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Abstract
According to the quantum superposition principle, massive particles can
be delocalized and propagate though space as waves of matter. To date
it is not known whether this principle holds for particles of all masses
or if there exists a mass limit to its validity. Matter-wave interferom-
etry is a direct test of such delocalization of particles. In this thesis I
present the optical time-domain matter-wave (OTIMA) interferometer,
an experiment that was specifically designed to probe and exploit su-
perposition states of large particles [1, 2]. The setup is of the Talbot
Lau-type and utilizes three pulsed standing wave laser gratings. Such
optical structures imprint a periodic pattern onto the traversing matter
waves through photo depletion of the particle density at the standing
wave antinodes. The particle’s optical polarizability and the efficiency of
photoionization or dissociation of the particles at the grating wavelength
λ determine how strongly the standing waves act as phase gratings and
absorptive masks with a grating period of d = λ/2. All three stand-
ing waves are generated for only a few nanoseconds by retro-reflecting
157 nm laser pulses at a single mirror surface, leading to a grating period
of less than 80nm [3, 4]. The time-domain interferometer scheme offers
high visibility and measurement precision while the common boundary
condition for the standing waves provides robustness towards vibrational
dephasing [1]. Since the optical gratings interact non-dispersively with
the interfering particles, the setup enables interference experiments with
large and heavy particles in a quest for novel decoherence effects or ob-
jective collapse mechanism [1, 2]. I present experimental progress in
characterizing the interferometer in conjunction with various different
particle beam sources and discuss systematic effects on the interference
contrast [5]. Proof of principle results of interference experiments with
tailor-made nanoparticles are presented and discussed in the context of
high-mass matter-wave interferometry. On the applied side, the ability
to resolve particle deflection by a small fraction of the grating period
facilitates measurements of the interaction between interfering particles
and external probe fields, such as running or standing light fields [6].
Various different schemes for spectroscopy in the OTIMA interferometer
are discussed.



Zusammenfassung
Das quantenmechanische Superpositionsprinzip postuliert, daß massive
Teilchen delokalisiert sein können und sich als Materiewellen im Raum
ausbreiten. Dieses Verhalten konnte bisher z.B. Photonen, Neutronen,
Atomen und vielen Molekülen nachgewiesen werden, und dennoch ist
es bis heute ungeklärt, ob Teilchen beliebiger Masse in solche Überla-
gerungszustände gebracht werden können. In dieser Arbeit stelle ich ein
gepulstes Lichtgitter Materiewellen (OTIMA) Interferometer vor, welches
wir gebaut haben, um nach einer Massenabhängigkeit dieser Phänomene
zu suchen [1, 2]. Das Experiment basiert auf dem Talbot Lau Effekt
und besteht im Kern aus drei stehende Lichtwellen, die durch Retrore-
flektion von Lichtpulsen an einer einzelnen Spiegeloberfläche entstehen.
Die Teilchen, die durch die Bäuche der Stehwellen fliegen, werden durch
Photoionisation oder Photofragmentation aus dem Teilchenstrahl ent-
fernt [3, 4]. So entsteht ein räumliches Muster in der Teilchendichte.
Wie stark dabei diese Lichtpulse als absorptive Gitter und Phasengitter
wirken ist durch die Photoionisations- und Photofragmentationseffizienz
bzw. die optische Polarisierbarkeit der Teilchen im Gitter bestimmt.
Im OTIMA Interferometer kommen zu diesem Zweck 157 nm Laser zum
Einsatz, so daß die Stehwellengitter Perioden von unter 80 nm haben.
Optische Gitter haben zudem den Vorteil eines variablen Öffnungsver-
hältnisses, welches durch die Laserpower in den Stehwellen gegeben ist:
je kleiner das Öffnungsverhältnis, desto größer sind Interferenzkontrast
und Messprezision. Dabei macht die Verwendung einer gemeinsamen
Randbedingung für alle drei Stehwellen die Messungen robuster gegen
Dephasierung durch mechanische Vibrationen der Apparatur. Durch die
nicht-dispersive Wechselwirkung zwischen den Gittern und den interferie-
renden Teilchen wird das Experiment in Zukunft Interferenzmessungen
mit immer größerern Teilchen erlauben und könnte damit die Suche nach
neuartigen Dekohärenzeffekten oder objektiven Kollapsmechanismen er-
möglichen [1,2]. Im Rahmen dieser Arbeit bespreche ich die Fortschritte
in der Charakterisierung des Interferometers und diskutiere systemati-
sche Effekte, welche den Interferenzkontrast beeinflussen [5]. Außerdem
zeige ich Ergebnisse einer Machbarkeitsstudie, welche die Eignung maß-
geschneiderter Nanoteilchen für Tests des Welle-Teilchen-Dualismus in
unserem Experiment untersucht.
Das OTIMA Interferometer ist der quantenphysikalischen Grundlagen-
forschung gewidmet, ermöglicht aber auch spektroskopische Messungen
von Teilcheneigenschaften [6]. Im letzten Teil dieser Arbeit stelle ich ein
paar solch angewandter OTIMA Experimente vor.



Chapter 1

Introduction

The formulation and experimental verification of quantum theory is un-
deniably a story of success: until today the theory has passed every exper-
imental test. From the laying of its ground stones at the beginning of the
past century [7–10] and the skeptical founders calling the consequences
of their own results spooky [11] or burlesque [12], quantum physics has
come a long way. Not only are the laws of quantum mechanics nowadays
applied to solve problems in just about every discipline of physics, they
have also fueled incredible technological progress and enabled the de-
velopment of transistors, lasers, atomic clocks, and superconductors, to
name only a few. But many are still suspicious. Why is that? A possible
explanation is the following: while a successful theory for microscopic
realm, there is no general consent about how to stitch quantum mechan-
ics to two other heavyweights of physics, namely the theory of general
relativity and classical mechanics. General relativity, recently reinforced
by the first detection of gravitational waves [13], and its notion of contin-
uous space time, seems incompatible with the discrete nature of standard
quantum mechanics, or vice versa. Also, classical mechanics, which is so
familiar to us since it apparently governs everything we perceive with our
bare eyes, seems fundamentally un-quantum to us. While our perception
may very well be unsuited to recognize how quantum mechanics rules
the dynamics of our everyday objects, one inevitably runs into paradox-
ical situations when strictly applying quantum laws to increasingly large
systems. This can be illustrated by considering the following measure-
ment scenario: in a model experiment, an electron is delocalized and has
equal probability of propagating through two distinct locations in space.
Such spatial superposition states are fully described by quantum theory
and are routinely invoked e.g. to understand the working of electron
microscopy. We then perform a position measurement, which is accu-
rate enough to reveal the position of the electron. If the superposition
state evolves unitarily, as postulated by standard quantum mechanics,
the pointer of the position meter will become entangled with the elec-
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tron and finally be in a superposition of having measured one or the other
electron locations. Now the entire measurement device will be in a very
non-classical state. Where does this end? Does the quantum evolution
break down when a critical number of atoms is involved? Or does it not
even spare the experimenter from being in superposition of observing two
distinct experimental outcomes? The inability of conventional quantum
mechanics to answer these questions is known as the measurement prob-
lem, famously carried to the extreme by Schrödinger, with the aid of a
cat and a deadly time bomb [12].

Several solutions have been proposed. Decoherence - i.e. the scram-
bling of phases caused by the quantum mechanical coupling of a system
to its uncorrelated environment - was long believed to introduce a clear
cut between the quantum realm and the classical world [14]. Even to-
day, new decoherence mechanisms are proposed that supposedly possess
this property [15]. While it is clear that decoherence can make quantum
effects unobservable [16], it is argued that the increasing amount of en-
tanglement, that is generated when a system is gradually coupled to its
environment or a measurement device, does not introduce classicality but
rather creates ever more complex quantum states. In brief, decoherence
does not solve the measurement problem [17].

Everett’s many worlds hypothesis takes the possibility of never-ending
quantum evolution seriously and predicts the creation of new universes
with each measurement act [18]. Since this is both a discomforting
prospect and inherently untestable, theorists have focused on adding
stochastic terms to the Schrödinger equation which govern the quan-
tum to classical transition by randomly collapsing the wave function.
This concept was first formulated by Ghirardi, Rimini and Weber [19]
and later generalized to the Continuous Spontaneous Localization (CSL)
model [20]. In line with this idea, Diosi and Penrose (DP) developed a
model which assumes that the collapse is induced by the interplay be-
tween quantum mechanics and gravity [21, 22]. Experiments have been
proposed to test the DP model [23], but no results are published to date.
The CSL theory has been tested in various ways. According to the model,
the interaction with a stochastic background field causes a collapse of
the wave function and localization of particles at a mass dependent rate.
First upper bounds were set by the Kapitza Dirac Talbot Lau matter-
wave interferometer [24] and later by measurements of heating rates of a
mechanical oscillator [25] and cold atoms [26]. Finally, X-ray spectra of
Germanium [27] and, most recently, data from gravitational wave detec-
tors [28] were used to exclude a large area of the CSL-parameter space.
As the space of untested parameters shrinks, CSL is becoming less and
less likely to be the solution to the measurement problem1.

1Note that, even if one succeeded in detecting anomalous noise with a mass depen-
dence similar to the one proposed for CSL, it would be hard or impossible to prove
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Chapter 1. Introduction

The universality of the proposed collapse mechanism is indicated by
the diversity of these experiments, yet none of them are, at the moment,
actually sensitive to macroscopic superposition states. This is not a hin-
drance for a test of CSL, since the recoil associated with the localization
would measurably effect system dynamics that are well described by clas-
sical mechanics [29–31]. Matter-wave interferometry, too, is sensitive to
spontaneous wave function collapse [2], yet directly probes the superpo-
sition principle for a model-independent test of quantum mechanics in
the limits of large mass or complexity.

This thesis documents the setup and characterization of an experi-
ment that was designed specifically for this purpose: the Optical TIme
domain MAtter-wave (OTIMA) interferometer. This Talbot Lau inter-
ferometer uses three pulsed photo depletion gratings and operates in the
time domain [1, 3].

The OTIMA builds upon matter-wave research that was kicked off
in 1923 with de Broglie’s hypothesis, according to which a wavelength
is associated with every massive particle [9]. This wavelength, λdB, is
determined by the particle mass m, velocity v and Planck’s constant h:

λdB =
h

mv
(1.1)

Soon after its first formulation, the hypothesis was confirmed for elec-
trons [32,33], helium and hydrogen molecules [34], by the observation of
diffraction at crystal surfaces. Neutron diffraction and interferometry
followed [35–37]. Ramsey spectroscopy experiments with various atoms,
which were carried out during the 1980s, were in hindsight identified as
the first atom interferometers [38, 39]. Simultaneously, the progress in
atom optics has enabled diffraction of atomic matter waves at a standing
light grating [40] and later a mechanical grating structure [41]. Several
three grating interferometers for atoms were presented a few years later,
with material gratings [42], optical Raman gratings [43], optical phase
gratings [44]. These setups operated in the far-field and coherently split
the beam by more than the beam envelope. A near-field experiment in
the Talbot Lau (TL) configuration, where the path separation may be
on the order of the grating period, followed soon [45,46]. Atoms interfer-
ometers are used today for absolute measurements of gravity [47], tests
of the equivalence principle [48] or the search for dark energy [49], have
even been launched on board a rocket very recently [50] and will be used
for fundamental and applied experiments in outer space [51].

Atom interferometers have reached an impressive level of sophistica-
tion [52], however, they are less suited for detecting a breakdown of the
quantum superposition principle, since, in this regard, the coherently en-

that this is not simply another decoherence mechanism.
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closed area is expected to be less critical than the mass of the interfering
particle [53]. This is where molecular matter-wave interferometry comes
into play. The plan has been clear since the first far-field diffraction
experiment with C60 fullerenes in 1999 [54]: to measure interference of
increasingly heavy particles and compare the contrast to the predictions
of standard quantum mechanics. The single-grating interferometer, a ver-
sion of which is still running today [55], offers the same benefits as the
atomic counterparts: it is comparatively easy to align, robust to vibra-
tional dephasing and clear in the interpretation of the results, since there
is no classical effect known to produce similar fringe patterns. The count
rate, however, suffers from the stringent requirements for beam collima-
tion. This is a deal breaker for interferometry in the limit of high mass,
where signal intensity is usually a significant constraint. TL near-field
interferometers require around 100 times weaker beam collimation, since
each opening of the first grating functions as a point-like matter-wave
source [45]. The first molecule interferometer that made use of this was
comprised of three micro-mechanical gold gratings [56]. An optical phase
grating replaced the center grating in the next version of the setup [57]
which holds the current mass record in matter-wave interference [24].
While mechanical masks are arguably the most universal elements for
matter-wave diffraction of small particles, since their working principle
is, with a few exceptions [58], independent of internal particle proper-
ties, they suffer from several drawbacks: as the particles become heavier,
slower and more polarizable, they interact more strongly with the grating
walls via van der Waals or Casimir-Polder forces. These lead to velocity
and position dependent phase shifts, requiring increasingly stringent ve-
locity selection and thinner gratings [1, 56, 59]. Also, the grating period,
thickness and quality are limited to the accuracy of lithographic produc-
tion methods. And: mechanical masks break and clog. To overcome this,
the idea of an all optical TL interferometer was conceived [60] and finally
led to the setup of the OTIMA interferometer.
Since the time and distance for measuring TL interference scales quadrat-
ically with the grating period, we implemented grating lasers with the
shortest wavelength commercially available: 157 nm Fluorine excimer
lasers. These emit pulses of vacuum ultraviolet (VUV) light and al-
low to operate the interferometer in the time domain. The benefits of
this scheme are outlined in section 1.1. When retro reflected at a mir-
ror surface, the pulses form standing waves in which the photo depletion
efficiency in the antinodes is high for many different types of particles,
ranging from small molecules over van der Waals and metal clusters to
large nanoparticles. This mechanism and other important aspects of the
theory behind OTIMA are detailed in section 2.1.
Naturally, an OTIMA test of the wave-particle duality requires a thor-
ough understanding of systematic effects and decoherence mechanisms
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Chapter 1. Introduction

which is why the detailed characterization of the device was a focus of
our work in the past years. Limits of the method are discussed in sec-
tion 2.2. Since the fringe pattern in a TL interferometer can mimic a
classical shadow of the grating structures, I have dedicated section 2.3
to the features that differentiate the classical effect from interference.
The experimental setup and its main ingredients, including the grating
lasers, the interferometer mirror, beam sources and detector assembly
are discussed in chapter 3. I introduce the most important measurement
protocols and techniques in chapter 4 and present the first results of clus-
ter interference in section 4.2. The most common way to map out the
interference pattern in the OTIMA setup is to record the dependence
of the interference effect on the pulse separation symmetry. There are,
however, several ways to record the spatial fringe pattern and methods
to do so are reviewed in section 4.3. Crucial results for understanding the
influence of systematic effects and new depletion mechanisms for VUV
gratings are presented in sections 4.4 and 4.5, respectively. After proof of
principle tests and characterization of the setup, the plan was conceived
to explore the use of synthesized nanoparticles for OTIMA interference
experiments. The requirements for such particles include favorable pho-
toionization properties and scalability of the mass during the synthesis.
Interim results of these ongoing test are discussed in section 4.6.

The OTIMA was from early on dedicated to fundamental tests of the
wave-particle duality and will continue to serve this purpose. There are,
however, spectroscopic advantages of OTIMA that shall be exploited
in near-future experiments. These will rely on the sensitivity of the
interference effect to external perturbations, which can be caused by the
interaction of the particles with a spectroscopy laser beam, as described
in more detail in section 5.1.

1.1 TL interferometry in time and space
At the heart of the OTIMA experiment lies the Talbot effect. This effect,
known for nearly two centuries in classical optics [61, 62] and put to use
in many other fields of technical imaging [63, 64], causes the emergence
of sharp images of a coherently illuminated periodic object at specific
distanced in the near field of this object. These distances are integer
multiples of the Talbot length LT , which is a function of the wavelength
λ of the illuminating waves and the spatial period d of the illuminated
object:

LT =
d2

λ
(1.2)

In experimental situations where intrinsically coherent sources are un-
available, it is easier to observe a variant of the Talbot effect, the Talbot
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1.1. TL interferometry in time and space

Lau (TL) effect [65]. Here two identically periodic transmission masks G1

and G2, spaced by LT and with parallel grating vectors, are illuminated
by a spatially incoherent source. In this configuration, each opening of
the first transmission mask will prepare transversal - i.e. parallel to the
grating vector - coherence among the emerging wavelets. If the hereby
prepared coherence sufficiently covers two openings of G2, diffraction
occurs and an interference pattern with periodicity d is projected in a
plane parallel and spaced to G2 by LT . The observation of this effect
with de Broglie matter waves requires thin transmission gratings, such
that the distance between the gratings is well defined, and velocity se-
lected particles. These two requirements ensure that all particles in the
interferometer have the same time to build up coherence, after the first
grating, or form a diffraction pattern after the second grating. This has
been the working principle of many successful interference experiments
with molecules [3, 56,57].

The effect is illustrated further by resorting to a semi-classical point
of view: A particle localized in a grating opening receives a recoil, parallel
to the grating vector, and proportional to the size of the grating open-
ing. In accordance to Heisenberg’s uncertainty principle, this momentum
transformation places the particles in a superposition state of being ac-
celerated parallel and antiparallel to the grating vector. Since this grating
kick leaves the forward velocity of a traversing particle unchanged, it is
the time it takes particles to travel from grating to detector, or from
grating to grating, rather than the flight distance, that is fundamentally
important for the experiment2. In this time domain picture, the Talbot
Lau effect occurs on a characteristic time scale

TT =
md2

h
, (1.3)

rather than a length scale. Contrary to the space-domain Talbot Lau
effect, the pulsed optical gratings may be extended in flight direction,
since it is not the distance between the gratings that must be well defined
but the time between their appearance.

To make best use of the longitudinal velocity independence of the
diffraction effect, one needs to detect the pattern over an extended re-
gion of space. This can be realized by pulses of UV light which are
retroreflected at a mirror surface to form standing waves with periodic-
ity d = λL/2, where λL is the wavelength of the laser. The waist of these
pulses must be chosen such that all detected particles have been illumi-
nated by the grating pulses. In order for a standing light wave to act as
an absorptive grating, absorption of a grating photon must lead to the re-

2Velocity selection might still be required to ensure overlap of the particle cloud
with the gratings, however, this does not enter the error budget of the visibility
measurement.
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Chapter 1. Introduction

moval of the photo-excited particle. This can happen via photoionization
and subsequent deflection in an electrical field or photofragmentation,
which recoils the fragments out of the beam [3,4].

In most TL matter-wave interferometers, the interference pattern is
recorded by masking the fringes with a third absorptive grating G3, which
is identical to the other gratings and placed a Talbot length away from
G2 [66]. Periodic variation of the number of particles behind G3 occurs
if this mask is scanned along the fringe pattern. If the particles are
uniformly distributed in space, the count rate will remain constant during
the scan. The grating-scan method is viable in the time domain case,
too. This requires, ideally, one of the gratings to be formed at a separate
mirror which is mounted on a translation stage to facilitate the scanning.
Experimental ways to circumvent this need are discussed in sections 4.2
and 4.3.
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Chapter 2

Theory

The following section will discuss aspects of the theory underlying the
OTIMA experiment. Since the full mathematical treatment is compre-
hensively presented in other works [1, 67, 68], I will limit the discussion
to results that are important for the understanding of the data in the
experimental part of this thesis. The calculations that produce the equa-
tions and simulations in this section can be found in said references.

2.1 The OTIMA model
It is assumed in the following that a single absorption event suffices
to trigger the removal of the particle from the beam and the particles
are given to be at rest during the grating pulse as well as not have
an spatial extension. Also, the gratings are assumed to act only on
the particle dynamics in x-direction, i.e. parallel to the grating vector.
The motional quantum state ψ(x) of a particle is then transformed like
ψ(x) = t(k)(x)ψ(x), where t(k)(x) is called the transmission function of
the k-th grating (in the following referred to as Gk). The probability for
a particle at position x to remain in the beam after the grating pulse is
then given by |t(k)(x)|2, which equals the probability of not absorbing a
photon and is thus given, under the assumption of poissonian statistics,
by

|t(k)(x)|2 = exp(−n(k)(x)), (2.1)

where n(k)(x) is the amount of photons absorbed in the k-th grating
pulse at the position x:

n(k)(x) = n
(k)
0 cos2

(πx
d

)
(2.2)

Here, n(k)
0 is the average number of photons absorbed at a anti node

of the k-th grating and
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2.1. The OTIMA model

n
(k)
0 =

4σdeplE
(k)λL

hc
, (2.3)

where the single-photon depletion cross section is denoted with σdepl
and E(k) is the pulse energy of the k-th grating pulse1.

Expanding expression (2.1) in a Fourier series results in

|tk(x)|2 =
∞∑

m=−∞

B(k)
m (0) exp

(
2πinx

d

)
, (2.4)

where the Fourier components B(k)
n (χ) for χ = 0 are given by

B(k)
m (0) = exp

(
−n

(k)
0

2

)
Jm

(
−in

(k)
0

2

)
, (2.5)

Here, Jm is the Bessel function of the first kind. This describes the
transmission through a purely absorptive mask. Additionally, coupling
of the particle’s dipole polarizability αL to the light field will modulate
the phase of the wavefunction by imprinting the phase shift

φ(k)(x) = φ
(k)
0 cos2

(πx
d

)
(2.6)

onto the traversing matter waves at position x in the k-th grating.
Here φ(k)

0 = 4π2E(k)αL/hc is the difference between the average phase
shifts experienced by particles at a node and at an antinode of the k-
th grating. The particle properties αL and σdepl enter the calculations
through parameters (2.3) and (2.6) it is convenient to introduce the di-
mensionless parameter β:

β =
n
(k)
0

2φ
(k)
0

=
λσdepl
8π2αL

(2.7)

When the phase grating effect is taken into account via β, the Fourier
components of the gratings take the more complicated from:

1Throughout this section it is assumed that the mirror surface is perfectly flat
and reflective, the grating lasers are aligned parallel to the mirror surface’s normal
vector and the longitudinal coherence length of the grating lasers is long enough too
generate a standing wave with 100% contrast in the region where the particles are
illuminated by the grating. In section 4.4 the formalism is modified to accept more
realistic experimental parameters.
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Chapter 2. Theory

B(k)
m (χ) = exp

(
−n(k)

0

2

)(
sin πχ− β cosπχ

sin πχ+ β cosπχ

)x
2

× Jm

(
sign

(
sin πχ

β
+ cos πχ

)
n
(n)
0

2β

√
sin2 πχ− β2 cos2 πχ

)
(2.8)

and the total grating transmission function reads

t(k)(x) = exp

(
−n

(k)(x)

2
+ iφ(k)(x)

)
. (2.9)

As expected, the transmission probability |t(k)(x)|2 does not depend
on the strength of the phase grating. While |tk(x)|2 is not easily ac-
cessible experimentally, the total grating transmission T (k) through the
k-th grating is, and it follows by integrating t(k)(x) over an entire grating
period d:

T (k) = J0

(
i
n
(k)
0

2

)
exp

(
−n

(k)
0

2

)
. (2.10)

A plot of T (k)(n
(k)
0 ) is shown as a blue graph in figure 2.4a and b.

One can now calculate the normalized density pattern of the particles
after traveling for a time 2T through two of the described masks spaced
in time by T

D(x, T ) =
1

d

∞∑
l=−∞

B
(1)
−l (0)B

(2)
2l

(
l
T

2TT

)
exp

(
πil(4x− aT 2)

2d

)
(2.11)

Here the presence of an acceleration a along the grating vector, e.g.
in the earth’s gravitational field, was taken into account. Thanks to the
Talbot Lau effect, D(x, T ) is d-periodic in x if T is an integer multiple
of TT . This interference pattern can be resolved by masking it with a
third grating G3, which is identical to G1 and G2. The absorptive mask
G3 will then deplete the beam at its antinodes and allow only for the
particles in its nodes to be transmitted to the detector.

The amount of signal at the detector depends on the relative shift ∆x
between D(x, T ) and G3. In a three grating setup, this fringe shift ∆x
is a function of the positions ∆xk of all three gratings with respect to a
common reference:

∆x = ∆x1 − 2∆x2 + ∆x3 (2.12)

Constructive (destructive) interference occurs for ∆x = 0 (∆x =
d/2). This case will, in the following, also be referred to as positive
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2.1. The OTIMA model

(negative) contrast. Note how the shift ∆x is independent of d and holds,
for geometrical reasons, for the classical shadow of three transmission
masks as well as for a pattern formed by matter-wave diffraction2. The
Signal behind the third grating reads

S(∆x, T ) =
1

d

∞∑
l=−∞

B
(1)
−l (0)B

(2)
2l

(
l
T

2TT

)
B

(3)
−l (0) exp

(
πil

d
(4∆x− aT 2)

)
(2.13)

The symmetric pulse separation time ∆T is defined as

∆T ≡ T (G2)− T (G1) = T (G3)− T (G2), (2.14)

where T (Gk) is the appearance time of the k-th grating pulse. The
treatment in this section here is limited to the case T = ∆T . In such
a time-symmetrical situation, the Talbot Lau effect is most robust and
offers the highest contrast3. A few features of S(∆x, t) must be empha-
sized. Firstly, since B(1)

−l (0) = B
(3)
−l (0), the first and third grating influence

the signal in exactly the same way. Secondly, B(k)
l (0) only depends on

n
(k)
0 and not on φ

(k)
0 . G1 and G3 thus alter the signal only via parti-

cle depletion, not via dipole interactions and may be treated as purely
absorptive masks. Also, the particles impinge on G1 with a transversal
momentum distribution that is broad compared to the grating kick ~π/d
or the deflection arising from optical forces in G1. This explains why, for
a weakly collimated beam of particles, no interference effects are visible
behind G1 and G3, which can thus be treated as classical transmission
masks.

The periodicity of S(∆x, t) can be measured either by scanning the
fringe shift ∆x via the grating phases or by a variation of the acceleration
along the grating vector. Before investigating the dependence of S(∆x, t)
on experimental parameters such as grating pulse power or pulse timing,
one needs a suitable measure for the contrast. In many cases S(∆x, t)
is sine shaped and its contrast is defined as the common interference
visibility

2Differences between the fringe shift of a shadow image and an interference pattern
arise in the limit of very strong particle beam collimation, when the width of the
momentum distribution in x-direction becomes smaller than the grating recoil ~π/d.
In this case, classical shadows cannot form at certain grating configurations ∆xk, since
all classical trajectories are blocked, while an interference pattern can nevertheless
form due to the coherent spread of transversal momenta.

3It is possible to observe contrast when T (G2) − T (G1) = 1.5(T (G3) − T (G2)),
for example. This is interesting since it allows to operate the interferometer in a
magnifying mode rather than the self-imaging mode [69]. The discussion will, however,
focus on the symmetric configuration, since magnification of the interference pattern
was not useful for the experiments presented in this thesis.
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Chapter 2. Theory

Figure 2.1: a) Simulated interference patterns for different G2-powers.
Low grating power (n0 = 3) results in the blue curve which is nearly sine
shaped and has a contrast of Svis = 34%. For increasing G2-power the
contrast increases (the higher the power, the lower the fringe pattern in
the graph), until it saturates at Svis = 100% for the yellow and black
graphs (n0 = 20 and n0 = 30, respectively) which are no longer well
represented by a sine wave. SN for these curves is 2 and 4, respectively.
b) A simulated interference pattern is shown as a blue line. The spatial
mean of this pattern is the yellow line in the graph. The absorptive areas
of G3 are colored in gray. Here ∆x = 0, and everything between the gray
areas is transmitted to the detector. SN is related to Sint (blue areas)
and Savg (red shaded areas) via definition (2.16).

Svis =
Smax − Smin
Smax + Smin

, (2.15)

i.e. via its extremal values Smax and Smin. This, however, is no
longer a good measure for the contrast of the pattern, when the shape
of the pattern increasingly deviates from a sine, which is the case for
strong grating powers and small grating openings, as illustrated in figure
2.1a. For patterns that are not well represented by a sine curve it is
more accurate to measure the contrast in terms of the normalized signal
SN . The area of the fringe that is transmitted by G3 is integrated and
normalized with the integral over the fringe pattern, as shown in figure
2.1b. If Sint is the area under the fringe and Savg is the area under the
spatial mean, then one can define SN as

SN =
Sint − Savg

Savg
(2.16)

Savg results from detuning the interferometer from symmetry by δT ,
so that

[T (G2)− T (G1)]− [T (G3)− T (G2)] = δT, (2.17)
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2.1. The OTIMA model

Figure 2.2: Simulations of Svis and SN versus G2 grating strength n
(2)
0

for positive contrast ∆x = 0 (panel a) and negative contrast ∆x = d/2
(panel b).

and measuring the transmission though all three gratings, since for
suitably large δT , no contrast is expected4. Using SN as a measure for
the contrast is convenient since it can be obtained without a scan of the
fringes.

Figure 2.2 compares the expected SN and Svis for different laser pow-
ers in the second grating, where n(1)

0 = n
(3)
0 = 10 and ∆T = TT was

assumed. For small powers, where the contrast is low, both measures
give similar results. For larger powers and higher contrast, deviations
appear, up to the point where Svis is bound by 1 and SN increases with
no upper bound. For negative contrast, i.e. ∆x = d/2, SN is a good
approximation for Svis. SN is a more accurate measure of high contrast,
since it is sensitive to pattern changes when Svis is already saturated.
This can be beneficial for experiments where fringe shifts due to gravita-
tional, rotational or electromagnetic deflection are measured. In such a
situation one benefits from a steep fringe slope and measuring SN allows
to optimize the experiment accordingly. In the rest of this section, how-
ever, Svis will be used since it is easier to grasp and illustrates equally
well how the interferometer reacts to the variation of parameters.

Figure 2.3a shows the expected visibility Svis as a function of the
pulse delay time ∆T in units of the Talbot time for β = 1, 5 (solid blue
line), β = 0, 4 (dotted blue line) and β = 1 (dashed blue line). Reso-
nances occur at ∆T/TT . n, where n is an integer 5. The n-th contrast
maximum corresponds to the n-th Talbot order. The width of the reso-
nances depends on the polarizability of the particles: the larger αλ, the

4The amount of asymmetry necessary to make the contrast disappear depends on
the divergence angle of the particle beam, as explained in section4.1.

5For particles in a low field seeking state β is negative and contrast is highest for
∆T/TT & n, where n ∈ N.
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Figure 2.3: a) Expected Svis as a function of the pulse separation time
in units of the Talbot time for β = 1, 5 (solid line), β = 0, 4 (dotted line)
and β = 1 (dashed line). The contrast is highest for ∆T slightly shorter
than integer multiples of the Talbot time. The vertical brown arrows
mark the three times at which Svis is evaluated in b) as function of φ(2)

0 ,
the phase shift at an antinode of G2, which is related to αλ according to
equation (2.7). The contrast is independent of the polarizability (i.e. no
phase grating effect occurs in G2) when ∆T is exactly equal to the Talbot
time or an integer multiple hereof. A version of this figure is published
in [5].

Figure 2.4: a) Transmissivity T (1) though G1 (blue line) and Svis (red
line) as a function of absorbed grating power in G1. b) Transmissivity
T (2) though G2 (blue line) and Svis (red lines) as a function of absorbed
grating power in G2. Pulse times were set to ∆T = TT (solid red line),
∆T = 0.8TT (dashed red line) and ∆T = 0.6TT (dotted red line). For
all simulations the optical properties were set to β = 0.5 and the other
gratings fixed at n0 = 9.
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2.1. The OTIMA model

narrower the resonance. The fractional Talbot effect occurs between two
Talbot maxima, which is most pronounced for β = 0, 4 (dotted blue line).
Since the particle beam is assumed to illuminate infinitely many grating
openings, each resonance is of the same height for a given β.
For three different pulse separation times ∆T = 0.75TT (dashed arrow),
∆T = 0.9TT (dotted arrow) and ∆T = TT (solid arrow) the strength of
the phase grating was evaluated. This is shown in part b of the figure,
where Svis is plotted versus the phase shift φ(2)

0 , which is proportional to
both the optical polarizability αλ and to the G2 laser power. No phase
grating effect occurs when ∆T/TT = n and n ∈ N. This can be seen in
equations (2.14) or (2.11) where all φ(2)

0 dependent terms in B(2)
2l cancel

out (see definitions 2.8 and 2.6). This reduces the Talbot coefficient of
the second grating to (2.5). Intuitively, this can be understood by reex-
amining the Talbot effect: on Talbot resonance, an exact replica of the
matter-wave phase image in G2 is projected onto G3. At the appearance
time of G2, however, there is no phase pattern yet, since it requires a
certain time to build up. Hence, the fringe pattern formed on Talbot
resonance is independent of the dipolar interaction in G2 and the polar-
izability must not be known in order to predict the interference contrast.
This feature was used for the experiments described in section 4.4.

The grating power dependence of Svis and the transmission though
a single grating and β = 0.5 are shown in figure 2.4. Panel a shows the
dependence of the contrast on n

(1)
0 as a red solid line, where the other

gratings were fixed at n(2)
0 = n

(3)
0 = 9 and ∆T = 0.97TT . Exchanging

the role of G1 and G3 produces an identical graph. For panel b, n(2)
0 was

varied and n(1)
0 = n

(3)
0 = 9 fixed for three different pulse separation times:

∆T = TT (solid red line), ∆T = 0.8TT (dashed red line) and ∆T = 0.6TT
(dotted red line). While for ∆T = nTT and n ∈ N the contrast only
increases with n(2)

0 , as expected for diffraction at an absorptive mask with
decreasing grating openings. For ∆T < TT or ∆T > TT , the contrast
can also decrease with increasing n

(2)
0 due to the phase grating effect.

The shape and height of the visibility curve strongly depend on the pulse
timing.

Examining the power dependences of the transmission and the fringe
contrast shows that the choice of laser power is always a trade-off between
high contrast and high particle throughput.
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Chapter 2. Theory

2.2 Limits of OTIMA interferometry

In this section, the limits of OTIMA will be discussed, some of which
are specific to the current experiment and can be alleviated in a future
version. This includes the sensitivity to machine vibrations and grav-
itational deflection. Some are universal, such as the requirements for
vacuum and internal particle temperature. Generally, two categories of
contrast reducing effects can be identified: Machine vibrations and grav-
itational deflection constrain the experiments to a certain range of useful
pulse separation times ∆T . On the other hand, the observation of inter-
ference will eventually be hampered, to an extent that depends on the
particle mass and size, by decoherence due to collisions with background
gas particles, emission and absorption of thermal radiation and particle-
size effects in the gratings. The following simulations of decoherence in
OTIMA are based on results published in [2].

Vibrations and thermal drifts induce fringe fluctuations in multi-
grating interferometers [70]. The OTIMA setup is inherently well pro-
tected from these influences because a common boundary for the standing
waves is established by the use of a single mirror. This one can read off
relation (2.12): if a shift or tilt of the mirror surface appears on a times-
pan much slower than ∆T , it effects ∆x1, ∆x2 and ∆x3 proportionally
and thus does not influence the overall fringe phase ∆x. For a grating
period of d = 79 nm, vibrational dephasing will reduce the contrast from
1 to the 1/e if the mirror is displaced by xc = 15 nm during the timespan
of ∆T . From this follows a critical mirror velocity vc = xc/∆T , that
should not be exceeded. In a sinusoidal oscillation with amplitude xm
and frequency f , the maximal velocity is vm = 2πfxm. One thus arrives
at the criterion

vm
!
< vc =⇒ xm(f,m) <

xch

2πmd2f
, (2.18)

where ∆T was substituted by the Talbot time TT = md2/h as defined
in equation (1.3). In figure 2.5, xm is plotted as a function of particle
mass for f = 500Hz, 1000Hz, 2000Hz and 3000Hz. These frequencies
cover the range of mechanical noise sources common to a high vaccum ap-
paratus like the OTIMA. The horizontal dashed line marks the threshold
above which xm < 1 nm and the vertical lines indicate the corresponding
masses, above which the contrast would be reduced to 1/e if xm > 1 nm.

Since 1 nm amplitude of mechanical noise on the vacuum chamber
and mirror mount is a realistic estimate, vibrational dephasing can be
expected to compromise experiments with particle masses larger than
75 000 amu. Fortunately this can be compensated for in a time domain
setup: since the grating position is relevant only during the grating life-
time, which in the OTIMA setup amounts to 7 ns, the mirror position
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2.2. Limits of OTIMA interferometry

Figure 2.5: Mirror oscillation amplitude xm, for which the interference
contrast of a particle with mass m is reduced to 1/e of its highest value.
xm is plotted for four common mirror oscillation frequencies. The dashed
lines indicate the highest masses that can be interfered with a contrast
larger than 1/e if xm = 1 nm.

can be measured, time tagged and later correlated with the interference
sequence. This will allow, either, to post select only those experiments
with a fixed fringe phase ∆x, or use all measurements for an effective
scan of ∆x. In such a way one could resolve the interference pattern in
space, provided the mirror is displaced by more than a grating period
during its oscillations.

In the current OTIMA setup, the grating vectors are oriented parallel
to gravity. From this follows a limit to the duration of the experiments
since the particles are deflected to regions of the gratings where, due to
the limited longitudinal coherence length of the lasers, the standing wave
visibility is reduced. As depicted in figure 3.2 and explained in section 3.1,
the standing wave visibility drops to 40% in a distance of 0.5 cm from
the mirror surface. From inserting the gravitational deflections at the
grating trigger times, ∆x1 = 0, ∆x2 = g∆T 2/2 and ∆x3 = g(2∆T )2/2,
into expression (2.12), one arrives at a total fringe shift of ∆x = g∆T 2,
where g is the gravitational acceleration. ∆x reaches the critical value
of 0.5 cm for ∆T = 22.4ms, which is the Talbot time of a particle with
mass of 1.5×106 amu. For experiments with masses much larger than
this, the gravitational deflection could be compensated for by uprighting
the interferometer, such that the particle beam is parallel to gravity.

An obvious limit to high mass OTIMA interferometry arises when
the diameter of the particles reaches a significant fraction of the grating
period d. In this case, particles average of the grating structure, which
reduces the grating strength and hereby the contrast. For gold clusters,
this contrast-reducing size effect starts to play a role for particles heavier
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Figure 2.6: a) Calculated transmission though three OTIMA gratings for
gold particles of increasing mass and diameter (blue curve). The red and
green curve show the transmissions of particles with optical properties
similar to gold but with smaller densities. The grating power is scaled
with mass to ensure constant contrast. b) Expected contrast reduction
due to emission of thermal radiation as a function of internal particle
temperature for gold particles with m = 104 amu, m = 105 amu and m =
104 amu. The environment was assumed to be cooled to a temperature
of 100K.

than 108 amu (see blue line in figure 2.7). Much before this limit is
reached, however, the transmission will tend to zero, since the particles
always cover high energy regions of the gratings. To a certain degree,
this can be compensated by scaling down the laser power. The total
interferometer transmission is plotted for gold clusters in figure 2.6a (blue
graph). Here, the laser power is assumed to be scaled such that the
contrast is at its highest possible value. The optical properties were
set to the bulk values of gold from [71]. The simulation was repeated
under the assumption of the same optical particle properties but with
10 times (green graph) and 2 times (red graph) smaller particle density,
approximately corresponding to the bulk densities of silicon and silver.
For the least dense particles, the simulation shows that size effects start
influencing the transmission already at 104 amu, or particle diameters of
0.5 nm. For the densest particles, the effect is not relevant until a mass
of 105 amu.

Internally hot particles cool down by emitting thermal radiation, lead-
ing to decoherence if it happens during the flight through the interferom-
eter [16]. The effect increases with ∆T , since more emission events occur
and the photon recoil leads to larger transversal shifts of the emitting
particles. The contrast reduction on Talbot resonance due to thermal
decoherence is shown in figure 2.6b for gold particles with m = 104 amu,
m = 105 amu and m = 106 amu. The simulation also incorporates the
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2.2. Limits of OTIMA interferometry

Figure 2.7: The bound on interference of gold clusters introduced by the
CSL model with a localization frequency of λcsl = 10−17 Hz (red graph)
is compared to the size effect (blue graph), reduction due to emission of
thermal radiation (green graph) and collisional decoherence (light blue
graph). For the latter two simulations it was assumed that the environ-
ment and the particles are in thermal equilibrium at 100K and that the
pressure in the interferometer region is p = 10−12 mbar.

effect of scattering of black body radiation from the environment, which
plays a minor role under the assumption of an environmental temperature
of 100K. The results demonstrate the necessity to cool large particles in-
ternally, since, for a particle with a mass of m = 106 amu, already 1000K
is too hot to observe the full contrast. Buffer gas cooling might be a
viable option for obtaining a beam of internally cool particles. The feasi-
bility of pulsed buffer gas cooled beams is currently under investigation
in our lab.

Finally, decoherence due to the collision of particles with molecules
in the background gas must be taken into account. The effect has been
observed in a TLI experiment with C60 fullerenes [72] and has been the-
oretically investigated in the context of OTIMA interferometry [2]. The
reduction factors that were calculated in said reference are plotted in
light blue as a function of gold cluster mass in figure 2.7. For a mass
of 4× 108 amu and a pressure in the interferometer chamber as good as
p = 10−12 mbar, the contrast is reduced to 50%. Although it presents an
experimental challenge to obtain such low pressures, they are reachable
with common techniques.

In figure 2.7 the mass dependence of thermal and collisional decoher-
ence as well as the size effect is compared to the bounds introduced by
the most widely studied collapse model, namely the continuous sponta-
neous localization (CSL) model. Within this theory, a nonlinear term
is added to Schrödinger equation, which interrupts the standard quan-
tum evolution by randomly collapsing spatial superpositions at a mass
dependent rate [73]. The CSL model is characterized by the frequency
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λcsl at which collapse occurs and rcsl, the spatial resolution of the sub-
sequent localization. When CSL was first introduced, the authors sug-
gested λcsl = 10−17 Hz and rcsl = 100 nm [20]. These bounds are still open
for the test, despite the recent progress in ruling out the CSL model over
a large parameter space [25, 27]. The simulations show that the deco-
herence mechanisms discussed here would not prevent an OTIMA test
of the CSL model in the mass range between 108 and 109 amu. This
would require, however, to perform the measurements in an environment
with reduced gravitational acceleration, since the gravitational deflec-
tion currently imposes the most stringent mass constraints on OTIMA
interferometry.
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Figure 2.8: Simulated fringe contrast as function of the pulse separation
time (panel a) and mass (panel b). The red curves show several orders
of the expected interference contrast for n0 = 6 in all three gratings and
β = 1 (solid red line) and β = 10 (dashed red line) . The same parameters
were assumed for the simulation of the contrast of a grating shadow
shown in green. The gray-shaded area marks a regime, where matter-
wave interference cannot be distinguished from a classical description for
β = 1.

2.3 Interference pattern or shadow?

The observation of a d-periodic particle density in a Talbot-Lau inter-
ferometer with grating periods d may also be interpreted in terms of
classical particle trajectories. For a solid test of the wave-particle dual-
ity one must therefore operate the three-grating setup in a regime where
matter-wave diffraction can clearly be distinguished from classical path-
ways. The dependence on the pulse separation time ∆T of the two effects
are compared in figure 2.8. Here, the simulated fringe contrast is shown
as a function of ∆T in units of the the Talbot time (panel a) and as
a function of particle mass (panel b), for particle dynamics governed by
quantum (red graphs) and classical mechanics (green graphs). For the
calculations, all three gratings were set to n0 = 9 (see definition (2.3)).
The particle properties, represented by the parameter β (see definition
(2.7)) were set to β = 1 for the solid graphs and to β = 10 for the dashed
green graphs. For very small ∆T , this regime is shaded in gray, the
classical effect cannot be distinguished from matter-wave interference for
β = 1. The classical shadow contrast is generally larger when the lensing
is strong and the grating opening fraction is small. This is simulated by
using a larger β parameter. Here the classical model predicts contrast
of nearly 40% at timings at which also the first Talbot order appears.
Only particles with very low polarizability will exhibit β values this high.
For atoms these can appear at so called tune out wavelengths [74]. For
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molecules or nanoparticles, the occurrence of tune out wavelengths would
require unusually narrow absorption resonances. Still, the example illus-
trates that contrast measurements at a single pulse separation time allow
to distinguish with certainty between the classical effect and interference
if the particle properties are well known and the interferometer is well
characterized6.

For particles with less well-defined properties it is favorable to mea-
sure the contrast as a function of ∆T . The quantum effect is expected
to show characteristic contrast resonances. The classical effect shows an
oscillatory behavior as well (see the solid green graphs in figure 2.8) due
to lensing in G2, yet the expected contrast is much lower for pulse sepa-
ration times outside the gray area. The separation between two contrast
revivals in the classical picture depends on the strength of the lensing
and on the laser power in in G2. On the other hand, the absolute time
difference between two maxima in the interference contrast is determined
only by the particle mass and the grating period. If it is possible to mea-
sure the contrast as a function of pulse separation time and to resolve
contrast revivals spaced by the Talbot time, one can confidently claim
the quantum origin of the observed particle density fringes. This requires
either a particle beam with a broad velocity distribution, such that one
can change the pulse timing without reducing the overlap of particle pulse
with the gratings, or a variable spatial distance between the gratings. In
situations where the particle beam contains a distribution of masses, it
is often not even necessary to measure at various ∆T . Instead one can
trace the fringe visibility as a function of mass, as simulated in figure
2.8b.

The methods discussed so far require the β values to be known at
least approximately, since in a worst case scenario, the particle proper-
ties could change with velocity or mass such that the classical predic-
tion mimics the characteristic behavior of interference. This loophole is
closed by investigating the ∆T dependence of the spatial period of the
interference pattern, as pictured in figure 2.9. The upper panel shows
the expected visibility of the interference (red graph) and shadow effect
(green graph) as a function of ∆T in units of the Talbot time and for
β = 10 and n0 = 10. At each point on these graphs, the spatial fringe
pattern before G3 was computed and its period calculated via fast Fourier
transform. This is plotted in the lower panel. Both effects produce d-
periodic patterns at full Talbot orders. At fractional Talbot orders, i.e.
for ∆T = 0.5TT , ∆T = 1.5TT etc, the interference fringe period is half
of the grating period, while the shadow image has periodicity d. This
allows to distinguish the two effects without the knowledge of exact parti-

6Note that for gratings with unknown quality, the exact values of n0 are a priori
unknown, too. This additionally complicates the interpretation, as detailed in section
4.4
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Figure 2.9: Computed interference (red graph) and shadow visibility
(green graph) for β = 10 and n0 = 10 as a function of symmetric pulse
separation time ∆T in units if the Talbot time TT (upper panel). The
lower panel shows the spatial period of the fringe patterns in units of
the grating period d. At fractional Talbot orders, only the interference
effect (red graph) produces d/2-periodic patterns. The shadows, time
independantly, exhibit a period of d.
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cle properties. Experimental techniques for recording spatial interference
patterns in OTIMA are discussed in section 4.3 and have been used to
resolve fringe patterns at the first Talbot order. While contrast was ob-
served at fractional Talbot orders (see figure 4.6), the spatial resolution
of a d/2-periodic pattern is an outstanding challenge. Although high
contrast at fractional Talbot orders requires very small grating openings
and thus appears only for very small particle transmissions, it is the best
option for a high-mass test of the wave-particle duality.

Note that for measurements of particle properties in the OTIMA in-
terferometer, such as deflectrometry or spectroscopy (see section 5.1) it is
not necessary to prove the quantum origin of the fringe pattern since the
classical effect and interference, for given ∆T and contrast, are equally
sensitive to shifts, perturbations and the action of decoherence mecha-
nisms. Grating deflectrometers make use of this classical effect and can
be seen as the classical analogue to TL interferometers [75].
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Experimental setup

Figure 3.1 shows a drawing of the OTIMA interferometer. The Experi-
ment in its most basic configuration is housed in at least three vacuum
chambers: the main chamber (MC), the optics chamber (OC) and a
source chamber (SC). The main chamber accommodates the interferom-
eter mirror and the mounting assembly, as well as a time-of-flight mass
spectrometer (ToF-MS). It is pumped via three turbo molecular pumps
with a total pumping speed of 1000 l/s for N2

1. For additional pumping
power, a baffle (B) may be cooled with liquid nitrogen (LN2). Pressures
as low as 2 × 10−9mbar can be reached with this configuration. Two
linear translation stages are fed through the chamber wall with which
horizontal (H) and vertical (V) delimiter slits can be positioned to col-
limate the particle beam. A high-voltage feed through connects a wire
electrode in proximity to the interferometer mirror surface to a power
supply. The electrode is typically charged with 1 kV and serves to deflect
ionized particles out of the opening volume of the detector and away
from the mirror surface. In the opening of the ToF-MS, the particles are
ionized by a 157 nm excimer laser2.

All the optics, with exception of the interferometer mirror, are mounted
inside of a dedicated vacuum chamber, the optics chamber. Within this
chamber, the VUV light is guided from the apertures of the three grat-
ing lasers into the main chamber. Each beam line contains two mirrors
mounted on remote controlled mounts allowing in-situ alignment of the
beams without breaking the vacuum. A biased GaP photodiode collects
stray light from the optics and allows emission-timing and power moni-
toring of the grating lasers. Finally the beams are focused onto a point
about 10 cm behind the interferometer mirror with cylindrical lenses. The
main chamber is interfaced to the optics chamber via a window of 8 cm
in diameter.

The source chamber has been adapted several times to accommodate

12x Pfeiffer Vacuum Hi Pace 700 and 1x Pfeiffer Vacuum Hi Pace 300
2Coherent Excistar XS 200
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various beam sources. A continuous-beam metal cluster source [76] was
originally attached to the apparatus. Later this source was replaced with
the Even Lavie valve [77] which produces intense and µs-pulsed beams
of clusters of organic molecules. This source is described in more detail
in section 3.4.2. The aggregation of clusters in both of the mentioned
sources relies on several bar pressure of a noble seed gas. This puts high
demands on the pumps in the source chamber and necessitates at least
one differential pumping stage as an interface between the source chamber
(typical vacuum of 5×10−4mbar) and the main chamber (typical vacuum
of 5×10−9mbar). For the experiments with the laser heating source
(described in section 3.4.3) the source chamber was swapped to a custom-
made cube which contains a liquid nitrogen cooled copper baffle structure
and allows to mount and manipulate a sample plate inside the vacuum.
Since the laser heating source operates without buffer or seed gas, vacuum
as good as 2×10−7mbar can be maintained in this chamber during source
operation. The alleviates the need for a differential pumping stage.
Photographs of the experiment can be found in Appendix 1.
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Figure 3.1: Sketch of the OTIMA setup. Two source chambers (SC)
have been used for the experiments in this thesis: a) the Even Lavie
(EL) source and b), the laser heating source. The latter requires a source
laser beam to be focused on the target plate (T). This laser can either be
a pulsed nanosecond laser or a continuous laser which is chopped with
an acousto-optic modulator (AOM). The particle beam enters the main
chamber and is collimated with horizontal (H) and vertical (V) slits. The
actual interferometer consists of the interferometer mirror and the stand-
ing wave gratings. These are formed by the grating laser beams, which
are manipulated by lenses and mirrors in the optics chamber (OC). After
passing though the gratings, the particles are ionized by the detection
laser (DL) and accelerated into the drift tube of the reflectron time-of-
flight mass spectrometer (TOF), where they finally hit a micro-channel
plate (MCP). The signal from the MCP and the photodiode (P) are
digitized by an analog-to-digital converter (ADC) and fed to a PC for
processing. All chambers are evacuated by turbo molecular pumps (not
pictured). The vacua in the MC and SC b) can additionally be improved
by liquid nitrogen (LN2) cooled baffles (B). A version of this figure is
published in [3]
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3.1 Grating lasers

In the OTIMA setup, the light for the optical gratings is provided by three
identical GAM EX50 excimer lasers. These lasers are discharge pumped
Fluorine lasers that emit at two vacuum ultraviolet wavelengths around
157 nm with a repetition rate up to 250Hz. The active gas, a mixture
of He 99.7 vol% and F2 0.3 vol% is contained in a sealed and passivated
tube, which houses the cavity assembly. The cavity of the lasers has a
length of 50 cm and consists of a high-reflector mirror (R = 98%) and
an uncoated output coupler, both manufactured from CaF2. Electrodes
are mounted along the cavity axis, from which up to 16 kV of high volt-
age are discharged, triggered by a thyratron which acts as a low-jitter
high-voltage switch. We have measured the trigger-to-emission jitter to
lie below 5 ns FWHM. This jitter is accompanied by a constant 2-3µs
trigger-to-emission delay. The pulse length and energy are specified to
5 ns and 4mJ, respectively. The pressure of the active gas determines the
output power and can be changed from slightly above room pressure up
to 3 bar. The output spectrum of a similarly constructed laser is shown
in figure 3.2a. It exhibits several emission lines, the most pronounced of
which are at 157.52 nm and 157.63 nm with a intensity ratio of 1/5 and
a FWHM line width of 0.85 pm [78]. The light gratings in the OTIMA
are superpositions of standing waves formed by running waves of all the
wavelenghts contained in these two spectral lines. The simulated inten-
sity of such a standing wave (SW) is presented in figure 3.2a as a function
of the distance to the mirror surface, where a perfectly reflecting mirror
was assumed. The finite widths of both lasing lines leads to a decay of
the SW visibility which is calculated via the local maxima Imax and min-
ima Imin of the intensity fluctuations: visSW = Imax−Imin/(Imax+Imin).
The SW visibility, plotted in green into figure 3.2b, has decayed from 1
to 1/e ≈ 3.7 within the distance of 5mm from the mirror, which is in
agreement with a longitudinal coherence length of Λlong

coh = 1 cm. A closer
look (figure 3.2b) reveals a beating of the SW intensity on the 100µm
scale. This is attributed to the presence of the second lasing line and is,
practically, not of concern for the interferometer: in a typical experiment,
1mm of the grating is illuminated by the particle beam, a distance over
which the beating averages out.

The beam profile of the grating lasers has a Gaussian shape along both
axes and is spread out over an area of roughly Dx × Dy = 9× 4mm
with a manufacturer specified divergence of 0.8× 1.6mrad. From this
follows a transversal coherence length of Λtrans

coh = λR/2
[
Dx × Dy

]
=

13.0 × 29.5µm, where a distance of R = 1.5m to the mirror surface
was assumed and λ = 157.63 nm. It is reported in [78] that the spectral
properties of F2 excimer lasers are independent from operating conditions
such as temperature, gas-filling pressure, high-voltage level and aging of
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the system. For the OTIMA this is crucial, as an example illustrates:
if 1mm, or roughly 6000 grating openings, are used for interference,
the difference between the grating periods of two standing waves must
be significantly smaller than 3 pm, otherwise the phase of the gratings
is shifted by π from one end of the illuminated area to the other and
no interference can be measured. Since the contrast in OTIMA does
not increase with a reduction of the illuminated grating area, we infer
temporal stability and equality of the spectral properties of the light
emitted by all three grating lasers3.
Some experimental situations in the OTIMA interferometer require

Figure 3.2: a) Output spectrum of a fluorine excimer lasers. Figure
taken from [78]. b) blue graph: Intensity of superposition of standing
waves with wavelengths contained in the spectral lines at 157.52 nm and
157.63 nm in a). green graph: standing wave visibility as a function of
distance from the reflecting mirror surface. Beating with a period of
112µm is visible in c) and the grating period of 78.8 nm in d).

precise tunability of the grating power and, ultimately, opening fraction

3Note that, nevertheless, the illuminated area of the grating cannot be increased
arbitrarily since the visibility of the SW decays with increase of the number if used
grating openings. We have found that using 1mm of the gratings is optimal.
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of the gratings (see section4.4 for an example). The pulse energy on
the EX50 can be varied by altering the high voltage of the discharge or
the filling pressure of the active gas. Both methods don’t offer sufficient
reproducability and dynamic range. We have thus devised a novel type
of attenuator for the grating lasers. This device consists of a machined
aluminum cell which is sealed with anti-reflex (AR) coated CaF2 windows
from two opposing sides. The cell may be evacuated up to 1×10−4mbar
and simultaneously purged with a well controlled flux of ambient air. The
presence of oxygen in the cell will attenuate the laser light as it passes
through the cell. When using a photodiode downstream of the absorption
cell one can reproducibly set the transmitted laser power ranging from
90 to few percent of the laser power before the cell. This attenuation cell
was implanted into the beam line of the center grating laser, the pulse
energy of which effects the interference contrast in the most characteristic
way of all three gratings (see figure 2.4 for an example). Controllability
of the pulse energy is thus most desirable for this laser.
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3.2 Calcium fluoride optics

Using 157 nm VUV light for the gratings is beneficial since it allows for a
short interferometer and facilitates single-photon ionization gratings for a
large range of different particles. However, light with wavelengths below
200 nm is increasingly absorbed by air [79] such that it is necessary to
guide the grating beams through an evacuated or nitrogen-purged beam
line. There are only a very limited number of materials from which opti-
cal elements for 157 nm can be crafted. Mirror coatings can be dielectrical
stacks of CaF2 and MgF2 or VUV enhanced aluminium coatings. While
high reflectance (HR) CaF2 mirrors are specified to have reflectivities of
up to 95%, aluminium mirrors only reach reflectivities of 80%. Vacuum
windows and lenses for the VUV can only be made from especially pure
CaF2. We have found the 157 nm transmissivity of unused AR coated
CaF2 windows to vary between 70 and 95%. All CaF2 elements in the
experiment that are surrounded by high vacuum suffer from rapid degra-
dation of the surfaces. This effect is well known [80] and it can be avoided
by purging the optics with nitrogen. For this reason the optics chamber
is evacuated down to a base pressure of 5×10−4mbar and then flooded
with clean nitrogen. The amount of nitrogen flux is adjusted via a fine
dosing valve and is typically set to have a pressure of 1mbar inside the
chamber. With this we have not observed degradation of the optics over
several years. Since the AR and HR coatings consist of soft materials, the
surface contaminations cannot be removed by the common optics clean-
ing procedures. According to the literature, these contaminations should
be removable with ozone or oxygen purging during VUV or UV illumina-
tion [81]. Unfortunately, the contaminations in the OTIMA setup seem
to resist these cleaning protocols. However, we have succesfully cleaned
contaminated optics with in a plasma cleaner. Future improvements will
include mounting a plasma cleaning assembly in the main chamber to
clean the interferometer mirror without removing it from its mount.

The interferometer mirror is a calcium fluoride (CaF2) substrate coated
dielectrically for high reflectivity at 157 nm. The original batch of mir-
rors were round with 2 inches in diameter with a specified clear aperture
over the entire mirror surface and a ground backside. Reflectivity was
specified by the manufacturer to be better than 95%. Figure 3.3a shows
an image of a typical surface from the first batch of interferometer mir-
rors. Here one can see that the surface is flat only up to several tens
of nanometers and also that the surface deformations are not cylindri-
cally symmetric. The second batch of mirrors are rectangular and have
a length of 7 cm and a width of 4 cm, with a clear aperture of 5× 3 cm.
An image of the overall much smoother surface can be seen in 3.3b. The
backside of these mirrors is clear allowing a fraction of the grating light
to be reflected outside the vacuum chamber for monitoring the timing
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jitter of the gratings.

Figure 3.3: Surface profile of a typical interferometer mirror of the a)
first and b) second batch. The fringes in b) are an artifact of the imaging
method. Images provided by LASEROPTIK GmbH, Garpsen
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3.3 Time of flight mass spectrometry
Since the interference effects observed in the OTIMA are time and mass
dependent, it is important to record particle intensities with nanosecond
time resolution as a function of mass. These requirements are met by the
ToF-MS implemented in the experiment. This reflectron-type spectrom-
eter from Kaesdorf Munich is positioned orthogonal to the particle beam.
The combination of the two accelerating stages in Wiley McLaren config-
uration [82] and the reflectron results in a high mass resolution of ∆m/m
= 5000. This means that, with ideal voltage settings, the spectrometer
allows to distinguish a peak at 5 000 amu and 5 001 amu, or 100 000 amu
and 100 020 amu and so on. The mass resolving power of the spectrom-
eter is thus sufficient to resolve the only weak mass dependence of time
domain interference without loss of contrast. Mass calibration must be
done for each voltage setting of the spectrometer and is typically exact
only up to a few amu, in lack of calibration particles with exactly-known
and large mass.

After the ions have passed the drift region inside the spectrometer,
they are accelerated onto a three-stage micro-channel plate (MCP). This
signal of ions impinging on the MCP contains the arrival time distri-
butions and is fed to a 12 bit digitizer card4 with 1 ns time resolution
and recorded to a computer. Here it is processed with a custom-made
software. Each frame is 1ms long and contains the timing information
of the grating lasers via the dedicated photo diode signal. Since the
amplitudes of the raw ion peaks coming from the MCP are not propor-
tional to the amount of simultaneous detection events, the number of ions
detected during one measurement doesn’t follow directly from the inte-
grated signal. Instead, the software determines the standard deviation
of the spectrum baseline in a region where no signal peaks are expected
and sets the level of a peak height discriminator (PhD) such that only
peaks higher than the noise floor are averaged. By comparing the total
number of averaged frames with how often the PhD has let a peak pass
through, one arrives at the probability Pzero of a zero event, i.e. of a
shot where no ion was detected at a specific time in the ToF spectrum.
According to Poissonian statistics, which can be applied since detection
events are rare, Pzero = exp (−λ), where λ is the average number of ion
counts per detection event. M frames thus contain N = −M ln (Pzero)
particles. From this one obtains a ToF spectrum with a proper particle-
count y-axis. All experimental errorbars in this thesis represent 1σ of
standard deviation, calculated from N via Gaussian error propagation.

4SP Devices ADQ412

43



3.4. Beam sources for the OTIMA experiment

3.4 Beam sources for the OTIMA experiment

3.4.1 Source requirements

The pulsed setup and use of absorptive gratings in the OTIMA exper-
iment necessitates a precisely triggerable and bright molecular beam
source emitting slow and internally cold particles. While the velocity
selection in a time domain interferometer is not necessary in the sense of
a deBroglie wave length selection, it must be strong enough such that all
detected particles have been subjected to all three gratings. Situations
must be prohibited in which particles overtake each other while avoiding
one of the grating pulses. Also dependent on the velocity selection is the
effective grating thickness in flight direction, for which the tolerable limit
is fixed by the curvature of the interferometer mirror surface (see figure
3.3). The width of the velocity distribution is determined by the length
of the detector volume in flight direction, the overall flight distance from
source to detector and the opening time of the source. Experimentally,
the velocity selection can be conveniently adjusted by varying the open-
ing time of the source. Since having an unnecessarily narrow velocity
selection is a waste of signal, the opening time of the source is typically
increased until the transmission through the gratings increases. This is a
sign that no longer all detected particles are subjected to the same grat-
ing intensity and that an upper bound to the opening time is reached.
In the current setup the distance between the centers of two adjacent
gratings is around sg = 2 cm. As a rule of thumb it holds that the par-
ticle velocity must be low enough for the particles to fly approximately
this distance within their Talbot time. The upper bound on the velocity
is thus

vmax =
sgh

d2m
, (3.1)

where h is Plank’s constant, m the particles mass and d the grating
period. In figure 3.4 the constraint on the particles velocity imposed by
this rule is compared to thermal velocities at 500K. As illustrated in the
graph, thermal beams at this temperature are slow enough for experi-
ments with masses up to 1, 7 × 105 amu. For larger masses additional
cooling will be necessary. This could be done with a cryogenic buffer gas
cell, optically in a cavity [83] or, for charged particles, with ion guiding
and slowing [84].

3.4.2 Even Lavie valve

For initial proof of principle interference experiments in the OTIMA in-
terferometer an Even Lavie (EL) valve [77] was attached to the setup,
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Figure 3.4: The constraint imposed on the particle velocity by vmax (see
3.1) is compared to the mass dependence of the thermal velocity at 500K
particle temperature.

for experiments with beams of clusters of organic molecules, such as an-
thracene (Ac) or ferrocene (Fc). With its pulsed working principle, the
source is a perfect match for the OTIMA setup, avoiding the need to use
a beam chopper. Also, the source assembly worked reliably and produced
stable and intense beams over long periods of time and the broad mass
distributions emitted by the valve allowed to observe the characteristic
mass dependence of time domain Talbot Lau interference. The source
works as follows: molecules are heated and evaporated inside a metal
tube at the center of the valve. The molecular vapor is then expanded
into the vacuum for a duration of up to 30µs together with a noble gas.
The molecules aggregate to clusters, while the excess binding energy is
transfered via collisions to the coexpanding seed gas. With this proce-
dure we have routinely obtained beams with clusters consisting typically
of up to 15 monomers. The velocity distribution of the emitted parti-
cles is determined by the atomic mass and pressure of the noble seed
gas used for the expansion. We have found the most probable particle
speeds to lie around 700m/s for an argon seeded beam and 900m/s for
a neon seeded beam, largely independent on the mass of the evaporated
molecules. Although we have successfully generated clusters with masses
of up to 12000 amu with the source, these were too fast to be used in the
current OTIMA setup. The source can be used in the current OTIMA
setup for particles with masses up to 4000 amu.
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3.4.3 Laser heating source

The laser heating source was implemented to facilitate experiments with
tailor-made macromolecules and calibration molecules such as TPP. The
working principle of a continuous-beam version of this source was first
demonstrated in the context of far-field diffraction at a single grating [85].
The source assembly consists of only very few parts: a sample holder to
which two metal rails are attached and two motorized linear vacuum
feedthoughs with rectangular neodymium magnets attached to the ends.
As the motorized manipulators are mounted to two adjoining sides of a
cubic vacuum chamber and the magnets slide in the rails on the sample
holder, the sample can be manipulated automatically inside the vacuum
(see figure 3.5). The molecules are coated onto either a glass or metal
slide which attaches to the sample holder. The desorption laser, which
can be a pulsed nanosecond laser or a chopped continuous-beam laser,
is focused onto the sample plate. Motorized x and y-stages can scan
the sample surface with respect to the laser spot where the molecules are
evaporated. The signal is optimized by adjusting the scanning speed, the
thickness of the molecular layer on the sample plate, the laser power and
wavelength. The homogeneity of the molecular layer thickness is crucial
for stability of the signal.
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Figure 3.5: Drawing of the laser heating source. The molecular sample
is applied to a sample plate, which is fixed to a sample holder. Steel rails
are attached to adjoining sides of this square frame. Inside the source
vacuum chamber, the x and y position of the sample is controlled with
linear actuators. These dock to the sample holder via magnets, which
slide in the steel rails.
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Results

Since the OTIMA is a one-of-a-kind interferometer, many experimen-
tal methods have been developed from scratch in order to operate the
machine. This section will cover the most important techniques and ex-
perimental results.

4.1 Experimental protocol
A single experiment from beginning to end typically takes several mil-
liseconds. This cycle is repeated at a frequency of 100Hz. The sequence
starts with triggering the source to emit a pulse of particles which passes
aerodynamic beam skimmers in a differential pumping stage and enters
the main chamber. Here the beam is collimated with horizontal and
vertical collimators. The particles then fly in close vicinity, usually in
a distance between 0.1mm and 1.1mm, along the mirror surface while
being subjected to the three subsequent 157 nm VUV laser pulses. Par-
ticles that survive the grating sequence without depletion from the beam
fly into the ion-extraction region of the ToF-MS. Here they are again
illuminated by a 10 ns pulse of 157 nm light and are photoionized. The
spot size of this ionization laser is chosen such that only a fraction of
the traversing particles is ionized and later detected, namely those who
have been struck by all three gratings and inside a volume small enough
as not to average over too much of the mirror surface. The size of this
volume in flight direction is the effective overall grating thickness. Fol-
lowing the ionization in the ion source region of the spectrometer, the
repeller and extractor electrodes are triggered with a delay of about 10µs
with respect to the ionization laser1, accelerating the particles in a 90◦
angle upwards into the drift tube of the mass spectrometer. Finally, the

1This order was chosen since the ionization laser has a significant trigger-to-
emission jitter of up to 25 ns FWHM which would reflect in a loss of time resolution
in the mass spectra if the ions were extracted from the repeller region immediately
after being formed.
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signal from the MCP is recorded by a fast digitizer card and send to a
computer for analysis. Since the grating lasers have a trigger-to-emission
jitter of up to 10 ns FWHM, the actual emission time of each grating is
measured with a biased GaP photodiode each time the laser is triggered.
The three photodiode signals are fed to the digitizer in real time, just
before the ToF spectrum is recorded, such that each frame sent to the
computer contains the spectrum and the respective timing information.
This allows post selection of those frames during which the lasers had
accurate timing.

Directly recording the interference pattern in the OTIMA setup is
not as straight forward as it is in a non-time domain setup such as the
KDTLI [57] where the first and last gratings are nano fabricated sili-
con nitride structures. In this experiment the pattern is measured by
recoding the transmission through the three gratings as a function of
the position of the third grating, which is scanned parallel to the grat-
ing vector. In contrast to that, all three gratings in the OTIMA setup
are formed at the same mirror surface and the gratings cannot be easily
scanned in space. We can, however, exploit time-like resonances and the
mass spectrum to extract the interference fringe visibility. The Talbot
Lau effect in the time domain is very sensitive to the temporal symmetry
of the grating sequence ans asymmetric delays will make the contrast
disappear. During a measurement we thus toggle between two modes:
firstly, a symmetric mode, in which the delays are equal up to one or two
nanoseconds. This is the mode in which contrast is expected to appear.
Secondly, an asymmetric mode, where the delays are detuned from sym-
metry by δT (see definition (2.17)), usually several tens of nanoseconds.
The interference will be visible as an intensity difference between the
spectra recorded in each mode2.

A quantitative measure, SN , for the visibility is obtained when the
signal difference is normalized with the signal in the asymmetric mode:

SN =
Sint − Savg

Savg
, (4.1)

where Sint and Savg is the signal recorded in the symmetric and asymmet-
ric mode, respectively. How equal (unequal) the delays in the symmetric
(asymmetric) mode must be, depends on the vertical collimation of the
particle beam: when two particle trajectories3 enclose an angle α in the

2Since not all beam sources offer long term signal stability, the experiment usually
alternates between the symmetric and the asymmetric modes from shot to shot. This
averages out all signal instabilities, with the exception of strongly periodic shot-to-
shot intensity fluctuations. These can be detected by swapping the operating mode
only every two shots, for example.

3Using the trajectory picture in the description of a matter-wave interferometer
may seem problematic. The angles in this section, however, are typically three or-
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Figure 4.1: a) A sketch to illustrate the requirements for timing precision
in a three grating interferometer. In this semi-classical picture, the two
trapezes correspond to the trajectories of two interfering particles. They
contribute to two shifted interference patterns if probed by the third
grating too early or too late with respect to the symmetric timing T3.
b) Normalized signal SN of a 7-fold anthracene cluster versus δT . A
Gaussian (grey line) was fitted to the data (green points). Versions of
both figures are published in [68] and [3].

interferometer (see figure 4.1a), they will contribute to shifted interfer-
ence patterns if they are probed by the third grating too early or too
late with respect to symmetric timing. For a given grating asymmetry,
the shift is determined by the distribution of transversal velocities, i.e.
velocity components parallel to the grating vector, in the particle beam
and hence depends on the beam collimation and the total time of flight
from source to detector.

It is straight-forward to experimentally identify the necessary amount
of asymmetry: SN is measured for different detunings δT in the asym-
metric mode, as illustrated in figure 4.1b. As δT is scanned from nega-
tive to positive, SN reaches a minimum when the timing is identical in
both modes 4. Figure 4.1b shows data of an anthracene cluster experi-
ment, where the particle beam collimation of α = 2mrad and a maximal
transversal particle velocity of vmaxtrans = 1, 8m/s amounted to a FWHMt
of around 50 ns. For this particular experiment the contrast reached its
highest value of nearly 70% for δT > 30 ns (or δT < −30 ns). The data
is well fitted by an inverted Gaussian, indicating the Gaussian shape of

ders of magnitude larger than the diffraction angles imposed by the gratings. The
semiclassical picture can thus safely be employed.

4This is also a convenient way to check for systematic errors: when the minimum
is reached not at δT = 0 but before or after, this is a sign that there is an offset in
the timing measurement of one of the grating lasers, for example due to a mismatch
in cable length to one of the photo diodes.
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the transversal momentum distribution.

4.2 Interference of Van der Waals clusters

Molecular beams with a wide mass distribution are beneficial for OTIMA
interferometry for several reasons: they facilitate the observation of the
signature mass dependence of the Talbot Lau effect in the time domain
which allows to distinguish interference from shadowing or other system-
atic effects. Conveniently, non-interfering particles are measured simul-
taneously with the interfering ones, serving as references. Also, the mass
dependence of coherence loss may be investigated in a single experiment
without changing the interferometer timing or source properties. The
data presented in this section is published in [3].

Figure 4.3 shows an anthracene cluster mass spectrum, recorded in
the resonant (red data) and off resonant mode (black data) and magnified
locally for better graphical representation. The clusters were generated
in a jet of argon and accelerated to a mean velocity of around v = 620m/s
(see section 3.4.2). The laser power of the gratings was adjusted such that
larger clusters are transmitted with a probability between 20 - 30%, as
shown in figure 4.2. The pulse separation time was set to ∆T = 25.9µs,
which corresponds to the Talbot time of the mass m = 1726 amu. The
intensity difference between the red and black spectra are attributed to
constructive interference. The green bars in the upper panels display
the normalized signal SN which was computed for each cluster according
to equation 4.1, where Sint and Savg were obtained by integrating over
the cluster peaks. The highest contrast within the first Talbot order
was reached for the 10-fold cluster with a mass of 1784 amu showing
over 80% of contrast. The contrast maximum can be shifted to smaller
masses by reducing ∆T . This behavior is evident in figure 4.4. Here,
neon was used as a seed gas, creating clusters with a mean velocity of
v = 930m/s. This allowed us to set the grating delay to ∆T = 18.9µs,
which corresponds to the Talbot time of the mass m = 1260 amu. The
laser intensity was adjusted to achieve a cluster transmission of 20 - 30%
and the highest contrast was measured for the 7-fold cluster with a mass
of 1248 amu. Both the argon and the neon experiments have also revealed
second order Talbot interference as contrast maxima at half the mass of
the first Talbot order.

The theoretically predicted SN is a function of the grating power and
pulse delay. On the other hand, it also depends on the optical parti-
cle properties at the grating wavelength, specifically the depletion cross
section σdep157 and the optical polarizability α157. Depletion includes any
process that renders the particles undetectable to the mass spectrom-
eter. For the anthracene monomer we find the statical polarizability
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Figure 4.2: Transmission of anthracene clusters through the first (panel
a), second (panel b) and third grating (c). The laser power of the grating
lasers was adjusted such that 20 - 30% of clusters with masses around the
first Talbot order are transmitted through each grating. The fact that
the depletion probability rises with cluster size is evident in the decrease
of transmission with climbing cluster number

αstat = 25.4 × 10−30 m3 [86] and assume αstat = α157 due to the off-
resonant interaction between the light field and the particles. For the
monomer we extracted the ionization cross section σion157 = 1.1× 10−20 m2

from [87]. The ionization energy of anthracene is 7.4 eV [88] and lies
well below grating photon energy of 7.9 eV [89] and we assume that it
does not change for the clusters. This is justified since no electrons
are exchanged between the molecules within van der Waals clusters. We
also assume that the quantum yield of single-photon ionization is close to
unity (σdep157 = σion157). Since neither σ

dep
157 nor α157 are known for the clusters

we assume that they exhibit the scaling behavior of the cluster transmis-
sion through the gratings. The predicted values for SN are plotted as
purple bars in figures 4.3 and 4.4. The uncertainty of the predictions is
marked in a lighter shade of purple at the top of each bar and captures
the assumption that the polarizability is known up to ±30%. The im-
pact of the polarizability is stronger for clusters with masses larger than
the mass for which the ∆T is the Talbot time. This meets the expecta-
tions, since the phase grating effect is weakest directly on TL resonance.
While the mass dependence of the expected contrast fits well to the data,
there is a discrepancy between the data and the predictions in terms of
the absolute SN values. This can be attributed to the uncertainty in the
current knowledge about the VUV properties of such clusters.

Were the contrast only a consequence of classical shadowing and lens-
ing [45], one would expect the mass dependence plotted as grey bars. The

53



4.2. Interference of Van der Waals clusters

Figure 4.3: The lower panels show mass spectra of anthracene clusters
expanded in an argon jet. The red spectra were recorded in the resonant
mode and the spectra in black were measured in the off-resonant mode.
The normalized signal SN was calculated from the data and is presented
in green bars in the upper panels. The theoretical expectation is shown
as purple bars.
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Figure 4.4: Same as figure 4.3, however, here neon was used as seed
gas. The mean cluster velocity was v = 930m/s, which shifts the TL
resonance to smaller masses.
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Figure 4.5: Normalized contrast measured with clusters of vanillin (m =
152 amu), ferrocene (m = 186 amu) and caffein (m = 194 amu), from left
to right. The data reveals first Talbot order interference for clusters of
all three molecules, demonstrating the universality of the method.

Figure 4.6: Normalized signal of anthracene clusters measured with a
pulse delay of ∆T = 19µs. The first, second and half order effect could
be observed in this experiment.

strong deviation between the data and the grey bars allows us to confi-
dently identify the contrast as interference.

For the sake of demonstrating the universality of the OTIMA method
interference experiments have been conducted with a variety of different
clusters from molecular vanillin, ferrocene and caffeine. The results are
presented in figure 4.5. The normalized signal SN shows the mass depen-
dence expected of first order Talbot Lau interference.
The quantum mechanical origin of the contrast in OTIMA interferom-
etry is evidenced by the the mass dependence of the normalized signal.
However, as described in section 2.3, the observation of the d/2-periodic
fractional-order interference pattern is even stronger proof.

The first step towards observing the fractional Talbot effect was taken
by an experiment with anthracene clusters, the results of which are dis-
played in figure 4.6. For this experiment, the pulse separation was set
to ∆T = 18.7µs placing the first Talbot order around the 8-fold clus-
ter. The EL valve was adjusted such that the source produced signal
up to the 15-fold cluster. The depletion efficiency in the gratings varies
between the clusters interfering in the different orders: A laser energy
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that allows sufficient depletion of the small clusters will strongly dimin-
ish the signal of the large clusters. Still, contrast could be observed for
the half, first and second Talbot order. Since the fractional order con-
trast depends less steeply on the grating power than for the integer order
effect, the contrast is smaller for the fractional effect at fixed grating
power. While resonances in the mass dependence fit well with our expec-
tations, the demonstration of the d/2-periodicity of a fractional Talbot
order interference pattern is an pending goal for OTIMA interferometry.
The fractional Talbot order provides even stronger proof for quantum
interference than the first order peak. Additionally, for any given beam
velocity, it allows doubling the mass range of particles for which the
quantum predictions differ clearly from any classical prediction.

4.3 Measuring spatial interference patterns

It is convenient to extract the visibility from Sint and Savg, because it can
in principle be done in only two experimental shots, without the need to
resolve a sine-shaped signal. For this practical reason it has become the
common way to operate the OTIMA interferometer. There are, however,
methods to map out the spatial interference pattern. One of them is
based on the same type of experiment performed for recording a dip like
depicted in figure 4.1. The concept is illustrated in figure 4.7a. When
the particle beam (in the figure enclosed in red lines) is not normal to
the grating k-vector, the fringe pattern acquires a velocity component
vtrans parallel to the gratings. The fringe position relative to the third
grating is then time dependent and can be scanned by shifting the third
grating in time around the resonance. A fringe pattern becomes visible
if the divergence angle α of the particle beam is smaller than the angle
γ at which the beam is tilted with respect to the normal vector of the
gratings. Figure 4.7b shows SN as function of δT , i.e. the time by
which G3 is detuned from symmetry. The scan of δT reveals the spatial
fringes of the interference pattern, which are enveloped by the resonance
dip associated with the divergence α (see figure 4.1). By fitting a sine-
modulated Gaussian function to the data, both the fringe spacing as well
as the width of the resonance dip can be extracted. From this we arrive
at α = 1.1mrad and γ = 3.5mrad, which is in good agreement with
the experimental beam parameters. This method works reliably but it
requires stronger collimation of the particle beam than is necessary for
interferometry with γ = 0. Note that the angle γ cannot be increased
arbitrarily since particles average over increasingly large fractions of the
grating structure, thus reducing the transmission through the gratings.

An alternative method of spatially resolving the interference pattern
relies on slightly modifying the period d of one of the gratings, here the
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4.3. Measuring spatial interference patterns

Figure 4.7: a) The area between the red lines represents a particle beam
with divergence α, entering the interferometer at angle γ. The inter-
ference pattern (shown in green) acquires a transversal velocity ~vtrans
parallel to the grating vector ~k and for γ > α, the fringe position can be
scanned by temporally shifting G3. b) SN of TPP molecules as a func-
tion of the detuning δT , revealing the interference pattern (blue data
points). A sine function enveloped with a gaussian is fitted to the data
(red graph).

most influential G2. The output spectrum of the excimer lasers is deter-
mined by resonances in the active gas and cannot be altered. Changes
in d of one of the gratings can, however, be induced by increasing the
angle β at which the beam is incident on the interferometer mirror and
enlarging the separation between the mirror and the molecular beam.
This is illustrated in figure 4.8. The period change is ∆d = d cos β.
When the distance between the particle beam and the mirror surface is
increased, the phase of the angled grating will change with respect to G1

and G2
5 Results of such an experiment can be seen in figure 4.8. Here

we set β = 5mrad for G2. Each panel shows SN as a function of mir-
ror height for a different cluster of anthracene. Periodic oscillations of
SN appear for clusters with Talbot times close to the fixed pulse sep-
aration time of ∆T = 25µs. The damping of the oscillations at large
mirror heights is attributed to the limited longitudinal and transversal
coherence lengths (on the order of 1 cm and 50µm, respectively) of the
gratings laser beam. Also, SN is slightly reduced even for small mirror
heights because of grating-phase averaging over the particle beam height.
To wrap up this list of fringe scanning techniques I will review one, which
comes closest to the common practice in space domain interferometers
such as the KDTLI. Liquid graphite spray is applied to the backside of the

5Note that the grating vectors are always orthogonal to the mirror surface and
thus stay parallel even when the angles of incidence are different for each grating.
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Figure 4.8: a) Aligning the grating lasers with an angle β to the surface
of the interferometer mirror, leads superposition of wave vectors (red
arrows) that are shorter compared to the free running wave vectors (black
dashed arrows). This results in an optical grating with larger grating
period. b) Measurement of SN for various clusters of anthracene as a
function of the beam-mirror distance x. Here, the center grating hit the
mirror surface at β = 3mrad, such that a variation of the mirror height
effectively scanned the fringe phase. This figure was previously published
in [68]

interferometer mirror over an area that is illuminated only by the center
grating. When the graphite spot is heated with a 1.5W laser diode, the
mirror expands thermally and G2 is shifted. Since it is difficult to keep
the local mirror temperature stable, interference measurements were per-
formed during the heating (expansion) and cooling (contraction). The
data is presented in figure 4.9. The panels shows the intensity of one
anthracene cluster as a function of heating time (cooling time) after the
heating laser is switched on (off). The data points show the signal av-
eraged over 3 s. Since contraction and expansion of the mirror substrate
follow an exponential decay, the oscillations are fastest at the beginning
of each process. Only those clusters show the oscillations for which ∆T
was suitable for interference.
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Figure 4.9: Here we scanned the fringes in real space by locally heating
the interferometer mirror, as explained in the text. Figure taken from
[90].
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4.4 Refining the OTIMA model
If quanutm theory had to be modified for high-mass objects, this would
show up as a difference between the measured interference visibility and
the theoretical predictions. Such a comparison requires precise knowledge
of all decoherence mechanisms as well as a strong handle on systematic
effects. The role of decoherence has been discussed in section2.2 as well
as in [2]. Here, the model of the OTIMA interferometer as presented in
2.1 is refined by taking into account experimental imperfections such as
finite mirror quality and grating laser coherence. The results presented
here are published in [5].

Theoretically, the contrast of an OTIMA experiment, can always
reach unity for particles with a given mass, since optical gratings of-
fer tunability of the opening fraction via a variation of the grating laser
power6. Often, however, 100% contrast is not necessary and the laser
power can be reduced for higher signal throughput.

Finding out if the experimental results live up to the theoretical ex-
pectations requires a good understanding of the gratings, fully character-
ized both in position, visibility and strength. The quality and geometry
of the mirror surface must therefore be taken into account as well as
alignment and coherence of the grating laser beams.

The normalized signal measured in OTIMA as described in section4.2
shall be related to the predicted contrast V via

SN = ΛV . (4.2)

where Λ incorporates visibility reduction due to imperfections in the
experimental setup as well as the fringe phase ∆x (see definition (2.12)),
i.e. the relative phase between the fringe pattern and the third grating.
For a perfectly flat mirror surface and gratings with identical periodicity,
the fringe phase would always amount to zero, and the intensity maxima
of the interference pattern would be perfectly aligned with the openings
of the third grating. Unfortunately, CaF2 mirrors cannot be polished to
be flat by less than several tens of nanometers over an aperture of several
centimeters (see section 3.2 for details).

The experiments in this section were all recorded with ∆x ≈ d/2 and
−1 ≤ Λ ≤ 0. As exaggeratedly illustrated in figure 4.10 the deformation
of the mirror surface has two implications: on the one hand the over-all
curvature shifts the gratings with respect to each other, thus introducing
a non-zero fringe phase. On the other hand, the roughness of the mirror
surface creates shifted gratings within one grating pulse. This leads to
the formation of differently shifted interference patterns depending on

6This is in contrast to space domain interferometers with material gratings, where
the highest achievable contrast is often limited to well below 100% due to the fixed
opening ratio of the gratings [57]

61



4.4. Refining the OTIMA model

Figure 4.10: The curvature of the interferometer mirror surface diplaces
the gratings and creates a dependence of the interference fringe shift on
the location of the particles in the grating pulses. If ∆xi is constant over
the effective grating depth in fligh direction then the fringe pattern has
full contrast and is merely shifted with respect to the third grating. If
∆xi changes across the grating depth the final interference pattern will
be an average of shifted patterns resulting in reduced overall visibility.
Figure taken from [5].

where a particle was located when the grating was triggered (see figure
4.10, where the effect is illustrated with the use of semi-classical paths).

Now follows a characterization of the standing wave gratings. The
intensity of a perfect optical standing wave is given by

Iideal(x) = 4I0 cos2(2πx/λ), (4.3)

where I0 is the intensity of the laser beam hitting the mirror, λ is
the laser’s wavelength and x is the position along the grating vector. In
the experiment, limited mirror quality and finite laser coherence must be
taken into account, both of which reduce the visibility of the standing
wave. Let R (with 0 ≤ R ≤ 1) be the reflectivity of the mirror surface.
Then

Itrans(x) = I0(1−R) (4.4)

is the amount of intensity that is transmitted through the mirror sur-
face. Due to finite coherence of the lasers, some amount of the reflected
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light will form an incoherent superposition of running light waves with
the intensity

Iinc(x) = RI0(1− C), (4.5)

where C (with 0 ≤ C ≤ 1) is a measure for the spatial coherence of
the laser beam. The total intensity in the standing wave thus reads:

I(x) =

[
4RC cos2

(
2πx

λ

)
+R(1− C) + (1−R)

]
I0. (4.6)

At each position x in the grating pulse of duration tλ, a particle
with the absorption crosssection σλ at the laser wavelength λ absorbs at
average

n(x) = I(x)
2πλσtλ

~c
(4.7)

photons. The probability of not absorbing a photon at position x in
the grating is equal to the transmission probability, which reads, under
the assumption of possonian statistics: T (x) = exp(−n(x)). Integrating
this expression over one grating period gives the total grating transmis-
sion:

T =

∫ λ/2

0

exp(−n(x)) dx

=

∫ λ/2

0
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(4.8)

where

n0 =
8πλσλtλRC

~c
(4.9)

and

K =
2RC

(1 +R)
(4.10)

were introduced. The difference between the amount of photons ab-
sorbed in a node and antinode of the grating is n0 and K is a measure
for the quality of the standing wave, i.e. its visibility. For known σλ and
I0, the visibility of the standing waves can be extracted from fitting the
power dependence of the transmission with equation (2.10). Typically,
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however, neither σλ nor the laser power are known with sufficient accu-
racy. This means that n0, which is a measure for the grating strength
and thus an important parameter for estimating the expected matter-
wave interference visibility, cannot be extracted from a measurement of
the particle transmission alone. Still, the standing wave visibility and
n0 can be determined by measuring the power dependence of the inter-
ference contrast for different cluster masses. For this, a characteristic
feature of Talbot Lau interference is exploited, namely the absence of
the phase grating effect when ∆T = TT . The contrast will then only
depend on n0, independent of the particles polarizability (see section 2.1
for details).

We measured the normalized signal and grating transmissions for an-
thracene clusters as described in section4.2, for different G2-laser powers.
The absorption cell described in section3.1 served as a variable attenu-
ator for the G2 laser beam. The pulse delay of the gratings was set
to ∆T = 16.65µs, corresponding to the Talbot time of the 6-fold clus-
ter, for which n0 fully determines the expected contrast. Starting with
an educated guess of Λ = Λstart we calculate for each G2-power the n0

for which SN(Ac6) = ΛstartV(Ac6, n0), where V(Aci, n0) is the theoreti-
cally predicted contrast for the i-fold anthracene cluster. Together with
the measured transmission T (Ac6), the resulting n0 is then inserted into
equation (2.10). This yields a value Kstart for the standing wave visi-
bility, which we assume to be the same for all three gratings7. Kstart

is then used to calculate, again via equation (2.10), the n0 for all other
clusters and their scaled VUV absorption-to-polarizability ratios β fol-
low from SN(Aci) = ΛstartV(Aci, n0, β). This procedure is repeated for
various values of Λ to minimize a least squares fit of the data SN(Aci).
The experiment and fitting routine were carried out three times: with
anthracene clusters for a mirror height of 1mm and 2mm as well as
with ferrocene clusters at a mirror height of 1mm. The results of these
experiments are shown in figure 4.11. The normalized contrast of the
6-fold clusters steadily increases with laser power, as one would expect
for purely absorptive gratings. In contrast to that, the measured SN of
all larger clusters declines after a maximum is reached, due to the phase
shifting effect in G2. The theory graphs fit to the data reasonably well
with the data shown in table 4.11.

7This assumption is justified if, firstly, the coherence lengths of all three lasers are
equal, secondly, all three gratings are equally well aligned and thirdly, if the mirror
reflectivity is constant across the mirror surface. We take point one for granted, since
the line widths of the lasers are determined by the resonance in the active laser gas
and not affected by operating conditions such as gas pressure or temperature [78]. We
ensure condition number two to be valid by carefully aligning all three lasers as well
as possible. The reflectivity of the mirror is most strongly affected by contaminations
of the CaF2 surface which seems to degrade at equal rates for all three gratings. This
observation indicates that condition number three is valid as well.
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Figure 4.11: The dots show the normalized signal of anthracene (panels
on the left) and ferrocene clusters (panels on the right) as a function of
n0 in G2, which is proportional to the G2 grating power. ∆T was set to
the Talbot time of the 6-fold clusters. The theory graphs (solid lines)
show the expected contrast for the parameters in table 4.11.
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fitting
parameter

anthracene,
height 1mm

anthracene,
height 2mm

ferrocene,
height 1mm

K 0.75 ± 0.02 0.70 ± 0.03 0.80 ± 0.01
Λ -0.47 ± 0.03 -0.47 ± 0.04 -0.51 ± 0.01
β7 0.53 ± 0.06 0.42 ± 0.05 0.56 ± 0.03
β8 0.41 ± 0.03 0.39 ± 0.04 0.51 ± 0.02
β9 0.40 ± 0.05 0.42 ± 0.05 0.41 ± 0.02

Table 4.1: Output of the fitting routine described in the text.

The reduction of the standing wave visibility with increased mirror
distance is consistent with the green graph in figure 3.2. For that sim-
ulation, perfect reflectivity and optimal alignment were assumed, which
is why the graph starts at unity visibility. In any real experiment, the
standing wave visibilities are expected to be smaller than unity even at
zero mirror distance due to degradation of the mirror surface and imper-
fect grating alignment, which is reflected in the K values of table 4.1. For
the ferrocene experiment, the K parameter was slightly higher at similar
mirror height which indicates that the mirror surface has degraded be-
tween the two experimental runs (the ferrocene data are older by several
weeks). The grating timing of all three experiments was similar and the
mirror curvature unchanged, resulting in Λ ≈ −0.5. The βi should not de-
pend on the mirror height and indeed they agree within the uncertainty
for both anthracene experiments. A comparison of the experimentally
obtained optical properties to the literature would be interesting, how-
ever, neither absorption cross sections nor dynamical polarizabilities are
known for clusters of anthracene or ferrocene.

Our new method is capable of filling this gap. Absolute values for
VUV absorption cross sections can straightforwardly be measured by
recording the depletion efficiency of the cluster beam in the pulse of
a fluorine excimer laser with the accuracy at which the pulse energy
and beam profile are known. Since beam shaping optics and calibrated
power meters are readily available, this can be done with existing tools.
With the absorption cross sections known, one can calculate αλ from the
measured β.

Small, well known molecules can thus be used to calibrate the mirror
and grating conditions for high-mass experiments. Once a high-mass test
has been successfully concluded a beam of smaller clusters or molecules
with known optical properties can be used to determine K and Λ for the
current grating-mirror setup. With these values one can compute the
theoretical expectations for the high-mass experiment.
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4.5 Fragmentationgratings
Over the course of this thesis the name OTIMA has evolved from stand-
ing for Optical Time domain Ionizing MAtter wave interferometer to
Optical TIme domain MAtter wave interferometer. This change was
initated by the results presented in this chapter, which are published
in [5]
VUV-optical absorptive gratings, such as the ones used in the OTIMA
setup, have many properties that make them favorable for matter-wave
interferometry with large particles: they do not clog or break, they have
nearly perfect periodicity, they have grating periods smaller than what
can currently be fabricated by lithographic means, they offer tunabil-
ity of the opening fraction and they function without velocity dependent
grating wall-particle interactions. When the concept of the OTIMA grat-
ings was originally conceived [60] and theoretically worked out [1] their
universality was also highlighted since single-photon ionization with pho-
tons of 7.9 eV of energy is an efficient process for many particles such as
metal clusters [91], organic [92] and anorganic clusters [3] or tailor-made
nanoparticles [93, 94]. While especially metal clusters are ideal for pur-
suing the goal of high-mass matter-wave interferometry (see section5 for
details) a spectroscopy or metrology oriented experiment would benefit
from the ability to choose from an even greater pool of particles. Many
large molecules with biological relevance, for instance, which would be
interesting candidates for different kinds of spectroscopy in OTIMA (see
section 5.1), have larger ionization thresholds than 7.9 eV. Although ab-
sorptive gratings based on multi-photon ionization are theoretically pos-
sible, lower contrast and dephasing due to non-depleting single-photon
absorptions make them more difficult to handle than gratings based on
single-photon effects [95].

This led to the idea to search for other photoabsorption induced pro-
cesses that eject particles from the beam. Photofragmentation is such
a process, if it is triggered by the absorption of a single grating photon
and the recoil associated with the fragmentation suffices to deflect the
fragments beyond of the acceptance volume of the mass spectrometer.
The number of photons involved in the depletion process can be inden-
tified experimentally by measuring the laser power dependence of the
effect. Under the assumption of poissonian statistics the single-photon
absorption probability reads

PSPA = 1− e−n0 , (4.11)

where n0 is the mean number of absorbed photons in the beam, pro-
portional to the pulse energy. For small energies PSPA → PSPA ∝ n0.
This linear dependence in the low-power regime is a characteristic feature
of a single-photon processes. To test the capabilities of fragmentation
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gratings, an experiment with clusters of hexafuorobenzene (C6F6, HFB)
was devised. HFB is an organic molecule with a mass of mhfb = 186 amu.
It is similar to benzene, with all hydrogen atoms exchanged with fluorine
atoms. HFB is liquid at room temperature and efficiently forms van der
Waals bound clusters behind the Even Lavie source (see section 3.4.2).
The ionization threshold of the monomer lies at 9.97 eV [96] which ren-
ders the molecule immune to efficient single-photon ionization (SPI). For
the clusters of HFB the ionization threshold is unknown, however it is
unlikely to fall by more than 10% with respect to the molecule, as in-
dicated by measurements on clusters of up to 5 benzene molecules [97].
HFB clusters are thus expected to be energetically excluded from SPI,
as well. A first test showed that the beam of HFB clusters could never-
theless be depleted in the OTIMA gratings and transmissions as low as
20% were easily be reached.

A schematic of the setup used for this experiment is shown in fig-
ure 4.12a: the clusters are formed in a supersonic expansion of neon
and travel parallel to the interferometer mirror surface, which has been
retracted to a height of 1 cm away from the particle beam. They are
then subjected to the center grating pulse which, at this distance from
the mirror surface, has already dephased to a running wave (see green
graph in figure 3.2). This is convenient since it means that the, typically
unknown, grating visibility does not influence the power dependence of
the depletion. The transmission is measured as a function of the laser
power, which is varied as described in section3.1. A measure for the laser
energy is provided by the signal of a GaP photodiode. An attenuator
was placed in front of the photodiode in order to avoid detector satura-
tion and allowing to assume a linear relation between the laser energy
and the photo diode voltage. Figure 4.12b shows the measured deple-
tions of the 2, 4 and 5-fold cluster. Relation (4.11) fits well to the data,
proving that the cluster depletion in the beam is indeed triggered by a
single-photon event. The next step of the experiment is depicted in figure
4.12c: the cluster intensity is measured while the power of the detection
laser, also a fluorine excimer laser, is scanned, with all the grating lasers
disabled. The curves show a strongly non-linear power dependence in
the low power regime. Since the mass spectrometer is only sensitive to
ionized particles, this proves that ionization of the HFB clusters occurs
and must require more than one 157 nm photon. This excludes SPI from
the possible depletion mechanisms in the grating laser. Unfortunately,
it is not easy to identify which depletion mechanism is triggered in the
grating, since, ideally, no particle is be detected after absorption of a
grating photon. One can, however, estimate the impact that a possible
photodissociation event would leave on a cluster in the beam. For this it
is assumed that the entire photon energy is absorbed by only one of the
molecules in the cluster and that UV photo dissociation always leads to
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the emission of a single fragment molecule, which has been shown to be
the case for benzene cluster ions [98]. The kinetic energy of the daughter
fragment is thus

Ekin =
hν

3(N + 1)− 6
− Ediss, (4.12)

given that all of the 3(N+1)−6 vibrational modes are excited equally.
Here, N is the number of atoms in the fragment molecule to which 1 is
added, representing the van der Waals bond to the mother cluster, hν is
the photon energy and Ediss the dissociation energy of the van der Waals
bond8. For hν = 7.9 eV, N = 6 and Ediss = 70meV one arrives at an es-
cape velocity of around 730m/s of the daughter fragment9. Conservation
of momentum determines the velocity of the mother fragment. If, after
evaporation of a monomer, the cluster consists of, for example, 5 HFB
molecules, then it will gain about 150m/s. There is no preferred direction
along which the dissociation takes place so the recoil associated with the
fragmentation occurs isotropically in space. The solid opening angle of
the detector depends on the grating in which the fragmentation was trig-
gered. For the third grating, the opening angle is estimated to be around
100mrad. Even with a slow escape velocity of 150m/s, the heavier frag-
ment will not be detected, either because they are deflected outside of
the acceptance zone of the mass spectrometer or because they are accel-
erated in particle beam direction such that they reach the detector too
early or late to be ionized by the detection laser. It is thus plausible that
single-photon fragmentation is the dominant depletion mechanism in our
HFB cluster beam.

As a next step interference was measured using the protocol described
in section 4.1. Figure 4.13a shows the normalized signal of the monomer
and the first 4 following clusters. The pulse separation time was set
to 11.5µs which means that the first-order contrast is expected to be
high around the 4 -fold cluster and the second order contrast around the
dimer. While this is clearly the case, the contrast is not expected to be
high between these clusters, which it is in the experiment. These results
are consistent with the observation of strong photo fragmentation which
naturally also takes place in the ionization region of the spectrometer.
Here, destruction of large clusters will add fragments to the signal intensi-
ties of smaller clusters. This effectively causes the loss of cluster number
resolution: the clusters that are detected to have a certain mass may

8Note that assuming thermal equilibrium of all vibrational modes is conservative:
the van der Waals bound will more likely absorb most of the energy, yet this would
result in even larger escape velocities and is thus neglected.

9The value for the dissociation energy was taken from [98], where it was measured
for the neutral benzene dimer. I assume the value for larger clusters of HFB to be
not far off from this.
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Figure 4.12: a) Experimental setup for measuring the HFB (pictured as
inset in lower panel) cluster detection efficiency as a function of detection
laser power. b) Results of this experiment. c) Experimental setup for
measuring the HFB cluster depletion efficiency as a function of grating
laser power. The mirror is retracted from the beam to ensure the particles
are subjected to a running wave. d) Results of this experiment. The
figures are published in [5].

have had a higher mass during their travel through the interferometer.
While the amount of normalized signal and its resonant temporal charac-
ter (see dips in figure 4.13b and c) point towards the quantum mechanical
origin of the contrast, it does not allow to identify the signature mass
dependence of Talbot Lau interference. A fully-developed fragmentation
grating interferometer would therefore need to be coupled to a softer de-
tection method, for example a resonant two-photon ionization method.
Ideas in this direction and plans how to utilize the photofragmentation
and dissociation in future experiments are discussed in [99].
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Figure 4.13: a) Normalized signal SN of HFB clusters. b) and c) SN of
the monomer and the 5-fold cluster, respectively, versus the grating pulse
asymmetry δT . Figures taken from [4]

71



4.6. Interference of tailored nanoparticles

4.6 Interference of tailored nanoparticles

Metal clusters are in many respects ideal particles for OTIMA interfer-
ometry: clusters of many metals can be photoionized with high efficiency
in the VUV [91], there are sources readily available that put out intense
beams of broadly mass distributed particles [100] and, last but not least,
their properties approach the bulk values as the number of constituent
particles increases [91], making the particle’s behavior in the interferom-
eter easier to understand the larger they become. This last feature is
particularly crucial for the test of collapse models: it allows to predict
the interaction strength of the interfering particles with the gratings and
environment and thus promises a thorough understanding of the system-
atic effects influencing the contrast. Unfortunately, the most common
metal cluster source, the Haberland-von Issendorff source [100], which is
a highly developed, reliable and well-established tool of cluster physics,
emits continous beams of clusters at supersonic velocities. This is not a
good match for the pulsed OTIMA interferometer for which supersonic
beams are typically too fast for particles heavier than 4 000 amu. An al-
ternative to seed gas-aggregated clusters are synthesised metal nanopar-
ticles (NPs). Many methods have been developed for the synthesis of
NPs with diverse properties [101]. While routine methods exists to lift
various types of NPs into the gas phase [102, 103] the same cannot be
said for the sublimation of neutral NPs which is an ongoing challenge:
most pure, synthesised NPs are too fragile or strongly bound to their
neighbors to be evaporated in an intact way [60]. However, sublimation
of intact and neutral NPs can be facilitated by functionalizing perflu-
oroalkyl chains to their surface, which act as a stabilizing, ’non-stick’
coating. This has been demonstrated, e.g. with C60 fullerens [104] or
with silicon NPs [105]. It is understood that the favorable volatiliza-
tion properties of such particles originate from the low polarizability of
the attached chains, resulting in weakened van der Waals interactions
between neighboring particles [106]. Also, perfluoroalkylation is known
to increase the vapor pressure of certain chemical substances [107, 108].
Over the past decade this has been a successful recipe to prepare differ-
ent types of particles for thermal sublimation in an oven for matter wave
experiments [24, 57, 106, 109]. This research was carried out in close col-
laboration with the group of Professor Marcel Major from the chemistry
department at the University of Basel.

The largest particle that was successfully evaporated in an oven so far
was a fluorinated porphyrin with a mass around 10 000 amu [24]. How-
ever, the long heating times in the oven can fragment a significant amount
of particles before they are launched. At the moment it seems that the
end of the road is reached for thermal evaporation of such particles in an
oven around a particle mass of 10 000 amu, since the thermal instability of
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particles typically increases with mass. In order to obtain thermal beams
of even heavier particles and to use them in conjunction with the OTIMA
interferometer the plan was conceived to ablate tailored NPs from a sur-
face with a pulsed laser. For this purpose, systems consisting of a variable
number of fluorinated tetraphenylporphyrins have been chemically dec-
orated with perfluoroalkyl chains to form particles with masses ranging
from 2800 amu (TPPF84) up to 25 000 amu (fluorinated porphyrin pen-
tamers with around 40 perfluoroalkyl chains) [93,110]. Proof of principle
tests have demonstrated the feasibility of ns-laser pulse desorption and
VUV photoionization of some of these particles [93, 94]. These promis-
ing results have motivated interference experiments with TPP, TPPF84

and TPPF(20-x+17x) = C44H10F20−xN4(S(CH2)2C8F17)x, where x is the
number of side chains attached. The latter is synthesized as a molecular
library. This means that the sample contains particles with a distribu-
tion of masses rather than only a single mass, as is the case e.g. for
TPPF84. For OTIMA interferometry this is very useful since it facili-
tates the simultaneous investigation of all masses without changing the
interferometer settings and allows to use the methods originally devel-
oped for cluster interferometry (see section section4.2 for details). TPP,
although not carrying fluorinated side chains, is a suitable test particle
since it is the basic element of the other two molecules. From an exper-
imental point of view it is also a convenient molecule for calibration of
the interferometer since it can be evaporated very efficiently in the same
source as its fluorinated cousins. Also, in this source TPP is emitted with
a velocity distribution as wide as 400m/s which allows investigation of
several Talbot orders.

Data of four different TPP interference experiments is shown in figure
4.14. The pulse separation times ∆T were set to 57, 64, 93 and 103µs,
which corresponds to the 6th, 7th, 10th and 11th Talbot order. Due to
the gravitational deflection, the normalized contrast SN changes sign as
the pulse delays increase. For these experiments, TPP molecules were ini-
tially evaporated onto a glas sample. This sample was then mounted in-
side the OTIMA source chamber. The molecules were desorbed from the
surface by 100µs pulses of a 532 nm laser with pulse energies of 0.5mJ.
For this, the continuous beam of a Coherent Verdi V18 was chopped with
an acousto-optic modulator. The grating intensities were adjusted such
that the gratings transmit 20-30% of the molecules. During all interfer-
ence experiments in this chapter the contrast was recorded as described
in section 4.2.

In order obtain a beam of TPPF84 molecules, which are schematically
displayed in figure 4.15a, the NP powder was solved in tetrahydrofuran
(THF) and applied to a glas plate, where it dried to an around 200µm
thick layer. From this surface the molecules were desorbed with a 5 ns,
3mJ laser pulse of an Ekspla NT242a tunable OPO laser, set to emit
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Figure 4.14: Mass spectra of TPP (shown in the center inset) recorded
in the resonant mode (red line) and off resonant mode (blue line, asym-
metric by 50 ns). The ∆T was set to a) 57, b) 64, c) 93 and d) 103µs
(corresponding to the data shown from left to right). Gravitational de-
flection of the interfering particles causes a sign change of the normalized
signal SN as the pulse delays increases.

at 650 nm and focused to a spot size of around 1mm2. The particle
beam intensity was highest for a particle velocity of around 350m/s.
As usual, the VUV grating power was set to transmit around 25% of the
particles. The grating pulse delay in the resonant mode was symmetric
up to a few nanoseconds and tuned to ∆T = 42.32µs, which corresponds
to the Talbot time of particles with a mass of 2 665 amu. The contrast
amounted to around 29.6 ± 0.1% (see figure 4.15b).

The next larger NPs under investigation were the molecular library
TPPF(20-x+17x). The mass distribution is peaked at a mass of 5560 amu,
as can be seen in the mass spectrum displayed in figure 4.16 which was
recorded in the OTIMA machine. The sample plates were prepared sim-
ilarly to the TPPF84-samples. The desorption method was identical, as
was the detection protocol. The velocity distribution was peaked around
160m/s and the pulse delay was set to ∆T = 94.11µs, which corre-
sponds to the Talbot time of particles with a mass of 5 927 amu. After
the interferometer the signal was, unfortunately, too low to resolve SN
for all mass peaks other than the one at 5 560 amu. Interference, amount-
ing to a contrast of -36.3 ± 0.1% could be observed only for this peak.
Although the highest contrast in the OTIMA interferometer is usually
achieved with identical delays between G1/G2 and G2/G3, in this experi-
ment the contrast was highest for an interferometer that was asymmetric
by over 40 ns. The standard Talbot Lau theory cannot explain this be-
havior, which may be due to a systematic error in the measurement of
the grating pulse timing.

The next larger particles under investigation were a library of particles
with masses centered around 20 000 amu. These particles have shown to
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Figure 4.15: a) TPPF84: Tetraphenylporphyrin (TPP) dressed in flu-
orine atoms and perfluoroalkyl chains. Figure adapted from [93]. b)
TPPF84 mass spectrum recorded in the resonant mode (red graph) and
off-resonant mode (blue graph), showing an SN of nearly -30%. To re-
duce detection noise due to background ions, each point in the graph is
an average over 5 data points measured over a time of flight interval of
5 ns.

be volatilizable under laser heating and have photoionized during earlier
tests [94], inside the OTIMA setup, however, the beam intensity was
still too low for interference experiments. This could be explained by
the longer beam line in the OTIMA (around 50 cm) as compared to the
proof-of-principle experiment, where the particles were desorbed directly
inside the ion source of the mass spectrometer and detected after a flight
distance of only a few mm. It is also possible that the NP sample has
decayed over the year-long time between the two experiments.

The advantages of metal clusters for OTIMA interferometry in con-
junction with the drawbacks of common metal cluster sources have mo-
tivated experimenting with the pulsed thermal laser evaporation of func-
tionalized metal NPs. For this purpose Dr. Almudena Gallego-Gonzales
from the group of Professor Major synhesised several prototypical NP
libraries based on perfluoroalylization of a variety of different metal-
lic core materials and also silicon cores. The particles with the most
promising properties had a silver nanocrystal core [111] and will be re-
ferred to as AGS2 in the following. They were synthesized by heating
silver nitrate and a thiol ligand in ethylene glycol at 160◦C for several
hours, followed by centrifugation in methanol, THF and diethyl ether.
FTIR spectroscopy then confirmed successful formation of NPs and that
the ligands were indeed attached to the silver core. MALDI spectra as
well as TEM images of the particles deposited from the gas phase on a
sample plate provided promising evidence that the particles stay intact
during evaporation at masses ranging up to 15 000 amu. These particles
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Figure 4.16: a) Mass spectrum of the molecular library TPPF(20-x+17x).
The left inset shows a schematic of the molecules, taken from [93], the
inset in the right shows the velocity distribution of the highest peak
in the mass distribution. b) Mass spectrum of the highest peak in the
TPPF(20-x+17x) library, recorded in the resonant mode (red graph)
and off-resonant mode (blue graph), showing SN = -36,3%. c) SN as
a function of detuning from the symmetric interferometer configuration,
revealing a maximum SN for an interferometer asymmetry of over 40 ns.
To guide the eye, a gaussian with FWHM of around 36 ns has been fitted
to the data.
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were tested in the OTIMA machine. They were sonicated to form an
emulsion with THF which later evaporated as the mixture was applied
to a glas plate, leaving a thin NP layer behind. This layer was evapo-
rated by a 532 nm laser beam chopped to 100 to 300µs and pulses with
energies between 1 and 6mJ. In the ionization region of the mass spec-
trometer, the particles were photoionized with a 2mJ pulse of 157 nm
light. A mass spectrum of the AgS2 library can be seen in figure 4.17.
It is an average over 10 000 shots. A peak height discriminator was used
to filter out detection noise and to facilitate ion counting (as explained
in section3.3). The libraries typically contain a bi-modal mass distri-
bution peaked between 10 000 and 15 000 amu and smaller masses up to
4000 amu. Peaks in the high mass range of the spectrum are spaced by
roughly 270 amu. This is unusual since in other perfluoroalylizated li-
braries, such as TPPF(20-x+17x), the peaks were spaced by the mass of
a single side chain weighing 376 amu. Since the chains are intrinsically
very stable it is not conceivable that they fragment partially while stay-
ing attached to the silver core. Ag2S, weighing roughly 250 amu could
explain the difference in mass between two neighboring peaks, since the
mass calibration of the mass spectrometer may be off by 10 or 15 amu.
In this case the particles would be compounds of silver and sulfur atoms
and not, as intended, perfluoroalylizated silver clusters. Two-fold charg-
ing of the particles could also explain why the spacing in the spectrum
in figure 4.17 is roughly half of what is expected. It is unlikely, however,
that only doubly charged ions are detected, and no ions with a single
charge, which would be distributed around 5000 amu in the spectrum in
figure 4.17 with a spacing of 484 amu, or larger number. The latter would
occur at a spacing that is an integer fraction of 484 amu, depending on
the number of charges carried by the ion. Also, multi charging requires
the absorption of multiple photons, and the maxima of the envelopes of
the differently charged particle distributions would strongly depend on
the laser power. This was not observed in the experiment, where the
envelope of the mass distribution did not change with laser power, apart
from a mass-independent reduction of ion counts.

With the high-quality samples we tried to measure interference of
AGS2. The pulse separation time was scanned from 100 to 150µs corre-
sponding to the Talbot times of a particle masses from 6000 to 9500 amu
with mean velocities between 100 and 150m/s. Grating transmissions
ranging from 20 to 40% were tried. Smaller particles with masses from
600 to 1300 amu, also present in the AGS2 library, showed contrast of
up to 20%, with a grating delay of 84µs, as shown in figure 4.18, where
the mass spectrum is compared to a simulation of the normalized sig-
nal. For that, the dimensionless parameter β was set to one, which is a
common value for particles in this mass range with ordinary optical prop-
erties. The laser energy was set to achieve a cluster transmission of 30%.
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Figure 4.17: Mass spectrum of an AGS2 library, exhibiting the typical bi-
modal mass distribution. The high mass peaks are separated by roughly
270 amu.

Even though the optical properties of AgS particles are not known from
first principle theory the simulation reproduces the mass dependence of
the measured interference signal. This, in conjunction with previous
calibration measurements with TPP which had produced contrast at a
∆T = 103µs (see figure 4.14d), excludes unfavorable gravitational fringe
phase, low grating quality and fringe averaging due to machine vibra-
tions as reasons for the unobservability of large mass AGS2 interference.
Also, decoherence due to collisions with background gas particles can
be excluded since this is not expected to occur for masses smaller than
106 amu at a pressure of 1×10−8mbar, which is the pressure that was
measured on the main interferometer chamber [2]. What cannot be ex-
cluded is that the pressure is much higher in the particle beam due to
smaller particles that are co-evaporated with the NPs of interest. This
could lead to collisional decoherence and destruction of the interference
pattern. Another reason for the loss of contrast could be related to the
temperature of the particles. The long-pulse laser evaporation method
produced the highest signal at a beam velocity of 150m/s. Since the par-
ticles are launched from am open surface, it is unlikely that the beam is
propelled by a supersonic expansion or a shock wave typically associated
with ns-pulse desorption. If we assume a thermal sublimation process, the
temperature of a particle with 10 000 amu right after launching amounts
around 13,000K. At such high temperatures the silver core would be liq-
uid and emitting thermal radiation. Even if the particle travels for several
milliseconds until it enters the interferometer and cools off significantly
during the flight, decoherence due to the thermal emission of IR photons
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Figure 4.18: Interference of smaller-mass particles from the AGS2 library.
Although the optical particle properties are not sufficiently well-known
to make a prediction about the absolute amount of contrast, the mass de-
pendence of the contrast is reproduced by a simulation, plotted in green
in the lower panel. The lower panel also shows an overview spectrum of
the mass range. The three upper panels show the peaks at 610, 1100 and
1590 amu, respectively, recorded with symmetric (red line) and asymmet-
ric grating delays (blue line). As predicted by the simulation, the peak
at 1590 amu shows no contrast.

would destroy the contrast. It seems unlikely that the particles would
survive such elevated internal temperatures. The more probable scenario
is that the particles are initially slower and colder, but are accelerated in
a stream of smaller fragments, e.g. single side chains. Still, high levels
of internal excitation cannot be excluded. Comparison with figure 2.6 in
section2.2 shows that as much as 3000K can cause decoherence during
the flight though the interferometer. For particles that are internally
very hot, fragmentation decoherence is also conceivable, caused by the
dissociation of a bond between the ligand and the core.
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Concluding remarks on OTIMA experiments with synthesized
Nanoparticles

Measuring OTIMA Interference of synthesized nanoparticles is an ongo-
ing experimental challenge. Especially the experiments with the AGS2
library have helped to refine the requirements that must be fulfilled by
a future nanoparticle source for the OTIMA setup. First and foremost,
the source must be as intensive as possible since the use of three absorp-
tive gratings is very lossy. This is illustrated using the example of the
AGS2 nanoparticles. The spectrum in figure 4.17 is an average of 10 000
shots. Since the grating lasers are limited to a repetition rate of 100Hz,
it thus took 100 seconds to record this spectrum. Integrating over the
highest peak in the high-mass region of the spectrum one finds at least a
number of 5000 particles. The source emits on average one particle per
mass, every two shots. High contrast is expected if each grating trans-
mits less than 25% of the signal. That means that around 98.5% of all
particles are lost during the interferometer sequence. To measure the
normalized contrast at a fixed grating pulse delay, one needs to measure
in both interferometer modes roughly hundred times longer than without
the gratings. Obtaining similar statistics as in figure 4.17 thus requires a
measurement time of about 5 hours. The interferometer itself has proven
to be stable over such a period of time, however, the nanoparticle plate
must be changed about every hour. This entails breaking the vacuum and
subsequently waiting for sufficiently good pressure in the source chamber.
The experiments were additionally complicated by quality fluctuations of
the nanoparticle samples. Each synthesis of the AGS2 library produced
about 1 g of NP sample which lasts for about 5 hours of OTIMA inter-
ference measurements. Unfortunately the synthesis did not always yield
consistent results and there were strong variation in sample quality from
batch to batch. The quality range can be seen in figure 4.19, where aver-
ages over 10 000 shots are plotted. Some of the samples did not produce
discrete NP peaks at high masses but rather a continuum of masses (see
figure 4.19c). This not usable for interference experiments because one
cannot discern the NP signal from a possibly present offset, arising from
time-uncorrelated backgound noise in the spectrum. Other samples did
not contain any high mass particles at all (see figure 4.19b).

Although it was possible to record data over several weeks of AGS2
measurements which would have allowed, statistically, to resolve a nor-
malized signal of more than 15% it is clear that, for future experiments,
one needs particles that are more abundant and a more consistent source
assembly.

Regarding the problem of high internal excitation of the particles,
which can lead to thermal decoherence as described in the previous sec-
tion and section2.2, the source must be optimized for low per pulse en-
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Figure 4.19: Mass spectra of three different synthesis batches of AGS2.
Sometimes no signal at high masses could be detected (spectrum b) or
no individual peaks were resolved (spectrum c).

ergies of the desorption laser. Unfortunately it is challenging to measure
internal particle temperatures and for many particles boundaries on the
internal temperature will be provided only by the observation of inter-
ference contrast, allowing to imply the absence of emission of thermal
radiation. There are, however, buffergas cooling techniques available to
internally cool particles in a thermal beam [112]. The feasibility of such a
scheme and its compatibility with the pulsed OTIMA setup are currently
under investigation. A possible strategy is to combine a cryogenic buffer
gas with cavity cooling, a technique which promises an increase of signal
due to a collimation of the particle beam [83].
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Chapter 5

Outlook

5.1 Towards specroscopy in the OTIMA in-
terferometer

Spectroscopy is one of the key tools of natural sciences and there is an im-
pressive arsenal of methods for gas-phase spectroscopy of molecules [113].
The most straightforward way to investigate the spectral absorption of
free molecules is to sublimate them in a gas cell and measure the at-
tenuation of a laser beam passing though. For molecules that survive
the transfer into the gas phase, this can provide the absolute absorption
spectrum if the density of molecules in the gas is well known. This is typ-
ically very difficult to measure precisely [114]. Although there are sophis-
ticated methods to reduce doppler line broadening [115] the molecules in-
vestigated in a gas cell will always be rotationally and vibrationally hot.
Higher resolution is achieved with molecules supersonically expanded into
the vacuum to form a beam of internally cold molecules [116]. Here one
can either investigate the wavelength dependence of the efficiency of res-
onant multi-photon ionization (R2PI or REMPI) channels [117] or infer
the absorption properties via the emitted fluorescence spectrum [118].
Another possibility is to either monitor the dissociation of molecules un-
der illumination of spectroscopy light or the the ejection of messenger
atoms that have been attached to the molecule of interest [119,120]. All
these techniques have in common that information about the photon
absorption is obtained only indirectly, via some action that is triggered
by the absorption process, be it emission of photons, electrons or frag-
ments. The information about the absorption is thus always convolved
with the efficiency of the relaxation process. For many molecules, the
pure absorption characteristics can only be obtained by performing spec-
troscopy inside of a matter-wave interferometer [121, 122]. Here we can
measure the recoil associated with every absorption process, irrespective
of its consequences.
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Figure 5.1: a) Schematic setup of a recoil spectroscopy experiment based
on the three-grating OTIMA interferometer: the spectroscopy laser L
overlaps with the center grating. b) Schematic setup of an experiment to
measure the interaction of interfering particles with a wavelength-tunable
standing wave, temporally and spatially overlapping with G2

Aligning a Talbot Lau interferometer such as the OTIMA is an experi-
mental challenge since already small perturbations acting on the particles
during their flight though the interferometer suffice to destroy the fragile
interference effect. This means, in turn, that the interferometer can be
used as a sensor for measuring the strength of interactions between the
particle beam and an external field, if this field leads to a deflection of
particles parallel to the grating vectors. It has been demonstrated, for
example, that electric susceptibilities of particles can be measured by
mounting suitable electrodes to a Talbot Lau interferometer [123, 124].
This technique may be extended to the measurement of magnetic suscep-
tibilities with the use of a Halbach-type magnet [125]. Extending such
metrological applications of Talbot Lau interferometry to spectroscopy
schemes will be a future goal of OTIMA interferometry. Absolute ab-
sorption spectroscopy in a Talbot Lau interferometer has been proposed
in [126] and demonstrated recently in the KDTLI setup [121]. This sec-
tion will review some ideas for spectroscopy experiments that will be
carried out in the OTIMA interferometer and have been proposed in [6].

Matter-wave enhanced recoil spectroscopy

Absorption spectroscopy in a pulsed Talbot Lau interferometer works as
depicted in figure 5.2a: in addition to passing though the three interfer-
ometer gratings, the particles are subjected to a spectroscopy laser beam
parallel to the grating vector. The mean number of photons absorbed in
the spectroscopy laser pulse with energy EL and wavelength λL is
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n0 =
2πELλL
~cA

σL, (5.1)

where the intensity is assumed to be flat-top across the beam waist
A and σL is the particle’s absorption cross section at λL. The resulting
interference pattern in the plane of G3 will thus be an weighted average
over two or more shifted interference patterns and the weights are deter-
mined by n0. According to equation 2.12, the sensitivity for fringe shifts
in the three grating configuration is highest at the appearance time of
G2 which is also the ideal time for the spectroscopy laser to be triggered.
Assuming that the time between G2 and G3 is the k-fold multiple of
the Talbot time for the interfering particles the imparted photon recoil
amounts to a shift of

s =
kd2

λL
, (5.2)

where d is the grating period. Contrast of OTIMA interference pat-
terns typically lies around 40% which are thus to good approximation
sinusoidal, would suffer a reduction by the factor

R = exp

(
−n0

[
1− cos

(
2πkd

λL

)])
(5.3)

The logarithm of the visibility reduction therefore depends linearly
on the cross section λL [122]. Here it is assumed that there are no
additional contrast altering effects associated with the passage though
the spectroscopy laser beam, such as emission of thermal radiation after
photon absorption, radiative relaxation by fluorescence or modification of
the detection probability for the excited particles. Also, the power of the
spectroscopy laser must be kept low, such that multi-photon absorptions
are rare. This is necessary because multi-photon absorptions hamper the
ability to extract absolute values for λL from the measurement.

Recoil measurements have been used successfully to determine the
absolute absorption cross section of C70 fullerenes in a thermal beam at
λL = 532 nm in the KDTLI setup [121]. We plan to extend such exper-
iments to OTIMA interferometry, which offers several technical advan-
tages compared to the continuous KDTLI setup. First and foremost, a
pulsed interferometer allows the use of pulsed spectroscopy lasers, which
are readily availalable in form of OPO systems. Such a laser exists in the
OTIMA lab1, which is continuously wavelength tunable from 200 nm to
beyond 2µm and sports a high per pulse output energy between 1 and
10 mJ across the wavelength range as well as a repetition rate matching
the 100Hz of the experiment. A table-top continuous laser with com-
parable optical flux and tunability does not exist. The OTIMA is also

1Ekspla NT242a
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advantageous for spectroscopy because of the ample optical access to the
interferometer region. This allows, for example, to illuminate the particle
beam collinearily, which is not possible in a setup with material gratings
and is very convenient, as described later in section5.1. On the funda-
mental side, an OTIMA spectroscopy experiment would benefit from the
high contrast that can be achieved with the all-optical setup, since the
signal to noise ratio of the σL-measurement increases with the contrast.
Also, the strength of the velocity selection, which must be large in a
continuous setup [122] does not enter the error budged of spectroscopic
measurements in a time-domain experiment.

For the absorption spectroscopy to work well with OTIMA interfer-
ometry, the recoil imparted by a spectroscopy photon, defined via equa-
tion 5.2 must lead to a displacement of the particle of at least several
nanometers at the time of G3. For first-order interference, high sensitiv-
ity to the spectroscopy laser is expected in the 270-320 nm range (s =
23-20 nm). This could allow the study of electronic states of aromatic
amino acids, nucleotides, peptides and oligonucleotides. The sensitivity
can be increased by using slower particles that interfere in higher Tal-
bot orders, i.e. coherently enclose a larger area within the interferometer.
This could allow to record spectra in the visible wavelength range as well.
A possible way how to extend this scheme to the IR range is discussed
in the next section.

Multi-photon recoil spectroscopy

Photons in the near-infrared or far-infrared with wavelengths of λL =
3 − 100µm would impose shifts between 2 nm and 6 pm. Such small
shifts will be very difficult to detect in the OTIMA interferometer. For
particles that are sufficiently slow or small, one can resort to high Talbot
orders to amplify the recoil effect, however, most particles beams will be
too fast. One possibility is to induce multiple absorptions of IR photons.
Resonant multiphoton absorptions within the same vibrational level is
usually suppressed by the anharmonicity of molecular potentials, a phe-
nomenon referred to as the anharmonicity bottleneck (see figure 5.2a). In
larger and internally more complex molecules, however, electronic exci-
tation is typically followed by relaxation to a different vibrational level,
as depicted in figure 5.2b [127]. This dissipation of energy occurs on a
timescale much shorter than the pulse duration of the spectroscopy laser
and can thus enable the absorption of large numbers of IR photons. Since
the number of photon absorptions is governed by Poissonian statistics,
it is not known how many recoils each interfering particles has received.
This can be seen as a random walk of the particles in momentum space.
While the method does promise to provide position and widths of the
absorption lines with high accuracy, absolute values for σL cannot be
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Figure 5.2: a) The anharmonicity bottleneck preventing multiple absorp-
tions of IR photons with identical wavelength. b) Fast dissipation of en-
ergy by Intra Vibrational Relaxation (IVR) is a mechanism that eludes
the anharmonicity bottleneck. IVR can facilitate multiple absorption
events in molecules with a rich internal structure of vibrational modes
and might be used for multi-photon recoil spectroscopy in OTIMA. c)
and d) Illuminating the particles in the interferometer with two lasers L1

and L2 might allow to correlate the measurable recoil induced by a UV
photon with the absorption of a spectroscopy photon in the IR and thus
provide resolution of vibrational modes. A similar figure was published
in [6]

determined in lack of the exact knowledge of n0.
For certain fragile molecules the heating associated with the absorp-

tion of multiple IR photons will lead to spectroscopic shifts, conforma-
tional changes or dissociation and is thus not viable option for recoil
spectroscopy. A solution might be to spatially and temporally overlap
another laser L2 with the spectroscopy laser. When the molecules are
initially in the electronic and vibrational ground state they may absorb
an IR photon of the spectroscopy laser beam which, in turn, triggers the
resonant absorption of a L2 photon. The wavelength of L2 will be chosen
to impart an amount of momentum onto the particle that is measurable
in the OTIMA interferometer. This scheme is depicted in figure 5.2c.
A variant of this method, illustrated in figure 5.2d, entails first excit-
ing the ground state molecules with a UV photon from L2, which will
reduce the contrast. Shining in the spectroscopy laser will raise the con-
trast again, if the energy of the IR photons is sufficient to depopulate the
electronic and vibrational ground state of the molecules and if the absorp-
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tion of a UV photon is more probable for molecules in the ground state
|g, 0〉 than in the IR excited state |g, 1〉. These two multi-photon meth-
ods promises to facilitate the investigation of spectroscopic properties
of massive molecules with biological relevance that are usually not ac-
cessible with conventional spectroscopic techniques. They might also be
interesting to determine vibrational spectra of metal clusters, which can
give insight into the geometries of these particles [119]. Finally, pulsed
two-color schemes like the ones discussed in this section might allow to
quantify lifetimes of excited states by measuring absorption-induced con-
trast reduction as function of the time delay between the spectroscopy
laser and L2.

Fluorescence recoil spectroscopy

So far it was assumed that the spectroscopy laser influences the OTIMA
contrast only by kicking a fraction of the particles and blurring the in-
terference pattern. There are, however, molecules which do not store the
absorbed photon energy entirely but emit fluorescent light on a nanosec-
ond time scale. This probability is given by the fluorescence quantum
yield Pf . Since photon emission is isotropic in space and associated with
a recoil, fluorescence leads to decoherence. Each emission can be treated
as a single decoherence event and if the fluorescence spectrum is denoted
by F (ω) then the momentum kicks are distributed like

γ(x) =

∫ ∞
0

dωF (ω)sinc
(ωx
c

)
, (5.4)

as derived in [128]. The sinus visibility reduces by a factor of

R = n0

(
1− exp

(
2πis

d

)[
Pf

(
1− γ

(
iλL
d

))
+ 1

])
(5.5)

under the influence of the absorption recoil and fluorescence decoher-
ence [126]. Here, s is the amount by which the absorption recoil shifts
the excited particles to the time of the third grating. In the absence of
fluorescence, i.e. for Pf = 0, R reduces to equation (5.3). However, for
Pf > 0, measuring the influence of the spectroscopy laser on the contrast
will not provide a value for σL because the mean number of absorbed
photons enters also as the product Pf × n0. One possibility is to make a
measurement where the spectroscopy laser overlaps collinearly with the
particle beam2. In this way the recoil of the absorption has no effect on
the particle dynamics parallel to the grating vectors and the reduction
factor becomes

2This is equivalent to aligning the spectroscopy laser parallel to the interferometer
mirror, which might, experimentally, be more convenient.
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R = n0Pf [1− γ(λL)] (5.6)

In this mode the loss of contrast depends only on the product of the
absorption cross section and the fluorescence quantum yield. By inserting
the resulting Pfn0 in (5.5) one can discern the effects of absorption and
fluorescence decoherence and potentially obtains absolute values for Pf as
well as for σL. This requires knowledge of F (ω) and there are established
methods for measuring this close to the source opening of a supersonic
expansion source [129].

Polarizability spectroscopy

Measuring dynamic polarizabilities of atoms or molecules is an ongoing
experimental challenge [130], and the interest was fueled e.g. by the ne-
cessity to reduce light shifts for atomic frequency standards and clocks in
the optical domain [131]. Dynamic polarizabilities have been determined
via the ac-Stark effect [132], measurements of refractive indexes of gases
or, more recently, with an atom interferometer [133]. For molecules the
methods are less developed. Molecular dynamic polarizabilities can also,
theoretically, be measured via the ac-stark effect [134] [135]. However,
the light-molecule interaction will typically lead to a broadening, rather
than a shift, of the lines and the interpretation is difficult since there are
many reasons for line broadening in molecular spectroscopy. A differ-
ent approach is the so called light force technique, first demonstrated for
atoms [136] and later for C60 fullerenes [137]. In these experiments the
defocussing of a particle beam at an intense and pulsed standing light
wave is measured. It has been proposed to combine this method with
OTIMA interferometry [6]. For this one would add a fourth standing
wave to the interferometer which is formed by the spectroscopy laser and
again overlaps with the second grating, as depicted in figure 5.1b. This
spectroscopy grating acts as an array of dipole lenses that mix the phases
of the traversing matter waves, hence reducing the interference contrast.
Quantitatively, the reduction factor for the sinus visibility reads

R =

∣∣∣∣J0(√φ2
L sin2

(
π 2d
λL
k
)
− n2

0

4
cos2

(
π 2d
λL
k
))∣∣∣∣

J0(in0/2)
, (5.7)

where J0 is the Bessel functions of the first kind and the interferometer
timing is set to the k-fold multiple of the Talbot time. The reduction R
depends on the number of absorbed photons n0 as well on the maximal
phase shift φL that the matter waves experience in the spectroscopy
grating:
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φL =
4πELα(λL)

ALhcε0
(5.8)

Here AL is the beam profile area of the spectroscopy grating and
EL its per pulse energy. Assuming the knowledge of n0, which can be
obtained with the previously discussed techniques, one can measure the
optical polarizability of the particles at λL.

There are two possibilities for realizing this type of experiment in the
OTIMA setup. For a spectroscopy laser with a coherence length of at
least several centimeters one could simply place a broadband mirror with
the reflecting surface facing downwards on the back of the interferometer
mirror. For the OPO available in the OTIMA lab this will not be possible,
since its coherence length is far below 1 cm. It is conceivable, however,
to position a thin mirror on a translation stage in the gap between the
interferometer mirror surface and the particle beam. In this configuration
it is not possible to perfectly overlap the spectroscopy grating in time and
space with G2 since then it would block the VUV laser beam, but it can be
tolerated to have a gap between the two standing waves of a few mm. The
cleanest, yet experimentally most challenging route is to feed the OPO
through a Sagnac interferometer, the two arms of which overlap exactly
where the particle beam is illuminated by G2. Due to the short coherence
length of the OPO laser, the arms must have the same lengths where they
hit the particles. Otherwise the standing wave forms somewhere else and
the particles experience just an incoherent superposition of two running
waves. The relative arm-length difference could be tuned by passing
one beam though a tunable delay stage made out of two mirrors and a
reflecting corner cube. Just as for the VUV gratings (see section 4.4) the
quality of the standing wave will be an important systematic. Other than
with gratings formed at a mirror surface, the power of the two running
waves generating the standing wave inside the Sagnac interferometer can
be measured individually by measuring the influence of the light on the
particle beam with one of the Sagnac arms blocked. It must be stressed
that, irrespective of how the spectroscopy grating comes into being, it
is not necessary to have its phase locked to the VUV gratings. On the
contrary, it is even desirable to have the spectroscopy grating moving
in space since this will average out possible shadowing effects or even
constructive diffraction that might mask the reduction of contrast under
observation [6].

Conventional beam depletion spectroscopy in the OTIMA setup

Especially when set to UV wavelengths, the spectroscopy laser will typi-
cally deplete a certain fraction of the particle beam because of photo ion-
ization or photo dissociation. The particles that underwent one of these
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Figure 5.3: Depletion spectra of anthracene custers, from the monomer
(bottom, green) to the 6-fold cluster (top, orange). An offset has been
added to the graphs to make the differences better visible.

processes are likely to be ejected from the particle beam and deflected
to outside the spatio-temporal opening window of the mass spectrome-
ter, either because they are electro statically attracted by the grounded
metal parts surrounding the beam and or because of the dissociation
recoil. On the one hand, this is unfortunate since it reduces the signal
and necessitates longer measurement times. On the other hand the spec-
tral dependence of this depletion contains information about a potential
relaxation channel following the photon absorption. Of course, it does
not take a matter-wave interferometer to measure such macroscopic par-
ticle deflections but in a spectroscopy experiment in the OTIMA setup
this information practically comes for free when one compares the signal
with the spectroscopy laser on and off. Furthermore, beam depletion
caused by the spectroscopy laser is a good measure for its overlap with
the particle beam and can thus be used for alignment purposes.

Figure 5.3 shows the wavelength dependent depletion efficiency of
anthracene clusters. These were emitted from the Even Lavie valve (see
section 3.4.2 for details) in neon seed gas and detected in the time of
flight mass spectrometer. The OPO laser was hitting the particles at
a distance of 6 cm to the detector. The wavelength of the OPO laser
was tuned from 300 to 410 nm in 0.25 nm steps and for each wavelength
a cluster spectrum was recorded such that the depletion could be calcu-
lated. For each measurement a fraction of the spectroscopy laser light was
passed to a biased photo diode3. A linear relationship between the photo
diode voltage and the laser’s intensity was assumed. The depletion was

3Thorlabs DET10C
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then correlated with the photo diode-voltage, where both the spectral
responsivity of the photo diode as well as the spectral reflectance of the
mirror directing the laser light onto the particle beam have been taken
into account. This eliminated, to good approximation, the intensity vari-
ation of the laser as it scans though the wavelength range. Naturally this
was only permitted, because the pulse energy of the laser was kept low
enough to assume proportionality between the cluster depletion and the
laser intensity as well as neglect multi-photon absorptions. The lack of
pronounced features for the monomer is consistent with the hypothesis
that the absorption of a VUV photon in the ionization region of the mass
spectrometer is not followed by the ejection of the photo electron leads to
fragmentation of the cluster. The fact that already the dimer shows pro-
nounced features that agree well with anthracene monomer spectra in the
literature [138] corroborates the view that fragmentation of the clusters
usually leads to a complete destruction of the cluster and only increases
the signal intensity of the monomer. This is an important observation
since it means that the detected clusters have had the same mass when
they were illuminated by the spectroscopy laser and are not fragments
of larger clusters. Comparision of the spectra with the literature shows
that, compared to gas cell absorbance measurements [138], the spectra
are red shifted by at least 10 nm which increases with cluster number.

Concluding remarks on OTIMA-assisted spectroscopy

This section has reviewed different spectroscopic techniques that could
be realized within the interferometer setup. Remarkably, many differ-
ent spectral particle properties could be investigated more or less in the
same experimental run: cross sections for single or multi-photon absorp-
tions, particle-light interactions via the dynamic polarizability, fluores-
cence emission and, finally, depletion of particles from the beam. In other
words one could measure the complete dielectric function of particles in
the gas phase in addition to investigating relaxation dynamics follow-
ing the absorption. The only change in the experimental setup that one
would need to make in order to enable switching between the different
modes, is changing the angle at which the spectroscopy laser beam hits
the particle beam. This could be done automatically with a motorized
flip-mirror, or by driving a mirror in and out of the right position for
retroreflecting the spectroscopy laser and forming the spectroscopy grat-
ing.
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Photographs of the OTIMA setup

Figure 5.4: View into the main chamber, showing the ion-source region
of the mass spectrometer (Tof Repeller) and the mounting assembly of
the interferometer mirror.
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Figure 5.5: Front view of the interferometer setup.

Figure 5.6: A picture of the OTIMA setup with the Even Lavie source
attached.
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Figure 5.7: The OTIMA setup with the laser heating source attached.
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