with a certain A;5 needs to fulfill both Talbot [23] and Lau [24]

conditions.

Lo = n— (E 1-4)
T M s

is the length which is needed to diffract the particles by the grating period d or a n-
fold multiple of it. The de Broglie wavelength is given by Az;z = h/mv and we

focus on the case where n = 1.

Dividing this Talbot length by the velocity of the particle, we get an expression with

the dimension of time.

T v
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Tr is the time that particles of mass m need to become diffracted by one grating
period d. The interference pattern is now elongated in the z- axes (flight direction)
corresponding to the different particles velocities and to their different Talbot-Lau
lengths L. Nevertheless, the Talbot-time T depends on the mass of the particles.

The momentum kick

Pa =

Ql =

is imparted on all particles during the interaction with the grating. It is the key for
interference in the space-time-domain and leads us to the central statement of pure
de Broglie (i.e. center of mass) matter-wave interferometry where the interaction

time of the particle and the grating are externally set.

After the same time all particles with the same mass produce the same

interference, regardless of their velocities.

To implement this idea of Talbot-Lau interferometry in the time-domain, it is
necessary to find diffraction structures which can be applied on particles with high
temporal precision [31,43]. Ideal candidates for this diffraction structures are
gratings made of standing light waves [10,13,22,44-49]. Compared to material
gratings, light gratings are advantageous since they avoid deflection due to Van der

Waals forces.
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Talbot-Lau interferometry in space and time

2 A universal matter wave interferometer in

the time-domain with optical gratings

Figure 2-1 gives an overview of the experimental implementation of time-domain
interferometry for complex molecules. The setup consists of a source with a fast
pulsed valve (V) which emits neutral particles (see 3.1) as well as delimiters to
restrict height (H) and width (W) of the particle beam. A 2-inch mirror provides the
boundary condition for the standing light waves. The three laser pulses emitted from
three F2-excimer lasers (A = 157nm) at t; =0, t, =T and t; = 2T are back-
reflected and form three standing light waves (see 2.3) with a period of A1/2 . The
first laser beam is used to prepare the needed spatial coherence, the second one
coherently rephases the matter-waves and the third grating acts like an absorptive
filter which resolves the appearing interference pattern in space (see 2.4). The
remaining neutral particles are ionized by a pulsed laser beam (L) and they are
detected in a time-of-flight mass-spectrometer TOF-MS (see 3.2). A fast photodiode
records the timing and energy (relative to each other) of the three laser pulses. A
computer program analyses these pulses and corrects the temporal settings and laser
powers, if necessary (see 3.5). In order to reduce decoherence by collisions with the
residual gas, high vacuum conditions have to be ensured. Therefore the source
chamber, with a pressure of up to p; > 10~ mbar, has to be separated from the main

interference chamber with p, < 10" mbar by a differential pumping stage.
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Grating laser 2 | Grating laser 3

157nm 157nm 157nm

Figure 2-1 Experimental overview of the OTIMA interferometer. From left to right:
The setup consists of a pulsed source (V), the Even-Lavie valve (see 3.1.2). The
source and the main interferometer chamber are separated by a differential pumping
stage to ensure suitable vacuum conditions for interferometry. The particle beam is
restricted with variable slits in height (H) and width (W). As soon as the particles
pass below the 2-inch mirror the retro-reflected laser pulses at t; =0, t, =T and
t; = 2T form three ionizing standing light waves. The first beam is needed to
prepare a certain spatial coherence, the second one is the main diffraction element
and the last grating acts like a spatial filter which resolves the appearing matter-
wave interference pattern, which forms as a spatial density pattern at a well-defined
resonance time. The transmitted neutral particles are afterwards ionized by the
detection laser (L) and mass analyzed in a TOF-MS (see 3.2). A fast photodiode (P)
is used to record the laser pulse timing which changes slightly over time due to
thermal drifts. Picture adapted from [6].
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Advantages of light gratings

2.1 Advantages of light gratings

Gratings, made of standing light waves [50], are
ideal diffraction elements for matter wave
interferometry in the time domain. The timing
between the pulses can be adjusted with better
than nanosecond precision. The interaction time

and strength can be controlled over pulse energy

and pulse length. Commercial laser systems
provide coherent laser pulses with high pulse Figure 2-2 Tonizing
| standing light wave

energy at UV or even VUV (157 nm)
wavelengths. Standing light waves with periods
down to 78.5 nm reduce the time which is needed to interfere the particles and they
provide an absorptive grating structure via ionization in the antinodes (Figure 2-2).
The Talbot-time is given by the equation (E 1-5). A grating constant of d =
78.5 nm leads to

Tr = 15.4 ns/amu

That is the time per atomic mass unit (amu) which is at least needed to diffract the
particles by a distance of d.

The first molecular Talbot-Lau experiments [20] were performed with gold gratings
of a period of 1 um, which corresponds to Ty = 2.5 ps/amu. Nowadays far-field
interference patterns are routinely observed [12] using mechanical grating periods
of 100 nm. One of the drawbacks of tiny material grating periods is that they suffer
from being easily clogged by particles. Furthermore, particles interact in a dispersive
way with the grating walls due to the van der Waals interaction. With light gratings

we overcome these limitations.

' F2-Excimer laser 157nm



A universal matter wave interferometer in the time-domain with optical gratings
2.2 Theoretical description

The main elements of the OTIMA -interferometer are the three standing light waves.
The laser beams are retro-reflected from a single 2-inch mirror which defines a
common boundary condition for the standing light waves.

The electrical field of a running light wave is given by
E (x,y,z,t) = Re{fEy(x, , z)elvt}

Here & denotes the polarization vector and E,(x,y,z) is the spatially varying

electrical field amplitude given in a Gauss-shape (w,, , ) by

5
Eo(x,¥,2) = Egmax sin(kyx)e wy

where we choose x to be the grating axis. The intensity of a standing light wave is

given by

2
1 - 2 8P X <—2y—2—2—2>
[(x,y,2) :§C50|E(x,)’,z)| I cos? (?)e wy Wz
y Wz

where P denotes the power of the laser beam.

The particles interact with the standing light field mainly in three ways:

On the one hand, they absorb photons and on the other hand they interact with the
fast oscillating E-field via their optical polarizability and thus accumulate a phase.

When the size of the particle becomes comparable with the wavelength, Rayleigh or

even Mie scattering [51] also become relevant.
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Theoretical description

2.2.1 Absorption of a photon

Assuming that all absorption events are independent of each other, the probability of
having k photons absorbed by a specific particle if, on average, a particle absorbs q

photons, is described by Poissonian statistics,

qk
Pq (k) = Fe_q

The expectation value ¢ is both the mean and the variance of this distribution and &
denotes the number of the expected events. The average number of absorbed
photons per particle is given by

Pt

no = 04D

where g4(A) is the absolute absorption cross section for a certain wavelength A ,
which we assume to be constant regardless of the number of absorbed photons. P
denotes the power, 4 the area of the laser beam (wy w,), T the laser pulse length and
hv the energy of a single photon.
The probability to absorb at least one photon for a fixed mean absorbed photon

number 1 is set by the Poissonian probability of the complementary event,
p(n>0)=1—-PF, (0)= 1—e™™

For a given laser energy P -t, different particles see different grating
structures/opening fractions due to their individual ca(A). Exactly in the nodes, the
probability to absorb photons is zero. However, in the antinodes the particles feel the
highest alternating electrical field which corresponds to the maximal density of
photons. If one photon is sufficient to ionize or somehow mark the particle®, then the

transmission function #(x) through the standing light wave has the shape Figure 2-3).

? Particles can be pumped into a dark state [47] or
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—ngsin? (&
tix)=e nosin® () € [0,1]

To calculate the transmission through such a standing light wave, #(x) has to be

integrated over 2.

1 2T B 5 TIX.
trans = 2—f e oSG gy
i
0

Figure 2-3 Normalized electric field of a standing light wave with a period of 78.5
nm (blue). The grating structure differs for particles of different absorption cross
section or different laser intensities. Particles are counted as transmitted if they do
not absorb any photon. The transmission function is plotted for the case that in the
anti-nodes of the standing light wave the average number of absorbed photons
amounts to ny=8 (green) or ny=24 (red). Increasing the cross section or intensity is
tantamount to reducing the effective slit width of this tunable transmission grating.

be marked by depletion of an added molecule see 4.2.1
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Theoretical description

2.2.2 E-field particle interaction

Neutral particles interact with an alternating electric field via the optical
polarizability and develop an induced dipole moment. Here, the oscillation

frequency f'is given by the VUV wavelength 4, 157 nm and the speed of light c.

f=-=19 -10'5Hz

>0

The way the charge distribution of the particle behaves depends on the particles’
properties. If the electron density can follow the excitation frequency with a phase
shift in a range of —m/2 < ¢ < /2, the particle is accelerated to higher E-fields
(high field seeker). This is the typical case for large particles. Particles with a slower

electrical response, a phase shift of m/2 < ¢ < 3m/2, are deflected towards lower

electrical fields (low field seeker). Particles with phase shifts of ¢ = % or ¢ = 3771

show no deflection [52].
The deflection grows linear with the laser intensity I(x,y,z) at the particles
position. The proportional factor is called optical polarizability a; and we can write

an effective potential [53]

—2nal(x,y,2)

V(ix,y,z) = -

Particles accumulate a phase ¢(x,T) in the presence of a potential. The phase is

given by

¢(x, 1) = =V(x)t/h

This phase can also be independent of the generated force (see Aharonov-Bohm
effect [54-56]). The accumulated phase in the center of a Gaussian laser beam

profile standing light wave is given by
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d(x) = 123;—;2%052 (Z—x) =:V, cos? (Z—x),

where w, and w, are the length and the width of the Gaussian beam profile and P - t

denotes the energy of the laser pulse.

2.2.3 Photon scattering

The effect of Rayleigh or Mie scattering becomes only important for particles whose
sizes is comparable to the photon wavelength and it can therefore be neglected in
the following [7]. A gold cluster of 10° amu for example has a diameter of 55 nm
and Rayleigh scattering will only cause a visibility reduction of about 20% [7]. A
particle of this mass, however, corresponds to a Talbot time of 15 seconds
(assuming a 78.5 nm grating period) which exceeds the capability of Earth-based

table top experiments by several orders of magnitude.

2.3 Particle light interaction

Accordingly the interaction of matter with light in the OTIMA interferometer is
given by two mechanisms, the absorption of photons and the phase accumulation (E-

field particle interaction). The overall particle standing light wave interaction can be

written as a complex transmission function [7]:
—No . . o JTX
t(x) = exp <(T + lVO) - 51n2(7)>

For the first and the third grating the complex phase part can be neglected because

the initial momentum distribution of the particles is broader than the ‘grating kick’
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Particle light interaction

Ak = 2h/d. The first grating just acts as an absorptive grating in order to prepare
spatial coherence for the rephasing second grating (see 1.1.2). At the second grating
the absorptive as well as the phase part of the standing light wave contribute to the
interaction. The third grating is used to resolve the interference fringes by scanning

over the emergent particle density distribution and the phase can again be ignored.

The mean number of absorbed photons ngl'2'3) in the antinodes of each standing

light wave (1, 2, 3) determines the contrast and is thus essential for the
characterization of all gratings.

An exact theoretical description of the quantum propagation through an ionizing
time-domain Talbot-Lau interferometer is given in ‘Concept of an ionizing time-
domain matter-wave interferometer’[7] as well as in other papers [57] and
theses[58,59]. Here, I will summarize and comment the results!

The expected interference fringes will form periodic structures which can be
resolved by scanning the third grating. The visibility (see 1.1.1) of this structure
depends strongly on three particle properties: o, the absolute absorption cross-
section, a; the polarizability both at the grating wavelength of 157 nm and its

mass m.
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Figure 2-4 Simulation of the quantum visibility as a function of the pulse delay T/Tr
for ng=10 photons at all gratings and P=1 (blue). The corresponding classical
contrast is plotted in red.

The transmission function of each grating is independent of the particles mass.
However all three gratings together - pulsed with the right timing - show a strong
mass dependent transmission as a function of the position of the third light grating.

The transmission function is also significantly influenced by the ratio of o4 and a;;,

ALOy Ny
Bi= =

_ _ (E 2-1)
8mlay, 2V,

This ratio is dimensionless. |B| < 1 indicates the importance of the optical
polarizability compared to the absorption cross section. |[B| >> 1 will lead to
interference fringes where the effect of the optical polarizability can be neglected
(see Figure 2-5). A positive S indicates a high field seeking state of the particles at

157 nm. Low field seeking states have a negative £.

37



38
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2.4 How to record interference pattern?

There are several ways to record the interference patterns and to prove the quantum

nature of matter with time-domain Talbot-Lau interferometry:

A) The quantum phase is imprinted in the mass dependent transmission
through the interferometer as a function of the pulse separation time. Each

mass shows highest interference contrast around integer multiples of the

. md? .
Talbot-Lau time Ty = - (Figure 2-5)

B) The mass dependent transmission for a fixed pulse timing corresponds to
the appearance of a sinusoidal interference pattern in space. This
interference pattern can be resolved by scanning the third laser grating

transversally over this structure. (Figure 2-3)

C) The visibility of the interference pattern is strongly influenced by the
intensity of the second laser grating. In the vicinity of the Talbot-time

different  show a unique visibility function depending on the mean number

of photons n(()z) that are absorbed in G2. (Figure 2-6)

In the experimental section you will find an experimental verification for all points

A), B), C) which are demonstrations of the quantum mechanical behaviour of

massive and complex particles. On the other hand they offer us new ways to:

A) measure and filter the mass of neutral particles by searching for their Talbot

times when they form S-independent interference patterns.

B) measure deflections of the interference pattern due to the particle interaction

with external potentials (E-field, B-field,... see 4.14.1)

C) measure the f — parameter of particles and from that in combination with

transmission curves the particle’s optical polarizability and cross section.
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Figure 2-5 Simulated visibility as a function of the pulse delay T/Tr for different .
no=10 for all three gratings. f =0.3 (black), B =1 (blue), p =3 (red). Exactly at the
T=1, the Talbot-time, the expected visibility is independent of . The periodicity of
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the interference fringes scales with n = (Li modl) (see also Figure 1-3).
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Figure 2-6 (left) Simulated visibility at the  independent Talbot-Lau time versus
mean number of absorbed photons in the antinode ngl’z‘g)(blue). All three gratings
are assumed to be identical. The red line indicates the simulated transmission as a
function of ny for one grating. (right) Simulated visibility at % of the Talbot-time.
The first and the third grating are fixed at n01’3)=lO photons. The middle grating

varies the power. Four blue plots are shown (from left to right) =0.2, f=0.6 (=1,
p=14.
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3 Experimental realization

In order to build an optical time-domain ionization matter-wave interferometer it is
necessary to use particle sources and detection schemes which fit the pulsed
character of the interferometer. The lasers have to emit photons of sufficient energy
to allow single photon ionization. The light has to be sufficiently monochromatic to
create a distinctive standing light wave and the laser pulses have to be sufficiently
short and accurately timed that the interferometer can be operated in the time-
domain. However, the wavelength should be in a range where high quality optics is
still available. The quality and reliability of optics decreases for shorter wavelengths.
Furthermore, we had to develop a fast data acquisition routine and find new
experimental schemes to proof the quantum nature of matter in a time-domain

experiment.

3.1 Sources

A beam of cold neutral molecules and molecular clusters is favourable for our
interferometry experiments. The particles have to be cold enough in order not to
emit photons during the time they spend in the interferometer which would lead to
decoherence (see 4.2). Charged particles interact strongly with any electromagnetic
field which introduces dispersive effects. In this section I will therefore focus on
neutral molecular beams, their particle density, mass distribution, velocity and
internal temperature. Pulsed sources may provide a higher particle density than most
continuous sources and they are particularly favourable for the intrinsically pulsed
scheme of the OTIMA interferometer.

Thermal sources such as sublimation ovens [60] produce a thermal beam of
vaporized molecules. They can be seeded with rare gases which allows for internally
cold supersonic beams [60]. The velocity of the molecules is close to that of the seed

gas. Such sources are often combined with a pulsed valve [61] and offer a molecular
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beam [62] which is sufficiently cold to initiate a clustering process. Magnetron
sputter sources [63] sputter atoms from a target into a cold buffer gas atmosphere
where they thermalize, condensate and form clusters. Laser desorption [60] of
molecules with short laser pulses heats the particles rapidly and supplies very
intense beams of hot molecular particles and atoms. They can also be seeded and
cooled with added rare gases [64]. Long laser pulses heat the particles slowly and

evaporate them therefore with a colder thermal velocity.
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3.1.1 Magnetron sputter source

Turbo molecular pumps
Cooler 014 head 4k

Iris '
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Aggregation tube 77 K

~1 mbar
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prtterhea Isolation | Buffer gas cell
Sputter target 77 K copper shield

Figure 3-1 Schematic view of a magnetron sputter source and the added buffer gas
cell. The buffer gas cell can reach temperatures down to 4 K and is divided into 2
sections by three adjustable irises in order to optimize velocity and cluster
distribution. Figure form [58], modified.

Our magnetron sputter source was provided by the group of Bernd von Issendorff at
the Albert-Ludwigs University in Freiburg. It consists of a sputter head, a liquid
nitrogen cooled aggregation tube and gas feed-throughs. An electrical field applied
on the sputter head accelerates charged particles towards a metal/semiconductor
target and sputters mainly atoms, but also dimers and trimmers [65], which are
partly charged and therefore enhance the sputter process. The particles thermalize
with the liquid nitrogen cooled buffer gas (He, Ne, Ar) and start to condensate. The
buffer gas pressure is usually set to 1 mbar by a tunable opening (iris) from where it
expands to 10~ mbar vacuum. The pressure is a very important parameter for the

clustering process and can be controlled by two flow controllers at the inlets for the
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buffer gas. Also the time in the aggregation tube influences the particle condensation
process. This time can be controlled with the distance between the sputter head and

the iris and the iris opening (see Figure 3-1).

singly charged
1200
3
i
g doubly charged
600~ triply charged

.‘I\HW | 4, A Ilml

3000 6000 9000 12000
mass/charge [amul]

Figure 3-2 Mass spectrum of photo-ionized (157 nm) Niobium clusters. Three
different classes of charged clusters have been detected. The main distribution
corresponds to the singly charged clusters (highest signal); doubly charged particles
form up to the middle distribution. Particles which have lost three electrons
contribute also to the signal.

The magnetron sputter source provides a molecular beam travelling at 300-400 m/s
with a mass distribution as shown in Figure 3-2.
In order to tune the source to slower molecular velocities we added a buffer gas cell

which was cooled by a pulse-tube cooler’. This buffer gas cell further slows the

? SHI Cryocooler MODEL SRP-082B-F70H (low vibration version)
Cooling Capacity:
1st stage: 40W at 45K
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cluster beam via thermalisation down to 4 K. We use three irises placed at the end of
the aggregation tube, in the middle and at the end of the buffer gas cell to optimize
the beam parameters. This permits to separate the sputter process from the cooling
stage, which requires different buffer gas conditions. The operation pressure in the
aggregation tube as well as in the buffer gas cell is in the range of 0.1-10 mbar. At
this pressure, the buffer gas builds up streamlines and also turbulences and can be
well guided by optimizing all irises to each other. At temperatures below the boiling
point of the buffer gas all the gas molecules reaching the cell surface condensate and

stick on it. That changes the aerodynamic totally.

Table 3-1 Most probably velocity of buffer gases at their boiling points.

Buffergas Mass [amul] Boiling point [K] Vimax [M/s]
Helium 4 4.2 133
Neon 20 27 151
Argon 40 87 192
Xenon 131 165 145

The magnetron sputter source provides a continuous flow of particles which has to
be chopped in order to suit the OTIMA interferometer. The OTIMA interferometer
runs with a maximal repetition rate of 200 Hz, which is limited by the repetition rate
of the grating lasers as well as by the limited data acquisition and real time
processing of 200 Mb/s of time of flight (TOF) mass spectra. Assuming an average
particle velocity of 300 m/s and a used beam width of 2 mm (ionisation area 2 x 1 x
0.3 mm? delimited by slits, in the TOF) per experimental run (200 Hz), just 0.13% of

the particle beam is actually used.

2nd stage: 1.0W at 4.2K
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3.1.2 The Even-Lavie —Valve

additional .
heater y heati ng

wire

expansion
nozzle

Figure 3-3 Picture of the assembled Even — Lavie — valve. The temperature at the

cartridge for the molecules is controlled with a self-made additional heater.

Supersonic molecular beam methods have been widely used in atomic and
molecular physics. This technique allows to produce an intense and cold beam of
particles with well-defined kinetic energy. Internal particle temperatures down to 0.8
- 1.6 mK have been observed by proving the existence of the weakly bound van der
Waals cluster “He, in a matter-wave diffraction experiment [66].

Our commercially available pulsed supersonic source, the Even-Lavie-valve
[61,62], consists of a small oven chamber connected to a pulsed valve with a 150
um nozzle. The whole source setup can be heated up to 550 K. The oven chamber is
connected to a gas inlet. Different kinds of gases can be added to the evaporating
molecules. These gases are normally rare gases like He, Ne or Ar and can be varied

in pressure from 1-100 bar. Depending on the pressure of the molecule/carrier gas
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mixture, the particles undergo an adiabatic cooling process by the expansion. This
technique also works for complex and large molecules like Anthracene or Aniline.
Internal temperatures below 1 K have been measured [56]. If the partial pressure of
molecules during the expansion process is sufficiently high, the cold particles start
to condensate and form Van der Waals clusters. Also Van der Waals cluster of
molecules with gas atoms have been observed (see Figure 3-4). As a rule of thumb:
for clustering, the internal temperature of each cluster has to be lower than the
boiling point of each component. These mixed clusters can be used to extend the
single photon ionization grating to a depletion grating. If absorption of a single
photon doesn’t lead to ionization then it can heat the cluster to a degree that weakly
bound molecules or atoms evaporate. Such technics have been used in depletion

spectroscopy and will be explained in (4.2.1).
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Figure 3-4 Mass spectrum of Ferrocene Fc¢ (CjoHjoFe) clusters with attached
Ethene E (C,H4) molecules. The internal temperature of every cluster has to be
lower than the boiling point of each component!

A drawback of this source is the high velocity of the emitted particles which is
determined by the carrier gas and its temperature and pressure. The velocity of the
particles is a very important parameter for interferometry because it sets an upper
limit on the passage time through the interferometer which limits the maximal

Talbot-Lau time Tr.
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The mean velocity of gases which have a constant- pressure molar heat capacity Cp,

which is independent of temperature, is given by [67]

Every ideal monoatomic inert gas has a heat capacity of C,, = SR. This leads to

theoretical mean velocities as listed in Table 3-2. Note that the speed of the inert gas
under these ideal assumptions is independent of the backing pressure. Under real
conditions we only measure the velocity of the co-expanded molecules such as
Anthracene Ac (because it can be easily photo ionized by 157 nm radiation). The
experimentally measured mean velocities of 960 m/s for Neon and 640 m/s for
Argon at 500 K are lower but quite close to the ideal predicted case. This
discrepancy is known in literature as “velocity slip” [67,68]. During the expansion
process heavy particles with slower super-sonic velocities are repetitively
bombarded by the lighter inert gas atoms and asymptotically accelerated to the inert
gas velocity. In case the starting pressure is too low, they will never undergo enough

collisions to reach the terminal velocity of the buffer gas.

Table 3-2 Estimated velocities for different inert gases after supersonic expansion
under ideal gas conditions (see text)

Buffer gas Mass [amul] Vmax @ 500 K [m/s]
Helium 4 2280
Neon 20 1020
Argon 40 720
Xenon 131 400
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3.1.3 Laser desorption — Thermal laser evaporation

Laser desorption is a well-established technique to evaporate thermally unstable
particles as well as refractory alloys and metals. Most commonly are Nd:YAG lasers
with pulse lengths of less than 10 ns and wavelengths between near IR and soft UV
that are focused to an area of some 10 um? in order to achieve rapid heating and
evaporation [16,64,69].

The temperatures in the focus point can exceed the boiling point of the material by
far, but only for a very short time, which also allows desorption of particles which

dissociate before they evaporate in an oven.

1

lens

vacuum
I

Figure 3-5 Thermal laser evaporation source. A laser beam heats molecules (green)
to evaporate them from a moveable glass plate.

A slightly different approach is to focus a continuous laser beam directly on a
molecule coated vacuum viewport [12] as shown in Figure 3-5. In this scheme,
molecules are heated slowly until they evaporate. This evaporation method is also
quite soft because the heated molecules spend just a very short time in a thermally
excited state until the molecule-molecule binding is cracked and the particles start to
evaporate. The evaporation temperature is lower than in the case of nanosecond
pulsed laser desorption, because the molecules are slowly heated and leave the

heating laser beam as soon as they have absorbed enough photons.
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Detection - Time of flight mass-spectrometer

Both methods evaporate thermally unstable particles into the gas phase. Thermal
laser evaporation is expected to generate beams of slower velocity while nanosecond

evaporation may possible even address more thermo-labile particles.

In the experiment we will focus a cw-laser diode on a molecule-coated vacuum
viewport which can be vertically and horizontally translated to transport new
molecules into the laser beam. The laser can be switched on and off within
microseconds to chop the beam.

From a single shot onto an area of 4000 um? one gets 10*/(4mr) molecules/sr/m?
[70]. Another advantage of this source is that only a very small part of the “source”
is heated, this improves the vacuum conditions during the evaporation process and
reduces the need of additional differential pumping stages. In other words, the
source can be mounted close to the interferometer. The resulting compact setup is of
great advantage since the signal loss of a pulsed source scales like 1/r, where r

denotes the distance from the source to the detection.

3.2 Detection - Time of flight mass-spectrometer

A time of flight mass-spectrometer (TOF-MS) works in a pulsed way and is able to
distinguish particles of different masses over a wide range in a single measurement.
This is important for the OTIMA interferometer because the interference pattern is
also imprinted on the transmitted mass spectrum (see Figure 3-12).

After VUV ionization of the interfered neutral particles the TOF-MS accelerates all
ions with the same electrical field into a drift tube. Particles with a different mass-to-
charge ratio arrive at different times on a multi-channel plate* (MCP). The incident
ions release electrical pluses which are digitized and post processed with a

computer.

* Three layer multi-channel plate (MCP) with 40 mm active diameter
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The TOF-MS at the OTIMA interferometer is a Kaesdorf RFT50 (reflectron type).
The high post-acceleration of up to 20 kV and a three layer MCP stack ensures

optimized detection of massive particles up to 100.000 amu with a time resolution

t/At of some 1000.

3.3 Laser system and beam line for VUV radiation at 157nm

The OTIMA interferometer is built up with 3 F,-Excimer lasers’. Each laser emits 7-
8 ns long pulses with a maximal repetition rate of 250 Hz. The maximum pulse
energy is 4.5 mJ. Sansonetti et al. [71] report an emission spectrum with two major
lines at a wavelength of 157.63094(10) nm (79%) and 157.52433(10) nm (19%) as
well as some spontaneous emission lines in the red wavelength range measured with
a standard F,-Excimer laser. A photon at 157.6 nm carries an energy of 7.89 eV. The

beam profile is a flat top with = 2 x 9 mm, illustrated in Figure 3-6.

Figure 3-6 The flat top beam profile of the EX50 laser has a width of 2 x 9 mm;
measured with a fluorescence plate and a CCD camera. Figure taken from [58].

5 EX50 Gam Laser Inc.
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Laser system and beam line for VUV radiation at 157nm

Radiation of A =157 nm has a penetration depth of about 40 pum in normal
atmospheric air (oxygen is the main absorber [72]). As a consequence, the whole
optical beam line must be kept at a partial pressure of less than 10~ mbar of oxygen
in order to avoid significant absorption of the lasers light. In addition, it is also
strongly absorbed by hydrocarbon-based contaminants which form laser-induced
debris on the optics even under vacuum conditions [73]. This film can be seen with
the bare eye as a brownish layer, with the shape of the laser beam profile.
Hydrocarbon based substances are often used as grease for mirror mounts. It is also
known that this laser-induced deposited film can be removed with traces of oxygen
or water added to a highly-pure purge gas like nitrogen [74]. In our setup we take
great care of the used mirror mount grease components and remove as much ooze as
possible. The whole optical setup is placed in a clean vacuum chamber. The optical
beam line is pumped down to 10 mbar during the time when we are not operating
the laser system. For the utilisation period of the laser system pure nitrogen
(99.9999%) constantly flows as a purging gas to all optical components. The
pressure in the vacuum chamber increases to around 1 mbar. This procedure ensures

a reliable optical system without laser-induced deposited films.

The intrinsic jitter of our Excimer-lasers is about 4-5 ns. However, a slow long time
drift of about 100 ns is added to this jitter in both directions. The pulse-to-pulse
stability under perfect conditions is better than 2 %. These conditions are only
fulfilled if the laser has recently been refilled and operates at the highest excitation
voltage. Typically, a pulse-to-pulse stability of about < 5 % is observed.

For high visibility interference it is very important to ensure that the delays between
the laser grating pulses are equal, see Figure 3-7. To overcome the jitter and power
stability issues we place a photodiode in the beam line. The photodiode® is mounted
to detect the diffuse light which is reflected from the interferometer mirror. This
ensures that the measured pulse times correspond to the interaction times with the
matter-waves. Due to the different optical light paths of the lasers, the pulse

emission time is not equal to the time when the light grating is formed.

% GaP photodiode G1962 (Hamamatsu)
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Figure 3-7 Interferometric resonance. a) The contrast of the Talbot-Lau interference
pattern strongly depends on the equality of the time delays between the three laser
gratings. b) Shows the difference between the interference pattern recorded at the
resonant condition and the interference pattern with a delay of AT (off-resonant).
Recorded is the normalized signal difference ASy (E 1-3) of the Anthracene 7
cluster ( Ac7) at a pulse separation time T = 18.9 us as a function of AT. The
interference pattern lasts 48 ns (full-width at half-maximum). Figure from [6].

The timing is even sensitive to the length of the laser pulses. Initially we measure all
delays with respect to the rising flanks. Since we shifted the starting points of the
delays to the end of the first laser pulse, to the middle of the second pulse and to the
starting flank of the last pulse, the interference contrast was improved by 5 %. The

temporal change amounts to 5 ns, but it is actually also physically motivated. The
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starting point of the free propagation of the matter-wave is given by the end of the
interaction with the first laser grating and stops by applying the third grating.

To improve the timing stability, we record each laser pulse and each measured mass
spectrum is stored in its correct time delay class. If the averaged timing is wrong by
more than 1 ns, the computer corrects the delays automatically in the software

controlled pulse generator.

3.4 Mirror at 157 nm

The central element in the OTIMA interferometer-setup is a 2-inch mirror. The
reflective mirror surface provides the boundary condition for all three standing light
waves. All light gratings extend in all three dimensions. They are perfectly aligned
to each other if one can overlap their grating structures just by translations. That is
provided if all gratings have the same period and the node/antinode planes are
parallel to each other. The grating period of each standing light wave is given by
half the laser wavelength and scales with cos(a), the angle between incoming and
reflected laser beam [31].

The main advantage of the one mirror setup is given by the parallelism of all
standing light waves. This design is also insensitive to vibrations and drifts of the
whole mirror which occur at a timescale longer than the time between the first and
the last laser pulse (see 1.1.4). This translations and rotations influence the position
of all three grating structures and correlating to the intercept theorem no shift of the
appearing interference pattern is caused.

The vertical displacement Asg.s of the interference pattern relative to the third

grating can be expressed by
Asges = Asy — 2As, + Asy (E 3-1)
As, , 3 indicate the displacements of each grating. The displacement of the first and

the last grating scales with the position of the interference fringes, while the position

of the second grating shifts the interference pattern twice as much due to the
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intercept theorem. Vibrations with a high frequency will shift the interference
fringes depending on their relative amplitude at the times of the applied light
gratings corresponding to (E 3-1). These displacements will change As;,3 in a
random way and lead to an averaging of differently shifted interference patterns. To
avoid this, we have built an optical Michelson interferometer that was mounted
underneath the interferometer mirror on a commercial low vibration stage’ to read
out the vibration amplitudes at each grating time and to correlate the Asges to a
constructive interference pattern (see Figure 3-8). A similar idea is used in atom
interferometry: if two atomic interference patterns are recorded at the same time and

correlated to each other, the resulting correlation is insensitive to vibration [75].

interferometer mirror I b
analysing [
software beam A
piezo actuator BS photodetector
AP 1. -
e =
] . : beam B
reference mirror 0
1
]
HV-supply —— N4
]
) —tl— polarisator

J piezo control laser
632,8 nm

_

low vibration platform

Figure 3-8 Setup to record the vibrations of the interference mirror. The position of
interference mirror is recorded in respect to a low vibration stage at the time of every
light grating. Therefore each molecular interference pattern can be corrected with
the vibration induced phase shift. Figure from [76], modified.

" Minus K
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The OTIMA interferometer mirror was fabricated and coated by Jenoptik AG. The
coating has a reflectivity of 96% at normal incident, which is a high standard for 157
nm radiation [74]. The flatness of the mirror was measured by the Physikalisch-

Technische Bundesanstalt Germany, see Figure 3-9.

Figure 3-9 Topographic map of the mirror surface. This data was measured by
comparing the phase of 632 nm laser light reflected by the interference mirror and a
reference surface. Measured by PTB Germany.

The convex shape of the mirror influences the interference pattern in a negative way.
The node/antinode planes of each grating are not parallel and enclose an angle to
each other. Let us assume a laser grating width of 5 mm along the particle beam
direction. The grating at the left part of the mirror is tilted with an angle of 0.2 prad
to the “flat” middle grating. That corresponds to a translation of the grating of 10 nm
over its length (see Figure 3-9, convex shape). An angle of 1.6 urad amounts to a
displacement of one grating period over the laser beam width (5 mm). Integrating
the signal corresponding to Asg.s (see (E 3-1)) over this width leads to a complete
disappearance of the interference fringes. However, a 10 nm shift leads - in a worst
case approximation - to a visibility reduction of about 13%. Assuming a mirror
shape like in Figure 3-9, also the right part of the mirror, where the third grating is
located, is tilted and also reduces the expected visibility.

In order to reduce this effect we select a small fraction in the vertical direction with
the TOF ionization laser of the interfered beam. This reduces the effective used

grating diameter of each laser.
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3.5 Measurement routine - Data acquisition

Once the interferometer is aligned, the experimental data acquisition is fully
automatically controlled by a computer program (MOPS). This program has been
developed in our group and fulfils all the real-time processing requirements to run
the OTIMA interferometer. For the time delay management the program controls
two pulse generators®. These delay/pulse generators handle the timing for the pulsed
source (see The Even-Lavie —Valve3.1.2), for the detection unit (see 3.2) including
the detection ionization laser and for the three grating lasers. Due to the high
sensitivity of the interference contrast on the grating laser delays, all grating laser
pulses are recorded by a single photodiode. The use of a single photodiode ensures
that no delays caused by differently long response times of the diodes or propagation
delays in the wiring lead to wrong laser pulse timings. The photodiode as well as the
TOF mass-spectrometer are connected to a fast 10-Bit digitizer card’ with a
maximum resolution of 2 GS/s. All digitized signals are transferred in real time (up
to 200Mb/s) to the MOPS-program. Here the photodiode signals are automatically
analysed to get the actual pulse timings and heights. Depending on the energy of the
grating laser (height of the signals) and the temporal delays, the program saves the
corresponding mass spectra in different folders. These folders can be post-processed
for later analysis. Each laser is regulated with an individual feedback loop stabilizing
the laser power besides the pulse delay.

The experiment normally runs with a repetition rate of 100 Hz. After each run we
record the remaining neutral particles by ionizing them with a 157 nm laser and

detecting them in a TOF mass-spectrometer.

¥ BNC Model 575 Pulse/Delay generator
? Agilent technologies Acqiris CC103
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Figure 3-10 Experimental data are taken for two different light grating timings. In the
resonant mode an interference pattern is built up at t;=2Tr. In the off-resonant mode
the second light grating is shifted by AT and no interference pattern is built up at
t3:2TT.

To observe quantum enhanced/reduced transmission of certain mass (see 2.4) we
have to run the experiment twice but with slightly modified laser pulse delays. One
time the pulse delays between the three laser gratings are equal (R) and at the next
run the pulse timing of the second laser is changed by 100 ns (O), which causes a
mismatch of the delays by 200 ns. In Figure 3-7 one can see that the interference
pattern just remains for 48 ns (FWHM). With the 100 ns pulse delay asymmetry, the
Talbot-Lau condition breaks and no interference pattern is observed. Normally, we
repeat the experiment for about 10 minutes. This corresponds to 60 000 recorded
mass spectra which have to be analysed and averaged. To evaluate the interference
contrast we assume that in the off-resonate mode (O) the transmission of the
particles is equal to the average of a sinusoidal interference pattern, which correlates
to the offset of equation (E 1-2) for the visibility.

In the resonate mode (R) we find the quantum enhanced/reduced transmission of
mass classes depending on the phase between the interference pattern and the third

laser grating (see Figure 3-11).
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Figure 3-11 The evaluated interference contrast depends on the relative position of
the appearing interference pattern (red) to the position of the transmission function
of the third laser grating (blue). In the illustrated sketch we will evaluate the highest
negative contrast (lowest transmission). Translating the last laser grating by

78'5/ o nm leads to highest transmission and a contrast of 1.

The mass dependent transmission of the interferometer is experimentally seen in
Figure 3-12 and Figure 3-13. The figures show the different mass spectra of
Anthracene clusters recorded in the resonant/off-resonant way of interacting with the
three light gratings at a pulse separation time of 25.9 us and 18.9 pus. The different
pulse timings are caused by the different velocities of Anthracene clusters seeded in
the source with Argon or Neon (see The Even-Lavie —Valve3.1.2). A pulse delay of
25.9 us corresponds to the first order Talbot-time of a mass of 1730 amu as well as
to the second order Talbot-time of a mass of 865 amu. At around these masses, the
highest transmission is expected. All data have been recorded at fixed pulse energy
of the laser gratings. However, the Ac clusters show an increase of the absorption
cross-sections for heavier clusters. This leads to different transmissions through the
gratings and therefore to lower visibility for small clusters with a lower cross-
section.

The theoretically predicted contrast (violet) has been calculated assuming that the -
parameter (see 2.3) stays constant for all clusters. Literature values only exist for the
single Anthracene molecule [77,78]. This assumption can be motivated; both
properties, absorption cross section and polarizability, show in general a dependence
on the number of contributing electrons. The relative cross-sections were evaluated

for each individual clusters by measuring the transmission probability through a
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single standing light grating with an assumed single photon ionization yield of

100%. The polarizability is then chosen such that the f-parameter stays constant.

The interference contrast ASy is extracted for each mass by its signal Sy

accumulated in the resonant mode and the signal So in the off-resonant mode.

Sr —So
So

ASN =

In all measurements we optimize the relative phase of the third grating to the
interference pattern in order to observe high contrast. This is done by using the

topography of the mirror and the formula (E 3-1):

ASges = Asy — 2As, + As;

Asges s the resulting shift of the interference pattern. In order to find topographies
of highest contrast on the mirror corresponding to Asg, (see 0), the delay between

source and first laser grating or the Talbot-time itself is slightly changed.
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Figure 3-12 The experimental data confirm the quantum enhanced transmission of
Anthracene (Ac) clusters through the OTIMA interferometer. The lower panels
show the mass spectra recorded in the resonant (black line) and the off-resonant
mode (AT = 200 ns, red line) of Ac clusters seeded in an argon jet with a pulse
separation time of 25.9 ps.. In the upper panels the corresponding interference
contrasts for each cluster ASy are indicated in green. The dark violet/grey bars
indicate the theoretical quantum/classical predictions. The light violet/grey areas in
these bars point out a theoretical +30% variation of the optical polarizability o;5; of
the clusters. For statistical error see 3.6. Figure from [6].
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Figure 3-13 Experimental data confirms the quantum enhanced transmission of
Anthracene (Ac) clusters through the OTIMA interferometer (see Figure 3-12). The
data are recorded at a pulse separation time of 18.9 us (seeded in Neon) which
corresponds to the Talbot-time of the mass 1260 amu and the second order Talbot
time of 630 amu. Around these masses highest transmission is expected. Figure from

[6].
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Experimental realization

Figure 3-14 A continuous laser is used to heat a certain area of the interferometer
mirror (see Figure 8-3). This leads to a thermal expansion of the mirror surface and
translates the second light grating. The signal is averaged at the indicated times for
0.37 seconds, after the heating laser (1.4 W) is turned on (red) and switched off
(blue). In the beginning of the heating/cooling cycle, the thermalisation and
therefore the expansion of the mirror are faster.

Another way to scan the last grating across the interference pattern can be realized
by actively transforming the topology of the mirror. Relying on the formula (E 3-1)
for Asges a translation of the second grating shifts the interference pattern twice as
much as the first or the third. In our case we use heat to shift the mirror surface at
the second laser grating (see Figure 3-14 and Figure 8-3). We coated the middle area
of the mirror’s backside with graphite. A continuous diode laser beam 0 — 1.8 W
(445 nm)'® with a size of 10 x 7 mm shines onto this coated area, which absorbs the
laser light and warms up. The 8 mm thick interferometer mirror is made of Calcium

fluoride which has a thermal expansion coefficient of around 20 - 1076/°C. Between

1 ™ :
O WarnLaser: 2w Blue Laser Luna™ Series
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0 and 1.8 W an interference scan over more than 2.5 periods (£ 100 nm) is
possible. After varying the laser power, a certain time is needed to reach a thermal

equilibrium until the mirror surface stays constant.

3.6 Error consideration - Statistical error

Each measured value is subject to a measurement error. This error consists of a
systematic and a random error. The systematic error always shows the same value
if the experiment is repeated in the same way. The random error is changing for
each repetition of the experiment. Only the random error can be considered in a
statistical way. One of the main error contributions in the OTIMA interferometer is
the low signal especially at large clusters numbers. The cluster formation of huge
clusters is already reduced at the source by the fact that the clusters are built up due
to condensation from the monomer. Massive clusters have big absorption cross
sections and therefore tend to “see” very small grating opening fractions, which
reduce the transmission through the interferometer. To observe quantum interference
over a wide mass range, the laser power has to be optimized for the absorption cross
section of the smallest particles (see Figure 2-6). Also the detection efficiency at the
TOF mass-spectrometer given by the MCP'" decreases with increasing mass [79].
To estimate the error at low count rates it is important to know the real number of
detected particles at each mass.

The peak height of the detected particles depends strongly on the TOF mass-
spectrometer settings (acceleration voltages), on the mass and on the composition of
the clusters [79] and is difficult to convert into corresponding particle numbers.

To discriminate each peak from the background noise, we record a noise height
distribution (see Figure 3-15) and calculate its standard deviation. Assuming a
Gaussian distribution, at a discriminator level of 3o it 1s ensured that 99.73 % of the

detected peaks are real ion peaks.

"' Multi-channel plate (MCP) scales with the impact velocity of the ions and not with the kinetic

energy.
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Figure 3-15 Height distribution of the background noise and at the Anthracene 10
cluster (red). A Gaussian distribution is fitted in blue. ¢ = 0.241

The lowest number of particles S,,;, after N repeated experiments that could have
contributed to the signal at a certain mass region, is given by simply counting the
peaks at each recorded mass spectrum. Every peak has the value of a single ion. But
that’s normally not the case, also two and more ions can reach the detector at the
same time and contribute to the same peak. A more accurate estimate of the particle
number is given by a statistical estimate. In the OTIMA interferometer each
interference pattern consists of individual particles. Let’s assume that the detection

of these particles, follows a Poisson distribution P (k).

k
_q°
P(k)—ﬁe a

The expectation value g is the mean value as well as the variance and & denotes the
number of expected events. Then the probability to observe “no count” P(0) is

given by

- Smin

N
P(0) =
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Which is the number of repetitions with no peaks divided by the total number of

repetitions N. It follows

q = —In(P(0))

This gives a better estimate of the mean number particles Nqg as well as of the

standard deviation / Ngq, than achieved by counting just the peaks S,in.
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4 A tool for quantum enhanced measurements

To interfere particles one has to reduce the interaction of the particles with the
environment to a minimum. Even smallest deflections, for example caused by
collisions with the background gas [80], absorption/emission of photons [81] or
deflection by magnetic/electric fields, shift the interfering particle and can lead to a
reduction of the fringe visibility. The high sensitivity of matter-wave interferometry
can be used to measure deflections caused by interaction potentials [82], even if no
force is applied as described with the Aharonov—Bohm effect [55,56]. One has to
distinguish between dephasing and decoherence [83]. Coherent interactions
(dephasing) don’t transport the “which way information” to the environment. The
interfering particle is not entangled with another object and the interference pattern
can be reconstructed with the knowledge of the interacted potentials (E-field, B-
field, gravitation, vibrations,...). In contrast to that, decoherent interactions are
caused for example by collisions with background particles or absorption and
emission of blackbody radiation. In this case the information of the particles position

1s transferred.
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Figure 4-1 Experimental overview of the OTIMA interferometer with two
additional lasers. Spectroscopy laser (blue): The OTIMA interferometer is able to
resolve the shift due to the photon absorption recoil (see 4.1.4) Excitation laser
(vellow): The absorption of an oncoming photon (perpendicular to the grating
period) doesn’t shift the interference pattern but may lead to several other effects: it
may excite the particle and change the optical polarizability (see 4.1.2);
fluorescence; fragmentation of the particle (see 4.2.1). Picture modified from [6].
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4.1 Metrology

Various experiments in our group have already shown that matter-wave
interferometry can enhance the precision in measurements of particle properties
[84,85]. This improvement was mainly achieved by the high spatial resolution with a
grating period of down to 266 nm (in KDTL interferometry [21,84]) and the
quantum enhanced molecular pattern.

In the OTIMA interferometer the grating period is even smaller (78.5 nm). Another
big advantage is that all deflection experiments can be done in the time-domain. The
interference pattern is only influenced by deflections between the first and the third
light grating and shows no sensitivity to forces that act before and after the
interferometer. A pulsed interferometer has therefore the great advantage that all
particles spend the same time in the interferometer which leads to a velocity
independent deflection of the interference pattern. In other words, the interaction
time of all particles is the same regardless of their velocities. That is the first
experimental deflection scheme for complex particles where fringe shifts can be

recorded independent of the particles’ velocities.

4.1.1 Static polarizability

Static polarizabilities of biomolecules and their clusters are of great interest.
Polarizabilities provide information about molecular structures, conformation and
cluster geometry [86]. The interaction of particles with static electric fields is given
by their dipole moment and the induced dipole moment, the polarizability [86,87].
Interferometric [50] as well as classical deflection [88] measurements have already
provided high accuracy data of the polarizability of various atoms. Talbot-Lau
interferometers can easily be modified to become sensitive to static polarizabilities
[84,85,89] . In the OTIMA interferometer the 2-inch interferometer mirror can be
easily placed above two electrodes. These electrodes form a deflector by applying an

electric field gradient on the interfering particles.
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particl
dire

Figure 4-2 Sketch of the OTIMA interferometer for future metrology. The
interferometer mirror is placed above tow deflector electrodes. These electrodes
form an inhomogeneous electrical field, which couples on their static polarizability,
and deflect the particles.

The force F = a(EV)E is proportional to the static polarizability a of the particles.

The resulting deflection is given by

2
) + Ax,

elec

a d
Ax « —(EV)E(
m v

Here v denotes the longitudinal velocity of the particles and limits the interaction

time with the electrodes of length d.e.. The deflection over the whole device is
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velocity dependent and difficult to calculate due to the shifts Axg by stray fields
before and after the electrodes.
However, the deflection of the interference pattern in the OTIMA interferometer just

depends on

the electric field (EV)E between the first and the third laser grating, the laser grating

delay Tr and shows no dependence on the particles velocities.

[m - kg? /(s A%)]

| i
|

Iy = 1

Figure 4-3 Assembly (SolidWorks) and simulation (COMSOL) of the electrodes. The
electrodes are at a potential of £15 kV. The electrodes are aligned with micrometer screws
(right and left). The simulated field is (EV)E =~ 1.8 - 105 [V2/m3] with a variation of less
than 5% in the area of the molecular beam. Particles with the same mass to polarizability ratio
as Anthracene molecules [77] with o = 4me, X 25.4 A% and m = 178 amu are deflected in
this field within 25 ps (corresponds to a velocity of 960m/s ) by 10.8 nm, that is more 1/8 of
the grating period.
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4.1.2 Optical polarizability at 157 nm

The measurement of the optical (AC) polarizabilities of clusters or other particles
that cannot be measured in vapour cells (e.g. thermal instable,.. ) has been developed
in the last years by optical deflection technics [31,90-92].

The OTIMA interferometer is highly sensitive to the optical polarizability at the
grating laser wavelength. During the interaction with the second light grating, the
matter-waves accumulate a spatially dependent phase shift due to their optical

polarizability a;; (see 2.2.2).

P(x) = %}ijfztsin2 (Z_X) =V, sin? (Z—x)

The optical polarizability depends on the particles’ electron density and
delocalization. As shown in Figure 4-1, an additional pulsed laser (yellow) could
provide photons to excite the particles right before the second light grating with high
timing accuracy. The absorption of a photon excites the particle and changes the
electron density distribution and therefore the optical polarizability. If this excited
state lifetime is long enough (a few ns), the change in polarizability influences the
visibility of the interference pattern, which depends on the B-parameter ((E 2-1)).
The B-parameter can be determined by varying the laser power of the second light
grating, as already discussed in section 2.4. Figure 2-6 plots the visibility as a

function of the power of the second light grating for different B-parameters.
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4.1.3 Magnetometry

The deflection scheme for the static polarizability in of 4.1.1 can also be applied for
magnetometry to measure magnetic properties like the magnetic susceptibilityy in a
Stern-Gerlach experiment [93-95]. In the OTIMA interferometer a strong permanent
magnet can be placed on top of the interferometer mirror to create an
inhomogeneous magnetic field B below the mirror that deflects the particles in

grating direction and shifts the interferogram by

Ax « K(BV)B Tp2
m

4.1.4 Spectroscopy - Absolute absorption cross section ¢ from UV- far IR

Optical spectroscopy is a technology as old as the human eye and it is of significant
importance for various fields of science like astronomy, physics, chemistry and
biology. In the last century spectroscopic techniques have improved enormously
[60,96-98]. Optical spectroscopy provides information about electronic, vibrational,
rotational and structural properties of particles. However, it is still challenging to
determine the absolute absorption cross section [97] for molecular clusters [96]
below their ionization energies. Other techniques such as resonant two-photon
ionization spectroscopy (R2PI) [99-102] or laser induced fluorescence spectroscopy
(LIF) [103—105] had to be developed to get access to absolute absorption cross-
sections. However, also these methods are limited in the presence of fast radiation-
less relaxations of excited states, especially for large clusters. Radiating processes
are necessary for LIF but inappropriate for R2P1. Here a long-lived excited state is
needed to ionize the particles with an additional tuneable laser beam. Another
spectroscopic approach makes use of the photon induced dissociation of a particle or
an attached daughter fragment. A molecular beam is probed with a laser beam.
Depending on the absorption of the photon, a subsequent heating of the complex

results in the dissociation of weakly bound rare gas atoms of the particle or other
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parts of it. A mass spectrometer analyses the remaining particle masses depending
on the applied laser frequency and depicts the photo-induced fragmentation. Photo
depletion spectroscopy has been applied to neutral [106—-109] as well as to ionic
[110] particles and is most efficient for small clusters with weakly bound rare gas
atoms [106,111,112]. For bigger cluster sizes, the deposited photon energy is better
distributed all over the particle which causes larger dissociation lifetimes that
eventually exceed the timescale of the free propagation.

Thanks to its high spatial resolution and velocity independence the OTIMA
interferometer offers a new approach for absorption spectroscopy (see Figure 4-2).
The high spatial resolution allows to resolve the shift caused by the recoil Ak of an
absorbed photon [113]. This is a technique which is independent of other following
actions like dissociation in depletion spectroscopy [114] or fluorescence in LIF, or
ionization in R2PI. This spectroscopic method requires nothing else but the
absorption of the photon. The biggest deflection is achieved when the photon is
absorbed at the time of the second light grating (see (E 3-1)).

The deflection of a particle of mass m caused by the absorption of a photon of
wavelength A, is given by

A h
X =
m Aabs

t

By setting ¢ to the Talbot time (E 1-5) the shift can be rewritten as a function of the

Talbot time. (n represents the Talbot-Lau order)

(78.5 - 10~9m)?

Aabs

X =n

A photon of 400 nm thus deflects a particle during its Talbot-time by 15.4 nm. This
tiny shift is about 1/5 of the grating period and can be easily resolved.
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4.2 Decoherence of matter-waves

In matter-wave interferometry particles are in a superposition state of two or more
spatially separated locations. But with the increase of mass and complexity the
particle interacts more with the environment and the lifetime of this quantum system
normally decreases until the particle can be described classically. A future
realization of Schrodinger’s cat gedanken experiment, maybe with smaller objects
like a virus, depends also on the suppression of mechanisms which destroy quantum
effects and render matter-waves to matter (classical objects). This points out the
need of studying decoherence mechanisms. Decoherence is caused by the interaction
of quantum systems with its environment. This interaction can for instance be
absorption/emission of photons [115-118], collisions with residual gas [80] or
evaporation of parts of the molecular matter-wave itself. The first two mechanisms
are well studied but evaporation processes have never been investigated.
Nevertheless, they play an important role in forcing objects to act classically.

In the OTIMA interferometer, the timing of evaporation can, in principle, be
controlled with an additional laser pulse (see Figure 4-1, yellow laser) with
nanosecond accuracy. In contrast to the emission of a massless photon, which will
localize the matter-wave to an area with a diameter of /2 (Heisenberg microscope),
the evaporated matter has a de Broglie wavelength much smaller than the photon
and therefore transfers a much larger momentum kick. Even the lightest atom
(hydrogen at its boiling point 21.15 K) will leave the particle with a momentum of
about 7- 10725 [kg- m/s] and a de Broglie wavelength of Agp ~ 0.7 nm. The
momentum of a photon with the same thermal energy is only 1.5 - 10731 [kg - m/s]
corresponding to a wavelength of A = 0.7 mm. In both cases, the parent particle

will be kicked due to momentum conservation.
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Figure 4-4 Sketch of the depletion grating scheme. Particle M shows insufficient
photon ionization efficiency and is thermally stable. Attaching a weakly bound
molecule F, the absorbed photon has the possibility to mark the particle M by
depleting F.

For the investigation of decoherence by ligand evaporation in an experiment one has
to find the right particles (see Table 4-1). The particle of choice should evaporate
below 570 K (for use in the Even-Lavie see 3.1.2) without significant fragmentation
into the same particles which are afterwards produced by photo-dissociation using
radiation in the range of 1000 — 266 nm (1.2 - 5 eV). We assume the fragmentation
process to be thermal. The relation between the internal energy U and the internal
particle temperature 7 is given by the caloric curve U= U(T) [119]. The change of U
with 7 is measured by the heat capacity ¢(T) = dU/AdT. From a classical point of

view we can calculate the heat capacity ¢ = ng. All independent degrees of

freedom of the atoms n sum up to f = 3n, and ky being the Boltzmann constant.
This formula shows that all particles and their degrees of freedom equally share the
total energy. Here, the temperature indicates the average energy of every single
degree of freedom of an object.

In this case, we can approximate the internal temperature increase of a particle after

photon absorption with:

2hv
fkg

AT =
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Figure 4-5 The internal temperature change after photon absorption increases with
decreasing number of atoms per particle: 1064 nm (yellow), 532 nm (green), 355
nm (cyan), 266 nm (blue), 157 nm (violet)

The reduction factor of the visibility Ry;; due to the emission of photons has been

calculated by Hornberger et al. [120] and can be generalized to the emission of a

particle.

2

e my, \°/2 5 _(";{2_”) , vt m,
Ry =f0 41 (27TkBT) vee \2kBT/sinc(2m T m—l)dv

m,t?2kgT
Ryis = exp(—2n2 ———

Vis p( m% d>2
The first part of this equation is the Maxwell-Boltzmann distribution, which
describes the evaporation process of the fragment with mass m, at a certain

temperature 7 from the mother particle my. The sinc-function evaluates the

momentum corresponding to the mass ratio %, of the fragment m, to the mother
1
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particle my, with respect to the grating constant 4. This integral can be solved
analytically [121].

Figure 4-6 shows the visibility reduction calculated for a particle with a mass of
1000 amu depending on the delay between the first laser grating and the
fragmentation. In this simulation the fragmentation is a thermal evaporation at
temperatures from 10 K (right) to 110 K in steps of 10 K. The red curve shows the
visibility reduction for an evaporated particle of 2 amu (e.g. Hy), the blue curve for a

40 amu particle like Argon or CO; (44 amu).
1re

0.8}|

E

visibili

40 60 80 100
time after first laser grating [ns]

Figure 4-6 A particle of 1000 amu loses via thermal evaporation at 10 K (right) to
110 K (left) 2 amu (H, blue) or 40 amu (Ar, ~CO; red). This process leads to a
visibility reduction depending on the delay between the first laser grating and
fragmentation. At the time of the first grating the interference is not sensitive on the
initial particle’s momentum distribution. Depending on the delay to the second
grating the sensitivity grows until it shows the maximum effect at the time of the
second grating.

The fragmentation can also be a photo-induced event that occurs within picoseconds
after absorption. Special molecules containing a nitrite compound show strong
photo-dissociation of the NO group in the UV range [122]. The flight direction of
the fragment depends on the polarization of the light and the wavelength.
Nitrobenzene, for example: at 248 nm, 53+2 % of the available 3.2 eV (photon
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energy minus 1.8 eV dissociation energy) is transformed to the kinetic energy of the
fragments [123], the rest of the energy is split into vibrational and rotational
excitations.

With that knowledge one can think of a decoherence experiment with kinetic control

of the photo-dissociated particles.

4.2.1 Depletion grating

depletion
grating

signal

Mass

Figure 4-7 Sketch of the depletion grating scheme. Particle M shows insufficient
photon ionization efficiency and is thermally stable. Attaching a weakly bound
molecule F, the absorbed photon has the possibility to mark the particle M by
depleting F.

Depletion spectroscopy is a well-established technique to access absorption lines
and their cross-sections at wavelengths starting from far infrared [112] to the optical
[124] range, which are below the ionization energy of the particle. The particles are
usually co-expanded with a mixture of noble gases such as 1% Kr or Ar in He in
order to form van der Waals bonds of Kr or Ar with the internally cold particles

[125]. The lighter noble gas is needed to sufficiently cool the molecules or clusters
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below the “boiling point” of the ligand. The particle beam is then hit by a
wavelength tuneable laser beam. Photon absorption leads to a thermal heating of the
particles which causes evaporation of the ligand. The signal of the particles with a
ligand is now measured as a function of the laser wavelength. Other photo
dissociated particles shouldn’t fragment to our considered particles, as shown in

Figure 4-7.

Table 4-1 Experimental requirements of emitted particle induced decoherence
compared to depletion gratings. Both need photon-induced fragmentation.

Decoherence | Depletion grating
Dissociation @ 532 nm 157 nm
Fragmented mass 1-4amu unimportant
Dissociation time scale Fast (ns) Slow (us) before
detection

Tonization cross section @ 157 nm high low
Absorption cross section @ 157 nm high high

OA = O] GA> O]
Ionization cross section parent high unimportant
particle @ 157 nm

In analogy to the ionization gratings where the particles lose an electron, this marker
scheme can be used to implement a grating where particles get rid of a ligand. The
interference is detected for those particles that have not absorbed a photon. This
depletion grating scheme has a main advantage since it doesn’t require laser grating

photon energies above the particle’s ionization energy nor a high ionization yield.

'2 similar to Ace. The cross-section of Acg perfectly fits for interferometry to the

power of the F»-Excimer laser (EX50 GAM).
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By choosing the right ligand one may also enhance the absorption cross-section of
the whole cluster or molecule at the grating wavelength. In that case, the ligand with
its high cross-section acts like a guide dog and leads the particle in a quantum
mechanical way through the interferometer. Such guide dog molecules may be
Ethene (C,H4) with 0757, = 30 Mbarn or Pyrazine (C4H4N;) 0157 = 55 Mbarn
(see Table 4-2), which have at 157 nm an absorption line and ionization energies of

10.5eV [126] and 9.3 eV [127].

Table 4-2 Comparison of different ligand molecules

Ligand Dissociation temp. Mass Cross section @ 157nm
[K] [amu] [107"® cm?]
Argon 87 40 0
CO, 193 44 02-03
[128],[129]
C,H4 169 28 30 [130]
C4H4N, 388 80 55 [131]
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5 Influence of Coriolis force in matter wave

interferometry

Matter-wave interferometry is very sensitive to all kinds of perturbations [55,132—
134] as described in 4.1 as well as to fictitious forces like the Coriolis force. Since
we are preforming our experiments on earth, which is spinning13 with wg =
7.2921-107>sek ™1, our frame of reference is not an inertial system. The Coriolis

force [135] is given by
ﬁc - —Zm(aE X 1_7))

Here m denotes the mass and ¥ the velocity vector of the particle.

The effect of the Coriolis force can especially be seen with large space-time
interferometers, where it deflects the coherently split matter-waves in opposite
directions. As a consequence of Earth rotation the interferometer doesn’t close
precisely in the end. The matter waves cannot overlap with the needed accuracy and
no superposition is observed.

One of these large space-time interferometers is a “simultaneous conjugated
Ramsey-Bordé interferometers”. We have performed such an interferometer
[5,44,136] with caesium atoms and multiple photon beam splitters during a research
stay at the University of California, Berkeley. The atoms are trapped and cooled in a
magneto-optical trap (MOT). A moving optical molasses accelerates the cold atoms
upwards and releases them into an about 3 meter high ballistic free fall. Now the
atoms are coherently split and recombined by multi photon Bragg diffraction [137]

as shown in Figure 5-1.

'3 Earths needs for a whole rotation in average 23 hours, 56 minutes, 4.0916 seconds (sidereal time)
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Figure 5-1 Sketch of simultaneous conjugate Ramsey-Bord¢ interferometers. The
atoms are split at t, t,, t3, t4 with /2 pulses which split and recombine the atomic
wave functions with a probability of 0.5. At each /2 pulse, a momentum of several
photons nhk can be transferred [136,138]. The non-interfering outputs of the last
two beam splitters are not shown. Figure from [5].

After the last recombination laser pulses, the outputs A, B and C, D show a
correlated interference patterns. Interferometers with large space-time areas are
extremely sensitive to vibrations. To suppress their influence, the setup consists of a
pair of simultaneous conjugate Ramsey-Bordé interferometers [75]. These two
interferometers accumulate the same phase regarding to space like homogenous
accelerations but with reversed signs. Therefore vibrations cancel out.

Nevertheless the Coriolis force causes a special deflection of the two coherently split
wave packets which prevents them from interference. Let’s consider one of the two
paths with an inertial reference frame (which is not rotating with the Earth). The x-
axis is pointing westwards, the y-axis is pointing southwards and the z-axis is the
direction in which the particles are coherently split. The velocity v (between the /2
pulses at t;, ty, t3, t4) of this wave packet in one path in respect to the other one is
given by the photon recoil velocity v, = Aik/m and the deflection by the Coriolis

force (calculated with a first order approximation)
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vy, = 2n1,(0,0,1) Vy3 = 2nv,(wgT cos 9, 0,0)
V34 = 200 (wg (2T + T") cos 9, 0,—1) Vgoo =0

The experiment was built up in Berkeley, California at latitude 9 = 37.87°.

This leads to a mismatch at t4 of
Ad = 4nv,wgT(T + T") cos?I (1,0,0)

A good approximation of the size of the atomic matter waves is given by the thermal

de Broglie wavelength

h

VammiyT

Agp = (E 5-1)

where kp denotes the Boltzmann constant. The typical temperature T of the
interfered caesium atoms in this experiment is 2 pK, which leads to a size of about
100 nm. At pulse separation times of 250 ms and with a multi photon beam splitter
of n = 10, the Coriolis induced displacement of the wave packets amounts to
Ad = 330 nm and reduces the interference contrast.

To compensate for the Earth’s rotation we tilt the main mirror which retro-reflects
the laser beams to create the n/2 pulses. The interference contrast becomes maximal
at an angular tilting velocity'* of around w, =5-10"%sek™! and wy = 2.62-
10~ 5sek ™! which roughly matches the Earth’s rotation at latitude 9 = 37.87°. (see
Figure 5-2).

'* Due to experimental limitations the x"-axis is pointing roughly west and the y’-axis is pointing

south, enclosing an angle of 82°.
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Figure 5-2 Interference contrast depending on the tip-tilt mirror rotation rate in y’
direction recorded for various pulse separation times. The x’-directions rotation rate
is fixed at -26,2 p rad/s. Figure from [5].

The Coriolis induced shift at the OTIMA interferometer [59] is given by
Ad = 4v,wgT? cosV (1,0,0)

Ad depends on the mass of the particles because v, = hk/m. At a pulse separation
time of 25.9 us (see Figure 3-12), particles of a mass of 2000 amu separate their
wave functions due to the Earth rotation by about 0.15 fm, 200 amu particles by
already 1.5 fm. This influence can be neglected since the lower limit of the wave
function size can be estimated by equation (E 5-1) with 4 pm (2000 amu at 100 K).
This estimation gives a lower bound because our molecular beam is spatially

restricted by slits which enhance the size of the wave functions. (see Figure 2-1).
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However, the Coriolis force influences the interferometer pattern also in another
way. It deflects particles depending on their velocities. These deflections also occur
in grating direction and lead to dispersive shifts of the interference pattern, which
will reduce the visibility. In pulsed molecular beam experiments, velocities can be
selected by collimating the beam in the transversal direction as well as by pulsed
detection in the longitudinal direction (see Figure 2-1)

Future interference experiments may start with clouds of trapped cold particles (see
6.2) which will expand in all directions. A deflection caused by Earth’s rotation will
shift the interference pattern. The trajectories of the particles will be similar to the
ones of rain clouds around a high atmospheric pressure area, but on nanometer scale.
However, an interferometer in the time-domain can avoid this dephasing [7,21] by
orientating the normal vector of the mirror, which gives the boundary condition for
the light gratings, parallel to wg. This reorientation will change deflections in the

direction of the grating vector to shifts parallel to the mirror surface.
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6 Outlook

“Prediction is very difficult, especially if it's about the future” ”

In this short chapter I will talk about future experiments which may push the mass

limit further.

6.1 OTIMA with pulsed thermal laser evaporation

In order to increase the pulse separation delay which is limited by the transit time of

the particles flying along the mirror, we will use a pulsed thermal laser evaporation

source (see 3.1.3). The most probably thermal velocity is given by

2kgT
m

Umax =

Between each applied light grating the particles can fly about 2 cm. Now, one can

. . d?
0.02 equal to the Talbot-Lau time T = mT, and

set the maximal passage time
Umax

extract the product of T (temperature) and m (mass)

h)2
T om = (0.02+h)

= ~1-10°
2d*kg-amu

'3 Quote attributed to both Niels Bohr and Mark Twain [152]
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If this product T - m is smaller than 108[K - kg], particles of the most probable
velocity at temperature T fulfill the Talbot-Lau condition and have enough time to

form an interference pattern. Figure 6-1 shows this limitation from the first until the
7" Talbot-Lau order.

mass [amul]

ol . S ————
4 10 100 1000
temperatur [K]

Figure 6-1 The lines set the upper limit for particles, with certain masses and a
given most probably thermal velocity, to fulfill the Talbot-Lau condition. The border

for the 1% order Talbot-Lau condition is the black line until the border of the 7"
order in bright green.
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6.2 OTIMA - interferometry in an ion-trap

To decrease the velocity of heavy particles one can trap them as negative ions in a
RF-multi-pole trap [139,140] and reduce their temperature by buffer gas cooling
[141,142]. The minimum temperature which can be reached using a suitable cold
head or liquid helium is around 4 K.

At temperatures of 4 K, as shown in Figure 6-1, particles are slow enough to realize
pulse separation times suitable for interference of particles with masses of more than
10" amu. Metal clusters show a good size to mass scaling since they can form
spherical particles with high density, for example of gold with a mass density of
19320 kg/m®>. A 10" amu gold cluster has a diameter of 11.8 nm. Biologically
relevant molecules or already living matter in this mass range, like a tobacco mosaic
virus have an extension of 300 nm [10]. Objects of sizes comparable to the grating
constant would average over the standing light wave photon distribution and photo-

ionize everywhere.

10" amu corresponds to a total interference time of about 300 ms. During this time
particles fall already 45 cm in gravity, which is still a manageable distance for table
top experiments. In this case one may have to think about a particle fountain similar
to the experimental setup described in chapter 5 but for ions. The requirements
regarding environmental decoherence become important [143] (see Figure 6-2). The
main environmental decoherence sources are given by collisions with background
particles [80] and by absorption/emission and scattering of thermal blackbody
photons [81,118]. Elastic scattering of laser grating photons can be neglected until

10° amu [7].
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Figure 6-2 The contour lines set the border at which visibility is reduced through
residual gas pressure and blackbody radiation (absorption/emission) by a factor 2.
The temperature of the interfering particles is in equilibrium with the environment.
The simulations are assuming clusters with gold properties and the residual gas
consisting of N,. Figure form [143].

A possible experimental scheme:

Negatively charged ions are cooled, mass selected and trapped in a RF-multi-pole
trap. In the moment when the trap is switched off, the first pulse of the grating laser
is applied and neutralizes the particles by single photon detachment in the antinodes
of the standing light wave. This grating works in an inverse way to the ionizing light
grating but still fulfills all requirements of a required transmission grating [7]. The
remaining negative or the already positively photo-ionized particles are deflected by
a small electrical potential. After one Talbot-Lau time, the second laser grating
diffracts the neutral particles like in the previous OTIMA scheme and the third light

grating photo ionizes and resolves the appearing interference pattern. After the last
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grating, the now positively charged ions are trapped in the same RF-multi-pole trap
and detected by fluorescence detection [144,145], counted with a channeltron or

with a super conducting detector [146].

This experimental scheme consists of components and uses experimental techniques
which are well established. Ion traps are therefore a promising tool to provide a cold
suitable source and improved detection techniques for matter-wave interferometry

with very massive particles.
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7 Conclusion

During my thesis we have built up the OTIMA interferometer starting from a nearly
empty lab. The now existing setup is the first interferometer for massive and
complex particles in the time-domain. We have proven the quantum wave behavior
for Anthracene clusters [6] as well various other clusters consisting of pure Vanillin,
Caffeine or Ferrocene [147].

The use of only optical pulsed light gratings overcomes the restrictions of van der
Waals interactions with material grating structures and offers a grating period of
78.5 nm. This pulsed interferometer accesses to study decoherence mechanisms for
complex particles (e.g. evaporation of matter (4.2)) with unreached temporal and
spatial precession. Also applications in metrology will benefit of the velocity
independent character of the OTIMA setup [85,113].

Quantum mechanics is one of the best tested theories in physics but it is still an
unresolved question if it still holds for macroscopic systems. Continuous
spontaneous localization (CSL) theories like carried out by Ghirardi, Rimini and
Weber [148] as well as [149,150] predict a random wave function “collapse” to a
size of about 100 nm. The rate of this localization collapse scales with the mass of
the object. In [143] we proposed a feasible test of the CSL model with the OTIMA
interferometer with masses starting from 10°® amu where recent estimations predict

standard quantum mechanics to fail [151].
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8 Pictures of the experiment

Figure 8-2 Setup view from below. Vacuum assembly for beam line purging; optics
box and beam line tubes.



Pictures of the experiment

Figure 8-3 Setup view from the side. The 2-inch interferometer mirror is mounted
where the violet laser beam enters the chamber.
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Interferometer
mirror assembly

Vacuum
beam line 2

Figure 8-4 Setup in a schematic front view (SolidWorks).



Publications

9 Publications
All publications to which I could contribute during my PhD:

e Philipp Haslinger, Nadine Dérre, Philipp Geyer, Jonas Rodewald, Stefan
Nimmrichter, Markus Arndt
A universal matter-wave interferometer with optical ionization gratings in
the time domain

Nature Physics 9, 144-148 (2013)

e Shau-Yu Lan, Pei-Chen Kuan, Brian Estey, Philipp Haslinger, Holger Miiller
Influence of the Coriolis force in atom interferometry

Phys. Rev. Lett. 108, 090402 (2012)

e Klaus Hornberger, Stefan Gerlich, Philipp Haslinger, Stefan Nimmrichter,
Markus Arndt
Colloquium: Quantum interference of clusters and molecules

Rev. Mod. Phys. 84, 157-173 (2012)

e Stefan Nimmrichter, Klaus Hornberger, Philipp Haslinger, Markus Arndt
Testing spontaneous localization theories with matter-wave interferometry

Phys. Rev. A 83, 043621 (2011)

e Stefan Nimmrichter, Philipp Haslinger, Klaus Hornberger, Markus Arndt
Concept of a time-domain ionizing matter-wave interferometer

New J. Phys. 13, 075002 (2011)




98

Markus Marksteiner, Alexander Divochiy, Michele Sclafani, Philipp
Haslinger, Hendrik Ulbricht, Alexander Korneev, Alexander Semenov,
Gregory Gol'tsman, Markus Arndt

Superconducting NbN detector for neutral nanoparticles

Nanotechnology 20, 455501 (2009)



LETTERS

PUBLISHED ONLINE: 10 FEBRUARY 2013 | DOI:10.1038/NPHYS52542

Publications

nature

physics

A universal matter-wave interferometer with
optical ionization gratings in the time domain

Philipp Haslinger, Nadine Dérre, Philipp Geyer, Jonas Rodewald, Stefan Nimmrichter

and Markus Arndt*

Matter-wave interferometry with atoms' and molecules?
has attracted a rapidly growing level of interest over the
past two decades, both in demonstrations of fundamental
quantum phenomena and in quantum-enhanced precision
measurements. Such experiments exploit the non-classical
superposition of two or more position and momentum states
that are coherently split and rejoined to interfere®>". Here,
we present the experimental realization of a universal near-
field interferometer built from three short-pulse single-photon
ionization gratings'>*. We observe quantum interference
of fast molecular clusters, with a composite de Broglie
wavelength as small as 275fm. Optical ionization gratings
are largely independent of the specific internal level structure
and are therefore universally applicable to different kinds of
nanoparticle, ranging from atoms to clusters, molecules and
nanospheres. The interferometer is sensitive to fringe shifts
as small as a few nanometres and yet robust against velocity-
dependent phase shifts, because the gratings exist only for
nanoseconds and form an interferometer in the time domain.

Recent progress in atom interferometry has been driven by the
development of wide-angle beam splitters'*, large interferometer
areas'® and long coherence times'®. Most interferometers operate
in a Mach-Zehnder™", Ramsey-Bordé" or Talbot-Lau'? configu-
ration, some of them also in the time domain®»*!. Here we ask how
to generalize these achievements to atoms, molecules, clusters or
nanoparticles—irrespective of their internal states.

Mechanical nanomasks® could be considered as universal if it
were not for their van der Waals attraction on the traversing matter
waves, which induces sizable dispersive, that is, velocity-dependent,
phase shifts even for gratings as thin as 10 nm.

Optical®'* or measurement-induced™ gratings eliminate this
effect, but most methods so far relied on closed transitions and
required an individual light source for every specific kind of
atom or molecule.

It is possible to circumvent this restriction by using the spatially
periodic electric dipole potential in an off-resonant standing light
wave, Its field then modulates the phase of the matter wave
rather than the amplitude. This implies, however, that the spatial
coherence of the incident matter wave needs to be prepared by other
means before—such as by collimation, coolingl”1 or the addition of
another absorptive (material) mask’.

Here, we demonstrate a new method for coherence experiments
with a wide class of massive particles and show how a sequence
of ionizing laser grating pulses'? can form a generic matter-wave
interferometer in the time domain".

Figure 1 shows a schematic of the layout of our experiment,
which we here realize specifically for clusters of anthracene (Ac)
molecules. The molecules are evaporated in an Even—Lavie valve®

that injects the organic vapour with a pulse width of about 30 us
into the vacuum chamber. The adiabatic co-expansion with a
noble gas cools the molecules and fosters the formation of organic
clusters—here typically up to Ac)s.

The bunch of neutral nanoparticles passes a differential pumping
stage, enters the interferometer chamber and flies in a short distance
(0.1-4 mm) from the surface of a super-polished CaF, mirror
before it reaches the laser ionization region of a time-of-flight mass
spectrometer (TOF-MS) where it creates the signal peaks.

The pulsed beams of three synchronized F;-excimer lasers
(A =157.63 nm) hit the mirror surface and the cluster beam under
normal incidence with a variable pulse energy of 1-3m] and a
duration of about 7ns. The laser beams are separated in space
by ~20mm along the cluster trajectory. Their mutual time delay
is adjusted with an accuracy of a few nanoseconds. We choose
the laser beam diameters (~1 mm x 10 mm rectangular flat top,
extended along the cluster beam) to cover a wide particle bunch
emitted by the source, whereas the detection laser beam is narrow
enough to post-select only those clusters that have interacted with
all three laser light pulses.

All three laser gratings interact with the matter waves in
two different ways'’: they imprint a periodic phase and, more
importantly, they act as transmission gratings because the photon
energy of ~7.9 eV exceeds the ionization energy of the nanoclusters.
Particles that traverse the antinodes of a laser grating ionize with
high probability after absorption of one or more photons and a weak
electric field removes them from the beam. Close to the nodes of
the standing light waves the clusters remain neutral and move on
in the interferometer. This process imprints a periodic modulation
onto the matter-wave amplitude—as if the clusters had passed a
mechanical nanomask.

A strong spatial localization inside the first laser grating is
important for preparing a comb of emergent wavelets whose
transverse coherence will cover a few antinodes in the second light
grating further downstream. This is a prerequisite for interference
to occur, that is, for the formation of a free-flying cluster density
pattern at precisely defined moments in time, which is probed with
nanosecond precision by the third ionizing standing wave.

The three laser pulses form a Talbot-Lau interferometer in the
time domain, which exhibits transmission resonances when the
delay between two subsequent pulses is close to the Talbot time
T,, = md? [h, where m is the cluster mass and h is Planck’s constant.
In our setting, the grating period d = 1/2 = 78.8 nm results in
T,,=15ns amu~'. All particles see the same gratings at the same
time irrespective of their velocity. Even though they may enclose
different areas in real space (x—z), they will accumulate the same
phase and contribute constructively to the same interferogram for
each given mass (Fig. 1b).

Faculty of Physics, University of Vienna, VCQ, Boltzmanngasse 5, A-1090 Vienna, Austria. *e-mail: markus.arndt@univie.ac.at.
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Figure 1| Layout of the OTIMA interferometer. a, Set-up for nanoparticle interferometry with three short-pulse optical ionization gratings. From left to
right: the Even-Lavie valve (V) produces a 30 us pulse of neutral Ac clusters that are cooled in an adiabatic co-expansion with a noble gas jet. The cluster
beam is delimited by two slits that are variable in height (H) and width (W). The laser pulses at t; =0,t, =T and t3 = 2T are back-reflected by a single
2-inch mirror to form three standing light waves. These are responsible for preparing the initial spatial coherence, for matter-wave diffraction and for
spatially filtering the emerging cluster interferogram. The detection laser (L) ionizes the transmitted neutral clusters for TOF-MS. A photodiode (P) is used
to monitor the laser timing with nanosecond accuracy. MCP, micro-channel plate. b, The interferogram is formed by multiple paths from the first to the
third grating that correspond to an effective momentum transfer of nhk in each grating, with n € Z. Accurate timing ensures that the interfering paths
branch and close at the same points on the grating axis x, irrespective of the cluster’s initial velocities v; (red) > v, (green). The stars indicate the

localization of the matter waves.

We trace the emergent interference pattern in four different
ways: its mass characteristics, its dependence on the pulse
separation and pulse sequence asymmetry, and by visualizing its
structure in position space.

We start by monitoring the TOF-MS signal and toggle between
a resonant and a non-resonant setting. In the resonant mode the
delays t, —t; =T, t; —t, = T + AT between two subsequent laser
pulses are equal, AT =0, and quantum interference is expected
to modulate (enhance or reduce, depending on the phase) the
transmission for the mass whose Talbot time matches the pulse
separation T. In the off-resonant mode, the pulse delays are
imbalanced by AT = 200ns and this tiny mismatch suffices to

NATURE PHYSICS | VOL 9 | MARCH 2013 | www.nature.com/naturephysics

destroy the interferometric signal. We extract the interference
contrast from the normalized difference ASy = (Sx — So)/So
between the resonant signal Sg and the off-resonant signal S, and
plot it as a function of mass in Fig. 2. The experimental mass
spectra and ASy bars (green) can be well understood by a quantum
mechanical model (violet bars), as described in Methods, and both
are in marked discrepancy with a classical model (grey bars)'?.

The role of the pulse separation T is demonstrated by changing
the seed gas from argon to neon. Shifting the most probable
jet velocity from 690 to 925ms~" allows us to decrease T. The
quantum model then predicts the highest contrast to occur at
smaller masses, as confirmed by the experimental data in Fig. 2b.
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Figure 2 | Cluster interference visualized by means of the mass spectrum, for two pulse separation times. a, Lower panel: mass spectra recorded for a
resonant (black line) and off-resonant (AT =200 ns, red line) pulse separation of T = 25.9 us (clusters seeded in an argon jet). Each cluster signal splits
into isotopic sub-peaks. The x-ticks correspond to a mass separation of 4 AMU. The two spectra differ for masses that fulfil T, =~ T. Upper panel: histogram
of the cluster interference contrast, as measured by the signal difference ASy integrated over the main isotopes of a given cluster. The predictions of the
quantum/classical model'? are shown in violet/grey. The light violet/grey regions indicate the variation of the fringe contrast with a £30% variation of the
cluster polarizability ais7. For further details, see Methods and Supplementary Information Se. b, The same as in a but with neon seeding and T =18.9 ps.
The error bars represent 1s.d. of statistical error (see Supplementary Information Sh).
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Figure 3 | Interferometric resonance and timing precision. Cluster
self-imaging in a pulsed near-field interferometer is a resonant process with
a short acceptance window for the matter waves to rephase. a, Pulse
sequence. b, Difference ASy between the resonant and off-resonant
signals detected at a mass of Acy as a function of AT. In our set-up and for
a pulse separation time T of 18.9 us, interference occurs during a time
window of 48 ns (full-width at half-maximum). The error bars represent

1. s.d. of statistical error (see Supplementary Information Sh).

Figure 3 shows a clear resonance in ASy as a function of the
time imbalance AT € [—70,+70] ns with a width determined by
the transverse momentum distribution of the cluster beam'*. The
momentum spread inferred from a Gaussian fit to the data in Fig. 3
corresponds to a divergence angle along the grating of 2.1 mrad, in
good agreement with the experimental settings.

In our set-up, the pulsed supersonic expansion determines
the cluster velocity distribution and the pulsed mass detection
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post-selects its relative width to Av/v =~ 3%, It is then justified to
interpret the observations in position space: with the de Broglie
wavelength given by A4 = h/mv, the mass distribution also
represents a wavelength spectrum. The most prominent interfer-
ence peak in Fig. 2b at 1,248 amu corresponds to the heptamer Ac;
with A4 = 345 fm, at v 2 925ms~". The highest mass peaks in the
spectrum reach down to below A45 >~ 275 fm.

Finally, we can also prove the formation of an interference
pattern in real space by modifying the period of the central
grating: whereas all laser beams had originally been set to normal
incidence on the interferometer mirror—with an uncertainty of
about 200 prad—we now explicitly tilt the central laser beam by
5.1 mrad along the cluster beam. The direction of the standing-
light-wave grating remains defined by the orientation of the mirror
surface, but an increasing tilt angle 6 reduces the modulus of the
wave vector perpendicular to the surface, k, =k -cosf). We can shift
the interference pattern by half a grating period when the clusters
pass the mirror surface at an average distance of 1.5 mm. We plot the
fringe shift as a function of the separation between the beam and the
mirror in Fig. 4 and find a damped sinusoidal transmission curve
for all clusters with the expected period. The overall damping results
from the limited coherence of the laser system and the vertical
extension of the Ac cluster beam.

All tests presented here confirm the successful experimental
realization of an optical time-domain ionizing matter-wave
(OTIMA) interferometer®!, which exploits pulsed ionization
gratings. This versatile tool for quantum interferometry will be
applicable to a large class of nanoparticles.

Owing to the pulsed gratings, all phase shifts caused by constant
external forces become velocity-independent and leave the contrast
unaffected. The dispersive Coriolis shift'® can be well compensated
by a suitable orientation of the interferometer, if needed.

The wide applicability and non-dispersive nature of pulsed
ionization gratings make the OTIMA design particularly appealing
for quantum experiments with highly complex particles, eventually
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Figure 4 | ASy as a function of the mirror displacement for different
clusters. The second grating laser beam was tilted by 5.1£0.3 mrad in the
direction of the molecular beam to stretch the effective grating period by
about 0.013 per mille. This suffices to induce a fringe shift of half a grating
period for molecules travelling around 1.5 mm distance from the mirror
surface. The mirror height is varied to effectively shift the second grating
with regard to the other two, which allows us to scan the cluster
interference pattern. We extract the periodicity for ASy as a function of the
mirror distance by fitting a damped sine curve to the experimental data.
This periodicity corresponds to the expected effective period™ of the
interferogram of about 78.8 nm. The error bars represent 1s.d. of statistical
error (see Supplementary Information Sh).

even with nanoparticles at the length scale of the grating period.
As high-mass interferometry requires coherence of the order of
the Talbot time, practical mass limits are imposed by free fall in
the gravitational field on Earth in combination with the limited
coherence of vacuum ultraviolet lasers and the finite phase-space
density of the available particle sources. However, none of them
is fundamental. Even in the presence of thermal radiation at
room temperature (particle and environment) and collisional
decoherence at a background pressure of 10~ mbar, the OTIMA
design is predicted to enable new tests of quantum physics, such
as tests of spontaneous localization, with particle masses around
10° amu and beyond®.

On the applied side, the OTIMA set-up is expected to improve
the accuracy of molecule and cluster deflectometry because it
ensures the same interaction (phase accumulation) time for all
particles with the external fields*” and a position readout at the
nanometre scale. Qur interferometer concept therefore establishes
also the basis for a new class of quantum-enhanced precision
metrology experiments.

Methods

Absorption and optical polarizability. The central grating influences the
propagation of the coherent matter wave by modulating both its amplitude
and phase. It does this by removing particles from the anti-nodes of the
standing light field and by imprinting a phase onto the matter wave in
proportion to the clusters” optical polarizability at 157 nm. In the first and
third grating the phase modulation has no effect, because the clusters enter
with random phases, and because the last grating merely acts as a transmission
mask. Neither the absorption cross-sections &,57(N) nor the polarizabilities
a5;(N) are known, a priori, for each cluster of N molecules in the vacuum
ultraviolet wavelength range. However, 015;(N ) enters the model only through
the mean number of photons absorbed n,(N) in each grating, which we

can determine by monitoring the cluster loss rate. Whereas this parameter
influences the general shape of the interference curve as a function of mass,
the polarizability may modify the predicted contrast of each individual
cluster. We assume the polarizability and the absorption cross-section to
exhibit the same N-scaling as retrieved from our ny(N) measurements

and we allow the polarizability to vary by £30% (light violet confidence
areas in Fig. 2) around the single-molecule value. We use the polarizability

NATURE PHYSICS | VOL 9 | MARCH 2013 | www.nature.com/naturephysics

oy57(1) = 25.4 x 107" m® from ref. 28 and we extract an absorption cross-section
of oy57(1) = 1.1 x 107" m? from ref. 29.

This yields the quantum and classical theory curve in Fig. 2. Apart from
the uncertain polarizability, the deviations from the experimental data may be
attributed to a limited efficiency of single-photon ionization and contributions
by fragmentation processes. Although the absolute interference contrast is
sensitive to a variety of different cluster properties that are still to be extracted
in combination with more refined cluster theory, the fringe shift will become
valuable for precisely measuring the interplay between internal cluster properties
and external forces.

Received 2 November 2012; accepted 24 December 2012;
published online 10 February 2013
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In a light-pulse atom interferometer, we use a tip-tilt mirror to remove the influence of the Coriolis force
from Earth’s rotation and to characterize configuration space wave packets. For interferometers with a
large momentum transfer and large pulse separation time, we improve the contrast by up to 350% and
suppress systematic effects. We also reach what is to our knowledge the largest space-time area enclosed
in any atom interferometer to date. We discuss implications for future high-performance instruments.

DOI: 10.1103/PhysRevLett.108.090402

Light-pulse atom interferometers use atom-photon in-
teractions to coherently split, guide, and recombine freely
falling matter-waves [1]. They are important in measure-
ments of local gravity [2], the gravity gradient [3], the
Sagnac effect [4], Newton’s gravitational constant [5],
the fine structure constant [6], and tests of fundamental
laws of physics [7-9]. Recent progress in increased mo-
mentum transfer led to larger areas enclosed between the
interferometer arms [ 10—12] and, combined with common-
mode noise rejection between simultaneous interferome-
ters [13,14], to strongly increased sensitivity. With these
advances, what used to be a minuscule systematic effect
now impacts interferometer performance: The Coriolis
force caused by Earth’s rotation has long been known to
cause systematic effects [2]. In this Letter, we not only
demonstrate that it causes severe loss of contrast in large
space-time atom interferometers, but also use a tip-tilt
mirror [15] to compensate for it, improving contrast (by
up to 350%), pulse separation time, and sensitivity, and
characterize the configuration space wave packets. In ad-
dition, we remove the systematic shift arising from the
Sagnac effect [16]. This leads to the largest space-time
area enclosed in any atom interferometer yet demonstrated,
given by a momentum transfer of 10Ak, where hik is the
momentum of one photon, and a pulse separation time of
250 ms.

Figure 1 shows the atom’s trajectories in our apparatus.
We first consider the upper two paths: At a time ;, an atom
of mass m in free fall is illuminated by a laser pulse of
wave number k. Atom-photon interactions coherently
transfer the momentum of a number 2n of photons to the
atom with about 50% probability, placing the atom into a
coherent superposition of two quantum states that separate
with a relative velocity of 2nv,, where v, = hk/m is the
recoil velocity. An interval T later, a second pulse stops
that relative motion and another interval 7’ later, a third
pulse directs the wave packets towards each other. The
packets meet again at t4 = t; + 27 + T’ when a final pulse
overlaps the atoms. The probability of detecting an atom in
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a particular output of the interferometer is given by
cos’(A¢h/2), where A is the phase difference accumu-
lated by the matter wave between the two paths. It can be
calculated to be A¢p™ = 8n?(hk*/2m)T + nkgT(T + T'),
the sum of a recoil-induced term 8n2(hk%/2m)T, and a
gravity-induced one, nkgT(T + T'), where g is the accel-
eration of free fall and = correspond to the upper and lower
interferometer, respectively (Fig. 1) [14].

Because of Earth’s rotation, however, the interferometer
does not close precisely. We adopt Cartesian coordinates in
an inertial frame, one that does not rotate with Earth. We
take the x axis horizontal pointing west, the y axis pointing
south, and the z axis such that the laser, pointing vertically
upwards, coincides with it at 7|, see Fig. 2. Later, at 1, 13,
and 14, the laser is rotated relative to the inertial frame,
changing the direction of the momentum transfer. As a
result, the wave packet’s relative velocities during the
intervals [#y, £;1, £, 13, 3, t4], and [#4, o] are, to first
order in Qg,

v = 2nv,.(0,0, 1), vy = 2nv,(QgT cosd, 0, 0),
vy = 2nv,(Qg (2T + T') cosd, 0, —1), Vaoo = 0,

(1)

(A-B)/(A+B)

(C-D)/(C+D)

FIG. 1 (color online). Simultancous conjugate Ramsey-Bordé
interferometers. Left: atomic trajectories. Beam splitters (/2
pulses) split and recombine the wave packets. Right: plotting the
populations A through D at the outputs of the interferometers
versus each other yields an ellipse whose shape is determined by

At — Agp~ = 16n*(hk?/2m)T.

© 2012 American Physical Society
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FIG. 2 (color online). Left: Location of the experiment relative
to Earth’s rotation. Right: Experimental setup. The wave packets
in the interferometer are separated by up to 8.8 mm with 2n =
10, T = 250 ms.

respectively, where ()4 is the angular frequency of Earth’s
rotation and 9 = 37.87°, the latitude of the laboratory in
Berkeley, California. Thus, at 74, the wave packets miss
each other by

5 = 4nv, Qe T(T + T') cosd(1, 0, 0). 2)

An estimate of the size of the atomic wave packets is
provided by the thermal de Broglie wavelength
h/\2mmkgT, where kg is the Boltzmann constant. For
cesium atoms at a temperature 7" of 2 uK (typical of a
moving molasses launch), this is about 100 nm. For typical
parameters, e.g., 7' = 100 ms, 7/ = 5 ms, and 2n = 2, we
find 6 = 13 nm. Even though this will not lead to a sub-
stantial loss of contrast, it will still lead to systematic errors
that we discuss below. For large momentum transfer beam
splitters and longer pulse separation times, however, § =
0.33 um (at 2n = 10, T = 250 ms), giving rise to a sig-
nificant contrast reduction. (Use of condensed atoms in-
creases wave-packet size [17], but does not reduce the
systematic effects arising from rotation.)

Our experiment is based on a 1.5 m tall fountain of
cesium atoms in the F =3, mp =0 quantum state,
launched ballistically using a moving optical molasses.
The launched atoms have a three-dimensional temperature
of 1.2 uK, determined by a time-of-flight measurement. A
Doppler-sensitive two-photon Raman process selects a
group of atoms having a subrecoil velocity distribution
along the vertical launching axis.

Because of the extreme sensitivity of interferometers
with large momentum transfer and long pulse separation
time, suppression of the sensitivity to vibrations is impor-
tant. For this reason, we operate a pair of simultaneous
conjugate Ramsey-Bordé interferometers [14], see Fig. 1.
The direction of the recoil is reversed between them,
reversing the sign of the gravity-induced term in their
phases A¢=. The influence of gravity and vibrations can-
cels out, and the signal can be extracted even when vibra-
tions lead to zero visibility of the fringes for each
interferometer. For beam splitting, we use multiphoton

Bragg diffraction [10,18]: An atom absorbs a number n

of photons from a first laser beam with wave vector 121
while being stimulated to emit the same number of photons

having a wave vector 122 by a second, antiparallel, laser
beam, without changing its internal quantum state. The
process transfers a momentum nh(lz, - I:z) to the atom and
thus a kinetic energy of n*h*(k, — k,)?/(2m). Energy-
momentum conservation selects one particular Bragg dif-
fraction order n, depending on the laser’s frequency dif-
ference w,—w,. We generate the two laser beams from a
common 6 W titanium:sapphire laser and use acousto-
optical modulators to shift the frequency of the laser [19]
and optimize the efficiency of the Bragg diffraction beam
splitter by adjusting Gaussian pulse width to about 100 us
[11,14]. The beam is collimated at a 1/¢? intensity radius
of 3.6 mm and sent vertically upwards to a retroreflection
mirror inside the vacuum chamber. The Doppler effect due
to the free fall of the atoms singles out one pair of counter-
propagating frequencies that satisfy the above resonance
condition.

The retroreflection mirror is flexibly mounted on the top
of the vacuum chamber with a bellows and can be rotated
by piezoelectric actuators, see Fig. 2. The rotation axes are
roughly pointing west (x') and south (y'), enclosing an
angle of 82°. In order to rotate the mirror, a linear electrical
ramp is applied to the piezoelectric actuators. The sensi-
tivity of the actuators has been calibrated against an
Applied Geomechanics 755-1129 tilt sensor. We can use
this to give the momentum transfer /E, - Ez a constant
direction as seen from the inertial frame, in spite of
Earth’s rotation, to compensate for the Coriolis force.

Figure 3 shows data obtained with and without Coriolis
compensation. The increase in contrast is obvious. We fit
the data with an ellipse [14] and determine the contrast by
the length of the projection of the fitted ellipse onto the
axes, separately for the upper and lower interferometer. For
the remainder of the Letter, data are quoted for the upper
interferometer. By grouping the data into bins of 20 points,

0.6

0.4

0.2

0.0

-0.2 -0.2
-04 -03 -0.2 -0.1 0.0 O.1 -04 -03 -0.2 -0.1 0.0 O.1

FIG. 3 (color online). Raw data obtained without Coriolis
compensation (left) and with (right) at 7 =180 ms, 7’ =
2 ms, and 10hk momentum transfer. The axes are normalized
population difference as shown in Fig. 1. The contrast of the
upper interferometer are 20% and 27% for the left and right
figure, respectively.
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FIG. 4 (color online). Contrast versus tip-tilt mirror rotation
rate for various pulse separation times (7" = 130, 160, 180, 220,
250 ms; 7' =2 ms). The y'-axis rotation rate is varied, the
x'-axis rotation rate is fixed at —26.2u rad/s. The loss of
contrast for larger T is mainly due to the thermal expansion of
the atomic cloud and wave front distortion in the interferometer
beam.

the contrast and its standard error is determined by statis-
tics over the bins. Figure 4 shows the contrast as a function
of the tip-tilt rotation rate around the y' axis for various
pulse separation times. A Gaussian function of the rotation
rate (with the center {1, width o, amplitude and offset
as fit parameters) fits the data within the standard error. The
fit results are tabulated in Table I. A weighted average for
the optimum tip-tilt rotation rate is (), = (51.3 £
0.8) wrad/s. We also performed a similar measurement
for the x’ axis, Fig. 5 (left). From both measurements, we
compute the magnitude of the rotation rate, (58.5 *
1.0) wrad/s (taking into account the actual angle of 82°
between x' and y'). This agrees with {}gcosf =
57.4 prad/s within a ~ 1o error.

To model this loss of contrast, we calculate the
overlap integral {(if/(X)|4/(X)) of the interfering wave
packets at f = ty. Since the free time evolution of a
wave packet is given by a unitary operator U(t, 1), the
overlap integral of the wave packet (J'()|ig(r)) =
(' () UT (1, 1) U1, 1)1 (20)y = (1) (29)) is  inde-
pendent of the free time evolution and depends on the
relative position only. For example, the atom may initially
be represented by a Gaussian wave packet

TABLE I. (), and o are the fitting center and width from
Fig. 4. o is calculated from o and Eq. (4).

2 MARCH 2012
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FIG. 5 (color online). Left: Contrast versus tip-tilt mirror
rotation rate in x' direction (7 = 180 ms, 7" =2 ms). The
v/-axis rotation is fixed at 69.8u rad/s. The Gaussian fit has
its maximum at (—22 = 1)ux rad/s with a width of 33 %
4y rad/s, which leads to an estimate of o, = (86 £ 7) nm.
Right: Contrast versus delay of #; in Fig. 1. The width of the
fit is (23.1 = 0.6) us.

detA\1/4 .
l,"l — ( ;3 ) e*(l/Z)xAx, 3)

where the matrix A can be taken as symmetric. In its
principal frame, A is diagonal with elements a'fz, o, 2,
and o5 2. The overlap integral is independent of time,

f Ery(F+ S) () = e~ (1149345, )

where & is given by Eq. (2). The experiment validates this
model: Figs. 4 and 5, show that the data are well described
by Gaussian functions. According to Table I, the measured
widths of the overlap integral agree with one another for all
measured 7. From the data, we can determine the parame-
ters of the overlap integral. The symmetry of the atomic
fountain suggests that the principal axes of the matrix A
coincide with the x, v, z laboratory frame. In what follows,
we neglect the small difference of the x, x’' and y, '
directions. The weighted average of the numbers in the
last column of Table I is o, = (105 £ 3) nm. The fit
shown in Fig. 5, left, yields o, = (86 = 7) nm. To deter-
mine o,, we vary the time interval between #3 and #
(Fig. 1), see Fig. 5, right. The fitted width corresponds to
o. = (813 £21) nm.

Because each atom interferes only with itself, these
measured quantities are properties of individual atoms,
averaged over the atomic ensemble. They need not be
related to the temperature of the ensemble. This is illus-
trated by the data: The expectation value of the squared
momentum along the ith coordinate {p?) of the wave
packet Eq. (3) allows one to compute an expectation value
(flp?/2mlry = #*/(2mo?). If we set this equal to
kgT;/2, where T; has the dimension of temperature,

Tl Qo lerd/ oo leredB] o Tl (00 T, = (033 %0.02) uK and 7, = (0.49 +
128 ‘51? i 3 ]8214'::-4? igg i ; ().'07) ,‘uK. Since our atomic ensemble is not a Bose-
180 50 + 2 66 + 3 108 + 5 Einstein condensate, these values are unrelated to (specifi-
220 50492 38+ 5 9+ 12 cally, lower than) the 1.2 uK ensemble temperature. For
250 54+ 34 +4 107 + 13 T., we obtain (5.5 = 0.3) nK. This low value results from
the velocity selection in our atomic fountain: The Fourier
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width of the 1/./e pulse duration &, of the Gaussian
velocity selection pulse corresponds to a Doppler velocity
width of ¢/(wo,;) and, per AxAp = #1/2 (the minimum
uncertainty product applies to Gaussian wave packets), a
position envelope function having a 1/./e width of
v,o,,/2, where v, = hk/m. For o, =500 us, this
evaluates to 880 nm, in reasonable agreement with the
observed value.

Uncompensated rotation also causes systematic effects
[2]. For a Mach-Zehnder interferometer, e.g., the resulting
phase shift is given by A¢p = 20}, - (¥ X K)T2, where ¥,
is the atom’s initial velocity. If the interferometer is used
for gravity measurements, the corresponding gravity offset
is Ag = 2&?),0 (g X k), where £ is a unit vector pointing
along the laser beams. This is zero when the launch has no
horizontal velocity component, but in practice a small
horizontal component is inevitable due to alignment error.
If, e.g., we assume a horizontal velocity of 1 cm/s typical
of a laser-cooled atomic fountain, Ag = 6 X 107 %¢ due to
Earth’s rotation, a dominant contribution to the accuracy of
atom interferometers [2]. Coriolis compensation as em-
ployed here can remove it without a need to know .
The accuracy from our rotation measurement, A /() ~
0.017, would reduce Ag to 1 X 1077 g and, thus, below the
precision of state-of-the-art instruments. A tip-tilt mirror
using actuators with active feedback could easily increase
this accuracy further, and maximizing the contrast provides
an independent verification of successful compensation.
Possible remaining imperfections of the overlap of the
wave packets are due to the vibration of the retroreflection
mirror and the gravity gradient. We note that Coriolis
compensation removes the leading order effect of Earth’s
rotation but higher order effects remain [15]. However,
they are negligible here.

We have used a tip-tilt mirror to compensate the
influence of Earth’s rotation in atom interferometry, and
also to characterize the overlap integral of the interfering
atomic wave packets. The observations are well de-
scribed by Gaussian wave packets, whose properties
were determined from the data. Coriolis compensation
allows us to reach better contrast, larger space-time
enclosed area, and reduce systematic effects in atom
interferometry. For example, from the measured width
of the overlap integral (Table I) together with the dis-
placement Eq. (2), an uncompensated Coriolis force
would reduce the contrast by a factor of
exp[—(Qgcos?)?/(202)] = 0.28, for 2n =10 and T =
250 ms. At 7 = 130 ms, we reach a contrast of 40%.
Coriolis compensation is, thus, crucial for the most sen-
sitive large-area, large momentum transfer atom interfer-
ometers. We also note that Coriolis compensation has
allowed us to experimentally demonstrate the atom inter-
ferometer with the largest enclosed space-time area thus
far: The gravitationally induced phase 2nkgT(T + T')
in our interferometer is 6.3 X 107 rad (2n = 10 and

T = 250 ms), compared to 3.2 X 107 rad in Ref. [9].
(Other work [20] has reached higher momentum transfer
but substantially smaller T and thus lower overall phase
shift.) The recoil-induced phase 16n°(hk*/2m)T between
our simultaneous conjugate interferometers is 1.2 X
106 rad, compared to 5 X 10° rad in Ref. [14] or 2 X
10° rad in Ref. [6]. Such a measurement can be used to
determine the fundamental constants #i/m and a, the fine
structure constant. Our data allow a resolution in ii/m of
12 ppb within 42 minutes (10 ppbvhr), twice as good as
in Ref. [14]. We expect that Coriolis compensation will
enhance future high-performance interferometers, e.g., in
gravity wave detection [21], measurements of ii/m, «
[6], Avogadro constant N4, new tests of general relativity
[22], and inertial sensing, with applications in navigation
and geophysics. The technique will be especially impor-
tant for achieving high performance in mobile and space-
borne atom interferometers [23,24], which must cope
with rotation rates that are orders of magnitude larger
than Earth’s rotation.
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Recent progress and future prospects of matter-wave interferometry with complex organic mole-
cules and inorganic clusters are reviewed. Three variants of a near-field interference effect, based on
diffraction by material nanostructures, at optical phase gratings, and at ionizing laser fields are
considered. The theoretical concepts underlying these experiments and the experimental challenges
are discussed. This includes optimizing interferometer designs as well as understanding the role of
decoherence. The high sensitivity of matter-wave interference experiments to external perturbations
is demonstrated to be useful for accurately measuring internal properties of delocalized nano-
particles. The prospects for probing the quantum superposition principle are investigated in the limit
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paradigm of quantum mechanics. According to Richard
Feynman, it even ‘“‘contains the only mystery” of quantum
physics (Feynman, Leighton, and Sands, 1965). And indeed,
the spatial delocalization of objects composed of hundreds of
atoms, over extensions that exceed the particle size by orders
of magnitude, clearly defies our common intuition. In spite of
that, such highly nonclassical states have been created re-
peatedly in the laboratory and are used for fundamental
science.

Recent matter-wave experiments with nanometer-sized
particles have opened a new field of research at the interface

There are two main motivations for probing the wave

IV. Probing Environmental Decoherence 164 between the foundations of physics, quantum optics, and
A. Endogenous heat radiation 165 physical chemistry. Here we mainly focus on near-field
B. Collisional decoherence 165 interference experiments, since they exhibit a number of
V. Interference-assisted Measurements 166 advantages over the conceptually simpler far-field arrange-
A. Op“‘:f‘l p(’la”_zabl‘l'.ty 166 1ents, if one is interested in massive and internally complex
B. Electric polarizability 166 particles. An overview of earlier experiments with more
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D. Thermal dynamics 167 reviews on interference with electrons (Tonomura, 1987;
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F. Absolute absorption cross sections 167 Werner, 2000), and atoms (Berman, 1997; Cronin,
VI. Experimental Challenges 168 Schmiedmayer, and Pritchard, 2009).
A. Molecular beam sources 168
B. Detection methods 168 nature of complex particles. First, we explain how it can be
C. External perturbations 168 exploited to study the internal properties and dynamics of
VIL Theory of Talbot-Lau Near-Field Interference 168 quantum delocalized particles. Quantum-assisted molecule
A. Phase-space formulation 169 metrology is now becoming a viable tool for molecular
B. Incorporating decoherence 170 physics with prospects to outperform classical measurements
VI Exploring New Physics with Mesoscopic Matter Waves 170 i the near future. Second, nanoparticle interference is well
IX. Conclusions 171

I. INTRODUCTION

The wave nature of matter, most conspicuously revealed in
interference studies such as the double slit experiment, is a

0034-6861/2012/84(1)/157(17) 157

suited for studying the quantum superposition principle in a
mass regime that has not been accessible hitherto. We show
how recent studies can quantitatively validate the predictions
made by decoherence theory, and we argue that matter-wave
experiments will set bounds to theories predicting a modifi-
cation of the Schrodinger equation at the quantum-classical
borderline.

© 2012 American Physical Society
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We start in Sec. II by discussing the general requirements
for de Broglie wave interferometry and the advantages of
near-field experiments. Section III describes three recent
near-field interferometer developments, their merits, and
drawbacks. The highly nonclassical states in these instru-
ments enabled studies of environmental decoherence, which
are reviewed in Sec. IV. While some types of interactions with
the environment induce the emergence of classical behavior,
others can be exploited to measure internal molecular prop-
erties, as explained in Sec. V.

In Sec. VI we present some challenges encountered in
the attempt to extend matter-wave interferometry to ever
more complex objects. This includes requirements for mo-
lecular beam sources, detection schemes, and ways to cope
with phase averaging. A quantitative theoretical approach
to describe all of these experiments is briefly introduced in
Sec. VII. To date, there has been no experimental indica-
tion that the quantum superposition principle may fail at
any mass or length scale. However, as discussed in
Sec. VIII, a number of modifications of the Schridinger
equation have been suggested, and, in particular, the model
of continuous spontaneous localization may be the first
alternative that can be put to a definitive test in matter-
wave experiments with very massive clusters. We close in
Sec. IX with our conclusions and an outlook.

II. FROM FAR-FIELD TO NEAR-FIELD
INTERFEROMETRY

From a conceptual point of view, far-field diffraction is by
far the simplest and most palpable matter-wave phenomenon:
When a collimated and sufficiently slow particle beam im-
pinges on a mask perforated by equidistant slits the particle
density farther downstream exhibits a fringe pattern, whose
period is determined by the ratio Agg/d of the de Broglie
wavelength Agg and the slit separation d. Such experiments
have been implemented with electrons (Jénsson, 1961), neu-
trons (Zeilinger et al., 1988), and atoms (Keith ef al., 1988;
Carnal, Faulstich, and Mlynek, 1991; Shimizu, Shimizu, and
Takuma, 1992). More recently, also beams composed of cold
helium clusters (Schollkepf and Toennies, 1994; Briihl et al.,
2004), and hot fullerenes (Arndt et al., 1999) have shown
such far-field interference patterns, in complete agreement
with quantum expectations, including the subtle but signifi-
cant role of van der Waals forces between the molecules and
the material grating structures.

A number of alternative interferometer concepts have been
studied also with diatomic molecules: This includes Mach-
Zehnder interferometry with Na,, using three nanofabricated
gratings (Chapman, Hammond et al., 1995), Ramsey-Bordé
interference experiments, exploiting the near-resonant inter-
action with four running laser waves, with I, (Bordé er al.,
1994) and K, (Lisdat er al., 2000), and the observation of the
Poisson spot behind a circular obstacle with D, (Reisinger
et al., 2009). The scattering of fast H,, as first studied by
Estermann and Stern (1930), has recently been extended to
quantum reflection studies with He, by Zhao, Meijer, and
Schéllkopf (2011).

Most of these experiments operate in the far field,
thus requiring a collimation of the molecular beam that is
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significantly narrower than the diffraction angle. This condi-
tion is the reason why it is difficult to extend these far-field
schemes to objects composed of, say, several hundred thou-
sand atoms: Their requirements with regard to source bril-
liance and coherence, interferometer size and stability, as
well as detection efficiency still necessitate the development
of new experimental methods for controlling nanoparticles.

In contrast, near-field phenomena, such as the Talbot-Lau
effect, allow one to operate with particle beams of modest
coherence, without the need for a spatially resolving particle
detector, and one can draw on favorable length and mass
scaling properties. In order to show this, we start by introduc-
ing some elementary coherence considerations and the basic
idea behind Talbot interference.

A. Coherence considerations

In the absence of external forces, the stationary
Schrodinger equation of quantum mechanics is formally
equivalent to the Helmholtz equation that governs the propa-
gation of light. This explains why many phenomena from
classical wave optics, such as diffraction and interference,
find a close analogy in nonrelativistic quantum mechanics.
Indeed, Huygens’ principle of elementary wavelets and the
Kirchhoff-Fresnel integral formula are closely related to a
Feynman path integral formulation of the dynamics of matter
waves (Storey and Cohen-Tannoudji, 1994).

Both in classical optics and in quantum mechanics the
ability to observe wave phenomena relies on the preparation
of sufficient spatial and temporal coherence, i.e., of stable
correlations between separate space-time points of the com-
plex wave field. They should be appreciable over a significant
portion of the diffracting element, e.g., over at least two slits
of a diffraction grating.

Most matter-wave experiments are operated with a par-
ticle beam propagating in a well-defined longitudinal direc-
tion. In many cases it is then justified to decouple the
forward direction from the transverse state of motion. If
we assume an initially incoherent particle source, its spatial
(transverse) coherence depends on the effective width a of
the source aperture. According to the van Cittert—Zernike
theorem the spatial coherence behind an incoherent source
is described by the same functional form that also quantifies
the intensity pattern due to diffraction behind the same
aperture under coherent plane wave illumination (Born
and Wolf, 1993). The coherence width at a distance L
behind the intrinsically incoherent particle source can there-
fore be estimated as 2LAgz/a. This illustrates that for
massive particles with small de Broglie wavelengths Agg
we will need either a narrow source opening a or a long
propagation distance L to prepare the required spatial
coherence.

Similarly, the Wiener-Khinchin theorem describes the lon-
gitudinal coherence function as the Fourier transform of the
beam spectral density (Born and Wolf, 1993). A narrow
distribution of de Broglie wavelengths, i.e., a good momen-
tum selection, is therefore required if we want to prepare
longitudinally extended matter-wave coherence. This is a
source property that cannot be improved by increasing the
distance between the source and the grating.
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B. Entering the near field

Many textbooks on classical optics restrict themselves to
far-field interference patterns described by the Fourier trans-
form of the diffraction mask. Also the first diffraction experi-
ments with Cg fullerenes were performed in this regime: an
effusive molecular beam with a velocity of about 100 m/s
was sent onto a nanomechanical grating with a slit separation
of 100 nm (Arndt et al., 1999). Given the de Broglie wave-
length of 5 pm, sufficient transverse coherence could be
prepared only by reducing the effective source width to
smaller than 10 xm. Since the first order interference fringes
were separated by only 50 pm at a distance of 1 m behind the
grating, a second 10 pm slit was placed immediately in front
of the grating to collimate the beam width to smaller than the
diffraction angle. This concept clearly worked, but at the
expense of reducing the detected particle flux by many orders
of magnitude. Experiments with more massive species must
cope with even smaller de Broglie wavelengths and even
stricter coherence requirements. Several strategies are con-
ceivable to fulfill them.

Novel source methods may serve to improve the coherence
and to increase Ayg. However, slowing of the particle beam
alone does not solve the problem, since it reduces only the
forward velocity and therefore increases the beam divergence
by the same factor. Genuine cooling would reduce the mean
velocity, the velocity spread in all directions, and eventually
also the number of internal excitations. But cooling schemes
for interferometry with massive particles are still in an early
development stage (see Sec. VI). Improved detectors with
true single-particle sensitivity may allow one to compensate
for the small fluxes associated with a tight collimation. We
focus here on a third aspect, the implementations of novel
near-field interferometer schemes which relax the coherence
requirements and at the same time parallelize the diffraction
effect thousandfold.

Coherent diffraction at an arbitrary aperture is generally
described by the Kirchhoft-Fresnel integral (Born and Wolf,
1993). It can be viewed as a decomposition of the diffraction
pattern into spherical waves emanating from all points in the
aperture surface. Each contributes a phase 277R/Agg with R
the distance between an aperture point and an image point on
a screen. The paraxial approximation holds if the latter is
located at a distance L large compared to the extension of the
aperture. The contributing phases can then be expanded to
second order in the lateral coordinates of aperture and screen,
d) = 7T(~‘.u - -“.\')Z/I\LIBL'

One can further distinguish between far-field and near-field
interference based on the importance of the propagating wave
front curvature in ¢ (Born and Wolf, 1993; Berman and
Malinovsky, 2010). In the Fraunhofer, or far-field approxi-
mation, the quadratic terms x2 and x> may be neglected in ¢,
while they are required for Fresnel, or near-field diffraction.
Figure 1 shows the transition from the near-field to first
features of the far-field regime for diffraction at a grating of
ten slits. The proper far-field limit is then reached at the
characteristic distance a>/A4g, where the wave pattern is
already expanded to well beyond the size of the aperture a,
so that spherical waves can already be locally approximated
as plane waves.
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FIG. 1 (color). Transition from near-field to far-field interference
for a plane wave illuminating a grating with ten equidistant slits
from the left. The brightness is scaled to be proportional to the wave
amplitude. In the near field, at integer multiples of the Talbot length
L/Ly = 1,2, and 3, one observes partial recurrences of the intensity
distribution in the slits, while at greater distances the main diffrac-
tion orders of far-field interference start to emerge. The calculation
is done in the paraxial approximation, assuming ideal gratings with
a slit width of one-half the slit separation. Note that the axes are not
to scale.

Our near-field interferometers are based on the principle
of coherent lenseless self-imaging. This concept was first
developed for light optics (Talbot, 1836) and it is nowadays
often employed in situations where refractive optical ele-
ments are unavailable, such as with molecules (Brezger
et al., 2002) or x rays (Pfeiffer et al., 2006).

The effect, which can already be recognized in the near-
field region of Fig. I, is illustrated in its idealized form in
Fig. 2: When a monochromatic plane wave illuminates a wide
grating of period d, interference of all diffraction orders will
reproduce a self-image of the intensity distribution in the
mask, at the distance

Ly =d*/Ag (1

further downstream. The Talbot length L is named after
Henry Fox Talbot who discovered the effect with light
(Talbot, 1836). Self-imaging recurs at integer multiples of
L+ up to the point where diffraction at the edges of the grating
window becomes relevant. At odd multiples of Ly the grating
image is shifted by half a fringe period, while it appears
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0 0.5 1 1.5 2
Distance L/Lt

FIG. 2 (color). Detail of a Talbot carpet in the near-field region of
an extended grating generated by a plane wave from the left. As in
Fig. 1 bright colors indicate large wave amplitudes. At integer
multiples of the Talbot length Ly it displays an exact image of
the intensity distribution in the grating (shifted by one-half a grating
period for odd multiples). To highlight the fractional recurrences at
rational multiples of L/Ly the calculation was done (in the para-
xial approximation) with a small slit width of 15% of the grating
period. The Talbot-Lau interferometers described below are based
on the same resonant interference effect which gives rise to these
structures.

unshifted at even multiples; some therefore prefer to define
2d?/ Mgy as the Talbot length. Figure 2 also reveals fractional
revivals with smaller periods in distances which are rational
fractions of Ly. The observed intensity distribution is an
example of wave physics and clearly incompatible with the
assumption of ray optics (Berry, Marzoli, and Schleich, 2001;
Case et al., 2009).

C. Concept of Talbot-Lau interferometry (TLI)

The implementation of the Talbot effect still requires a
high degree of coherence and has so far been observed with
atoms (Chapman, Ekstrom et al., 1995; Nowak et al., 1997)
and electrons (McMorran and Cronin, 2009) but not yet with
molecules. We can extend this concept to spatially incoherent
sources by adding a second grating of the same period. This
leads to the configuration of array illuminators which was
proposed by Lau (1948) and is nowadays widely used in light
optics (Patorski, 1989).

The intuitive picture behind this scheme is the following:
The first grating G, acts as a periodic spatial mask which
prepares transverse coherence by slicing the incident wave
field into numerous wavelets. There is no phase coherence
between the waves emerging from neighboring slits.
However, each of the individual wavelets emanating from
any of the slits of G; develops sufficient transverse coherence
on its way toward the second grating G, to cover two or more
slits with a well-defined phase relation. This requires G, to be
at a distance comparable to Lt away from G,. Diffraction at
the second grating followed by the free evolution over the
Talbot distance then leads to the formation of a spatially
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periodic intensity pattern whose period equals that of the
two gratings. This way, each slit in G, gives rise to a fringe
pattern at the detection screen. All interferograms associated
with the individual source slits are synchronized in their
phase position such that they add up to a high-contrast density
pattern. A formal treatment shows that the fringe visibility
may actually have a minimum when the grating distance
exactly matches the Talbot length (Dubetsky and Berman,
1997a; Nimmrichter and Hornberger, 2008), but it reaches a
maximum in the close vicinity of L.

A direct way to visualize the final molecular density
pattern is to capture and image the molecules on a clean
surface (Juffmann er al., 2009). Alternatively, one can scan
the interferogram with a third grating G; of the same period
(Brezger et al., 2002). In this case the spatial resolution is
provided by the grating, so that the integration over a large
area leads to a significant gain in signal and a reduction of the
measurement time. This is of a particular advantage for
sources with a small flux and limited coherence. It also
provides a fast signal readout which is often required for
feedback and alignment purposes.

In Talbot-Lau interferometry the required grating period
d = JAgL = m~"/? is determined by the de Broglie wave-
length and the size of the interferometer L, independently of
the molecular beam width D. This scaling is much less
demanding than that of far-field diffraction d = LAgg/D o
m~'D~!. In comparison to single-grating far-field diffraction,
Talbot-Lau interferometry with three masks imposes more
stringent alignment requirements since both the rotation and
the longitudinal position of the gratings are important. On the
other hand, the arrangement of thousands of parallel slits
increases the signal by several orders of magnitude over
far-field experiments.

III. NEAR-FIELD INTERFERENCE WITH
NANOPARTICLES

Both the short de Broglie wavelength and the limited
coherence of available molecular beam sources are the rea-
sons why interferometry with large molecules started off with
only the advent of near-field interferometers. The concept
was first demonstrated for potassium atoms by Clauser and
Li (1994) and it was further explored in a number of
theoretical papers (Clauser, 1997; Dubetsky and Berman,
1997b; Rohwedder, 1999). Macromolecule interferometry
was then realized in the following steps.

A. Talbot-Lau interferometry

The first fullerene interferometer was implemented in a
Talbot-Lau (TL) configuration with three microfabricated
gold gratings, as illustrated in Fig. 3(a). The microstructures
were written with a period of 991 nm and an open slit width of
about 470 nm into 16 mm wide and 500 nm thin gold
membranes. Three identical gratings were adjusted with a
separation of 22 cm (Brezger et al., 2002).

In the experiment care was taken to align all grating slits
with an accuracy of about 1 mrad with respect to each other
and to the Earth’s gravitational field. The interferometer was
placed in a high-vacuum chamber evacuated to better than
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FIG. 3 (color). Near-field interferometers are optimized for beams
of low flux and limited coherence: (a) The Talbot-Lau interferome-
ter (TLI) uses three nanofabricated gratings. G; prepares the
required spatial coherence, G, diffracts the wavelets so that they
will form an interferogram, and G; is scanned to sample the fringe
pattern (Clauser and Li, 1994; Brezger et al., 2002). (b) The
Kapitza-Dirac-Talbot-Lau interferometer (KDTLI) eliminates the
dispersive van der Waals interactions between the molecules and
the grating walls inside the TLI, since the central diffraction element
is realized as an off-resonant standing light wave (Gerlich et al.,
2007). (c) An optical time-domain ionizing matter (OTIMA) inter-
ferometer, which has yet to be realized, consists of three ultraviolet
laser beams. Single-photon ionization in the antinodes of the
standing wave removes clusters from the incident particle cloud,
acting similarly as the massive bars of a material grating. Operated
in the time domain and using short and precisely timed laser pulses,
the OTIMA concept avoids many phase averaging effects. From
Nimmrichter, Haslinger et al., 2011.

1077 mbar and isolated from floor vibrations by an inflated
optical table. A sublimation source emitted a thermal beam of
molecules, with an internal and motional temperature of up to
900 K, in the case of Cgy and Cy, fullerenes. The thermal
distribution contained a broad range of initial velocities. A
velocity band of Av/v =~20% was filtered out by selecting
the molecular free-fall parabola. In this interferometer ar-
rangement, high-contrast interference could be observed both
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FIG. 4 (color online). Talbot-Lau interference of Cy, as seen in
experiments by Brezger er al. (2002). The data set is well
reproduced by a sinusoidal curve with a fringe visibility of 38%.

for the fullerenes by Brezger er al. (2002) and for the biodye
tetraphenylporphyrin (TPP) by Hackermiiller et al. (2003).
In Fig. 4 we show an interferogram of C,, displaying high
contrast and a good signal-to-noise ratio. As in light optics,
we define the fringe visibility of a sine wave pattern as the
ratio of its amplitude over its offset.

In contrast to far-field diffraction, which is an unambigu-
ous wave phenomenon without any ray optics analog, the
appearance of molecular density fringes in a two-grating
experiment might also be explained by a classical moiré
shadow, to a certain degree. Fortunately, quantum diffraction
and moiré effects can be well distinguished by studying the
fringe visibility as a function of the particle velocity, as done
in Fig. 5. If molecules were classical particles traveling along
straight trajectories, their velocity would not influence the
moiré visibility. They should, therefore, all exhibit a visibility
of only 4% in our settings. In contrast to that, the de Broglie
wavelength of a quantum object is inversely proportional to
its velocity and we expect a periodic recurrence of the fringe
visibility with the velocity.

Interestingly, this idealized quantum wave picture (dotted
line in Fig. 5) does not reproduce the fullerene interference
experiment at all (black circles), since it ignores the
van der Waals interaction of the polarizable molecule with
the grating walls. Although the effect of grating interactions
was already observed in far-field diffraction at thin SiN masks
(Grisenti et al., 1999; Nairz, Arndt, and Zeilinger, 2003), it
becomes much more dominant in near-field interference, as
discussed in Sec. VII.

The C;, experiment can be better described by a quantum
model that includes the van der Waals attraction as in Fig. 5.
The solid line assumes the nonretarded van der Waals poten-
tial V = —C;/r3, with C3 = 10 meV nm? (Jacob, 2011),
and the dashed line the asymptotic long-distance form of
the Casimir-Polder potential V = —3hcay, /327 eyr?,
with the static polarizability @, /4mey = 102 X 1073 m3
for C;9 (Compagnon et al., 2001). The exact potential
according to Casimir and Polder (1948) leads to a curve close
to that of the nonretarded form in the present case. An
explanation of the remaining discrepancy between experi-
ment and theory requires future experiments with gratings of
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FIG. 5 (color online). Interference in the Talbot-Lau configura-
tion leads to near-sinusoidal fringes when the open fraction is
approximately 48%. The qualitative and quantitative dependence
of the fringe visibility of the molecular velocity is important for
discriminating the quantum wave behavior from classical moiré
patterns (Brezger et al., 2002). Full circles: experimental data
with statistical error bars; dotted line: quantum wave model,
ignoring the molecular polarizability; solid line: quantum wave
model including the attractive van der Waals interaction between
the polarizable C;, molecule and the gold grating wall; dashed
line: replacing the van der Waals attraction by the asymptotic form
of the Casimir-Polder interaction; dash-dotted line: classical
shadow contrast in the presence of van der Waals forces. All
theoretical curves include an average over the measured velocity
distribution in the beam.

variable thickness and different materials, as well as better
velocity selection. We note that also the classical treatment
must include the attractive force in the grating slit. The
expected visibility then follows a monotonic curve in the
same diagram (dash-dotted line in Fig. 5), but never exceeds
16% in our setting. This is clearly different from both the
quantum description and the experimental observation.

The polarizability of a mesoscopic particle is roughly
proportional to its volume. Therefore Casimir-Polder forces
have an even more significant effect on larger particles. This
explains why in a Talbot-Lau interferometer with material
gratings quantum interference may be difficult to observe for
more massive particles, unless we are able either to prepare a
sufficiently intense molecular beam with a narrow velocity
spread below 1% or to fabricate an atomically thin diffraction
mask, for instance, from graphene (Geim and Novoselov,
2007).

B. Kapitza-Dirac-Talbot-Lau interferometry (KDTLI)

The problem of van der Waals forces can be eliminated by
another interferometer scheme: Following the demonstration
of an optical phase grating for fullerenes by Nairz et al.
(2001) a new interferometer was proposed by Brezger, Arndt,
and Zeilinger (2003) and implemented by Gerlich et al.
(2007). This KDTLI combines the idea of TL near-field
parallelization with the concept of matter diffraction at a
standing light wave as originally proposed by Kapitza and
Dirac (1933) for electrons and first realized with atoms by
Moskowitz ef al. (1983) in the Bragg regime.

The KDTLI evolves from a TLI if we replace the central
diffraction grating G, by a standing laser light wave with the
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FIG. 6 (color online). Interference fringe visibility vs molecular
velocity for molecules of high polarizability. Dashed line: KDTLI
prediction for the perfluoralkylated nanosphere PFNS8 with a
polarizability of ay/47ey =2 X 1072 m*; solid line: TLI pre-
diction for the same experimental arrangement, except for the laser
grating being replaced by a 200-nm-thick SiN wafer with a grating
period of 266 and 90 nm open slits. Even though the use of
mechanical gratings may allow one to achieve a high interference
contrast at a few selected velocities, real-world sources have a finite
velocity spread and the effective visibility in a TL interferometer
can be dramatically reduced when the velocity spread exceeds 1%.
From Gerlich et al., 2007.

same grating period; see Fig. 3. We still keep the mechanical
masks G; and G; for coherence preparation and interference
imaging. The van der Waals phases at these stages do not
perturb the final pattern since G; and G; act only as spatially
periodic transmission filters (each thinning out the beam by
about two-thirds).

The new optical phase grating G, does not remove any
particles from the beam. Instead, the electric laser field E
interacts with the molecular optical polarizability a.y to
induce a rapidly oscillating electric dipole moment which
interacts again with the laser field. In a standing light wave,
the resulting dipole potential W = —a, E(x, 1)?/2 is spa-
tially modulated, and so is the imprinted molecular phase.
Given that its period is the same as that of Gy, the free
evolution of the de Broglie waves behind the grating then
results in an observable molecular fringe pattern with the
same periodicity. As illustrated by Fig. 6, the elimination of
the molecule wall interaction at G, significantly reduces the
monochromaticity requirement on the incident matter waves.

In our experiment the optical phase grating is realized by
retroreflecting a 532 nm laser of up to 18 W at a flat mirror.
Since the incident molecular beam has a divergence of about
1 mrad, it is important to orient the standing light wave such
that no semiclassical molecular trajectory crosses more than a
single node or antinode of the green light field. In order to
meet this condition the laser is focused along the molecular
beam axis to a narrow waist of w = 20 pwm. The period of the
mechanical masks G; and G3 was also carefully matched to
that of the laser grating (266 nm) since already a deviation
exceeding 0.05 nm would significantly reduce the interfer-
ence fringe visibility.
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FIG. 7 (color).

Gallery of molecules that showed quantum interference in the KDTL interferometer. (a) Tetraphenylporphyrin (TPP);

(b) Cg fullerene; (c) PENS10, a carbon nanosphere with ten perfluroalkyl chains; the variant PENS8 with eight side arms was also used;
(d) a perfluoroalkyl-functionalized diazobenzene (Gerlich et al., 2007); (e), (f) two structural isomers with equal chemical composition but
different atomic arrangement (Tiixen et al., 2010); (g) TPPF152, a TPP derivative with 152 fluorine atoms (Gerlich et al., 2011).

The gratings are mounted on a common base with a
mutual distance of 105 mm. This allows operating with a
de Broglie wavelength down to 1 pm, for instance, with
particles of 10000 amu at a velocity of 40 m/s or corre-
spondingly higher masses at lower velocities. This design
was experimentally validated in our laboratory with a variety
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FIG. 8 (color online). Fringe visibility of PFNS8 in the KDTLI as
a function of diffracting laser power at a mean molecular velocity of
75 m/s and a velocity spread of 10%. Experimental data are
represented by full circles; the error bars correspond to a 68%
confidence interval of the sinusoidal fit of the interference pattern.
The heavy line is the quantum prediction based on the expected
polarizability of a, /47ey =2 X 1072 m*. The shaded area dis-
plays the effect of a =2 m/s variation of the mean molecular
velocity. The thin line gives the classically expected visibility.
From Gerlich et al., 2011.
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of organic molecules, as shown in Fig. 7. We demonstrate
high-contrast quantum interference for many molecular
shapes, symmetries, masses, and internal excitations. Some
of these molecules contained more than 400 atoms, weighed
about 7000 amu, were thermally excited to 1000 K, or
measured more than 6 nm in diameter, and still they all
exhibited clear quantum interference (Gerlich et al., 2011).
In Fig. 8 we present the evolution of the fringe visibility for
the perfluoroalkylated nanosphere PFNS8 (356 atoms,
5672 amu) as a function of the diffracting laser power in
G,. The experimental data (full circles) show a visibility of
up to 50% and they are well described by the quantum
predictions (heavy line) and cannot be reproduced by clas-
sical physics (thin line). The relatively large error bars in this
experiment are due to the short measurement time resulting
from the thermal instability of the species and from the fact
that they are available only in small amounts.

C. Interferometry with pulsed optical gratings (OTIMA)

Although KDTLI is compatible with high molecular
masses, van der Waals forces in G; and G; may eventually
lead to a blockage of the grating due to adsorbed molecules
clogging the slits. It is therefore useful to consider an all-
optical setup, such as the optical time-domain ionizing matter
(OTIMA) interferometer we describe below.

As long as we are limited to incoherent sources, the first
grating must act as an absorptive mask to prepare the required
spatial coherence. Optical amplitude gratings were already
realized by Abfalterer et al. (1997) for metastable atoms by
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inducing transitions to undetected states. Since the high level
density in clusters and molecules usually precludes this
resonant excitation scheme, Reiger er al. (2006) proposed
photoionization gratings as a universal tool for complex
nanoparticles, where a single photon suffices to ionize and
remove the particles from the antinodes of a standing light
wave. The intensity maxima thus play the role of the grating
bars, but their transmission, periodicity, and the additionally
imprinted phase can be tuned by varying the pulse energy and
the laser wavelength. In variance to the TLI and KDTLI
designs, the second pulse G, acts as a combination of both
an absorptive and a phase grating.

The use of pulsed optical gratings also allows one to
implement an interferometer in the time domain as discussed
in detail by Nimmrichter, Haslinger er al. (2011). Time-
domain interferometry was first proposed by Moshinski
(1952) for neutrons. Since then it has been implemented in
various atom experiments, for instance, by Kasevich er al.
(1991), Szriftgiser et al. (1996), Cahn et al. (1997), Fray
et al. (2004), and Turlapov, Tonyushkin, and Sleator (2005). It
permits one to eliminate many velocity-dependent dispersive
effects since all particles interact with all perturbations for the
same period of time.

A possible implementation for clusters is illustrated in
Fig. 3(c), where a cluster package passes along a plane mirror
surface. It is subjected to three retroreflected UV laser pulses
which form standing light waves. These pulses are separated
in time by a pulse delay of several tens of microseconds for

Absorbed photons per pulse

0 0.5 1 15 2
Pulse delay time T/Tt

FIG. 9. Predicted fringe visibility as a function of both the pulse
delay time and the mean number of absorbed UV photons. Matter-
wave self-imaging occurs at multiples of the Talbot time T'p. Each
single-photon ionization grating leads to a spatially periodic re-
moval of clusters from the beam. The antinodes of the standing light
waves thus play the role of the mechanical bars in a nanofabricated
grating. By increasing the laser pulse energy one broadens the zones
from which the clusters can be efficiently extracted. This corre-
sponds to a reduction of the effective open slit width in a mechanical
grating. All gratings are not only ionizing, but are accompanied by
an additional phase modulation arising from the interaction between
the polarizable molecules and the laser field. This intensity depen-
dent phase gives rise to the predicted asymmetry of this figure.
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low-mass clusters and up to tens of milliseconds for clusters
around 10° amu. The time-domain analog of the Talbot
length is the Talbot time 77 = md?/h, proportional to the
particle mass. For light with a wavelength of 2d = 157 nm as
generated by an Fy-excimer laser it amounts to Tp/ns =
15m/amu. F, lasers have a coherence length of about 1 cm
(Sansonetti, Reader, and Vogler, 2001) and a pulse width of
about 10 ns, which suffices to form a laser grating up to a few
millimeter distance from the mirror surface. Other light
sources, such as high harmonics of solid state lasers, are
similarly conceivable.

One can scan the interference fringes, for instance, by
allowing the particles to fall freely in the gravitational field.
Since the delay time is the same for all clusters, they will fall
by the same distance, and will thus be effectively scanned by
laser grating Gs, independent of their velocities. The simu-
lation presented in Fig. 9 shows that the quantum visibility
in such a scheme could reach as much as 100% for a given
mass.

IV. PROBING ENVIRONMENTAL DECOHERENCE

The experiments described in the previous section demon-
strate that complex particles can be delocalized over hundreds
of nanometers, a distance exceeding their size by orders of
magnitude. Given this clear confirmation of quantum me-
chanics, how can one understand that under normal circum-
stances molecules appear as well-localized objects? This
distinction of states with well-defined position can be ex-
plained within the framework of quantum mechanics by the
concept of environmental decoherence (Joos er al., 2003;
Zurek, 2003; Schlosshauer, 2007).

The theory accounts for the crucial influence of practi-
cally unobservable environmental degrees of freedom, such
as ambient gas particles or the radiation field. The inter-
action correlates the environmental quantum state with that
of the molecular motion, implying that some information
on the molecule’s whereabouts could be obtained in prin-
ciple by an appropriate measurement of the environment.
Even though this cannot be done in practice, the mere fact
that which-way information remains in the environment
suffices to affect the reduced state of the molecule in the
same way as if the particle position was continuously
monitored by a coarse-grained detector and the outcome
discarded. This leads to the effective localization of the
particle, i.e., to the reduction of spatial coherence, prohib-
iting its wave behavior in agreement with the complemen-
tarity principle (Bohr, 1949). Equivalently, one can view
the environment as exerting random momentum kicks on
the molecule, which blur the molecular state in the mo-
mentum representation.

The near-field interference setups discussed in Sec. I1I are
particularly well suited for quantitative decoherence studies
since a molecule will typically not be scattered out of the
detected beam after an environmental interaction. This en-
abled the first studies of thermal and collisional decoherence,
two paradigmatic mechanisms, which can be experimentally
well controlled and where the observed reduction of the
interference visibility can be compared with the quantitative
predictions of decoherence theory.
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It should be emphasized that the fringe visibility may also
be degraded by more mundane effects which cannot be
related to the dissemination of which-way information,
even though they may be hard to distinguish from proper
decoherence. In practice the most relevant of these is the
blurring of the observed interference pattern due to the phase
averaging caused by vibrations and due to thermal drifts of
the grating positions and their alignment; also fluctuations of
electromagnetic field gradients can reduce the recorded in-
terference visibility. Such classical noise effects were suffi-
ciently suppressed in the experiments on thermal and
collisional decoherence.

A. Endogenous heat radiation

Every complex particle with a finite temperature emits
thermal radiation. The localization due to that radiation is
thus a basic decoherence effect expected to occur in any
thermal object. It can be studied conveniently with fullerenes
since they behave in many ways similar to a small solid when
heated to high internal energies.

At temperatures exceeding 1000 K fullerenes radiate in a
continuous optical spectrum, similar to a blackbody (Hansen
and Campbell, 1998). They also start to evaporate C, subunits
and to emit thermal electrons. All of these processes can
occur while the hot molecules traverse the Talbot-Lau inter-
ferometer. However, ionization and fragmentation lead to a
complete loss of the molecules and thus do not contribute to
the recorded signal.

In the experiment the fullerenes were heated by several
intense laser beams in front of the interferometer
(Hackermiiller et al., 2004). Both the ionization yield in
the excitation region and the increased final detection effi-
ciency are recorded as a function of the heating laser power
and the particle velocity, providing a temperature calibration.
The agreement of these measurements with a model calcu-
lation yields the distribution of microcanonical temperatures
in the molecular ensemble (Hornberger, Hackermiiller, and
Arndt, 2005). Photoemission is the fastest and most efficient
cooling process, and a good portion of the internal energy is
emitted before the molecules enter the interferometer.
However, it still is probable for the molecules to emit several
near-infrared or even visible photons during their transit
between the first and the third grating.

The theoretical account of the expected decoherence must
consider the fact that fullerenes differ from ideal blackbody
emitters. A microscopically realistic description of the spec-
tral emission rate is obtained by including their known
frequency-dependent absorption cross section, their finite
heat capacity, and the fact that they are not in thermal
equilibrium  with the radiation field (Hornberger,
Hackermiiller, and Arndt, 2005).

As shown in Fig. 10, the prediction from decoherence
theory is well confirmed by the experimental observation:
The interference visibility is gradually reduced with increas-
ing molecular temperature until it vanishes completely. The
upper scale gives the mean microcanonical temperature in the
molecular beam, showing that at 1500 K the fullerenes still
behave as quantum waves in this experimental arrangement,
while they are indistinguishable from classical particles when
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FIG. 10 (color online). Observation of thermal decoherence in a
Talbot-Lau interferometer. The expected visibility reduction (solid
line) is in good agreement with the experimental observation
(points). The bottom scale gives the heating laser power, and the
top scale shows the mean molecular temperature at the interfer-
ometer entrance. The maximal interference path separation of
990 nm is comparable to the wavelengths of the thermal photons,
implying that more than a single photon has to be emitted to fully
destroy the fringe visibility. Combined with the highly nonlinear
temperature dependence of the emission probability, this explains
the particular form of the curve. In the experiment the gratings are
separated by 38 cm and the mean beam velocity is 100 m/s. From
Hackermiiller et al., 2004.

close to 3000 K. The calculation shows that between three
and four photons are typically required to reduce the visibility
by one-half. This is consistent with the emitted wavelength
being comparable to the spatial delocalization of the molecu-
lar matter waves.

These studies imply that thermal decoherence can turn
into a serious obstacle for interferometry with very complex
particles. In particular, the effect suffices to explain the
localization of truly macroscopic objects, since the critical
temperature for the effective quantum-to-classical transition
decreases with increasing size (Joos e al, 2003;
Hornberger, 2006). At the same time, thermal decoherence
should be avoidable for particles with masses up to
10° amu by cooling them to their vibrational ground state,
i.e., below 77 K; at these masses also the vacuum chamber
containing the setup needs to be cooled to avoid decoher-
ence due to blackbody radiation (Nimmrichter, Hornberger
et al., 2011).

B. Collisional decoherence

A second fundamental decoherence effect is related to the
scattering of ambient gas particles off the delocalized mole-
cule. Using a Talbot-Lau interferometer one can study this
effect quantitatively by the gradual admission of different
gases into the vacuum chamber. At room temperature, the
collisional momentum and information transfer is so high that
already a single scattering event per molecule suffices to fully
destroy the interference. On the other hand, because of the
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FIG. 11 (color online). Interference fringe visibility of Cy, fuller-
enes as a function of the methane gas pressure in a TLI (semi-
logarithmic scale). The exponential decay indicates that already a
single collision leads to a complete loss of coherence. Good
agreement is found with the prediction of decoherence theory (solid
line), which is based on the microscopic scattering dynamics. From
Hornberger et al., 2003.

high mass of the interfering particles and the wide detection
area there is no dominant beam depletion due to collisions
within the interferometer.

As shown in Fig. 11 an exponential decay of the fringe
visibility can be observed as the gas pressure increases
(Hornberger et al., 2003). This is consistent with assuming
that a single collision process is able to resolve the molecular
position, or equivalently to blur the interference pattern by the
random momentum transfer. We note that also the molecular
transmission decreases exponentially, though this is mainly
due to collisions outside the interferometer.

We find a good quantitative agreement with decoherence
theory, as indicated by the solid line in Fig. 11. The calcu-
lation is based on a semiclassical approximation for the
velocity-dependent total scattering cross section, which is
determined by the interparticle van der Waals potential, and
which must be averaged over the velocity distribution in the
gas; see Hackermiiller er @l. (2003). This experiment serves
also to confirm the short time limit of the quantum linear
Boltzmann equation for a tracer particle in a gas (Vacchini
and Hornberger, 2009).

The interference of fullerenes yields substantial visibilities
even at moderate pressures of 1077 mbar (and an interfer-
ometer transit time of 5 to 10 ms). However, we estimate that
quantum interference with gold nanoclusters of 10° amu will
require a pressure of less than 1077 mbar (Nimmrichter,
Haslinger et al., 2011).

V. INTERFERENCE-ASSISTED MEASUREMENTS

The narrow spacing of the quantum interference fringes
and the high sensitivity of their position to external forces
allows one to turn molecule interferometry into a viable
tool for quantum-enhanced metrology. The high potential
of interference-assisted measurements has already been
demonstrated with atoms. Static polarizabilities (Ekstrom
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et al., 1995; Miffre et al., 2006a; Holmgren et al., 2010),
the ratio i/ mc, (Weiss, Young, and Chu, 1993), the gravita-
tional acceleration (Peters, Chung, and Chu, 1999), and
Earth’s rotation (Gustavson, Bouyer, and Kasevich, 1997)
have been measured interferometrically, to name a few.

Here we focus our discussion on the combination of
Kapitza-Dirac-Talbot-Lau interferometry with conventional
Stark deflectometry (De Heer and Kresin, 2010) to determine
the internal properties of large organic molecules. This pro-
vides valuable insight into physical chemistry, and it is also
important for future interference experiments since the cou-
pling of the molecule to the environment depends on these
parameters.

A. Optical polarizability

In KDTLI the light grating G, interacts with the molecular
optical polarizability a, and modulates the de Broglie phase
shift. The influence of the laser power P on the fringe
visibility V was already illustrated in Fig. 8 for the perfluor-
alkylated nanosphere PFNS8. For smaller molecules with a
higher signal-to-noise ratio, such as the fullerenes,
Hornberger et al. (2009) found that the excellent agreement
between theory and experiment permits the determination of
a,, with an accuracy of around 10% (dominated by the
systematic uncertainties in the power and the vertical waist
of the diffracting laser). This allows, for instance, a clear
distinction between Cgy and Cy, directly from the power
dependence of their fringe visibility. KDTLI may thus be
used for identifying properties which cannot be discriminated
by a mass spectrometer alone (Gerlich er al., 2008).

B. Electric polarizability

The KDTLI can be extended by a pair of electrodes
(Stefanov, Berninger, and Arndt, 2008) in front of G, as
shown in Fig. 12, to access the static polarizabilities. The
inhomogeneous electric field E produced by the electrodes
provides a homogenous transverse force on a polarizable
particle of polarizability a,,. The magnitude of the final
quantum fringe shift

Qg O
A — K stat -
* 2mv? dx

(E?) (2)
is identical to the displacement of a classical particle beam
of mass m and velocity v. K is a constant defined by the
geometry of the electrodes. Matter-wave interferometry,
however, additionally imprints a nanosized, high-contrast
fringe pattern whose shift can be monitored with a resolution
of a few nanometers. This exceeds the spatial resolution of
typical classical experiments by orders of magnitude.
Because of that, quantum experiments can operate at lower
fields and be less intrusive. At present, the experimental
uncertainty in quantum deflectometry is still comparable to
its classical analog (Berninger ef al., 2007), since the
experimental precision is currently limited by the uncer-
tainty of the velocity measurement and the error of the
geometry factor K. Future experiments featuring an im-
proved velocity selection and a better calibration, for
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FIG. 12 (color online). Interferometric Stark deflectometry com-
bines the high spatial resolution of the KDTL experiment [see
Fig. 3(b)] with the fringe deflection in an electric force field. Beam
shifts as small as 10 nm can easily be resolved and be used to
evaluate both intramolecular properties and external forces. From
left to right: A thermal source emits an intense beam of neutral
molecules. A pair of electrodes, placed in between G, and G,
provides the deflection field. An electron impact ionization quad-
rupole mass spectrometer (QMS) serves as detector.

instance using an atom beam, are expected to achieve an
accuracy of better than 1%. This is close to the intrinsic limit
for thermally excited molecules undergoing state changes on
a rapid time scale, as shown later.

C. Structural isomers

The molecular polarizability is also closely linked to the
intramolecular atomic arrangement. Stark deflectometry
therefore allows one to distinguish structural isomers, i.e.,
molecules which have the same chemical composition and
mass but a different atomic arrangement. This is the case for
the compounds in Figs. 7(e) and 7(f) which were tailor made
by Tiixen et al. (2010). Molecular beams of both species are
prepared under equal conditions and delocalized over similar
areas in the same interferometer. The stretched compound in
Fig. 7(f), however, contains a delocalized 7r-electron system
which enhances the electronic polarizability with respect to
the value of the compound in Fig. 7(e) with a tetrahedral core.
Interferometric deflectometry can then distinguish between
these two species and in principle even sort them spatially
(Ulbricht et al., 2008). This occurs without the exchange of
any which-path information, since the interaction of the
molecules with the external field is conservative and
reversible.

D. Thermal dynamics

In contrast to atoms, whose interaction with an electric
field is determined by the static atomic polarizability alone,
complex molecules are bestowed with many additional de-
grees of freedom. Even intrinsically nonpolar particles, with a
point-symmetric thermal ground state, may develop vibra-
tionally induced electric dipole moments which fluctuate on a
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short time scale. The beam shift in an external field is then
again determined by a polarizability as in Eq. (2). However,
in place of only the static polarizability, which describes the
response of the electron cloud, we must use the sum of a,,
and a temperature dependent nuclear term accounting for the
nuclear motion. It is determined by the thermal average (d”)
of the squared electric dipole component (Compagnon et al.,
2002):

(d*)

Aot = Qg +
Although the underlying conformation changes occur on a
subnanosecond time scale and average the expectation value
of the dipole moment to zero, the squared dipole remains
finite at finite temperatures. This picture was experimentally
tested with hot perfluoroalkylated azobenzene molecules,
shown in Fig. 7(d). At 500 K they undergo rapid fluctuations
with dipole variations between 0.8 and 3.6 D. Interferometric
deflectometry yields a total polarizability of a,,/4me, =
(95 =3 +8) X 107 m3, which is larger than the value
for the electronic polarizability ag,/47me) = (61 £ 1+
7) X 1073 m3, as taken from a visibility-versus-power
curve. Here the first uncertainty values give the statistical
error, and the second ones give the systematic error. The
observed total polarizability is numerically consistent with
the sum of the electronic polarizability and the temperature
dependent term in Eq. (3) (Gring et al., 2010).

E. Permanent electric dipole moments

While all measurements described so far are contrast
preserving at a fixed molecular velocity, the interaction be-
tween a static molecular moment and an external field may
eventually lead to a loss of the fringe visibility due to the
molecular rotation. If a polar molecule is exposed to an
external field gradient, a deflection force F = —V(d - E)
will displace the interference pattern in dependence of the
molecular orientation with respect to the field. Thermally
excited molecules will generally leave the source with a
random orientation, rotating at frequencies around 10'° Hz.
The fringe shift then varies not only in magnitude but also in
direction such that the interference pattern washes out already
at moderate external field strengths. This is a typical example
where the fringe visibility is reduced by phase averaging
instead of genuine decoherence, i.e., without the dissemina-
tion of which-path information into the environment
(Eibenberger et al., 2011).

F. Absolute absorption cross sections

The experiments of Sec. IV illustrated how the emission of
photons can lead to the decoherence of matter waves. This
sensitivity to the recoil of a single photon can be brought to
practical use in an interferometric measurement of the abso-
lute molecular photoabsorption cross section (Nimmrichter
et al., 2008). Photon absorption may be induced by the
running wave of an additional laser beam crossing the mo-
lecular beam in the direction of the grating vector. Given
the Poissonian photon number statistics, a small discrete
number of photons can be absorbed, and the corresponding
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interferograms are shifted in discrete steps which add up to an
interference pattern with reduced visibility. By a judicious
choice of the laser position the interference visibility is
maximally blurred already if a single photon is absorbed on
average. It is thus possible to determine the absorption cross
section without knowing the molecular density in the beam, a
frequent challenge in physical chemistry. This exemplifies the
fact that quantum decoherence phenomena can become a tool
for molecular metrology.

VI. EXPERIMENTAL CHALLENGES

Interference experiments are only as good as their beam
sources and detectors. In the following, we briefly describe
some schemes which are currently available or under inves-
tigation for matter-wave interferometry. For brevity we limit
the discussion to neutral clusters and molecules.

A. Molecular beam sources

An ideal source emits velocity- and mass-selected particles
at low internal and external temperatures in a well-defined
direction into ultrahigh vacuum. Up to now, molecular inter-
ference experiments had to rely on either supersonic sources
or thermal beams. Effusive sources are particularly appealing
for matter-wave experiments as they are fully vacuum com-
patible, simple, and have the capability of generating beams
of molecules exceeding 10000 amu with velocity distribu-
tions that have significant components at velocities as low as
10 m/s. Supersonic sources, on the other hand, generate
beams which emerge at much higher velocities, but exhibit
much smaller velocity spreads and internal temperatures
(Scoles, 1988), which makes them still suitable for interfero-
metric metrology experiments with polypeptides and oligo-
nucleotides. Mechanical slowing mechanisms (Gupta and
Herschbach, 1999; Narevicius et al., 2007) and electromag-
netic slowing mechanisms (Bethlem, Berden, and Meijer,
1999; Fulton, Bishop, and Barker, 2004; Narevicius et al.,
2008) have been used to decelerate molecules around
100 amu. Molecules beyond the size of a single virus may
be volatilized by matrix assisted laser desorption ionization
(Tanaka et al., 1988) or electrospray ionization (Fenn et al.,
1989).

Large clusters of metals and semiconductors can be pre-
pared using aggregation sources (Martin, 1984; Haberland,
Karrais, and Mall, 1991; von Issendorff and Cheshnovsky,
2005) with diameters up to several nanometers, both as
neutrals as well as ions, and with a base velocity of about
200 to 300 m/s in a carrier gas at 77 K. Further slowing and
internal state cooling can be achieved using a cold buffer gas
or cryogenic ion traps.

Low molecular beam velocities are expected via sympa-
thetic cooling by laser cooled ions (Molhave and Drewsen,
2000) or by cooling in an off-resonant cavity (Horak et al.,
1997; Chang et al., 2010; Nimmrichter er al., 2010; Romero-
Isart, Pflanzer, Blaser et al., 2011). However, many experi-
mental challenges still have to be overcome to turn any of
these sources into a reliable method for nanoparticle quantum
optics.
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B. Detection methods

All experiments described in this review were carried out
using either thermal laser ionization or electron impact quad-
rupole mass spectrometry. Thermionic emission of electrons
is an efficient and fast detection method for stable particles,
such as fullerenes, which exhibit thermal photon emission
rather than fragmentation when heated to high temperatures
(Campbell, Ulmer, and Hertel, 1991; Hansen and Campbell,
1998).

Electron impact ionization quadrupole mass spectrometry,
on the other hand, is more universal at low masses, but limited
to a typical detection efficiency of 10™* and often compro-
mised by uncontrolled fragmentation at high mass.
Complementary to that, single-photon or two-photon meth-
ods seem to be adapted for the detection of clusters of almost
any size, yet they often fail for large organic molecules
(Hanley and Zimmermann, 2009).

This is why scanning tunneling microscopy (Juffmann
et al., 2009) or fluorescence methods (Stibor, Stefanov
et al., 2005) have been established to image surface deposited
interferograms. Their high detection efficiency, however, has
to be weighed against the difficulty of distinguishing mole-
cules from their fragments.

C. External perturbations

Classical noise phenomena, which should be distinguished
from the decoherence processes described in Sec. IV, are
conceptually less intriguing, but are in practice often more
relevant to the experiment. A theoretical discussion in the
context of atom interferometry was given by Schmiedmayer
et al. (1997) and Miffre er al. (2006b), and for molecule
experiments by Stibor, Hornberger et al. (2005).

In a three-grating interferometer the fringe shift Ax de-
pends on the relative position of all gratings as given by
Ax = Ax; — 2Ax, + Axz. Grating vibrations may destroy
the interference fringes already at amplitudes as small as a
few nanometers. In the presence of a constant acceleration a
the fringe shift is Ax = —2(a7?/2) + a(2T)?/2 = aT?, with
T the free evolution time between two subsequent gratings.
This applies to the Earth’s gravitational acceleration a, =
9.81 m/s?, the Coriolis acceleration a, = 2v X £, or any
constant electromagnetic acceleration.

An overall fringe shift will not destroy the interference
pattern. However, if different particles experience different
shifts due to different transit times the final molecular pattern
will be a mixture of differently shifted interferograms, and the
visibility can be drastically reduced. An interferometer in the
time domain (see Sec. I11.C) can eliminate all phase shifts that
depend on transit times. Even the intrinsically velocity-
dependent Coriolis force can be compensated then by a reor-
ientation of the interferometer grating vector parallel to .

VII. THEORY OF TALBOT-LAU NEAR-FIELD
INTERFERENCE

We now provide an overview of the theory, which
permitted us to design the interferometers such that the
quantum mechanically predicted fringe visibility is always
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considerably larger than of the moiré-type shadows expected
by classical physics.

In Talbot-Lau near-field interference, many different dif-
fraction orders contribute to a resonant interference effect.
Even small distortions of the various wave fronts can there-
fore result in large effects. This applies, in particular, to the
influence of the dispersion forces between the polarizable
molecules and the grating walls. An accurate description
must also account for the finite longitudinal coherence in
the initial beam, as well as the incoherent effects of photon
absorption and Rayleigh scattering in the standing laser light
wave. For precise predictions also the finite width and the
transverse coherence of the molecular beam entering the
interferometer must be included, as well as the effects of
grating vibrations and inertial forces due to gravity and the
rotation of the Earth.

All this can be accounted for in a transparent and largely
analytical fashion by expressing the state of the particle beam
and its evolution in phase space in terms of the Wigner
function (Wigner, 1932; Schleich, 2001). This also facilitates
the incorporation of decoherence effects caused by the emis-
sion of thermal radiation or the scattering of particles.
Comparison with the classical prediction, including all forces
and environmental effects, then simply requires one to re-
place the Wigner function by the classical phase-space
distribution.

A. Phase-space formulation

A quantum phase-space theory of Talbot-Lau interferom-
etry was developed by Hornberger, Sipe, and Arndt (2004)
and refined to the treatment of grating dispersion forces
beyond the eikonal approximation by Nimmrichter and
Hornberger (2008). It is based on earlier treatments using
wave functions (Patorski, 1989; Clauser and Reinsch, 1992;
Berman, 1997; Brezger, Arndt, and Zeilinger, 2003). The
concept was later extended to Kapitza-Dirac-Talbot-Lau in-
terferometry (Hornberger et al., 2009) and to time-domain
interferometry with ionizing laser beams (Nimmrichter,
Haslinger et al., 2011).

We assume a coarsely collimated molecular beam where
the longitudinal speed exceeds the transversal velocity. The
change of the longitudinal velocity component v, may then
be neglected as the particles pass the interferometer, and the
description can be confined to the transverse state of motion
in a longitudinally comoving frame. One considers how the
transverse Wigner function transforms under the sequential
steps of passages through the gratings and the stretches of free
propagations, and includes the longitudinal coherence only in
the end by averaging over the velocity distribution in the
beam. The classical prediction can be obtained in much the
same way, since the Wigner function and the classical phase-
space distribution exhibit the same shearing transformation
during the free motion in between the gratings.

To keep the presentation simple we focus here on the
results for the special case of equidistant gratings with equal
period d, and we assume a transversally extended and inco-
herent initial beam. The periodic nature of the diffraction
masks then allows us to expand the expected periodic fringe
pattern in a Fourier series,
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W (x) = Z B}, (O}Bzm(m LAT) exp(Zﬂ'im ﬁ) 4)

m=-o0

It involves the Talbot-Lau coefficients

B,(&) = Y bbi_,explim(m — 2))£] )

j=—w

The b; components are the Fourier coefficients of the trans-
mission function of the second grating G,,

1x) = blx) cxp(h_—vi f Vix, z)dz)

=3 b exp(zm' j g) 6)

==

They are determined by the aperture amplitude 0 = b(x) = 1,
and they also involve a complex phase if the grating potential
V(x, z) caused by dispersion forces or optical dipole forces is
included.

It follows from Eq. (5) that for integer & = n the B,,(n)
reduce to the Fourier coefficients of the transmission proba-
bility |#(x)|* (shifted by half a grating period for odd n). This
is the same self-imaging phenomenon encountered if a plane
wave illuminates a single grating; see Sec. IL.B. Indeed, the
density pattern of the basic Talbot effect consists of the same
coefficients (5), and reads as (Nimmrichter and Hornberger,
2008)

wr(x) = i Bm(m LLT) exp(an'img). (7

m=—0o

At integer multiples of the Talbot length, i.e., L = nLy, one
indeed recovers the grating profile |¢(x)|*> = |b(x)|%. At frac-
tional multiples, L/Ly = n/m, smaller periods appear in the
interferogram. This can be clearly seen, e.g., for n/m = 1/2,
1/3, 1/4, in the carpet of Fig. 2, which was produced with this
formula for V = (.

The comparison with Eq. (4) shows that in an incoherently
illuminated TLI or KDTLI the density pattern wry (x) at the
position of the third grating is given by a convolution of the
Talbot pattern (7) with the first grating mask [¢(x)|°. If a third
grating is used to scan the interferogram, another convolution
of Eq. (4) with the transmission probability |#(x)|* produces
the same form as Eq. (4) with another factor of Bj,(0),
such that the transmitted signal has the Fourier components
S, = [B:(0)]?B,,,(mL/Ly). The fringe visibility of a sinu-
soidal fit to the density pattern, as done in the experiment, is
then obtained as the ratio of the first and zeroth Fourier
components, Vg, = 218,/Sol. The general form of the visi-
bility curves of Figs. 5, 6, and 8 can be reproduced with these
formulas.

The time-domain interferometer of Sec. II1.C can be de-
scribed by the same formalism, if we replace the longitudinal
position of the comoving frame of reference by the evolved
time. The length ratio of L/Ly is then replaced by the time
ratio T/Tr.
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B. Incorporating decoherence

Our phase-space formulation also allows one to easily
incorporate the effects of decoherence discussed in Sec. IV.
During the free propagation of the matter wave any scattering
or emission event will reduce the off-diagonal elements
of the motional density matrix in position representation,
(x|p|x’y = n(x — x'){x|p|x’). The decoherence function
describes the reduction of the fringe visibility, satisfying
|| = 1 and 5(0) = 1. It can be calculated for various deco-
herence processes based on their detailed microscopic phys-
ics (Hornberger, Sipe, and Arndt, 2004).

Given the rate R(r) of interaction events with the environ-
ment, the effect of decoherence is accounted for by replacing
the Talbot-Lau coefficients B, (¢) in Eq. (4) by

Bu@exel~ [*" Ro[1 - (5" !

The m = 0 coefficient, describing the mean particle current,
remains unaffected. The m = 2 coefficient, on the other hand,
which determines the sinusoidal visibility gets reduced by an
exponential factor. It is determined by an integral over the
decoherence function, whose argument is the effective sepa-
ration between two neighboring interference paths. We ob-
serve that decoherence is most effective at the position
v,t = 0 of the central grating, whereas there is no effect at
v.t = —L and vt = L where all interference paths coalesce.
This agrees with the intuitive picture that decoherence is
related to the degree of information gained by the environ-
ment in the interaction process: Which-path information is
best available where the interference paths are farthest apart,
i.e., at the central grating.

In the case of decoherence due to collisions between
delocalized molecules and residual gas particles, the deco-
herence function 7 is given by an angular integration involv-
ing the scattering amplitude f, the total cross section o, and
an average over the distribution of gas velocities v,
(Hornberger, Sipe, and Arndt, 2004),

n(x) = <fd9% sinc[sin(%) %#Dug.

The argument of the function sinc(z) = sin(z)/z compares
the distance x between the interference paths to the wave-
length associated with the momentum exchange experienced
if the gas particle scatters with angle 6. Thus, the better the
probing gas particles can resolve the separation between the
interference paths, the stronger the reduction of the fringe
visibility. This is analogous to the case of a Heisenberg
microscope, where the spatial resolution is determined by
the wavelength of the probe particles.

VIII. EXPLORING NEW PHYSICS WITH MESOSCOPIC
MATTER WAVES

So far, we discussed the recent progress in high mass
interferometry, as well as the challenges related to extensions
into the mass range beyond 10° amu. Complementary to that,
various theories have been put forward over the last decades
for an objective modification of the quantum superposition
principle for macroscopic objects. Such speculations range
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from nonlinear extensions of the Schrdodinger equation
(Bialynicki-Birula and Mycielski, 1976; GroBardt and
Giulini, 2011), dephasing due to space-time fluctuations
(Wang, Bingham, and Mendonca, 2006), and gravitational
collapse models (Karolyhazy, 1966; Diosi, 1989; Penrose,
1996), to spontaneous localization theories (Ghirardi, Rimini,
and Weber, 1986; Pearle, 1989; Ghirardi, Pearle, and Rimini,
1990). These models have in common the fact that they
modify the motional dynamics of quantum objects in such a
way that the quantum superposition principle fails above a
certain mass scale of the objects. This way they lead to a
macrorealist description (Leggett, 2002), where nonclassical
delocalized quantum states of macroscopic objects are
excluded.

While most of the suggested models provide at most rough
estimates of the critical mass range, the theory of continuous
spontaneous localization (CSL) by Ghirardi, Pearle, and
Rimini (1990) has been extensively studied (Bassi and
Ghirardi, 2003) and yields quantitative predictions. In the
CSL model a stochastic term is added to the many-particle
Schrodinger equation which randomly collapses the wave
function to a length scale given by the localization length
parameter, commonly estimated as r. = 100 nm. The rate of
the localization events grows quadratically with the mass of
the composite object. In the CSL literature the rate parameter
Ag is specified as the localization rate for a single nucleon
(m = 1 amu). Current estimates of the strength of the CSL
effect by Adler (2007) and Bassi, Deckert, and Ferialdi
(2010) locate its value between 107 !2 and 10~% Hz, which
also ensures that the CSL predictions are consistent with all
currently known microscopic and mesoscopic quantum
phenomena.

Nimmrichter, Haslinger et al. (2011) showed that the
OTIMA interference experiment outlined in Sec. III.C should
be able to test the predictions of CSL with nanoparticles in
the mass range between 10° and 10® amu. This is illustrated

1000 10%amu
€
£ 108amu
L
£
=g
o 107 amu
c
i)
5
= 10amu
(6]
(o]
-
10 105amu

107 107 10 1072 107 107
Localization rate g (Hz)

FIG. 13. Critical mass for testing the continuous spontaneous
localization model (Ghirardi, Pearle, and Rimini, 1990) in the
OTIMA interferometer (Nimmrichter, Haslinger et al., 2011)
with gold clusters. For a mass beyond 10° amu the experiments
already rule out a significant value range of the localization
parameters A and r. of the model. High-contrast interferometry
with m = 10® amu largely exclude the validity of all current
estimates of the CSL model.
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in Fig. 13, where the critical mass for testing the continuous
spontaneous localization is plotted for reasonable values of
the free localization parameters Ag and r.. Observing inter-
ference at 10® amu in this setting would largely rule out the
CSL model in its currently estimated strength,

IX. CONCLUSIONS

Matter-wave interferometry with nanoscale objects is still
a young discipline at the interface between the foundations of
quantum physics, atomic, molecular and cluster physics, and
the nanosciences. We have seen that the de Broglie wave well
describes the center-of-mass motion of even very complex
particles, giving rise to interference phenomena which can be
surprisingly robust against a large variety of internal state
transformations and against interactions between external
force fields and internal particle dynamics.

In the coming years we expect to exploit the finesse of
quantum effects for measuring electromagnetic and structural
properties of nanosized objects with growing sensitivity.
It is important to do so, not only to obtain insights about
nanoparticles, but also to assess the feasibility of quantum
experiments with ever more complex compounds. Future
explorations should also study the effect of atomic or mo-
lecular adducts to the interfering nanoparticles, and the role
of thermal, optical, or magnetic properties of the diffracted
species.

We also indicated the interesting prospects for matter-wave
interferometry with particles in the mass range of 10° amu
and beyond. Various experimental challenges are still to be
overcome to get there, but they will enable new tests of
decoherence mechanisms and experimental explorations of
standing hypotheses on modifications of established quantum
physics.

Cluster interferometry can be contrasted with the enor-
mous progress seen in the development of ultracold Bose-
Einstein condensates (BEC), which have opened a new class
of atomic quantum coherence experiments (Anderson et al.,
1995; Davis et al., 1995). BEC experiments are complemen-
tary to the studies described here. A single BEC may contain
as few as several hundred atoms, comparable to the PENS10
or TPPF152 molecules, or up to 10° atoms all occupying one
single-particle state. But the parameter range of highly di-
luted, weakly bound ultracold atoms at temperatures below
1 pK differs by many orders of magnitude from that of
molecular and cluster physics, where hundreds of atoms are
bound together in a small but dense piece of condensed
matter at internal excitations well above room temperature.
In contrast to cold atom experiments, in cluster interferom-
etry the entire compound is delocalized and interferes as a
single entity. This is implied by the fact that, unlike in a BEC,
the de Broglie wavelength is given by the mass of the whole
object.

Our experiments are also complementary to proposals for
using mechanical oscillators to test the limits of the quantum
superposition principle (Marshall et al., 2003; O’Connell
et al., 2010; Romero-Isart, Pflanzer, Blaser et al., 2011).
Mechanical devices are orders of magnitude more massive
than even the largest clusters conceivable in foreseeable
matter-wave experiments. However, the high cantilever
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mass limits the maximal spatial separation between two
superposed center-of-mass wave packets. It will remain
many orders of magnitude smaller than the separation rou-
tinely achieved in molecule interferometry.

Bose-Einstein condensation, interferometry with nanopar-
ticles, and quantum studies with nanomechanical oscillators
are therefore truly complementary approaches to investigate
the nature of macroscopic quantum physics.
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‘We propose to test the theory of continuous spontanecous localization (CSL) in an all-optical time-domain
Talbot-Lau interferometer for clusters with masses exceeding 10° amu. By assessing the relevant environmental
decoherence mechanisms, as well as the growing size of the particles relative to the grating fringes, we argue
that it will be feasible to test the quantum superposition principle in a mass range excluded by recent estimates

of the CSL effect.
DOI: 10.1103/PhysRevA.83.043621

I. INTRODUCTION

It is a basic unresolved question of quantum mechanics
whether the Schrédinger equation holds for truly macroscopic
systems. Unitarity would then imply that even measurement
devices or conscious observers could, in principle, be brought
into a superposition of macroscopically distinct states. Most
of the offered answers can be put into one of three categories.
The affirmative statement, preferred in quantum cosmology,
requires some interpretational exercise to explain why definite
measurement outcomes are perceived in spite of all outcomes
being simultaneously realized in a multitude of “Everett
worlds.” A quite different attitude, expressed most stringently
in the operationalist formulation of quantum mechanics,
attributes a fundamental role to the divide between “quantum
system” and measurement device, such that it is meaningless
to pose the question in the first place. The third option is
to hypothesize that there is an objective modification of the
unitary Schrédinger dynamics that gives rise to a macrorealist
description of the physics on macroscopic scales [1].

Whatever one thinks about the need or plausibility of such
unconventional theories of the quantum-to-classical transition,
they have the clear advantage that they can be tested in
principle. In this way they bring back to physics what is
otherwise an issue of logical consistency and epistemology.
Another motivation to consider the possibility that quantum
physics is only an approximation to a deeper underlying theory
may be drawn from the difficulties encountered when trying
to reconcile it with the theory of gravity [2].

One of the best-studied models for the emergence of
macrorealism is the theory of Ghirardi, Rimini, and Weber
(GRW) [3], along with its refinement, the theory of continuous
spontaneous localization (CSL) [4]. Its predictions are con-
sistent with all quantum experiments so far, but they strongly
deviate from quantum theory when applied to macroscopic ob-
jects [5]. According to the model, a delocalized quantum state
of a material particle may experience a random “collapse,”
which localizes the wave function to a scale of about 100 nm.

Published by the American Physical Society under the terms of the
Creative Commons Attribution 3.0 License. Further distribution of
this work must maintain atfribution to the author(s) and the published
article’s title, journal citation, and DOI.

1050-2947/2011/83(4)/043621(4)

043621-1

PACS number(s): 03.75.—b, 03.65.Ta, 03.65.Yz, 36.40.Vz

In the case of composite objects, the rate of these collapse
events increases with mass, due to an inherent amplification
mechanism. The values of the localization parameters are
chosen such that they affect only systems considered to be
in the macroscopic domain.

In this paper, we propose to test the CSL model by
performing matter wave interference with clusters in the mass
range between 10° and 10® amu. We assess the various relevant
environmental decoherence processes expected to occur in
an optimized time-domain Talbot-Lau interferometer with
ultraviolet laser gratings, paying particular attention to the
enhanced signal loss due to the finite cluster size. We conclude
that it will become technologically feasible to test the quantum
superposition principle at mass and time scales at which it is
predicted to fail according to recent estimates by Adler and
Bassi [6,7].

II. EFFECTS OF CONTINUOUS
SPONTANEOUS LOCALIZATION

The observable consequences of the CSL model are
accounted for in the framework of second quantization by
adding the Lindblad term,

3/2,3
e ;“l“ fdx [m(x)a m(x) — 1{m2(x),g}] )
mg 2
to the von Neumann equation for the many-particle density
operator ¢ of a system of massive particles. Here, m(x) is the
spatially blurred mass density operator, defined in terms of the
number density operators Ng(x) of the constituent boson and
fermion species and their respective masses iy,

m(x) = fdx'g(x —x") Zm;(-n;((x’). 2)
3

The function g(x) is a normalized Gaussian whose width
re = 100 nm is one of the parameters of the model. The
second parameter is the term Ag/m(z). One conventionally
chooses the reference mass mp to be given by a nucleon,
mqy = | amu; as discussed in [6,7], reasonable lower bounds
for the associated localization rate A are then in the range of
1073 to 10~'2 Hz. This is substantially larger than the value
of 1071° Hz originally suggested by GRW [3], since the CSL
model implies a quadratic mass dependence of the effective
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localization rate. Itis a consequence of the second quantization
formulation, which guarantees that the exchange symmetry
of bosons and fermions remains unaffected by the collapse
events.

In a molecule or a cluster, where the interparticle distances
are much smaller than the localization scale r., the collapses
affect only the quantum state p of the center of mass
motion. One arrives at an effective master equation d,p =
(ih)~'[H.p] + Lp, with

Lp=2x [81{3/21{’ f dx' g X —xpgX—x")— p:| .3

Here, X is the center-of-mass position operator, and A =
Aolm/my)?, the effective localization rate depending quadrat-
ically on the total mass m [6,7].

We note that the master equation (3) is equivalent to a
collisional decoherence master equation [8]. This implies that
it induces a basis of localized, soliton-like pointer states for
sufficiently large A, which move without dispersion on the
classical Newtonian trajectories [9].

III. TESTING SPONTANEOUS LOCALIZATION
WITH NEAR-FIELD INTERFERENCE

We learn from Eq. (3) that continuous spontaneous local-
ization can be tested as soon as a very massive particle is
brought into a superposition state of different positions that
exceed the distance of r, = 100 nm for a sufficiently long
time. We propose that a viable experiment can be based on the
optical time-domain ionizing matter (OTIMA) interferometer
described in [10].

In that experiment, a pulsed slow cloud of clusters is
subjected to three pulsed standing light waves, generated for
instance by an ultraviolet fluorine laser beam (A, = 157 nm),
such that the particles in the antinodes are ionized and removed
from the cloud. The number of remaining neutral clusters is
then recorded as a function of the delay times between the
grating pulses. This way, the first laser pulse generates spatial
coherence in the cluster cloud by modulating its initial density.
After a delay time T, the second pulse acts as a combined
absorption and phase grating, where the nodes of the standing
light field play the role of the “grating slits” with a period of
d =,y /2, while the phases of the matter waves get shifted by
the dispersive light-matter interaction. Talbot-Lau-type near-
field interference finally produces a periodic cluster density
pattern after a second time delay 7', provided that T is close
to an integer multiple of the Talbot time Tt = md?/ h—that
is, T = NTy + 8T, with 8T /T <« 1. The recorded signal is
predicted [10] to show high-contrast interference fringes as a
function of 87, which are conveniently characterized by the
sinusoidal visibility 1 defined as the ratio of amplitude and
offset of a fitted sine curve.

If CSL exists, we predict a reduction of the interference
visibility, which can be calculated by incorporating the CSL
master equation (3) into the theoretical description of the
interferometer, as in the case of environmental decoherence
[11]. One arrives at the closed expression

VesL m3 JTr Nd
—_— = —2hToN — |1 — rf . 4
Vv exp{ 070 m} Nd © 2r: “)
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FIG. 1. Critical mass m. for testing continuous spontancous
localization (CSL) as a function of the localization rate Ay, assuming
the geometry of the proposed experiment with N = 2. The shaded
area indicates the parameter region where interference should be
unobservable according to the CSL model. The dashed arrows mark
the critical masses associated with reasonable estimates for the lower
bound of A4 [6.7].

Here, we introduced the Talbot time per atomic mass unit
Ty = mod”/ h. The cubic mass dependence in the exponent
is the reason why an interferometric test of the CSL model
becomes conceivable.

Figure 1 shows the critical cluster mass m. where CSL
predicts the reduction Ves, = V/2 in the proposed OTIMA
experiment. Observing substantial interference at m, thus puts
a strict upper bound on the localization rate iy by ruling out
values greater than those given by the solid line. Here, we take
N = 2—that is, the second Talbot order. This ensures that the
effective interference path separation Nd = 157 nm exceeds
the localization scale r, such that the factor in square brackets
takes an appreciable value.

Using Fig. 1, we can assess whether the literature values
for the CSL rate can be tested in the proposed setup. The most
recent calculations suggest that Ao = 10712 Hz [6,7], while
the original GRW estimate was Ag = 1071 Hz [3]. These
values require the cluster mass to reach m, = 103907 and
9 x 107 amu, respectively, as marked by the dashed arrows
in Fig. 1. Remarkably, the lower value already touches the
range that should be reached with present-day technology in
the OTIMA interferometer [ 10]. However, for a distinctive test
of CSL, one must venture beyond that, which requires one to
cope in particular with two additional types of contrast limiting
effects [12].

First, the total interference time 2N Tt grows linearly
with the cluster mass. At 10° amu, it already amounts to
about 60 ms at the second Talbot order, if a 157 nm laser
is used. At 10® amu, the gravitational free fall must be
compensated for and the cluster velocity must be controlled
with high precision. This requires motional slowing, guiding
[13], and trapping techniques [14,15] for large clusters, and
possibly a microgravitational environment [ 16]. The increased
interference time also aggravates the decohering influence of
environmental interactions and external forces, as discussed in
the following section.

043621-2
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Second, the size of the clusters grows with increasing mass.
Apart from enhancing the interaction with the radiation field
and with residual gas particles, this implies that the cluster
size becomes comparable to the period d = Ar/2 of the optical
gratings. Starting with this last problem, we proceed to analyze
under what conditions OTIMA interference will be possible
with ultramassive clusters, so as to provide a testing ground
for spontaneous localization.

IV. OTIMA INTERFERENCE IN THE LIMIT OF HIGH
PARTICLE MASSES

In the molecular matter-wave interference experiments
carried out so far, it was justified to treat the delocalized objects
as polarizable point particles. Since this approximation breaks
down beyond 10° amu, we formulate the interaction between
the ionizing optical gratings and the finite-size spherical
clusters using Mie theory [17]. As explained in [10], both
coherent diffraction and photoabsorption are described by
n(x), the average number of photons absorbed by each cluster
during a laser pulse,

n(x) = np + n; cos (2”7") . (5)

Here, x is the transverse center-of-mass position of the cluster,
and np is the position-averaged mean number of absorbed
photons. Only the modulation n; gives rise to interference; the
corresponding visibility [10]

Iy (n)
I3(ny)

is independent of the Talbot order N, and involves modified
Bessel functions of the first kind. The position average ng,
on the other hand, determines the total transmissivity 7 of
the three gratings—that is, the fraction of remaining neutral
clusters after three grating pulses,

V=2 (6)

T = exp(—3no) I3 (ny). (7)

For clusters that are small compared to the laser wave
length, the point particle approximation yields n; = ny =
2 Fy.0abs/ By, proportional to the absorption cross section and
to the energy flux Fi of the running-wave laser input [10]. For
large clusters, the corresponding expressions can be obtained
by computing the absorbed power of a dielectric sphere with
radius R in a standing-wave field. A lengthy calculation yields

4F w26+ D

ny = -—

VT mp DA ®
£=1

with the electric and magnetic multipole components

o B _ Im{ejelVepje-1 — £fe]")

¢ le(e — 1) johe + Eplji—the — /& jehi ][
H) _ Im{‘/Ej;,"jgfl}

‘ oljchert — e jerihel?
The latter are determined by the scaled cluster radius p =
kiR =2m R/x;, and by the relative permittivity & of the
material. We use a shorthand notation for the spherical Bessel
function in the dielectric, j; = ji(+/€p), and for the vacuum

(&)
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FIG. 2. Transmissivity [Eq. (7)] of the OTIMA interferometer vs
the gold cluster mass. The dashed line (right scale) gives the laser
flux, required to fix the visibility at VV = 85%.

solutions hy = hfgl)(p), given by spherical Hankel functions of
the first kind.

As the clusters grow in size, both absorption parameters ng
and n; increase. This can be compensated for by turning down
the grating laser flux Fi. However, if we want to maintain
a fixed visibility [Eq. (6)] for growing clusters, the detection
probability per particle 7 drops rapidly. This is because the
ratio np/n; grows drastically once the cluster radius becomes
comparable to the grating period, which is the main effect of
the cluster size in the subwavelength regime.

Figure 2 shows the OTIMA transmissivity for gold clusters
as a function of their mass. The relative permittivity at A, =
157 nm is approximated by the bulk value ¢ = 0.9 + 3.2i, as
is the mass density. We keep the interference fringe visibility
[Eq. (6)] at 85% by varying the laser flux (dashed line).
When comparing the medium-sized Aujggp with a cluster 1000
times more massive, a laser pulse almost 1000 times weaker
will suffice for the latter. The transmissivity, however, drops
then from 7 = 1% to 4 x 10™* of the incident cluster flux.
This shows that the signal loss becomes prohibitively large
beyond 10® amu, where cluster size and wavelength become
comparable even for the densest metals.

1077
1078
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10~

pressure (mbar)

10712

10-13 . . . i . i
0 200 400 600 800 1000

temperature (K)

FIG. 3. The contour lines give the critical residual gas pressures
and the critical ambient temperatures for observing interference of
gold clusters with masses of 10°, 107, and 10* amu.
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However, even before this size-induced mass limit is
reached, environmental decoherence will become important
if the cluster particles are not properly isolated and cooled.
We identify three relevant decoherence processes: (i) the
elastic scattering of laser photons during the grating pulses,
(ii) collisions with residual gas particles, and (iii) the emission,
absorption, and scattering of thermal black-body photons. The
first process was shown [10] to be negligible below 10° amu.
The other two effects pose constraints on the background
pressure and the temperature of the setup. Both effects are well
understood [11,18,19]. Their dependence on the cluster mass
differs from the CSL effect (4), and allows one in principle
to separate the environmentally induced visibility reduction
due to CSL by independently varying the temperature and the
pressure of the interferometer chamber.

In Fig. 3, we plot the critical background pressure p. and
temperature 7., where environmental decoherence reduces
the interference visibility by a factor of 2. The contour
lines correspond to the cluster masses m /amu = 10°,107,
and 10%, with the shaded area indicating where interference
is largely suppressed by the environment. The area of high
fringe visibility shrinks with growing cluster mass, since the
optical absorption, the Rayleigh scattering cross section, and
the collisional cross section all grow with size. Here we assume
that the residual gas consists of N», and we use the electric
properties of bulk gold to assess all decoherence processes. The
cluster temperature is assumed to be in equilibrium with the
environment, implying that in addition to the thermal emission
of radiation, both the absorption and the elastic scattering

PHYSICAL REVIEW A 83, 043621 (2011)

of black-body photons contribute significantly to the thermal
decoherence effect.

We infer from Fig. 3 that decoherence can be fairly easily
controlled for 10°-amu clusters at a pressure of 10~? mbar and
room temperature. An experiment with 10® amu, in contrast,
will require cooling the setup and the clusters to below 200 K,
in a chamber evacuated below 10~ '2 mbar. This is challenging
but feasible, as demonstrated by cryogenic trap experiments at
10~'7 mbar and 4.2 K [20].

V. CONCLUSIONS

For a long time, the implications of the theory of contin-
uous spontaneous localization were thought to be practically
unobservable. Our present assessment shows that this is not the
case. Indeed, experiments aimed at demonstrating matter-wave
interference with massive clusters in the range between 10°
and 108 amu will provide an ideal testing ground for this
unconventional theory of the quantum-to-classical transition,
one of the leading contenders in resolving the fundamental
question of macroscopic realism.
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Abstract. We discuss the concept of an all-optical and ionizing matter-wave
interferometer in the time domain. The proposed setup aims at testing the wave
nature of highly massive clusters and molecules, and it will enable new precision
experiments with a broad class of atoms, using the same laser system. The
propagating particles are illuminated by three pulses of a standing ultraviolet
laser beam, which detaches an electron via efficient single-photon absorption.
Optical gratings may have periods as small as 80 nm, leading to wide diffraction
angles for cold atoms and to compact setups even for very massive clusters.
Accounting for the coherent and the incoherent parts of the particle-light
interaction, we show that the combined effect of phase and amplitude modulation
of the matter waves gives rise to a Talbot-Lau-like interference effect with a
characteristic dependence on the pulse delay time.
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1. Introduction

1.1. Interferometry with molecules

In recent decades, matter-wave interferometry has developed into a highly active research field,
ranging from the foundations of physics to quantum enhanced precision measurements. Beam
splitters, mirrors, diffraction gratings, traps or wave guides are nowadays readily available for
electrons [1], neutrons [2] and atoms [3], but they still represent a substantial challenge for large
clusters or molecules.

Diffraction and interference experiments with molecules were started systematically
only in the mid-1990s and led to the exploration of far-field diffraction effects at
nanomechanical [4-6] and optical gratings [7], as well as at opaque discs [8]. Interferometers
were operated using nanogratings in a Mach—Zehnder configuration [9], running laser waves
in a Ramsey—Bordé¢ arrangement [10, 11], mechanical gratings in a near-field Talbot—Lau
design [12, 13] or, more recently, in a combination of mechanical and optical phase
gratings [14, 15].
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All these designs have their merits and drawbacks. While far-field experiments are
conceptually appealing and allow one to spatially separate the diffraction orders, it was already
pointed out by Clauser [16] that the use of a near-field configuration, such as the Talbot—Lau
interferometer (TLI), offers several advantages, in particular much reduced collimation and
coherence requirements and therefore increased signals.

1.2. Optical elements for matter-wave interferometry

Nanomechanical gratings, which serve to block a part of the particle beam, are the most natural
diffraction elements for matter waves. Using modern lithographic techniques, it is nowadays
possible to nanofabricate, e.g., silicon nitride structures with a precision that guarantees
a predefined slit period to within a few angstroms, even over millimeter-sized areas [17].
Such masks are of great importance for many applications in atom [18, 19] and electron
interferometry [20, 21] since they do not rely on any internal particle property.

However, for highly polarizable and slow particles, the presence of dispersion forces
near the grating walls becomes increasingly important [6, 12, 22, 23]. These van der Waals
or Casimir-Polder interactions introduce a phase shift with a strong position and velocity
dependence [24, 25]. The force may even remove a substantial part of the molecules from the
beam when they get too close to the surface.

In contrast to that, optical standing-wave gratings can be neither destroyed nor clogged by
large particles. Narrow-band lasers allow one to define the grating period with high precision
and the grating transmission function, defined by the particle-light interaction, can be controlled
and modulated in situ and on a short time scale via the laser intensity [26, 27].

1.3. From phase gratings to absorptive gratings of light

The use of optical phase gratings is by now well established in atom interferometry
(e.g. [27-31]), with electron beams [32] and for complex molecules [7, 14]. Interferometry
with phase gratings requires a prior effort in preparing sufficient transverse coherence in the
particle beam. This is naturally provided by an atomic Bose—Einstein condensate [33] or if
the diffracting particles start already in a periodic arrangement predefined by a potential [34].
A spatially extended and incoherent molecular beam requires us, however, to use an absorptive
grating prior to the diffracting phase mask to prepare some transverse coherence. An elegant
way of realizing an absorptive optical grating for atoms is to pump them into a dark state, i.e.
into an undetected internal state. This strategy works rather well for atoms [35, 36], but clusters
and molecules usually do not offer the needed addressability of selected states.

In this paper, we focus on the implementation of absorptive gratings via single-photon
ionization (SPI) in the anti-nodes of an ultraviolet (UV) standing light wave [37]. Modern
(V)UV lasers readily provide the photon energy required to surpass the ionization threshold
of many kinds of neutral atoms, clusters and molecules. The optical grating will imprint a
nanostructured periodic amplitude profile onto the particle beam, very much like a material
mask, and separate charged and neutral particles. We study, in particular, the sequence of three
ionizing optical grating pulses in the time domain. The delay between the pulses serves as a
control parameter, while the spatial positions of the gratings are fixed.

The high time resolution of modern lasers allows us to take advantage of all the benefits that
are shared by other atom interferometers in the time domain [27, 30, 38]: the interference fringe
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positions can be largely independent of the particle velocity and the interference pattern can be
scanned with very high accuracy and without any moving mechanical parts. While the idea of
ionization gratings is here worked out for massive clusters, the method is naturally extended to
atoms as well.

2. Optical time-domain ionizing matter interferometer

In the following, we will consider particles that are much smaller than the laser wave length, and
refer to them as ‘clusters’, even though the concept also applies to atoms or some molecules.
The particle-light interaction is then governed by two parameters, the (real) optical dipole
polarizability @ and the absorption cross-section oy, at the laser frequency.

2.1. Interferometric setup

The layout and time sequence of an optical time-domain ionizing matter-wave (OTIMA)
interferometer are depicted in figure 1. A pulsed cluster beam passes alongside a plane mirror
which serves to retro-reflect the beam of a UV laser. The light source illuminates each cluster
cloud in three short pulses, separated by the equal time delay 7. We denote them by G, G, and
Gs;. The laser beam waist is chosen such that all clusters are covered equally by the standing
light waves, thus ensuring that all particles with the same distance to the mirror experience the
same light intensity. Depending on the velocity of the cluster beam, this can be realized by a
single laser of high repetition rate or three pulses that follow the particle cloud along its direction
of motion.

The particles are also subjected to a (weak) constant force perpendicular to the mirror
plane, e.g. gravity or an electric field with V E* = const. The field will also serve to remove all
ions from the beam. Since all relevant forces only depend on the cluster—mirror distance, we
restrict our attention to this x-axis.

A grating pulse acts in several ways: firstly, the optical dipole potential imprints a
sinusoidal phase modulation onto the center-of-mass state of the clusters. The period d is
given by half the laser wavelength, d = A1 /2. The maximal phase shift ¢, is proportional to
the real part of the optical polarizability « and to the laser pulse energy. Secondly, even a single
absorbed photon will ionize a given cluster. The probability of such ionization events is again
an oscillating function of the transverse position x. The average number n, of absorbed photons
in the antinodes is proportional to the absorption cross-section o, and to the laser pulse energy.
The spatially periodic ionization of the clusters, and their removal by the electric field, then
results in an amplitude modulation of the particle beam, much like in a material grating. It
is important that a cluster does indeed ionize with high probability after the absorption of a
single photon. Photoabsorption results in a momentum kick of £A /i, with a random sign.
This could blur the interference pattern if the particles were not ionized and removed. A third
effect is the radiation pressure exerted on the clusters due to Rayleigh scattering. This is a
potential source of decoherence since the scattered photons impart momentum kicks onto the
clusters which are comparable to the ‘grating momentum’ Apg = h/d but randomly directed
(see section 4.1). Behind the interferometer the remaining neutral clusters are detected mass-
selectively. The interference pattern will manifest itself in a characteristic dependence of the
count rate on the particle mass m, the pulse separation 7', the external acceleration a and the
laser pulse intensity.
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Figure 1. Experimental layout and pulse sequence for an OTIMA interferometer.
A beam of nanoparticles is chopped into bunches, each of which is subsequently
illuminated by the same three laser pulses (G;, G, and Gs3), separated by a
variable but equal delay time T of the order of the Talbot time 7. The retro-
reflection of the laser light at a common plane mirror generates a phase-stable
standing wave. The laser wave length is sufficiently short to ionize the particles
with high probability at the antinodes after absorbtion of a single photon.
The ions are removed by a homogeneous electric field. The remaining neutral
particles fly into a time-of-flight mass spectrometer (TOF-MS), where they are
photo-ionized, accelerated and detected by a multi-channel plate (MCP). This
scheme allows one to post-select the clusters with a mass selectivity of better
than 0.1% and to perform the experiment with a large number of different masses
simultaneously. A quantum interference fringe pattern is observed in the count
rate by varying the pulse separation 7', provided the clusters are exposed to an
additional constant acceleration «, e.g. due to gravitation or a constant electrical
field gradient.

2.2. Near-field interference

Near-field TLIs are particularly well suited for exploring quantum wave mechanics with massive
particles and short de Broglie wave lengths [12, 14, 16, 24, 25]. In our time-domain version, the
laser pulses modify the x-component of the motional cluster state in the same way as the three
gratings of a TLI ‘in space’. The two concepts are related to each other by a change of the
reference frame.

Compared to a mechanical Talbot—Lau setup, the optical analogue adds substantial control
due to the precisely defined delay between the pulses and the possibility of tuning the pulse
strengths individually. This allows one to overcome source imperfections, in particular the
longitudinal velocity spread in the beam, and to optimize the fringe visibility. In contrast to
the spatial near-field interferometer, which is characterized by the Talbot distance Lt = d? /A,
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the characteristic scale in the time domain is given by the Talbot time [27]
Tr =md*/ h. (1)

This is the typical time for the self-imaging of a pulsed diffraction grating under coherent
illumination.

In practice, the x-momentum distribution Ap, of the particle cloud will be much broader
than the ‘grating momentum’ //d. The role of G; at t+ =0 is therefore reduced to acting as
a mask that prepares spatial coherence by only transmitting particles from many parallel but
very narrow ‘sources’ in the nodes of the standing laser wave. Some transverse coherence thus
emerges after time + = T, when the second grating pulse G, is applied. The amplitude and
phase modulation at G, then leads to a resonant spatial modulation of the cluster density at time
t =2T [27, 39]. The normalized particle density (section 3) then takes the form

o0 . _ 2
war (x) =; 3" BY©)BY (E;:) exp(zmg(xdm). )
T

{=—00
This pattern is again periodic in x, with period d, but it is shifted in the presence of an
acceleration a.
The Fourier components characterizing the fringe pattern (2) can be specified in terms of
the Talbot-Lau coefficients of the kth grating [15],

) e m/2
BY(E) =e™ 2 [M} T (sgn(;mh + Cion)y/ E2 — g:%m) , 3)
Ccoh + g ion
involving the expressions
Gion =1 cos(mE) /2, (4)
Ceon = @3 sin(w&). (5

Here J,, is the Bessel function of the first kind and 1}’ and ¢\’ are the above-mentioned grating
pulse parameters, specifying the maximal mean number of absorbed photons and the maximum
phase shift, respectively. They are defined in section 3 by equations (11) and (17).

Note in equation (2) how the dependence on & = £T/ Tt in the second grating coefficient
modulates the parameters (4) and (5) of ionization and phase shift and thus relates the pulse
timing 7 to the Talbot time 77. It is in this functional dependence that the quantum scale Tt
enters, leading to the rich fringe structures characteristic of near-field interference phenomena.

The components attributed to the first grating mask (k = 1) take the simpler form

n(k) n(k)
B®(0) = exp —%) Inm —%) : (6)

where 1, is the modified Bessel function of the first kind. Note that this factor depends only
on the photon absorption n(()k) , not on the phase shift. In the limit of small photon absorption
n{” — 0, we find that B'"(0) = 8,,0. This implies that if the first optical grating does not ionize
the clusters the final density distribution (2) will be as uniform as the initial particle cloud, even
though there is a substantial additional phase shift. In the case of equal time delays T between
the pulses, the first grating must therefore be ionizing, i.e absorptive, in order to generate a
fringe pattern.
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Near-field interference may arise behind pure phase gratings, under some circumstances: as
discussed in section 3, coherent rephasing effects can be expected at times 7 + 7 after the second
pulse, with |t| <« T. Such transient near-field diffraction phenomena were observed in several
time-domain experiments [27, 40, 41] where the Bragg reflection of the third laser pulse was
used to detect the reconstructed atomic density pattern. In contrast to that, our present proposal
uses the symmetric Talbot—Lau recurrence with its high visibility and robustness, as required
for slow cluster beams detected by a third absorptive mask.

2.3. Fringe visibility

The fringe pattern (2) is finally probed by the third laser field G; which ionizes and extracts the
clusters in its antinodes and transmits the remaining neutrals to the detector. Their fraction is
proportional to

= T 2rilaT?
s= > BYO)BY (‘Zﬁ‘) B2 (0) exp(T) : (7)

{=—00

=S,
When recorded as a function of the transverse acceleration a, this periodic signal has a form
similar to the density pattern (2). The Fourier coefficients now merely contain in addition the
components B'”(0) of the third grating pulse. A useful interference pattern can be recorded
even if the force is constant as in the presence of gravity @ = g: in this case one varies the pulse
delay T on the scale AT < d/2gT. If this is much smaller than the Talbot time 77, the resulting
pattern is practically periodic in T2 since the Fourier coefficients then hardly change on that
scale. This is naturally the case for massive clusters, while one requires a high multiple M > 1
of the Talbot time, T = M T 1, for atoms and light molecules.
The fringe visibility of the periodic signal (7) is conventionally defined as
Smax - Smin

V= Smax + Smin . (8)
In practice, the pattern is often close to sinusoidal, allowing one to describe the experimental
observation by fitting a d-periodic sine curve with offset Sy and amplitude 25, to the measured
data. It is then more appropriate to consider the ‘sinusoidal visibility’ Vy,, the visibility
associated with the first Fourier component. For the expected signal (7), and after the insertion

of (3) and (6), it is given by
1 (n12)

218 :2I| (né”/Z) . ‘(fcoh = &ion) 2 ( 2 — Ciin)
So Iy ("(()])/2) |€eon + Gionl Lo (n(()z)/Z) Iy (né3)/2) .

Vsin -
Note that the sinusoidal visibility may assume values larger than one, while the conventional
visibility (8) by definition cannot exceed 100%.

9)

2.4. Quantum or classical patterns?

It is important to keep in mind that the observation of fringes in a two-grating or three-grating
setup is, by itself, not yet conclusive proof of quantum interference, since moiré-type shadow
patterns can also be created by particles moving on classical trajectories. The genuine quantum
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origin of the patterns is revealed by their characteristic dependence on the quantum scale (1) and
the detailed functional dependence of the fringe visibility on various parameters. It is encoded,
formally, in the oscillating & dependence of the Talbot—Lau coefficients (3) for the second
grating pulse, while the actions of G; and Gs are the same in the quantum and the classical
formulation. Calculating the deflection of a classical trajectory under the influence of a standing
light-wave one obtains classical analogues of the Talbot—Lau coefficients [15]. Their form is
identical to the quantum coefficients (3), except for the definitions (4) and (5) of the parameters
Cion and eon. They are now simply given by g, = n((f) /2 and Ceop = q&ék):rrg; in particular, they
do not oscillate with &.

In agreement with intuitive expectations, the classical and the quantum description
converge in the limit of large masses, m — 00, or for short pulse separations, 7" — 0, where
the argument of the Talbot—Lau coefficients (3) tends to zero. They do differ markedly for finite
masses and times. Genuine quantum interference becomes clearly distinguishable from any
classical dynamics when the pulse delay time T exceeds at least the Talbot time, T = Tr.

2.5. Expected visibilities for high-mass clusters

We now discuss how the expected interference visibility (9) depends on the laser pulse
parameters and on the optical cluster properties for high-mass metal clusters. The photon
absorption parameters rzg‘) grow linearly with the laser intensities; they determine the ‘survival
factors’ Bg"] (0) for each grating pulse, i.e. the spatially averaged probabilities of a particle not
to be ionized during the kth pulse. The optimal laser power is therefore a compromise: large
photon numbers may increase the interference visibility, but they also decrease the number of
clusters that arrive at the detector, Sy = Bé” (0) Béz) (0) Bé‘“ (0).

While the first and the third grating pulse are fully characterized by the absorption

parameters n[()') and ng) , the second pulse shapes the interfering matter wave in amplitude

and phase with parameters nf)z) and ¢(§2’. To account for the specific optical properties of the
interfering particle independently of the laser intensity, it is therefore convenient to use the
dimensionless ratio

2
n(()) . }‘-Laabs

2@5‘(]2) 872’

ﬁ:

(10)

with A, being the laser wave length. We assume this to be 157 nm, as will be justified
below.

In order to visualize the expected interference patterns, we keep the first and third grating
intensities fixed at n’ = n§” = 8 and choose the cluster parameter = 1.0 to be characteristic
of large gold clusters, essentially independent of the particle size. Figure 2(a) depicts the
sinusoidal visibility as a function of the delay time 7 in units of the Talbot time 77 for ngz) = 8.
Figure 2(b), on the other hand, shows the fringe contrast at 7 = Tt when the intensity of G,
is varied between n$’ =0 and ny”’ = 10. Both the quantum prediction (solid and dash-dotted
curves) and the classical prediction (dashed curves) are included, and the circles in panels (a)
and (b) identify the point of equal time and power in both graphs. We observe pronounced
visibility peaks recurring at multiples of the Talbot time, a feature clearly absent in the classical
calculation. In the following we therefore consider only the quantum case. Note also that the
sinusoidal visibility is not always a sufficient approximation to the full fringe contrast (8). As

seen in figure 2, it can overestimate the proper fringe amplitude in high-contrast regions (solid
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Figure 2. (a) Simulation of the ‘sinusoidal’ quantum interference visibility Vi,
(solid line), the conventional quantum contrast V (dash-dotted line) and the
classical expectation for the fringe contrast (dashed line) as a function of 7/ Tt
for néz) = 8. (b) The same contrast curves as a function of n{(]z) for fixed T = Tr.

The simulation assumes the material characteristics of gold clusters, g = 1.0.
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Figure 3. Predicted quantum interference contrast as a function of the pulse
delay time 7 /Ty for different cluster materials, i.e. for different values of
the parameter B. The solid line corresponds to gold (B = 1.0), the dashed
line to cesium (B = —1.3) and the dashed-dotted line to silver (g =9.2). The
p-values are obtained from equation (17), using dielectric functions of the bulk
materials [42]. The power of the second pulse is set to nf}z) =8.

line), but it can also vanish where the total contrast is still finite (dash-dotted line). Depending
on the experimental data analysis, higher-order Fourier coefficients may need to be accounted
for in such cases.

Figure 3 illustrates the influence of the material parameter B on the sinusoidal visibility as
a function of the pulse separation for three different materials, cesium, gold and silver clusters.
Their B-values are representative of most ionizable cluster materials. The peaks of the visibility
curves resize and move away from integer multiples of the Talbot time, depending on the
magnitude and sign of . The general shape, however, is mainly determined by the number of
absorbed photons néz) and stays roughly the same for all || = 1. The negative value 8 = —1.3
for cesium implies that it is a low field seeker at the wavelength Ay = 157 nm.
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Figure 4. (a) Computed quantum interference contrast and (b) transmissivity
when the third grating laser power is varied. The power is expressed in terms of
the number of absorbed photons. For the solid line in both plots the final signal
is given by the transmitted neutral particles. The dashed line represents the case
of an ‘inverted’ grating Gs. Here, the ions are counted directly. The increasing
laser power then broadens the effective slit width of the third grating pulse.

Finally, to see the effects of large laser powers, we plot in figure 4(a) the quantum contrast
and in figure 4(b) the transmissivity as a function of light intensity in G; while keeping the other
parameters at the values of the marked points of figure 2. This case corresponds to the solid lines
in figure 4. While the visibility grows with increasing laser power, the transmissivity decreases;
the same holds for an intensity variation of G, . In this regard, it is noteworthy that the experiment
can also be set up such that the count rate increases with increasing laser power in the third
pulse, by counting the charged clusters directly. Even though this ‘inverse grating’ configuration
optimizes the detected cluster flux, it again reduces the fringe contrast, as shown by the dashed
lines in figure 4, since now any increase in laser intensity will broaden the ‘effective slit width’
in G3 .

3. Theoretical description

In this section, we recapitulate the description of complex gratings that are both ionizing and
phase shifting. They are combined with the three-grating interferometer which we then model
in phase space [24], [43—-46] to reconstruct the final particle distribution and the detected
interference signal. Finally, we also incorporate elastic laser light scattering.

3.1. Complex light gratings
Given a normalized transverse mode profile f(y, z), with f dydz f(y, z) = 1, of the laser beam,
the three-dimensional (3D) intensity distribution of the standing light wave is described by
2mx
I(x.y,2,1) =4P1.(t)f(y,z)cos2(T), (1)

L

where the total absorption is governed by the pulse energy Ey = [ dr Py (r). There is no need
to average over the spatial laser beam profile since we assume the clusters to be centered in the
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laser beam. In the case of a Gaussian laser beam, the profile function is described by

2 2
exp(—zi—zi) i (12)

The cloud extension is of even less importance for pulsed lasers prepared with a flat-top spatial
intensity profile.

If the particles are effectively at rest during the nanosecond pulse duration, we can assign a
complex grating transmission function t*(x) to each laser pulse k = 1, 2, 3, which transforms
a particle’s wave function Y (x) — t® )Y (x), according to a scattering model [46]. The
modulus square |t*’(x)|> < 1 then gives the probability for a particle to be transmitted by the
grating. The mean number of absorption processes per cluster and pulse reads

%ﬁﬂf(o 0) cos ( 7 )_ng‘)cos (de), (13)

with the ionization cross-section o,,s. The pulse energy E,Ek) can be varied from pulse to pulse.
Given the dielectric function € = &, +1¢&; of the cluster material the absorption cross-section of
a spherical sub-wavelength cluster reads [47]

2 —1 18
O = AT R Im( ) =222 (14)
L e+2 oh. (e1+2)*+¢&;

fy,2)=

y¥z

n®(x) =

where R is the cluster radius and ¢ = 3m /47 R its mass density.
The probability for not absorbing any photon during the light pulse is [t*(x)|> =
exp(—n®(x)). This can be expanded in a Fourier series

Wer= Y B0 exp(z”;”x) , (15)

n=—0oc

where the Fourier coefficients are given by equation (6).

In addition, the transmission function 7*(x) also carries a phase due to the dipole
energy [24, 46, 48]. It is mediated by the real part of the particle’s dipole polarizability ag(AL)
at the laser wavelength, which we use in volume units, o = ag(Ar)/4mey. For sub-wavelength
clusters it is given by

¥ — RIRe e—1\_3m 8%+8%+81—22. (16)
e+2 4o (81 +2)*+¢&3
We obtain the phase shift * (x) = ¢\ cos?(x/d), with ¢ =n{’ /28 and
ALOubs 3e;
P 872 el+elte —2 (17
This leads to the total grating transmission function
(k) (k)
P (x) = exp _ (x) +i¢(")(x) =exp —HL+1¢’U‘) cos (E) . (18)
2 2 d
Its Fourier coefficients are
(k) (k) (k) (k)
n O n N
b® —exp | =% +i2 )1, | ——2 +i 9. 19
M exp( 4+12 4+12 (19)
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In contrast to the Kapitza—Dirac TLI [14, 15] where photoabsorption led to a contrast-reducing
momentum recoil instead of the removal of molecules from the beam, both the phase-imprint
and the SPI in G, are independently capable of causing matter-wave interference in the present
OTIMA interferometer.

3.2. Phase-space model

Starting from an initially bunched ensemble of particles at 1 = 0, we are now going to derive
an expression for its final state at t =7, + 7> using a 1D phase-space description of its
time evolution [15, 24, 46]. The motional density matrix p can be rewritten as the Wigner
function

w(x, p) = L ds exp(ips/h) (x — %s 0lx +l s), (20)

2rh 2

which is a real function of the phase-space coordinates x and p. We assume the initial Wigner
function to be spatially constant on the scale of the grating period d, since the incident cluster
cloud with spatial extension Ax is uniformly distributed over many periods of the standing
wave, Ax > d. The momentum dependence is given by the 1D marginal distribution

D(p) = f dp,dp. w(p. Py, P, @1)

where w(p) represents the 3D momentum distribution of the particle cloud. The Fourier
transform

D(s)= f dp D(p)exp (—ips/h), (22)

which is normalized to 13(0) = f dp D(p) = 1, characterizes the transverse coherence of the
ensemble. We assume the initial ensemble to be incoherent on the scale of the grating period d,
i.e. the function D(s) is sharply peaked around s = 0 and nonzero only for arguments |s| < d.
This is equivalent to saying that the momentum distribution D(p) is broad and approximately
constant on the scale of the grating momentum, i.e. Ap > h/d. This is the reason why a
single grating does not suffice to observe quantum interference starting from such an initial
State.

Once subjected to the first grating transformation, the initial state wy(x, p) = D(p)/Ax
undergoes a convolution in phase space wg(x, p) — f dpo TV (x, p— po)wo(x, po). The
grating kernel 7®(x, p) relates to the transmission function *)(x) of the kth grating via

T =g [as e (o) (s 5) [0 (x+3)] 3)

After G, the state propagates freely during the time 7. This corresponds to a shearing in phase
space, x — x — pT,/m. The same convolution and propagation transformation then applies to
the subsequent diffraction due to G, and the following evolution during 75. In order to obtain the
final position distribution we integrate the Wigner function wy ,7,(x, p) over the momentum to
obtain the spatial probability density

1 pT phH+p T
le+T2(X) :E /dp dp1 dpg T(z) (x — 72, P —pl) T(” (x — #

s D1 — Po) D(po).
(24)
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Due to the periodicity of the grating kernels (23), wr, .7, (x) is a d-periodic oscillatory function
in x. It can be stated in terms of the Talbot—Lau coefficients of the kth grating

BOE) = b (bj"j,,)*exp[ing: (n—2)1. 25)

j=—00

which involves the Fourier coefficients from equation (19). We allow for different laser powers,
1.e. different parameters nf)k), {(,kJ , and following the procedure described in [15] we arrive first
at an expression for the Talbot—Lau coefficients B,E")(E) (equation (3)) and then at the spatial

probability density

i —— 2nilx\ ~ (d(nT, +£T>) nTy+ 4T, (T
3 = — pl=—__ "= yp "= B(ZJ et
Wt () Ax”ez_ P ( d ) ( T, ) " ( Tr ) o\ Ty

T

(26)

3.3. Resonance approximation

A clear quantum interference pattern can be observed in the density distribution (26) when
the pulses are at least separated of the order of the Talbot time. In this case the sharply
peaked function D reduces the range of summation indices (n, £) that contribute significantly to
wr,+7,(x). Only those (n, £) count which fulfill |[nT | +£T5| < Tr. For Ty, T, == Ty this generally
implies a unique integer n for each £ [25]. Here, we restrict ourselves to the case when the delay
T, after the second grating pulse is close to an integer multiple of the first pulse separation
T'=T,T,=NT + 1, with || < T. The double summation is then simplified by the resonance
approximation

~ (d(nT,+£T») ~ [tdt
D|—— =6, _vmiD|— ). 27

( It ) M ( Ty ) @D
We then arrive at

1 < ~ [ddt {t UNT +71) 2milx
. = — p(—)B", (=) BY% — 28
Wn+T(X) Ax egoc ( T ) —NE (TT) (N+1)¢ T exp\ — (28)

T

for the position distribution immediately before the third laser pulse. In the resonant case, T = 0,
we find the ideal Talbot—Lau interference pattern as described by (2) for N = 1. As noted
previously, the Talbot-Lau coefficients of the first grating B{"(0) then reduce to the Fourier
components (6), and the first pulse serves as a classical mask without any phase modulation.
This also shows that for an interference pattern to be formed, the first grating must not be a pure
phase grating.

This is, however, no longer true for t # (), where a transient near-field interference effect
emerges because of the phase modulation at both the first and the second grating. This
phenomenon was observed in Talbot-Lau interferometry of thermal atoms using pure phase
gratings [27, 34]. The maximum time span for such a transient interference signal is limited by
the width of the initial momentum distribution, |t| < md/Ap. Given a typical velocity spread
of Av = Ap/m = 1 ms~!, transient interference effects would occur for time shifts T of mostly
a few hundred nanoseconds with optical phase gratings. Absorptive gratings, on the other hand,
offer a resonant Talbot-Lau interference effect with high contrast, as shown in section 2.5 and
discussed below.
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3.4. Fringe shifts and the role of the third grating

In our previous derivation of (28), we assumed the particles to propagate freely between the
grating pulses. Now, we admit a constant force F = ma along x acting during the entire pulse
sequence. The propagation in the force field then causes an accelerated shearing of the Wigner
function

¢
w,(x, p) =wy (x _P + Etz, p— mat) . 29)
m 2

Our earlier calculation can be performed again for all pulses, and reveals a shift x — x +dx of
the density pattern (28) at time (N + 1)7, given by

8x:—%N(N+1)T2. (30)

Since all three grating laser beams are retro-reflected by the same fixed mirror, we may now
exploit the fringe shift, equation (30), to scan the interference pattern by tuning the time
separation. This will shift the fringe coordinate x5 and modify the Fourier components of the
detection signal after the third pulse,

615 = [ dxwinanr(erxo) (O] = [ dv o) 0 -9 G31)

In practice, the Earth’s gravitational acceleration @ = g provides a highly homogeneous and
constant force that can be easily used to shift the fringe pattern if the x-direction is chosen to
have a vertical component. Alternatively, one may also use electrostatic fields.

When the signal is recorded as a function of T it will no longer be strictly periodic. In
practice, however, the time variation d/N (N + 1)gT required to shift the pattern by about one
grating period d can be made small compared to the Talbot time 77 by increasing either the
pulse separation time 7" or the mass of the particles. The sinusoidal visibility then remains a
good measure. After inserting (28) into (31), we obtain the final signal

S(xs) = Z D (gdr) B, (g) By (E(N;:M) BY(0) exp(znfs) )

T

Its frmge contrast is

Viin =2 (33)

B (r/TT)B(NH)((NTH)/TT)B“’(O) ( )
By (0)B{” (0)BS(0) Tr

This shows that it is favorable to keep the pulse delays 77 and 7> equal, i.e. to set N = 1:
any larger N increases the index of the Talbot-Lau coefficients (3) and thus reduces the
maximum fringe contrast. In addition, the simulations of section 2.5 show that a high visibility
is realized with ionizing gratings in the resonant case 7 = 0. Equation (33) suggests that this
deteriorates rapidly with increasing |t| because of the sharply peaked Fourier transform D(s)
of the momentum distribution. We therefore consider the resonant case T = () with equal pulse
timing, N = 1, in the following. The signal expression (32) and the visibility (33) then reduce
to equations (7) and (9), respectively.

In an alternative ‘inverse configuration’ of Gs, where the ions are counted instead of the
neutral clusters, we have to replace |t® (x)|> by 1 — |t® (x)|>. The grating coefficients in (32)
then change from equation (6) into B (0) = 6,9 — exp(—n”) /2 (— n(B) /2).
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4. Challenges and limitations

4.1. Rayleigh scattering in the grating

To date the influence of the optical gratings has been treated as a coherent transformation that
modulates the cluster wave function through the complex transmission function (18). However,
in addition to the absorption of photons and their virtual scattering within the laser wave
the diffracted nanoparticles may also give rise to Rayleigh scattering, where the photon is
re-emitted elastically. This process causes momentum diffusion [9, 49] and thus deteriorates
the interference pattern.

For short laser pulse durations we can treat the Rayleigh scattering independently of the
coherent grating transformations. We model it by a Lindblad-type master equation for the
density matrix [50-52]

. . 1
P = [ f du N (1) cos (ky x) e p eifLieX cog (ky X) — 3 {p. Cosz(ka)}]. (34)
lul=1

The position operator is denoted by x. The equation describes the elastic scattering of a single
photon from the diffracting laser field into a random direction . The corresponding momentum
recoil is represented by the operators for the standing-wave mode cos k; x and the plane wave
modes exp (ik u,x). The number of recoils is determined by the total scattering rate y at the
antinodes of the light field, and N () gives the distribution of scattering directions, as described
by the dipole pattern N (u) = 3 sin® #/87. Here ¥ is the angle between u and the polarization
vector of the laser field.

We can solve the master equation (34) in the position representation. The density matrix
then transforms according to (x|p|x") — n(x, x"){x|p|x"), with the decoherence function

ng

3 (2 f du N (u)e™ "= cos ky x cos kyx’ — cos® kpx — cos? ka’):I .
|lu|=1

n(x, x")y =exp ]:
(35)

It is trace-preserving, n(x,x) =1, and it only acts on the spatial coherences. The mean
number of scattered photons at the antinodes of the kth grating is related to the number of
absorbed photons via the ratio of the associated cross sections, ng‘) = nék) OR /Oans. In phase-space
representation, decoherence due to elastic scattering (35) is then represented by the integral

kernel

! i : 5 s
TRV (x, p) = =— [ ds exp[—ps +n'n (x -, x+—)]

2h 7 2’ 7T
- i exp( 2 f ds expf Lps ) R® (5) (36)
- S~ p d p hp 1 d ’

which has to be applied at each grating pulse k in addition to the coherent grating kernel (23).
Again, the periodicity of the kernel in x allows us to expand it as a Fourier series, where the
closed expression for the Fourier coefficients

(k) . (k) .
R (&)= exp[?’nTR [COS wé (jo(m;-‘) —jlj(;f)) —%” 1, [3% (jo(zre;-‘) —JIJ(TJ?:) —% cos JTE):|

(37)
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Figure 5. Calculated fringe visibility including Rayleigh scattering of laser

photons as a function of 7'/ Ty for a fixed ngz) and gold clusters of different

masses. The solid and the dashed lines correspond to m = 10® amu and m =

10? amu, respectively. The dotted line reproduces the quantum contrast curve

of figure 2(a) without Rayleigh scattering, which is a good approximation for
cluster masses < 10% amu.

follows from a lengthy calculation involving combined integrals over trigonometric expressions
and Bessel functions. The symbol j denotes the spherical Bessel function of the first kind.
Combining the coherent kernel (23) and the scattering kernel (36) results in the modified
Talbot-Lau coefficients

BP@&) = > RY; B @) (38)
j=—00

for each grating. Since f?,(,") 0) = B,(l"" (0) the Rayleigh scattering acts as a purely decohering
agent and does not influence the periodic masking by the gratings. This means, in particular,
that only the treatment of the second grating needs to be modified.

With growing cluster size the role of elastic light scattering becomes increasingly
important. Since the scattered photons have the same short wavelength as the grating light,
they can decohere the previously delocalized matter waves. We may disregard this effect only
as long as the number of scattering events ng " is small compared to the number of absorption

processes n(()z) . Their ratio is given by their total cross sections

(2) 2, .2 2 2,02
n o) 2(e1— 1" +¢ 4° (g — 1)"+e; m
—g} =Rzl 77 (kuR)® = ! 2 3 (39)
ng Tabs 9 2% 3 &y p)LL

and it is proportional to the mass, assuming that the dielectric function & = ¢ +ig; and the
density o are constant. The influence of Rayleigh scattering on the interference contrast is
shown in figure 5, where the expected sinusoidal fringe visibility is plotted as a function of
the pulse delay around the Talbot time, both for gold clusters of m = 10% amu (solid line)
and for m = 10° amu (dashed line). The power of the UV laser gratings is adjusted such
that the absorption parameters are kept constant at ng) = n(()z) = nf)) =8 (as in section 2.5).
While the solid line still resembles the predicted visibility without Rayleigh scattering (dotted

line), the overall contrast of the dashed curve is somewhat suppressed due to the increased
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scattering cross-section of og = 0.90.,, at m = 10° amu. This corresponds to a gold cluster of
55 nm diameter, a size where the point particle approximation ceases to be valid. It also exceeds
by two to three orders of magnitude the mass limit where the experiments have to be modified
in order to compensate for the influence of gravity (see section 4.3).

4.2. Collisional decoherence and thermal emission

Another concern in interferometry with massive particles is their uncontrolled interaction with
the environmental degrees of freedom. The most prominent causes of decoherence are collisions
with residual gas particles and the emission or scattering of thermal radiation [53, 54]. We
find that the unperturbed interference of a 10° amu gold cluster after a delocalization time of
2Ty =~ 30 ms requires that the background gas pressure is kept at p < 10~° mbar and the internal
cluster temperature at 7 < 1000 K. Both values can be readily achieved in an experiment. For
this estimate, we chose N, as the background gas and use the London dispersion formula to
compute its interaction strength with the gold clusters, assuming the ionization potential of
N, to be 15.6eV and its static polarizability oy, =4mwey x 1.74 A3. The dielectric function of
gold at thermal photon wavelengths is here assumed to follow Drude’s model with a work
function of W = 5.4 eV, a plasmon frequency of wp = 1.3 x 10’ Hz and a resonance width of
I'p = 1.1 x 10'* Hz. The static polarizability of gold is taken to be that of an ideal metal cluster.

4.3. Fringe averaging on the Earth

As seen in section 3.4, gravity can cause a fringe shift if the direction of the force is parallel to
the diffraction grating vector. For usual interferometers this phase shift is dispersive, i.e. larger
for clusters of lower velocity and longer falling time. Even a small width of the cluster velocity
distribution can then cause a rapid fringe averaging in the plane of G;. This problem can be
eliminated in an OTIMA interferometer where all clusters are exposed to the gravitational field
for exactly the same amount of time. All phase shifts are therefore equal and one can still expect
high contrast interference, independent of the grating orientation in space.

What remains is the issue of the classical falling distance. At 10°amu a cluster needs
a passage time of about 30 ms, assuming F, laser gratings with a period of 78.5 nm. During
this time it will fall by about 4.6mm. At m = 10" amu and a time of 300 ms the free fall
distance reaches already half a meter. This illustrates that the force of gravity will have to
be compensated for at some point by electrical or magnetic fields or to be eliminated in a
microgravity environment. _

In contrast to gravity, the Coriolis force Fe = 2mv x Q2 depends on the cluster velocity in
both modulus and direction. It cannot be compensated for by clever timing. However, OTIMA
still offers an advantage over a fixed-length interferometer because it allows us to align the
mirror orientation normal to €2. The resulting Coriolis force is then intrinsically orthogonal to
the grating vector d, such that the acceleration does not contribute to the fringe shift.

With growing masses and Talbot times the interferometer becomes more sensitive to
vibrations. For low-frequency vibrations, the total fringe shift depends on the position change
Ad of each individual grating according to Ad = AdV) —2Ad® + Ad'®. The single mirror
design of the proposed OTIMA interferometer (figure 1) ensures that many conceivable
contributions drop out, such as quasi-static mirror shifts and mirror tilts. All dynamical
mechanical effects have to be suppressed on the level of about 5-10 nm, which can be done
using established spring suspension systems.
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5. Experimental considerations

Having described the general idea, we now discuss the compatibility of existing beam sources,
diffraction elements and detectors with our suggested scheme and we start with the availability
of SPI gratings [37] for various materials.

5.1. Grating requirements

For our present proposal, we consider only particles for which efficient SPI has already been
observed [55-57], for example, metal clusters. The cluster ionization energy usually exceeds
the work function of the bulk by less than 1-2eV. It decreases with the particle radius like
Eion == W +0.42¢2 /4megR and approaches the bulk value at 20-100 atoms per cluster [55].
Dozens of materials are therefore suitable candidates for SPI diffraction and detection, provided
that the photon energy is higher than 5eV, i.e. A < 250 nm.

Although SPI yields are not quantitatively known for all materials, the process has
been shown to be dominant in several systems, also in competition with fragmentation
and photoemission. This applies to semiconductor nanoparticles [58] as well as to metal
clusters [59]. In our simulations (figures 2—4) we have assumed a yield of ngp; >~ 1.

In the following, we distinguish between interferometry with particles of mass below
20000 amu and from 10* to 10° amu, since they may require different implementations of the
same idea.

We envisage a de Broglie wavelength of Aqg >~ 5 x 10713 m, to fit the entire interferometer
on the same two-inch mirror. This is compatible with a velocity of 40ms~' for clusters with
m < 20000 amu. This layout is driven by the desire to have a short and ultrastable base for all
laser gratings, which is important for high signals and with regard to a high common-mode
rejection for phase fluctuations related to vibrations and rotations of the mirror mount.

For this setting, a F> excimer laser is well adapted. It emits a few hundreds of vacuum UV
(VUV) light pulses per second with an energy of > 1 mJ and a duration of < 5 ns. Retroreflection
of the laser light generates a diffraction grating with a period of d =78.5nm. The F, laser
wavelength is fixed at A = 157.63094(10) nm with a line width of < 1 pm [60]. The gain profile
of fluorine allows, in principle, a five times weaker line at A = 157.524 33(10) nm, as well. The
longitudinal coherence length of > 1 cm guarantees sufficient grating periodicity up to a distance
of 2mm from the retro-reflecting mirror. This covers the entire width of the cluster beam and
about 10° grating periods.

The transverse coherence of excimer lasers is limited and often determined by diffraction
of the light beam at the laser outcoupler window. Following the van Cittert—Zernike
theorem [61] and also recent measurements, the transverse coherence is estimated to be 80 pm
in a meter behind the laser window [62]. The homogeneity of the standing light wave is
dominated by the quality of the mirror surface. A flatness of better than d/10 is available for
VUV wavelengths. Given this, even the limited transverse coherence is still sufficient for the
formation of a homogeneous diffraction grating, provided that the laser beam divergence is
limited to about 1 mrad.

All this suggests that an F, laser is the ideal basis for building a compact and rugged
OTIMA interferometer which allows one to address a large range of materials. This flexibility
is achieved, however, at the price of working with VUV laser light, which requires purged beam
lines and specialized optics.
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The short laser pulse width is an advantage for precision measurements but also entails
some further consequences related to the fact that the standing light wave needs some time to
form and that it also experiences an overall temporal amplitude modulation. The finite speed of
light is the reason why the clusters will interact with a running wave during a fraction of the
laser pulse duration. For a cluster beam confined to within 1 mm from the mirror surface, this
running wave is limited to 0.5% of the total pulse energy. Also the low reflectivity of even the
best mirrors which are available for 157 nm (R = 98%) causes the cluster beam to be exposed
to a running light wave of 2% of the total pulse energy. This slightly affects the final count rate
but not the visibility, since only the neutral particles reach the detector.

Amplitude variations of the laser light field, realistically of the order of 3—-5%, modulate the
population of different diffraction orders but they cannot destroy the interference pattern, since
the fringe positions are solely determined by the laser wavelength. Also the pointing instability
of the grating lasers is negligible if one can ensure that all detected particles have interacted with
all three gratings. A critical point is the accurate timing, i.e. a low jitter, of the laser gratings.
With existing technologies a timing accuracy of 1 ns can be achieved, which is sufficient for the
purpose.

Although the Talbot time Tt = d*m/ h is intrinsically independent of the particle’s velocity,
clusters of different speeds will travel different distances between the gratings of the same
interferometer. Therefore, the cluster beam must be sliced into packets (figure 1) such that all
particles of a batch always interact with the same spatially extended laser pulse, independent
of their velocity. The combination of a chopped source with a pulsed TOF-MS detector will,
in practice, select a velocity band of Av/v =~ 2% in the proposed experiments up to 10* amu.
A selection of de Broglie wavelengths is then achieved in combination with the detecting mass
spectrometer. In principle, an interferogram may then be recorded even without scanning the
velocity, time or grating position, provided the source emits a sufficiently dense set of cluster
masses.

In the range of 10° amu the particle cloud will already expand quite significantly during a
total interferometer time of 30-60 ms, even if we assume a cluster velocity of 1 ms™!, which
is a challenge in itself. We thus require a laser with a spectral coherence of Av < 0.lem™!,
as for instance provided by a grating-stabilized ArF laser at 193 nm, the fifth harmonic of
a seeded Nd : YAG laser at 213 nm, a frequency-doubled dye laser or an optical parametric
oscillator in the wavelength range between 210 and 250 nm. Since the absorption cross-sections
of metal clusters grow linearly with the mass for a given atomic species, their higher values
will then compensate for the intensity loss when the UV laser beam must be expanded to cover
the growing cluster cloud. Finally, in the high-mass range the temporal envelope of the laser
beams grows in relevance. The expanded cloud will now see a running wave for up to several
per cent of the total pulse width. This time may be reduced by making a standing light wave
from counterpropagating laser beams.

5.2. Source properties

On the source side, different options are at hand for different mass ranges: interestingly, even
an effusive beam source may match the requirements of an OTIMA interferometer. The most
probable velocity for m = 10°amu at 7 = 500K is vy, >~ 3ms ~' and recent experiments have
shown that there is still hope for the thermal volatilization of highly massive but chemically
tailored organic molecules [63].

New Journal of Physics 13 (2011) 075002 (http://www.njp.org/)

147



148

20 IOP Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

However, for the purpose of the present proposal, we restrict ourselves to a cluster
condensation source, which first volatilizes the atoms and then recondenses them in a cold noble
gas stream. The initial atomization may be done thermally, for some materials such as alkali
atoms [55] and fullerenes [64], or using a magnetron sputter technique for a large range of metal
clusters with higher melting points [65]. A gas aggregation source ejects a broad distribution of
clusters, ranging from a few up to several ten thousands of atoms per cluster with a brilliance of
up to 10 mg srad s~ .

Our own preliminary studies show that under conditions comparable to OTIMA, we can
count about 100 cluster ions on the TOF-MS MCP in a time window of 200 us. To achieve
adequate visibility, each laser grating has to reduce the cluster beam by a factor of three.
After the interferometer we thus retain 4% of the initial beam, i.e. 600 ions per second with
virtually no background during the measurement period, which is sufficient for the purpose of
interferometry.

In the setup of figure 1 the cluster velocity is determined by the flow of the cold carrier
gas, which is usually a mixture of helium and argon. The most probable cluster velocity in a
nitrogen-cooled setup amounts to about v,,, = 300ms~"'. This can be lowered by a cryogenic
cooling stage, using a neon buffer gas at 30 K [66] to achieve a cluster velocity in the range
of less than 100 ms™" if we include the relative velocity slip of massive clusters in light noble
gases [67]. From this distribution one may still select the low-velocity tail to get to particles in
the range of 40-50ms~!. Moreover, experiments aimed at surface cleaning also showed that
laser acoustic desorption is capable of generating nanoparticle beams with speeds in the range
of 10-50ms~' [68].

Many complementary methods are still conceivable. Of particular interest are those
techniques that focus on the improvement of cooling for freely suspended mesoscopic
particles [69-72]. Although most published proposals are still best adapted to small source
volumes and a few particles, a rapidly growing community is currently investigating methods for
preparing mesoscopic isolated particles, which may eventually also be coupled to our proposed
interferometer scheme. All this suggests that there are ample possibilities for further progress
to masses up to 10° amu.

6. Conclusions and outlook

The proposed OTIMA interferometer is universal in the sense that a single experimental setup
will enable experiments with a large class of nanoparticles, ranging from single atoms to metal
clusters, semiconductor nanocrystals, and possibly even some biomolecular complexes, as long
as ionization or neutralization is the dominant response to the absorption of a single photon.
This covers a mass range from 67 amu for lithium isotopes to 10° amu for cold giant clusters.

The setup is promising for testing the foundations of wave mechanics, and its intrinsic
features, such as high common mode rejection, non-dispersiveness and good control over the
grating pulse times, are well adapted to interference-assisted cluster metrology. The OTIMA
concept could thus enable new insights into cluster physics, including collisional and absolute
photoabsorption cross sections, electric and magnetic properties, etc.

Our calculations show that a high interference contrast may be expected for a wide range of
masses under otherwise very similar conditions. This could become relevant in explorations of
the equivalence principle as well as in experiments that probe currently speculative fundamental
limitations of the Schrodinger equation [73-78].
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In contrast to many other experiments where source purity is a value in itself, the OTIMA
interferometer can profit from the broad distribution of particles ejected by a magnetron clusters
source [65]. Performing experiments with different cluster types under otherwise identical
conditions provides a high degree of ‘common mode noise rejection’ and a good way of
identifying systematic phase shifts under variations of mass, baryon composition, geometrical
structure and other cluster properties.
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Abstract

We present a proof-of-principle study of superconducting single photon detectors (SSPD) for
the detection of individual neutral molecules/nanoparticles at low energies. The new detector is
applied to characterize a laser desorption source for biomolecules and allows retrieval of the
arrival time distribution of a pulsed molecular beam containing the amino acid tryptophan, the
polypeptide gramicidin as well as insulin, myoglobin and hemoglobin. We discuss the
experimental evidence that the detector is actually sensitive to isolated neutral particles.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The detection of isolated neutral molecules and nanoparticles
in the gas phase is both a necessity and a challenge
for many experiments that range from physical chemistry
to environmental monitoring [1] to the foundations of
physics.  Our own work was originally motivated by
matter wave interferometry with massive molecules [2-4] and
applications in molecule metrology [5, 6]. The extension of
such experiments to higher masses also requires improved
methods for detecting neutral nanoparticles. While ionization
techniques are routinely used for particles up to about 2000 Da,
post-ionization of organic molecules beyond that mass has
remained a significant challenge [7, 8]. Recent experiments
observed photoionization of tryptophan—metal complexes and
nucleotide clusters up to 6000 Da [9, 10]. But for the majority
of high-mass biomolecules this method seems to be precluded.

Hyperthermal surface ionization [12] was shown to allow
the detection of some neutral molecules, with insulin currently
setting the mass record [13].

Modern nanofabrication technologies also allow the
building of nanoscale oscillators which change their resonance
frequency when their mass is augmented by even a single
molecule. Such cantilever based detectors [14, 15] have a

0957-4484/09/455501+06$30.00

lower rather than an upper mass limit. They currently reach
a sensitivity of below 200 Da [16]. The first proof-of-principle
mass spectrometer applications showed the capability to detect
single proteins [17].

Whenever mass cannot be measured directly, bolometer
detectors [18-20] may convert molecular energy first into
sensor temperature and then into an electrical signal. However,
the translational energy of a single amino acid, such as
tryptophan, does not exceed 0.3 eV, even at a molecular
velocity of 500 ms~!. This is why the first bolometers [21]
still operated with a minimum detection threshold of
about 107 molecules s—!. Superconductors were suggested as
promising sensors [22, 19, 23] since their conductivity changes
strongly with temperature in the vicinity of the phase transition
edge.

The implementation of superconducting tunneling junc-
tions (STJ) made it possible to detect charged individual
molecules [24-26]. This is interesting for mass spectrometry,
because the STJ response depends on the particle’s energy [27].
This allows us in principle to combine the mass discrimina-
tion of a time-of-flight spectrometer with a detector whose ef-
ficiency remains constant over a wide mass range. Tunneling
junction detectors, however, require cooling well below 4 K
and up to now they have only been used for recording either

© 2009 IOP Publishing Ltd  Printed in the UK
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ensembles of slow neutral particles or for detecting individual
but energetic charged particles.

In this paper we present our first experimental evidence
that a combination of both is feasible, i.e. a detector for
single neutral molecules of low kinetic and low internal
energy. Our nanowire detector was originally fabricated as a
superconducting single photon detector. Its sensitivity to single
photons was demonstrated across the entire spectrum from
UV to mid-IR, with quantum efficiencies up to 30% [28-32].
Before we started the experiments, it was far from obvious that
such a device would also be sensitive to slow nanoparticles.
In the following we discuss the acquired evidence that this
detector is capable of recording the incidence of isolated
neutral biomolecules.

2. Experimental setup

The experimental setup consists of a pulsed molecular beam, a
free flight trajectory in high vacuum and the superconducting
nanowire detector in a differentially pumped helium cryostat,
about 76 cm behind the source.

2.1. Superconducting detectors

Two different types of detector were tested: superconducting
single photon counting devices (SSPDs) and superconducting
bolometers (SBs).

The SSPDs were fabricated by depositing a NbN film of
3.5-4 nm thickness on a sapphire substrate. We tested chips
with an open area of either 10 x 10 zm? or 20 x 20 pum?.
The 100-120 nm wide superconducting wire meanders on the
surface with a filling factor of 60%. The critical temperature of
NbN is 7. = 10-11 K and the critical current density amounts
to je = 3.5 x 10° Acm™2,

The SSPD fabrication process was described in detail
elsewhere [33]. In brief, NbN superconducting films were
deposited on R-cut sapphire substrates by DC reactive
magnetron sputtering in an Ar and N, mixture. The film was
patterned by direct electron beam lithography and reactive ion
etching. Gold contacts were added using photolithography
and wet etching. In figure 1(a) we show electron microscopy
images of the sensitive element. We operate the device in
a liquid helium bath cryostat at 4.2 K and apply a DC bias
current slightly smaller than the critical current. The signal is
capacitively coupled from the chip to the oscilloscope.

The detection mechanism may be understood as follows:
when a molecule hits the film surface, it creates high-energy
acoustic phonons. These phonons are rapidly absorbed by
the electron subsystem of the film due to their short inelastic
mean free path. Excess quasiparticles are then created which,
in turn, dispose of their energy by the emission of second
generation phonons. This triggers an avalanche multiplication
cascade. The process is similar to what happens during photon
detection. The distinctive difference lies in the first step:
the photon detection cascade starts from a single high-energy
quasiparticle created by the photon. The dynamics of the
subsequent stages is determined only by the absorbed energy.

When the energy of the quasiparticles decreases to a value
around 10 K, the electron—electron interaction becomes more

» Pl v g v -
SkU' X130, 888 0101 Hm:

- 800 um

Figure 1. (a) Electron microscopy image of the 10 zzm x 10 pzm
sensitive SSPD element. The NbN film is shown in gray. (b) Sketch
(right) and SEM image (left) of the superconducting NbN bolometer.
The bolometer strips and gaps are about 2 um wide.

efficient for the multiplication of the quasiparticles than the
electron—phonon interaction. Due to this fact, the main part
of the energy that is initially deposited in the film remains in
the quasiparticle subsystem. At the end of the cascade, a hot
spot of excess quasiparticles is formed and the supercurrent
is forced to flow around the new normal-conducting area. If
the hot spot is sufficiently large the current density in the
‘sidewalks’ increases beyond the critical current density. This
results in a short breakdown of superconductivity across the
entire width of the nanostripe and in a voltage pulse that can be
easily detected [28-31]. For photons, a typical pulse response
lasts over 10 ns.

The second detector type that we tested was a classical
superconducting bolometer. These chips were made from the
same NbN film, again using photolithography and wet etching.
Figure 1(b) presents a sketch of its sensitive element and an
SEM image. The bolometer chip is working at the critical
temperature 7. The additional energy delivered to the surface
by the impacting molecules may heat the superconductor
above 7. and cause a voltage peak. The incident energy
has to be sufficiently high to induce the required temperature
change. Because of the large width of the stripes this
condition can often not be met by a single molecule alone and
the sensors respond only to many simultaneously impacting
particles. With this second detector type we were not able
to detect any molecular signal in our experiments. This
type of superconducting wide-area bolometer is therefore not
discussed further in the following where we rather focus on our
explorations of nanostructured SSPD chips.

2.2. Molecular beam source

The details of our laser desorption source have already been
described elsewhere [9, 10]: organic molecules were laser
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Figure 2. A pulsed laser desorbs biomolecules, which are then entrained by a supersonically expanding noble gas jet. After two-fold
mechanical filtering the molecular beam hits the superconducting NbN detector. The impact of the molecules releases a voltage pulse which is

stored by an oscilloscope and a timer card.

desorbed by a Nd:YAG laser beam (355 nm, 5 ns, 6-10 mlJ),
which was focused to a spot on a pressed powder sample
(figure 2). The desorbed molecules are cooled and entrained by
a jet of helium gas that fills the mixing channel before it exits
through a 1 mm opening into a vacuum of 10~ mbar. About
2 cm behind the mixing channel the beam passes a skimmer of
| mm diameter, which separates the source from a differential
pumping stage. In this second chamber the molecular beam
is filtered by a copper mesh with 7.5 pum openings. This
microstructure is used to reject grains of powder that might
be ejected during the ablation process.

The stream of single molecules as well as possibly
a background of microscopic particles leaves the second
pumping stage through a 1 cm diameter opening into the
detection chamber where the SSPD chip is attached to a helium
bath cryostat. The overall distance from the desorption spot to
the superconducting chip is 76 cm. For some experiments we
added a second mechanical filter: a SiN, line grating with a
period of 266 nm and openings as small as 90 nm was attached
to the entrance window of the cryostat. This addition further
limited the transmitted particle size and also helped to extend
the lifetime of the SSPD chips, which was otherwise strongly
affected by the accumulation of molecular material. Even with
the additional filter in place, the active time of an individual
chip was limited to about 20000 desorption shots, after which
time a layer of molecules had covered the surface and made
it insensitive, It is known [11] that SSPD chips can even be
used to resolve the energy of incident photons. Similar energy
dependent measurements with molecules were, however, still
impeded in our present proof-of-principle study by the time-
varying surface coverage.

3. Results

In order to explore its detection capabilities the SSPD chip
was placed into the laser desorbed biomolecular beam. The
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Figure 3. A typical individual peak, that is attributed to the impact of
neutral molecules on the chip. The 20 pm x 20 pm SSPD chip was
biased with a current of 19.5 A, The signal was amplified by

20 dB.

first experiments were performed with a mixture of several
molecules containing 0.2 g myoglobin (17 kDa), 0.3 g 8-
carotene (537 Da), 0.3 g insulin (5.8 kDa), 0.25 g bovine serum
albumin (BSA,66 kDa) and 0.5 g cellulose of unspecified chain
length to mechanically bind the other components.

In this first test we used a 20 x 20 um? SSPD chip and
in figure 3 we show a typical individual detection event from
the desorbed molecule mixture. The peak is about 10 ns wide
(FWHM) and indicates a high temporal detector resolution also
for neutral nanoparticles.

We performed several tests to corroborate the evidence for
the SSPD’s sensitivity to isolated molecules and to exclude
other possible reasons for the observed signals such as for
instance the co-propagating seed gas or co-desorbed cellulose.

The influence of the rapidly expanding seed gas can be
tested by switching off the desorbing laser beam. We searched
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Figure 4. (a) Arrival time distribution of tryptophan and gramicidin. (b) Arrival time distribution of myoglobin, insulin and hemoglobin. All

molecules were detected using the 20 pm > 20 pm SSPD chip.

for signs of the expanding helium carrier gas pulse alone, and
the complete absence of any signal in this setting indicates that
the SSPD chip is not capable of detecting individual helium
atoms. The same is also true for all of the heavier noble gases
such as neon, argon, krypton or xenon. None of them showed
any detectable signal under our experimental conditions.

One might speculate that the higher kinetic energy of the
more massive biomolecules could be outweighed by the larger
number of lighter noble gas atoms. This argument would be
supported by the fact that seed gas atoms must be much more
abundant than the laser implanted biomolecules—otherwise
supersonic expansion would never occur. However, since no
signal was detected for the pure noble gas beams alone, a
collective effect by the dense gas jet can be excluded. Since
the biomolecular beam is more dilute than the carrier gas, a
collective effect of organic particles is even less likely.

This finding is at variance with that for classic bolometers
where the incidence of many particles is actually required to
trigger a signal [21]. It has, however, to be noted that these
detectors were not nanostructured and they were exploiting a
different mechanism. Our result thus gives the first evidence
that the SSPD chip is indeed not sensitive to the intense particle
flux of atoms but rather to the local energy density of single
complex nanoparticles.

As mentioned before, the molecules were always admixed
with cellulose to achieve mechanical stabilization of the
sample. In order to separate matrix signals from analyte
signals we also performed a separate desorption experiment
with pure cellulose powder alone. The complete absence
of any measurable signal indicates again that the ablated
matrix particles do not contribute any background in the
SSPD counter. In order to enable a more quantitative
evaluation we switched to a pulse counting mode and recorded
time-of-flight curves for various experimental settings. The
molecular velocity may differ from that of a free supersonic
expansion, since the molecules can be delayed inside the gas
mixing channel before they exit. This delay may lead to an
underestimation of the actual velocity. The velocities and
kinetic energies below are therefore reasonable lower limits.

In all the following experiments the samples contained
only biomolecules from one species mixed 1:1 with cellulose.

In figure 4(a) we show the arrival time distribution for
tryptophan (204 Da) and gramicidin (1.9 kDa) samples,
respectively. Figure 4(b) depicts the distributions for insulin,
myoglobin and porcine hemoglobin (66 kDa) samples. All
curves in figure 4 were recorded using the same 20 pmx20 pum
SSPD chip, the same discriminator level, a bias current of
20=£1 pA and two particle filters in the beam line, i.e. a 7.5 pm
mesh as well as the 90 nm SiN filter. The opening time of the
valve was set to 700 us for all recorded curves in figure 4,
except for that of tryptophan as discussed below. The arrival
time distributions in figure 4 show a double structure which is
aresult of the particular valve setting in these experiments.

The agreement of the detected arrival times with the
expected flight times may already be interpreted as a good
indication for the detection of neutral particles. It is, however,
desirable to corroborate this statement by complementary
measurements which must rely on alternative detectors. As
they are not readily available in the mass range beyond
2000 Da, where ionization detectors start to fail [7, 8]
and nanomechanical detectors are not yet commercially
available, it is also still unknown whether high-mass molecules
(e.g. hemoglobin) can survive the desorption process as intact
particles or whether the observed signals are rather caused by
smaller neutral fragments generated in the source.

This is why our first checks were focused on characteriz-
ing the molecular beam source for tryptophan and gramicidin,
where it is known [34, 35] that VUV laser ionization is soft
and capable of detecting isolated molecules as well as larger
clusters [9, 10]. A F; laser (157 nm, 5 ns, up to 3 mJ) is here
combined with time-of-flight mass spectrometry (TOF-MS) to
reveal the arrival time and mass distribution of all molecules
emerging from the source.

Figure 5 shows a representative arrival time distribution
for tryptophan, measured using TOF-MS and the same source
settings as in the SSPD experiments. The flight distance
between source and detector was shortened to 0.5 m. This also
reduces the molecular flight times.

The arrival time distribution, recorded in photoionization
TOF-MS at the mass of the single monomer (figure 4), has the
same structure as the signals recorded by the SSPD (figure 5).
Small differences in the arrival times can be assigned to
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Figure 5. Arrival time distribution of tryptophan recorded via laser
post-ionization and time-of-flight (TOF) mass spectrometry. The
shape of the TOF distribution reproduces the distribution recorded by
the superconducting chip (see figure 4).

an accidental reduction of the valve opening time which
influences both the pressure inside the mixing channel and
the velocity of the expanding molecules. This is supported
by figure 6, which depicts the arrival time distribution for
gramicidin for three different valve opening times recorded by
the SSPD chip. For short pulse times (figure 6, top) the arrival
time distribution resembles the one recorded for tryptophan
in figure 4(a), where the molecule arrival time was delayed.
Interestingly, valve times around 600 ps do not show the
double structure, as can be seen in figure 6 (center). We chose
a slightly higher opening time of 700 ps (figure 6, bottom) for
our experiments. This causes a double peak in the arrival time
but also adds to the signal.

From these tests we gather the general insight that the
arrival time distributions are rather identical for both the SSPD
and the ionization detector. They are both consistent with
the arrival of individual molecules. The absence of any
signal related to the individual carrier gas atoms hints at an
energy threshold in the SSPD which can only be overcome
by sufficiently massive and energetic molecules. In our
experiments the least energetic molecules detected by the
SSPD were tryptophan particles in the velocity band of 300-
500 ms~!, i.e. with a kinetic energy of 100-300 meV if we
assume we are seeing isolated molecules.

Compared with that value, all rare gas beams still have
too little kinetic energy to be detected. Helium at 800 m s~
reaches only 10 meV and xenon at 250 m s~! would only attain
40 meV—still well below the value for tryptophan, which
carries internal energy in addition.

4. Conclusion

The present experiments are just the promising start of an
interesting journey into single neutral molecule detection
using SSPDs. Our experiments give good first evidence that
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Figure 6. Arrival time distribution of gramicidin for different valve
opening times, using a 10 gm x 10 gm SSPD chip. A reduction of
the valve opening time leads to shifted arrival time

distributions (slower molecules).

SSPDs can be used to register the incidence of neutral single
nanoparticles.

As of today there is no efficient easily implemented way
of detecting neutral large proteins to cross-check our results
with individual, isolated insulin, hemoglobin or myoglobin.
But we see a good consistency between the SSPD results
and photoionization mass spectrometry in the flight times for
tryptophan and gramicidin.

One might furthermore ask whether a high internal
excitation may also add sufficient energy to the chip, which
will be tested in future experiments by systematically varying
the internal temperature of the molecules.

The possibility of detecting more massive neutral and
labile molecules is promising for many applications in physical
chemistry and also for matter wave interferometry. Even if
the SSPD method cannot (yet) discriminate between different
masses, de Broglie interferometry itself has been shown to
be capable of discriminating different molecular properties [5]
and experiments with clean and mass selected sources would
only require a good sensitivity to the existence, not to the mass,
of the particle.

The technology certainly requires further development
and exploration but it may allow us to close a ‘detector
loophole” for particles which are too complex to be efficiently
photoionized and yet too small to be well detected by other
means.
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