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ZUSAMMENFASSUNG 

 

 

Die Quantenmechanik wurde ursprünglich entwickelt um mikroskopische Vorgänge 

genauer und besser beschreiben zu können. Doch bald stießen WissenschaftlerInnen 

auf weitreichende und zum Teil mit hergebrachten Vorstellungen unvereinbare 

Vorhersagen, wie den Welle-Teilchen Dualismus von Materie [1,2] oder die 

quantenmechanische Verschränkung von Teilchen [3,4]. In keinem einzigen 

Experiment konnte jedoch die Quantenmechanik falsifiziert werden. Heute ist sie die 

am meisten getestete Theorie der Physik. Es stellt sich jedoch die Frage nach 

möglichen Grenzen des Gültigkeitsbereiches der Quantenmechanik. Wie 

makroskopisch, komplex und massiv dürfen Quantensysteme sein? Wie weit 

voneinander und für welche Zeit kann man Wellenfunktionen kohärent trennen?  

Welche Dekohärenz-Mechanismen gibt es, die unsere Welt so klassisch erscheinen 

lassen? 

Während meiner Dissertation setzte ich mich theoretisch als auch experimentell mit 

Materiewellen-Interferometrie von Atomen bis Molekülen und molekularen 

Clustern auseinander.  

Während meines Forschungsaufenthalts in der Gruppe von Prof. Holger Müller an 

der University of California, Berkeley, konnten wir die dazumal größte Raum-Zeit 

Aufspaltung von atomaren Wellenfunktionen zeigen [5]. Dabei wurden die 

Materiewellen von Cäsiumatomen bis zu 8.8 mm und für 500 ms kohärent getrennt 

und anschließend wieder vereinigt.  Entscheidend  für diese große räumliche und 

zeitliche Separation der Materiewellen war die Kompensation der Erdrotation, die 

durch die Corioliskraft ein kohärentes Zusammenfügen der Materiewellen 

verhindert. 

Das zentrale Thema meiner Dissertation an der Universität Wien war der Aufbau 

eines rein optischen ionisierenden Talbot-Lau Materiewellen-Interferometer 

(OTIMA) [6,7], das komplexe Teilchen an nur einigen Nanosekunden langen 

Lichtgittern beugt. Dadurch kann man erreichen, Teilchen unabhängig von ihrer 

Geschwindigkeit zu interferieren. Dieser Effekt wurde schon für bestimmte Atome 
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beobachtet [8] und wurde nun zum ersten Mal auch für komplexe Teilchen bis zu 

2300 amu durch das OTIMA-Interferometer gezeigt. Diese fundamentale Art der 

zeitlichen Interferenz ist nur noch  abhängig von der Masse der Teilchen. Ein 

Interferenzmuster kann jetzt nicht nur im Raum, sondern auch in der 

Massenverteilung von Teilchen gemessen werden. Die gepulsten Lichtgitter 

erzeugen aus einer unkollimierten Molekülwolke ein Interferenzmuster, das eine 

Periode von 78.5 nm besitzt und dadurch sehr empfindlich auf äußere Einflüsse ist. 

Diese hohe Empfindlichkeit zusammen mit der Geschwindigkeitsunabhängigkeit 

kann in zukünftigen Deflektometrie-Experimenten genutzt werden, kleinste auf 

Teilchen wirkende Kräfte sehr präzise zu messen.  
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ABSTRACT 

 

 

Quantum mechanics was initially developed to describe microscopic processes but 

scientists quickly came to far-reaching predictions, such as the wave-particle 

dualism of matter [1,2] or the entanglement of particles [3,4], which often contradict 

our classical intuition. However, not even a single experiment could falsify any 

theoretical prediction of quantum mechanics. Today it is the most tested theory in 

physics. The question of the range and limits of its validity arises. To which extend 

can systems be macroscopic, complex and massive while retaining their quantum 

features? Is there a spatial and temporal restriction to the separation of wave 

functions? Which decoherence mechanisms force systems at macroscopic scales to 

appear classical?  

During my thesis I focused theoretically as well as experimentally on matter-wave 

interferometry with atoms, molecules and molecular clusters. 

During my 3 month exchange stay in the group of Prof. Müller at the University of 

California at Berkeley we have carried out an experiment to show the largest space-

time area interferometer at that time [9]. Here, matter waves of caesium atoms have 

been coherently split and recombined up to 8.8 mm and for 500 ms. Key to run this 

experiment was to compensate for earth´s rotation. Without this compensation the 

Coriolis force would have prevented the split matter-waves from a precise 

recombination. 

The main subject of my thesis at the University of Vienna was the experimental 

realization of the (first) all Optical Time-domain Ionizing Matter-wave (OTIMA) 

interferometer [6,7]. It consists of three pulsed nanosecond standing light waves 

which act on the particles with a well-defined timing sequence. Interference in the 

time-domain is independent of the particles’ velocities and of their de Broglie 

wavelengths. This has been demonstrated earlier for atoms by addressing laser light 

to certain atomic levels [8]. In contrast to that, the OTIMA interferometer uses 

optical ionization gratings [10] which allow us to coherently manipulate many 

atoms, molecules and nanoparticles, since photo ionization is mostly independent of 
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the specific internal level structure of the nanoparticle. As a result we can interfere 

different particles simultaneously. Quantum interference in the OTIMA setup is not 

only visible in the spatial interference pattern but also in the mass selective 

transmission, which is a feature of the time-domain. This has been proven for 

Anthracene clusters up to 2300 amu [6]. The interference pattern has a period of 

78.5 nm and is therefore highly sensitive to external forces. This feature as well as 

the accurate timing of the OTIMA offer an enormous advantage for future 

deflectometry experiments. 
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1 Interferometry: Introduction to the concept 

of time-domain 

 

 
Figure 1-1 Sketch of a far field interferometer 

 

A normal “double slit experiment” consists of two slits separated by the distance d 

and a device that detects the particles after a distance s. The particles/waves 

approach the double slit (see Figure 1-1) from the left with nearly parallel 

trajectories (collimated by slits). Such double slit experiments have been performed 

with light [11] electrons, atoms, small and large molecules [12–15] to demonstrate 

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

 

         
 

 
  (E 1-1) 
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where n is the interference order and λ the wavelength. Good wavelength selection is 

necessary to observe a high contrast interference pattern. Photons from a thermal 

source, a light bulb for instance, can be optically filtered in order to achieve a 

“monochromatic” beam. This is more challenging for thermal particles. The de 

Broglie wavelength [1] is given by  

    
 

  
 

 

h denotes the Plank´s constant, m the mass and v the velocity of the particle. To 

restrict the spectrum of different de Broglie wavelengths in a thermal beam, the 

velocity and/or the mass distribution must be narrowed. Mass distributions are much 

easier to control, for example by using chemical preselected molecules/atoms and/or 

post mass selection in time-of-flight or quadrupole mass-spectrometer [16,17]. The 

velocity of a certain thermal particle is random and follows the Maxwell-Boltzmann 

distribution. In order to detect just a narrow band of velocities, the beam can be 

chopped or pulsed. However, this restriction of velocities is not crucial. Changing 

equation (E 1-1) slightly to 

     
 

  

 

 
 

  

  
 

 

eliminates the velocity dependence. The position xmax depends on   
 

 
, a time, 

defined by the slit separation d and the mass m. This is the time the matter-wave 

needs to become diffracted by a distance xmax. After the same time all particles with 

the same mass produce the same interference, regardless of their velocities. To make 

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

 

   
 

 
 

 

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

particles irrespective of their velocities or masses.   
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 Let us now assume an experiment with a pulsed source placed in front of the double 

slit, which produces plane matter-waves. A particle pulse containing different 

velocities is emitted and passes through the two slits. After some time an 

interference pattern forms in space (x-z plane), see Figure 1-2. This interference 

pattern spreads out along the z-axis (beam-direction) corresponding to the various 

velocities of the molecules, but it is totally non-dispersive in the x-axis (parallel to 

the grating). If the particles were detected on a screen with a fixed position, the 

interference contrast would be reduced because of the different transit times between 

the double slit and the screen. This smearing can be avoided by a time-domain 

detection scheme using a pulsed standing light wave of the same period as the 

appearing interference fringes. The standing light wave can be produced by a pulsed 

laser beam that is retro-reflected on a mirror. The wavelength of the laser photons 

has to be chosen in order to efficiently ionize the particles in the antinodes of the 

standing light wave. The laser grating acts like a spatially filtering mask and it is 

applied at a time when      is of the size of the grating constant    of the laser 

grating, over a wide area in the z-y plane. In other words, a pulsed standing light 

wave with a grating constant    is used to scan over an interference pattern with the 

period   . The remaining particles are afterwards detected and plotted as a function 

of the vertical position of the scanning laser grating. In order to guarantee that all 

detected particles have interacted with the diffraction grating at the same starting 

time, the material diffraction grating has to be replaced by a pulsed laser grating of 

period   .  

An important property of the particle beam is spatial coherence. It can be created by 

sending the massive particles through a transmission grating. When we translate the 

van Cittert-Zernike theorem [18] into the time-domain it tells us that a molecular 

beam, as provided by a transmission grating, coherently illuminates after a fixed 

time a diffraction grating with the same grating constants. 

 Thus, the combination of three light gratings (one to produce a coherent beam, one 

to diffract the matter waves and one to detect the interference pattern) forms an 

interferometer in the time-domain. The spatial realization of this three grating near-

field interferometer is known as Talbot-Lau interferometer [19,20]. 
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Figure 1-2 Simulation of the transition from the near-field to the far-field: A grating 
is illuminated from the left by a spatially coherent wave of particles with a certain 
mass. Regions of bright colors indicate high intensity. After the time TT the particles 
show an interference pattern similar to the grating structure. This is repeated several 
times T/TT=1, 2, 3, ... At larger distances the principal far-field diffraction orders are 
built up. Figure from[21], modified. 
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1.1 Talbot-Lau interferometry in space and time 

 

In this chapter I would like to connect the concept of the Talbot-Lau interferometer, 

which works in the near-field regime, with the idea of time-domain interferometry 

[8]. I will start with a short description of the Talbot-Lau interferometer (TLI) with 

three material gratings [19,20]. Then I will replace the second material grating with 

a laser grating and introduce the Kapitza-Dirac-Talbot-Lau interferometer 

(KDTLI)[22]. Finally, I will focus on the all optical implementation of a TLI, an 

Optical Time-domain Ionizing MAtter (OTIMA) interferometer [6,7,10]. This 

interferometer works in a pulsed way and is suitable to interfere matter in the time-

domain. But first I would like to establish a quantity which measures the intensity of 

the interference contrast. 

 

 

1.1.1 Interference Contrast – Visibility 

 

To compare the quality of the interference patterns, one can define the quantity 

visibility V. The visibility is a function of the maximal       and minimal      

signal intensities of an interference pattern[18]. 

 

   
         

         
      [   ] 

 

Figure 1-3 shows the expected near-field interference pattern behind a grating, 

which is illuminated by a plane wave. A carpet of different periodicities builds up as 

a function of the distance from the grating. These entire patterns can be decomposed 

at each position in a Fourier spectrum and written in a basis of sinusoidal functions. 

The interference fringes in a TLI are resolved by scanning the third grating with a 

grating period d over these patterns.  The transmitted signal, a function of the 

position x, is given in first order approximation by: 
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Where   denotes the grating constant and   (
 

  
    )

  

 defines the periodicity 

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

offset of a sine function. 

      
   

  
 (E 1-2) 

 

Instead of scanning the interference pattern over several periods, it is in various 

experiments sufficient to measure just at two positions in order to extract the 

amplitude (if knowledge about the frequency can be assumed). In experiments 

where the absolute knowledge of the visibility is not necessary, or only relative 

changes in the visibility are measured, it is appropriate to accumulate the transmitted 

particles at one x-point near the interference maximum      of the formed 

interference pattern and without interference      (for example with misaligned 

gratings).   

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

difference  

 

     
(         )

    
 (E 1-3) 
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1.1.2 Talbot-Lau in space 

 

 
Figure 1-3 The Talbot carpet illustrates the near field interference pattern of a 
grating illuminated from the left with a monochromatic plane wave. Various 
interference fringes emerge with periods of multiple integer of the grating constant 
d. After a distance LT, an interference pattern is formed with the same period as the 
grating d. Regions of bright colors indicate high intensities. Figure from [21]. 

 

In 1836 William Henry Fox Talbot discovered that intensity variations of parallel 

monochromatic light behind an illuminated grating reproduce the grating structure 

after certain distance [23]. This so called Talbot distance LT depends on the grating 

constant d and the wavelength of the incoming light λ. 

 

   
   

 
 

            

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

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

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

1-3). 

 

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

 

 

In order to use the Talbot-effect a source of monochromatic plane waves is needed 

[26]. Laser like sources have been built for atoms [27–30], but for complex 

molecules it is necessary to use point sources with collimated and velocity selected 

beams, as discussed in 3.1.  

An efficient way to produce sufficient coherence is provided by the Lau-effect [24]. 

It is an experimental implementation of the Van Cittert-Zernike theorem, which 

states that the coherence function at a certain distance (the Talbot-length LT) behind 
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an incoherently illuminated aperture has the same shape as the interference pattern 

under coherent illumination of the same aperture [18]. The aperture given by a 

grating with the period d has the needed shape to produce (after a distance LT) the 

required coherence function for the diffraction grating. A TLI is formed [19,20,31] 

by combining the Talbot- and the Lau-effect, see Figure 1-4.  

The Lau-effect provides the coherence and the Talbot effect delivers an interference 

pattern. In order to detect the interference pattern of periodicity d, a third grating 

with the same period can be used. It acts as a transmission mask and is scanned over 

the matter density pattern. When the transmitted signal is detected as a function of 

the position of the third grating, it represents a measure of molecular interference. 

The main advantage of the Talbot-Lau concept compared to far-field diffraction is 

the compatibility with laterally incoherent particle beams. This allows one to 

renounce on collimation slits and to work with thousands of coherence preparation 

slits in parallel - which results in an enormous signal enhancement over the single 

slit collimator. In addition, this scheme offers a favorable length scaling behavior 

with the wavelength: The required grating period decreases with the square root of 

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

  

 

1.1.3 Van der Waals interaction and optical phase grating 

 

The TL interferometer would be a perfect instrument to prove the quantum wave 

properties of heavy particles if it were not for the van der Waals interaction [32], 

which attracts the particles towards the grating walls. It is caused by dipole 

fluctuations of the polarizable particles in interaction with their induced image 

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

  

   
       

  
     

       

  
 

 

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

reduced potential on the right-hand side is valid for large distances to the wall 
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(Casimir Polder regime). The typical transition between short and long distances is 

of the order of the wavelength of the strongest dipole transition in the polarizable 

particle, in practice several dozen nanometers. r denotes the distance between the 

particle and the grating wall and            is a constant that only depends on 

the particles’s polarizability for the case of a perfectly conducing metal surface.  

The constant C3 depends on the total frequency spectrum of both the polarizability 

and the gratings dielectric constant [34]. In order to study interference of heavier 

particles, the particle velocity should be slow enough to ensure compatibility of the 

de Broglie wavelength with the experimental settings. However, the deflection 

caused by the van der Waals force grows quadratically with the interaction time at 

the grating [35,36]. This results in a smearing out of the interference pattern and it 

effectively reduces the grating’s open fraction. The acceleration towards the gratings 

walls will lead to absorption of particles within a certain distance from the walls.  

Let´s consider for example [33] a Au5000 cluster with a mass of about 106amu in a 

distance of 50 nm from a 100 nm long grating wall. At a velocity of 1 m/s, which is 

required for the interference of a 106 amu particle in a tabletop experiment, the 

cluster is absorbed after ~100 ns. This illustration shows the technical limitation for 

material diffraction gratings. Although grating structures fabricated with ultra-thin 

membranes like atomically thin grapheme [37] or meta-material [38] may overcome 

this restriction, even the thinnest grating membranes will still influence particles 

while approaching and escaping the grating structure by a van der Waals dispersive 

interaction.  

A way to get rid of this problem is given by gratings made out of standing light 

waves, which act as phase gratings to diffract the particles (see 2.3). The 

periodically  modulated electrical field of a standing light wave interacts with the 

optical polarizability of the particles. Far-field diffraction experiments [35] with 

standing light waves as well as the experimental implementation of a TL-

interferometer with a diffraction grating made of a standing light wave (Kapitza - 

Dirac Talbot – Lau interferometer (KDTLI)) have been successfully shown [22,39]. 

The KDTLI holds the current record of the heaviest diffracted particles [40]. 

Quantum interference has been demonstrated for tailor-made organic molecules with 
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about 430 atoms [41] and a mass of 6910 amu most recently even more than 800 

atoms and masses beyond 10100 amu [42].  

Nevertheless the van der Waals interaction still plays a role in this experiment since 

the first and the third grating have to act as absorptive mechanical masks and are 

therefore material gratings.  In addition, velocity selection is needed to form 

molecular beam with a moderate monochromaticity of better than           . 

All these restrictions are circumvented by implementing a Talbot-Lau interferometer 

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

 

 

1.1.4 Talbot-Lau interferometry in the time-domain 

 

Now we´ll have a closer look at the formula of the Talbot length. That’s the distance 

a particle with a certain     needs to fulfill both Talbot [23] and  Lau [24] 

conditions.    

 

     
  

   
 (E 1-4) 

 

is the length which is needed to diffract the particles by the grating period   or a  -

fold multiple of it. The de Broglie wavelength is given by           and we 

focus on the case where    . 

 

   
    

 
 

 

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

the dimension of time. 

 

 

    
  

 
 

   

 
 (E 1-5) 
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   is the time that particles of mass m need to become diffracted by one grating 

period d. The interference pattern is now elongated in the z- axes (flight direction) 

corresponding to the different particles velocities and to their different Talbot-Lau 

lengths LT. Nevertheless, the Talbot-time    depends on the mass of the particles. 

The momentum kick 

   
 

 
 

 

is imparted on all particles during the interaction with the grating. It is the key for 

interference in the space-time-domain and leads us to the central statement of pure 

de Broglie (i.e. center of mass) matter-wave interferometry where the interaction 

time of the particle and the grating are externally set. 

 

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

interference, regardless of their velocities. 

 

To implement this idea of Talbot-Lau interferometry in the time-domain, it is 

necessary to find diffraction structures which can be applied on particles with high 

temporal precision [31,43]. Ideal candidates for this diffraction structures are 

gratings made of standing light waves [10,13,22,44–49]. Compared to material 

gratings, light gratings are advantageous since they avoid deflection due to Van der 

Waals forces. 
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2 A universal matter wave interferometer in 

the time-domain with optical gratings 

 

 

Figure 2-1 gives an overview of the experimental implementation of time-domain 

interferometry for complex molecules. The setup consists of a source with a fast 

pulsed valve (V) which emits neutral particles (see 3.1) as well as delimiters to 

restrict height (H) and width (W) of the particle beam.  A 2-inch mirror provides the 

boundary condition for the standing light waves. The three laser pulses emitted from 

three F2-excimer lasers (       ) at            and       are back-

reflected and form three standing light waves (see 2.3) with a period of    ⁄  . The 

first laser beam is used to prepare the needed spatial coherence, the second one 

coherently rephases the matter-waves and the third grating acts like an absorptive 

filter which resolves the appearing interference pattern in space (see 2.4). The 

remaining neutral particles are ionized by a pulsed laser beam (L) and they are 

detected in a time-of-flight mass-spectrometer TOF-MS (see 3.2). A fast photodiode 

records the timing and energy (relative to each other) of the three laser pulses. A 

computer program analyses these pulses and corrects the temporal settings and laser 

powers, if necessary (see 3.5). In order to reduce decoherence by collisions with the 

residual gas, high vacuum conditions have to be ensured. Therefore the source 

chamber, with a pressure of up to p1 > 10-5 mbar, has to be separated from the main 

interference chamber with p2 < 10-8 mbar by a differential pumping stage. 
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Figure 2-1 Experimental overview of the OTIMA interferometer. From left to right:  
The setup consists of a pulsed source (V), the Even-Lavie valve (see 3.1.2). The 
source and the main interferometer chamber are separated by a differential pumping 
stage to ensure suitable vacuum conditions for interferometry. The particle beam is 
restricted with variable slits in height (H) and width (W). As soon as the particles 
pass below the 2-inch mirror the retro-reflected laser pulses at            and 
      form three ionizing standing light waves. The first beam is needed to 
prepare a certain spatial coherence, the second one is the main diffraction element 
and the last grating acts like a spatial filter which resolves the appearing matter-
wave interference pattern, which forms as a spatial density pattern at a well-defined 
resonance time. The transmitted neutral particles are afterwards ionized by the 
detection laser (L) and mass analyzed in a TOF-MS (see 3.2). A fast photodiode (P) 
is used to record the laser pulse timing which changes slightly over time due to 
thermal drifts. Picture adapted from [6]. 
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2.1 Advantages of light gratings 

 

 

Gratings, made of standing light waves [50], are 

ideal diffraction elements for matter wave 

interferometry in the time domain. The timing 

between the pulses can be adjusted with better 

than nanosecond precision. The interaction time 

and strength can be controlled over pulse energy 

and pulse length. Commercial laser systems 

provide coherent laser pulses with high pulse 

energy at UV or even VUV1 (157 nm) 

wavelengths.  Standing light waves with periods 

down to 78.5 nm reduce the time which is needed to interfere the particles and they 

provide an absorptive grating structure via ionization in the antinodes (Figure 2-2). 

The Talbot-time is given by the equation (E 1-5). A grating constant of   

        leads to 

               

 

That is the time per atomic mass unit (amu) which is at least needed to diffract the 

particles by a distance of d.   

The first molecular Talbot-Lau experiments [20] were performed with gold gratings 

of a period of 1 µm, which corresponds to              . Nowadays far-field 

interference patterns are routinely observed  [12] using mechanical grating periods 

of 100 nm.  One of the drawbacks of tiny material grating periods is that they suffer 

from being easily clogged by particles. Furthermore, particles interact in a dispersive 

way with the grating walls due to the van der Waals interaction. With light gratings 

we overcome these limitations. 

                                                 
1 F2-Excimer laser 157nm 

Figure 2-2 Ionizing 
standing light wave  
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2.2 Theoretical description 

 

The main elements of the OTIMA-interferometer are the three standing light waves. 

The laser beams are retro-reflected from a single 2-inch mirror which defines a 

common boundary condition for the standing light waves.  

The electrical field of a running light wave is given by 

 

 ⃗ (       )    {    (     )    } 

 

Here    denotes the polarization vector and   (     ) is the spatially varying 

electrical field amplitude given in a Gauss-shape (      ) by 
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where we choose x to be the grating axis. The intensity of a standing light wave is 

given by 
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where   denotes the power of the laser beam.  

 

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

 

On the one hand, they absorb photons and on the other hand they interact with the 

fast oscillating E-field via their optical polarizability and thus accumulate a phase. 

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

even Mie scattering [51]  also become relevant.  
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2.2.1 Absorption of a photon 

 

Assuming that all absorption events are independent of each other, the probability of 

having k photons absorbed by a specific particle if, on average, a particle absorbs q 

photons, is described by Poissonian statistics,  

 

  ( )  
  

  
    

 

The expectation value q is both the mean and the variance of this distribution and k 

denotes the number of the expected events. The average number of absorbed 

photons per particle is given by  

     ( )
   

    
 

  

where   ( ) is the absolute absorption cross section for a certain wavelength λ , 

which we assume to be constant regardless of the number of absorbed photons.   

denotes the power, A the area of the laser beam (    ), τ the laser pulse length and 

   the energy of a single photon.  

The probability to absorb at least one photon for a fixed mean absorbed photon 

number    is set by the Poissonian probability of the complementary event, 

 

 (   )       
( )            

 

For a given laser energy    , different particles see different grating 

structures/opening fractions due to their individual σA(λ). Exactly in the nodes, the 

probability to absorb photons is zero. However, in the antinodes the particles feel the 

highest alternating electrical field which corresponds to the maximal density of 

photons. If one photon is sufficient to ionize or somehow mark the particle2, then the 

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

                                                 
2 Particles can be pumped into a dark state [47] or 
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To calculate the transmission through such a standing light wave, t(x) has to be 

integrated over 2π. 
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be marked by depletion of an added molecule see 4.2.1 

Figure 2-3 Normalized electric field of a standing light wave with a period of 78.5 
nm (blue). The grating structure differs for particles of different absorption cross 
section or different laser intensities. Particles are counted as transmitted if they do 
not absorb any photon. The transmission function is plotted for the case that in the 
anti-nodes of the standing light wave the average number of absorbed photons 
amounts to n0=8 (green) or n0=24 (red). Increasing the cross section or intensity is 
tantamount to reducing the effective slit width of this tunable transmission grating. 
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2.2.2 E-field particle interaction 

 

Neutral particles interact with an alternating electric field via the optical 

polarizability and develop an induced dipole moment. Here, the oscillation 

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

 

  
 

 
             

 

The way the charge distribution of the particle behaves depends on the particles´ 

properties. If the electron density can follow the excitation frequency with a phase 

shift in a range of            , the particle is accelerated to higher E-fields 

(high field seeker). This is the typical case for large particles. Particles with a slower 

electrical response, a phase shift of           , are deflected towards lower 

electrical fields (low field seeker). Particles with phase shifts of   
 

 
 or    

  

 
 

show no deflection [52]. 

The deflection grows linear with the laser intensity  (     ) at the particles 

position. The proportional factor is called optical polarizability    and we can write 

an effective potential [53] 

 

 (     )  
      (     )

 
 

 

Particles accumulate a phase  (   ) in the presence of a potential. The phase is 

given by  

 

 (   )    ( )    

 

This phase can also be independent of the generated force (see Aharonov-Bohm 

effect [54–56]).  The accumulated phase in the center of a Gaussian laser beam 

profile standing light wave is given by 
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where    and    are the length and the width of the Gaussian beam profile and     

denotes the energy of the laser pulse. 

 

 

2.2.3 Photon scattering 

 

The effect of Rayleigh or Mie scattering becomes only important for particles whose 

sizes is comparable to the  photon wavelength and it can therefore be neglected in 

the following [7]. A gold cluster of 109 amu for example has a diameter of 55 nm 

and Rayleigh scattering will only cause a visibility reduction of about 20% [7]. A 

particle of this mass, however, corresponds to a Talbot time of 15 seconds 

(assuming a 78.5 nm grating period) which exceeds the capability of Earth-based 

table top experiments by several orders of magnitude. 

 

 

2.3 Particle light interaction 

 

Accordingly the interaction of matter with light in the OTIMA interferometer is 

given by two mechanisms, the absorption of photons and the phase accumulation (E-

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

written as a complex transmission function [7]: 

 

 ( )     ((
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)) 

 

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

the initial momentum distribution of the particles is broader than the ‘grating kick’ 
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       . The first grating just acts as an absorptive grating in order to prepare 

spatial coherence for the rephasing second grating (see 1.1.2). At the second grating 

the absorptive as well as the phase part of the standing light wave contribute to the 

interaction. The third grating is used to resolve the interference fringes by scanning 

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

The mean number of absorbed photons   
(     ) in the antinodes of each standing 

light wave (1, 2, 3) determines the contrast and is thus essential for the 

characterization of all gratings.  

An exact theoretical description of the quantum propagation through an  ionizing 

time-domain Talbot-Lau interferometer is given in ‘Concept of an ionizing time-

domain matter-wave interferometer’[7] as well as in other papers [57] and 

theses[58,59]. Here, I will summarize and comment the results! 

The expected interference fringes will form periodic structures which can be 

resolved by scanning the third grating. The visibility (see 1.1.1) of this structure 

depends strongly on three particle properties:    the absolute absorption cross-

section,    the polarizability both at the grating wavelength of 157 nm and its 

mass m.     
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Figure 2-4 Simulation of the quantum visibility as a function of the pulse delay T/TT 
for n0=10 photons at all gratings and β=1 (blue). The corresponding classical 
contrast is plotted in red.  

 

The transmission function of each grating is independent of the particles mass. 

However all three gratings together - pulsed with the right timing - show a strong 

mass dependent transmission as a function of the position of the third light grating.  

The transmission function is also significantly influenced by the ratio of    and     

 

    
    

      
 

  

   
 (E 2-1) 

 

This ratio is dimensionless. | |    indicates the importance of the optical 

polarizability compared to the absorption cross section. | |    will lead to 

interference fringes where the  effect of the optical polarizability can be neglected 

(see Figure 2-5). A positive β indicates a high field seeking state of the particles at 

157 nm. Low field seeking states have a negative β. 
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2.4 How to record interference pattern? 

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

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

 

 A) The quantum phase is imprinted in the mass dependent transmission 

through the interferometer as a function of the pulse separation time. Each 

mass shows highest interference contrast around integer multiples of the 

Talbot-Lau time    
   

 
 . (Figure 2-5) 

 

 B) The mass dependent transmission for a fixed pulse timing corresponds to 

the appearance of a sinusoidal interference pattern in space. This 

interference pattern can be resolved by scanning the third laser grating 

transversally over this structure. (Figure 2-3) 

 

 C) The visibility of the interference pattern is strongly influenced by the 

intensity of the second laser grating.  In the vicinity of the Talbot-time 

different β show a unique visibility function depending on the mean number 

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

 

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

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

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

 

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

times when they form β-independent interference patterns.   

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

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

C) measure the β – parameter of particles and from that in combination with 

transmission curves the particle’s optical polarizability and cross section. 
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Figure 2-5 Simulated visibility as a function of the pulse delay T/TT for different β. 
n0=10 for all three gratings. β =0.3 (black), β =1 (blue), β =3 (red). Exactly at the 
T=1, the Talbot-time, the expected visibility is independent of β. The periodicity of 

the interference fringes scales with   (
 

  
    )

  

 (see also Figure 1-3). 

 

 

Figure 2-6 (left) Simulated visibility at the   independent Talbot-Lau time versus 
mean number of absorbed photons in the antinode   

(     )(blue). All three gratings 
are assumed to be identical. The red line indicates the simulated transmission as a 
function of n0 for one grating. (right) Simulated visibility at ¾ of the Talbot-time. 
The first and the third grating are fixed at   

(   )=10 photons. The middle grating 
varies the power. Four blue plots are shown (from left to right)  =0.2,  =0.6   =1, 
 =1.4 .    
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3 Experimental realization 

 

In order to build an optical time-domain ionization matter-wave interferometer it is 

necessary to use particle sources and detection schemes which fit the pulsed 

character of the interferometer. The lasers have to emit photons of sufficient energy 

to allow single photon ionization. The light has to be sufficiently monochromatic to 

create a distinctive standing light wave and the laser pulses have to be sufficiently 

short and accurately timed that the interferometer can be operated in the time-

domain. However, the wavelength should be in a range where high quality optics is 

still available. The quality and reliability of optics decreases for shorter wavelengths.  

Furthermore, we had to develop a fast data acquisition routine and find new 

experimental schemes to proof the quantum nature of matter in a time-domain 

experiment.   

 

 

3.1 Sources 

 

A beam of cold neutral molecules and molecular clusters is favourable for our 

interferometry experiments. The particles have to be cold enough in order not to 

emit photons during the time they spend in the interferometer which would lead to 

decoherence (see 4.2). Charged particles interact strongly with any electromagnetic 

field which introduces dispersive effects. In this section I will therefore focus on 

neutral molecular beams, their particle density, mass distribution, velocity and 

internal temperature. Pulsed sources may provide a higher particle density than most 

continuous sources and they are particularly favourable for the intrinsically pulsed 

scheme of the OTIMA interferometer.  

Thermal sources such as sublimation ovens [60] produce a thermal beam of 

vaporized molecules. They can be seeded with rare gases which allows for internally 

cold supersonic beams [60]. The velocity of the molecules is close to that of the seed 

gas. Such sources are often combined with a pulsed valve [61] and offer a molecular 
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beam [62] which is sufficiently cold to initiate a clustering process. Magnetron 

sputter sources [63]  sputter atoms from a target into a cold buffer gas atmosphere 

where they thermalize, condensate and form clusters. Laser desorption [60] of 

molecules with short laser pulses heats the particles rapidly and supplies very 

intense beams of hot molecular particles and atoms. They can also be seeded and 

cooled with added rare gases [64]. Long laser pulses heat the particles slowly and 

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

 

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

 

Our magnetron sputter source was provided by the group of Bernd von Issendorff at 

the Albert-Ludwigs University in Freiburg. It consists of a sputter head, a liquid 

nitrogen cooled aggregation tube and gas feed-throughs. An electrical field applied 

on the sputter head accelerates charged particles towards  a metal/semiconductor  

target and sputters mainly atoms, but also dimers and trimmers [65], which are 

partly charged and therefore enhance the sputter process. The particles thermalize 

with the liquid nitrogen cooled buffer gas (He, Ne, Ar) and start to condensate. The 

buffer gas pressure is usually set to 1 mbar by a tunable opening (iris) from where it 

expands to 10-3 mbar vacuum. The pressure is a very important parameter for the 

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

process. This time can be controlled with the distance between the sputter head and 

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

 

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

 

The magnetron sputter source provides a molecular beam travelling at 300-400 m/s 

with a mass distribution as shown in Figure 3-2. 

In order to tune the source to slower molecular velocities we added a buffer gas cell 

which was cooled by a pulse-tube cooler3. This buffer gas cell further slows the 

                                                 
3 SHI Cryocooler MODEL SRP-082B-F70H (low vibration version) 

Cooling Capacity: 

1st stage: 40W at 45K  
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cluster beam via thermalisation down to 4 K. We use three irises placed at the end of 

the aggregation tube, in the middle and at the end of the buffer gas cell to optimize 

the beam parameters. This permits to separate the sputter process from the cooling 

stage, which requires different buffer gas conditions.  The operation pressure in the 

aggregation tube as well as in the buffer gas cell is in the range of 0.1-10 mbar. At 

this pressure, the buffer gas builds up streamlines and also turbulences and can be 

well guided by optimizing all irises to each other. At temperatures below the boiling 

point of the buffer gas all the gas molecules reaching the cell surface condensate and 

stick on it. That changes the aerodynamic totally.  

 

 

 

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

Buffergas Mass [amu] Boiling point [K] vmax [m/s] 

Helium 4 4.2 133 

Neon 20 27 151 

Argon 40 87 192 

Xenon 131 165 145 

 

 

 

The magnetron sputter source provides a continuous flow of particles which has to 

be chopped in order to suit the OTIMA interferometer. The OTIMA interferometer 

runs with a maximal repetition rate of 200 Hz, which is limited by the repetition rate 

of the grating lasers as well as by the limited data acquisition and real time 

processing of 200 Mb/s of time of flight (TOF) mass spectra. Assuming an average 

particle velocity of 300 m/s and a used beam width of 2 mm (ionisation area 2 x 1 x 

0.3 mm³ delimited by slits, in the TOF) per experimental run (200 Hz), just 0.13% of 

the particle beam is actually used.  

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

 

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

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

 

Supersonic molecular beam methods have been widely used in atomic and 

molecular physics. This technique allows to produce an intense and cold beam of 

particles with well-defined kinetic energy. Internal particle temperatures down to 0.8 

- 1.6 mK have been observed by proving the existence of the weakly bound van der 

Waals cluster 4He2 in a matter-wave diffraction experiment [66].  

Our commercially available pulsed supersonic source, the  Even-Lavie-valve 

[61,62], consists of a small oven chamber connected to a pulsed valve with a 150 

µm nozzle. The whole source setup can be heated up to 550 K. The oven chamber is 

connected to a gas inlet. Different kinds of gases can be added to the evaporating 

molecules. These gases are normally rare gases like He, Ne or Ar and can be varied 

in pressure from 1-100 bar. Depending on the pressure of the molecule/carrier gas 
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mixture, the particles undergo an adiabatic cooling process by the expansion. This 

technique also works for complex and large molecules like Anthracene or Aniline. 

Internal temperatures below 1 K have been measured [56]. If the partial pressure of 

molecules during the expansion process is sufficiently high, the cold particles start 

to condensate and form Van der Waals clusters.  Also Van der Waals cluster of 

molecules with gas atoms have been observed (see Figure 3-4). As a rule of thumb: 

for clustering, the internal temperature of each cluster has to be lower than the 

boiling point of each component. These mixed clusters can be used to extend the 

single photon ionization grating to a depletion grating. If absorption of a single 

photon doesn´t lead to ionization then it can heat the cluster to a degree that weakly 

bound molecules or atoms evaporate. Such technics have been used in depletion 

spectroscopy and will be explained in (4.2.1).  

 

 
Figure 3-4  Mass spectrum of Ferrocene Fc (C10H10Fe) clusters with attached 
Ethene E (C2H4) molecules. The internal temperature of every cluster has to be 
lower than the boiling point of each component!  

 

A drawback of this source is the high velocity of the emitted particles which is 

determined by the carrier gas and its temperature and pressure. The velocity of the 

particles is a very important parameter for interferometry because it sets an upper 

limit on the passage time through the interferometer which limits the maximal 

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

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

 

     √
     

 
 

 

Every ideal monoatomic inert gas has a heat capacity of    
 

 
 . This leads to 

theoretical mean velocities as listed in Table 3-2. Note that the speed of the inert gas 

under these ideal assumptions is independent of the backing pressure. Under real 

conditions we only measure the velocity of the co-expanded molecules such as 

Anthracene Ac (because it can be easily photo ionized by 157 nm radiation). The 

experimentally measured mean velocities of 960 m/s for Neon and 640 m/s for 

Argon at 500 K are lower but quite close to the ideal predicted case. This 

discrepancy is known in literature as “velocity slip” [67,68]. During the expansion 

process heavy particles with slower super-sonic velocities are repetitively 

bombarded by the lighter inert gas atoms and asymptotically accelerated to the inert 

gas velocity. In case the starting pressure is too low, they will never undergo enough 

collisions to reach the terminal velocity of the buffer gas.      

 

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

Buffer gas Mass [amu] vmax @ 500 K  [m/s] 

Helium 4 2280 

Neon 20 1020 

Argon 40 720 

Xenon 131 400 
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3.1.3 Laser desorption – Thermal laser evaporation 

 

Laser desorption is a well-established technique to evaporate thermally unstable 

particles as well as refractory alloys and metals. Most commonly are Nd:YAG lasers 

with pulse lengths of less than 10 ns and wavelengths between near IR and  soft UV 

that are focused to an area of some 10 µm² in order to achieve rapid heating and 

evaporation [16,64,69].  

The temperatures in the focus point can exceed the boiling point of the material by 

far, but only for a very short time, which also allows desorption of particles which 

dissociate before they evaporate in an oven.  

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

 

A slightly different approach is to focus a continuous laser beam directly on a 

molecule coated vacuum viewport [12] as shown in Figure 3-5. In this scheme, 

molecules are heated slowly until they evaporate. This evaporation method is also 

quite soft because the heated molecules spend just a very short time in a thermally 

excited state until the molecule-molecule binding is cracked and the particles start to 

evaporate. The evaporation temperature is lower than in the case of nanosecond 

pulsed laser desorption, because the molecules are slowly heated and leave the 

heating laser beam as soon as they have absorbed enough photons. 
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Both methods evaporate thermally unstable particles into the gas phase. Thermal 

laser evaporation is expected to generate beams of slower velocity while nanosecond 

evaporation may possible even address more thermo-labile particles.   

 

 In the experiment we will focus a cw-laser diode on a molecule-coated vacuum 

viewport which can be vertically and horizontally translated to transport new 

molecules into the laser beam. The laser can be switched on and off within 

microseconds to chop the beam.  

From a single shot onto an area of 4000 µm² one gets 1025/(4 ) molecules/sr/m² 

[70]. Another advantage of this source is that only a very small part of the “source” 

is heated, this improves the vacuum conditions during the evaporation process and 

reduces the need of additional differential pumping stages. In other words, the 

source can be mounted close to the interferometer. The resulting compact setup is of 

great advantage since the signal loss of a pulsed source scales like 1/r³, where r 

denotes the distance from the source to the detection.   

  

 

3.2 Detection - Time of flight mass-spectrometer  

 

A time of flight mass-spectrometer (TOF-MS) works in a pulsed way and is able to 

distinguish particles of different masses over a wide range in a single measurement. 

This is important for the OTIMA interferometer because the interference pattern is 

also imprinted on the transmitted mass spectrum (see Figure 3-12). 

 After VUV ionization of the interfered neutral particles the TOF-MS accelerates all 

ions with the same electrical field into a drift tube. Particles with a different mass-to-

charge ratio arrive at different times on a multi-channel plate4 (MCP). The incident 

ions release electrical pluses which are digitized and post processed with a 

computer. 

                                                 
4 Three layer multi-channel plate (MCP) with 40 mm active diameter 
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The TOF-MS at the OTIMA interferometer is a Kaesdorf RFT50 (reflectron type). 

The high post-acceleration of up to 20 kV and a three layer MCP stack ensures 

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

  ⁄  of some 1000. 

 

 

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

 

The OTIMA interferometer is built up with 3 F2-Excimer lasers5. Each laser emits 7-

8 ns long pulses with a maximal repetition rate of 250 Hz. The maximum pulse 

energy is 4.5 mJ. Sansonetti et al. [71] report an emission spectrum with two major 

lines at a wavelength of 157.63094(10) nm (79%) and 157.52433(10) nm (19%) as 

well as some spontaneous emission lines in the red wavelength range measured with 

a standard F2-Excimer laser. A photon at 157.6 nm carries an energy of 7.89 eV. The 

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

 

 
 

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

 

                                                 
5 EX50 Gam Laser Inc. 
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Radiation of       nm has a penetration depth of about 40 µm in normal 

atmospheric air (oxygen is the main absorber [72]). As a consequence, the whole 

optical beam line must be kept at a partial pressure of less than 10-3 mbar of oxygen 

in order to avoid significant absorption of the lasers light. In addition, it is also 

strongly absorbed by hydrocarbon-based contaminants which form laser-induced 

debris on the optics even under vacuum conditions [73]. This film can be seen with 

the bare eye as a brownish layer, with the shape of the laser beam profile. 

Hydrocarbon based substances are often used as grease for mirror mounts. It is also 

known that this laser-induced deposited film can be removed with traces of oxygen 

or water added to a highly-pure purge gas like nitrogen [74]. In our setup we take 

great care of the used mirror mount grease components and remove as much ooze as 

possible. The whole optical setup is placed in a clean vacuum chamber. The optical 

beam line is pumped down to 10-6 mbar during the time when we are not operating 

the laser system. For the utilisation period of the laser system pure nitrogen 

(99.9999%) constantly flows as a purging gas to all optical components. The 

pressure in the vacuum chamber increases to around 1 mbar. This procedure ensures 

a reliable optical system without laser-induced deposited films.   

  

The intrinsic jitter of our Excimer-lasers is about 4-5 ns. However, a slow long time 

drift of about 100 ns is added to this jitter in both directions. The pulse-to-pulse 

stability under perfect conditions is better than 2 %. These conditions are only 

fulfilled if the laser has recently been refilled and operates at the highest excitation 

voltage. Typically, a pulse-to-pulse stability of about < 5 % is observed.  

For high visibility interference it is very important to ensure that the delays between 

the laser grating pulses are equal, see Figure 3-7. To overcome the jitter and power 

stability issues we place a photodiode in the beam line. The photodiode6 is mounted 

to detect the diffuse light which is reflected from the interferometer mirror. This 

ensures that the measured pulse times correspond to the interaction times with the 

matter-waves. Due to the different optical light paths of the lasers, the pulse 

emission time is not equal to the time when the light grating is formed.  
                                                 
6 GaP photodiode G1962 (Hamamatsu) 
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Figure 3-7 Interferometric resonance. a) The contrast of the Talbot-Lau interference 
pattern strongly depends on the equality of the time delays between the three laser 
gratings. b) Shows the difference between the interference pattern recorded at the 
resonant condition and the interference pattern with a delay of ΔT (off-resonant). 
Recorded is the normalized signal difference     (E 1-3) of the Anthracene 7 
cluster ( Ac7) at a pulse separation time T = 18.9 µs as a function of   . The 
interference pattern lasts 48 ns (full-width at half-maximum). Figure from [6]. 

 

The timing is even sensitive to the length of the laser pulses. Initially we measure all 

delays with respect to the rising flanks. Since we shifted the starting points of the 

delays to the end of the first laser pulse, to the middle of the second pulse and to the 

starting flank of the last pulse, the interference contrast was improved by 5 %. The 

temporal change amounts to 5 ns, but it is actually also physically motivated. The 
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starting point of the free propagation of the matter-wave is given by the end of the 

interaction with the first laser grating and stops by applying the third grating.  

To improve the timing stability, we record each laser pulse and each measured mass 

spectrum is stored in its correct time delay class. If the averaged timing is wrong by 

more than 1 ns, the computer corrects the delays automatically in the software 

controlled pulse generator.  

 

 
3.4 Mirror at 157 nm 

 

The central element in the OTIMA interferometer-setup is a 2-inch mirror. The 

reflective mirror surface provides the boundary condition for all three standing light 

waves. All light gratings extend in all three dimensions. They are perfectly aligned 

to each other if one can overlap their grating structures just by translations. That is 

provided if all gratings have the same period and the node/antinode planes are 

parallel to each other. The grating period of each standing light wave is given by 

half the laser wavelength and scales with    ( ), the angle between incoming and 

reflected laser beam [31]. 

The main advantage of the one mirror setup is given by the parallelism of all 

standing light waves. This design is also insensitive to vibrations and drifts of the 

whole mirror which occur at a timescale longer than the time between the first and 

the last laser pulse (see 1.1.4). This translations and rotations influence the position 

of all three grating structures and correlating to the intercept theorem no shift of the 

appearing interference pattern is caused. 

The vertical displacement       of the interference pattern relative to the third 

grating can be expressed by 

 

                    (E 3-1) 

 

        indicate the displacements of each grating. The displacement of the first and 

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

of the second grating shifts the interference pattern twice as much due to the 
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intercept theorem. Vibrations with a high frequency will shift the interference 

fringes depending on their relative amplitude at the times of the applied light 

gratings corresponding to (E 3-1). These displacements will change         in a 

random way and lead to an averaging of differently shifted interference patterns. To 

avoid this, we have built an optical Michelson interferometer that was mounted 

underneath the interferometer mirror on a commercial low vibration stage7 to read 

out the vibration amplitudes at each grating time and to correlate the        to a 

constructive interference pattern (see Figure 3-8). A similar idea is used in atom 

interferometry: if two atomic interference patterns are recorded at the same time and 

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

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

                                                 
7 Minus K 
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The OTIMA interferometer mirror was fabricated and coated by Jenoptik AG. The 

coating has a reflectivity of 96% at normal incident, which is a high standard for 157 

nm radiation [74]. The flatness of the mirror was measured by the Physikalisch-

Technische Bundesanstalt Germany, see Figure 3-9.  

 

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

 

The convex shape of the mirror influences the interference pattern in a negative way. 

The node/antinode planes of each grating are not parallel and enclose an angle to 

each other. Let us assume a laser grating width of 5 mm along the particle beam 

direction. The grating at the left part of the mirror is tilted with an angle of 0.2 µrad 

to the “flat” middle grating. That corresponds to a translation of the grating of 10 nm 

over its length (see Figure 3-9, convex shape). An angle of 1.6 µrad amounts to a 

displacement of one grating period over the laser beam width (5 mm). Integrating 

the signal corresponding to       (see (E 3-1)) over this width leads to a complete 

disappearance of the interference fringes. However, a 10 nm shift leads - in a worst 

case approximation - to a visibility reduction of about 13%. Assuming a mirror 

shape like in Figure 3-9, also the right part of the mirror, where the third grating is 

located, is tilted and also reduces the expected visibility. 

In order to reduce this effect we select a small fraction in the vertical direction with 

the TOF ionization laser of the interfered beam. This reduces the effective used 

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

 

Once the interferometer is aligned, the experimental data acquisition is fully 

automatically controlled by a computer program (MOPS). This program has been 

developed in our group and fulfils all the real-time processing requirements to run 

the OTIMA interferometer. For the time delay management the program controls 

two pulse generators8. These delay/pulse generators handle the timing for the pulsed 

source (see The Even-Lavie –Valve3.1.2), for the detection unit (see 3.2) including 

the detection ionization laser and for the three grating lasers. Due to the high 

sensitivity of the interference contrast on the grating laser delays, all grating laser 

pulses are recorded by a single photodiode. The use of a single photodiode ensures 

that no delays caused by differently long response times of the diodes or propagation 

delays in the wiring lead to wrong laser pulse timings. The photodiode as well as the 

TOF mass-spectrometer are connected to a fast 10-Bit digitizer card9 with a 

maximum resolution of 2 GS/s. All digitized signals are transferred in real time (up 

to 200Mb/s) to the MOPS-program. Here the photodiode signals are automatically 

analysed to get the actual pulse timings and heights.  Depending on the energy of the 

grating laser (height of the signals) and the temporal delays, the program saves the 

corresponding mass spectra in different folders. These folders can be post-processed 

for later analysis. Each laser is regulated with an individual feedback loop stabilizing 

the laser power besides the pulse delay.  

The experiment normally runs with a repetition rate of 100 Hz. After each run we 

record the remaining neutral particles by ionizing them with a 157 nm laser and 

detecting them in a TOF mass-spectrometer. 

                                                 
8 BNC Model 575 Pulse/Delay generator 
9 Agilent technologies Acqiris CC103 
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To observe quantum enhanced/reduced transmission of certain mass (see 2.4) we 

have to run the experiment twice but with slightly modified laser pulse delays. One 

time the pulse delays between the three laser gratings are equal (R) and at the next 

run the pulse timing of the second laser is changed by 100 ns (O), which causes a 

mismatch of the delays by 200 ns. In Figure 3-7 one can see that the interference 

pattern just remains for 48 ns (FWHM). With the 100 ns pulse delay asymmetry, the 

Talbot-Lau condition breaks and no interference pattern is observed. Normally, we 

repeat the experiment for about 10 minutes. This corresponds to 60 000 recorded 

mass spectra which have to be analysed and averaged. To evaluate the interference 

contrast we assume that in the off-resonate mode (O) the transmission of the 

particles is equal to the average of a sinusoidal interference pattern, which correlates 

to the offset of equation (E 1-2) for the visibility. 

In the resonate mode (R) we find the quantum enhanced/reduced transmission of 

mass classes depending on the phase between the interference pattern and the third 

laser grating (see Figure 3-11).  

 

 

Figure 3-10 Experimental data are taken for two different light grating timings. In the 
resonant mode an interference pattern is built up at t3=2TT. In the off-resonant mode 
the second light grating is shifted by ΔT and no interference pattern is built up at 
t3=2TT. 
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Figure 3-11 The evaluated interference contrast depends on the relative position of 
the appearing interference pattern (red) to the position of the transmission function 
of the third laser grating (blue). In the illustrated sketch we will evaluate the highest 
negative contrast (lowest transmission). Translating the last laser grating by 
    

 ⁄  nm leads to highest transmission and a contrast of 1.    

 

The mass dependent transmission of the interferometer is experimentally seen in 

Figure 3-12 and Figure 3-13. The figures show the different mass spectra of 

Anthracene clusters recorded in the resonant/off-resonant way of interacting with the 

three light gratings at a pulse separation time of 25.9 µs and 18.9 µs. The different 

pulse timings are caused by the different velocities of Anthracene clusters seeded in 

the source with Argon or Neon (see The Even-Lavie –Valve3.1.2). A pulse delay of 

25.9 µs corresponds to the first order Talbot-time of a mass of 1730 amu as well as 

to the second order Talbot-time of a mass of 865 amu.  At around these masses, the 

highest transmission is expected. All data have been recorded at fixed pulse energy 

of the laser gratings. However, the Ac clusters show an increase of the absorption 

cross-sections for heavier clusters. This leads to different transmissions through the 

gratings and therefore to lower visibility for small clusters with a lower cross-

section. 

The theoretically predicted contrast (violet) has been calculated assuming that the β-

parameter (see 2.3) stays constant for all clusters. Literature values only exist for the 

single Anthracene molecule [77,78]. This assumption can be motivated; both 

properties, absorption cross section and polarizability, show in general a dependence 

on the number of contributing electrons. The relative cross-sections were evaluated 

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

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

 

The interference contrast     is extracted for each mass by its signal SR 

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

 

    
     

  
 

 

In all measurements we optimize the relative phase of the third grating to the 

interference pattern in order to observe high contrast. This is done by using the 

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

 

                   

 

      is the resulting shift of the interference pattern. In order to find topographies 

of highest contrast on the mirror corresponding to       (see 0), the delay between 

source and first laser grating or the Talbot-time itself is slightly changed.  
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Figure 3-12 The experimental data confirm the quantum enhanced transmission of 
Anthracene (Ac) clusters through the OTIMA interferometer. The lower panels 
show the mass spectra recorded in the resonant (black line) and the off-resonant 
mode (         , red line) of Ac clusters seeded in an argon jet with a pulse 
separation time of  25.9 µs.. In the upper panels the corresponding interference 
contrasts for each cluster     are indicated in green. The dark violet/grey bars 
indicate the theoretical quantum/classical predictions. The light violet/grey areas in 
these bars point out a theoretical      variation of the optical polarizability      of 
the clusters. For statistical error see 3.6. Figure from [6]. 
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Figure 3-13 Experimental data confirms the quantum enhanced transmission of 
Anthracene (Ac) clusters through the OTIMA interferometer (see Figure 3-12). The 
data are recorded at a pulse separation time of 18.9 µs (seeded in Neon) which 
corresponds to the Talbot-time of the mass 1260 amu and the second order Talbot 
time of 630 amu. Around these masses highest transmission is expected. Figure from 
[6]. 
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Figure 3-14 A continuous laser is used to heat a certain area of the interferometer 
mirror (see Figure 8-3). This leads to a thermal expansion of the mirror surface and 
translates the second light grating. The signal is averaged at the indicated times for 
0.37 seconds, after the heating laser (1.4 W) is turned on (red) and switched off 
(blue). In the beginning of the heating/cooling cycle, the thermalisation and 
therefore the expansion of the mirror are faster. 

 

Another way to scan the last grating across the interference pattern can be realized 

by actively transforming the topology of the mirror. Relying on the formula (E 3-1) 

for        a translation of the second grating shifts the interference pattern twice as 

much as the first or the third. In our case we use heat to shift the mirror surface at 

the second laser grating (see Figure 3-14 and Figure 8-3). We coated the middle area 

of the mirror´s backside with graphite. A continuous diode laser beam 0 – 1.8 W 

(445 nm)10 with a size of 10 x 7 mm shines onto this coated area, which absorbs the 

laser light and warms up. The 8 mm thick interferometer mirror is made of Calcium 

fluoride which has a thermal expansion coefficient of around           . Between 

                                                 
10 WarnLaser: 2w Blue Laser LunaTM Series 
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0 and 1.8 W an interference scan over more than 2.5 periods (       ) is 

possible. After varying the laser power, a certain time is needed to reach a thermal 

equilibrium until the mirror surface stays constant.  

 

 
   
3.6 Error consideration - Statistical error  

 

Each measured value is subject to a measurement error. This error consists of a 

systematic and a random error. The systematic error always shows the same value 

if the experiment is repeated in the same way.  The random error is changing for 

each repetition of the experiment. Only the random error can be considered in a 

statistical way. One of the main error contributions in the OTIMA interferometer is 

the low signal especially at large clusters numbers. The cluster formation of huge 

clusters is already reduced at the source by the fact that the clusters are built up due 

to condensation from the monomer. Massive clusters have big absorption cross 

sections and therefore tend to “see” very small grating opening fractions, which 

reduce the transmission through the interferometer. To observe quantum interference 

over a wide mass range, the laser power has to be optimized for the absorption cross 

section of the smallest particles (see Figure 2-6).  Also the detection efficiency at the 

TOF mass-spectrometer given by the MCP11 decreases with increasing mass [79]. 

To estimate the error at low count rates it is important to know the real number of 

detected particles at each mass.  

The peak height of the detected particles depends strongly on the TOF mass-

spectrometer settings (acceleration voltages), on the mass and on the composition of 

the clusters [79] and is difficult to convert into corresponding particle numbers.  

To discriminate each peak from the background noise, we record a noise height 

distribution (see Figure 3-15) and calculate its standard deviation. Assuming a 

Gaussian distribution, at a discriminator level of 3σ it is ensured that 99.73 % of the 

detected peaks are real ion peaks.   
                                                 
11 Multi-channel plate (MCP) scales with the impact velocity of the ions and not with the kinetic 

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

 

The lowest number of particles     , after N repeated experiments that could have 

contributed to the signal at a certain mass region, is given by simply counting the 

peaks at each recorded mass spectrum. Every peak has the value of a single ion. But 

that’s normally not the case, also two and more ions can reach the detector at the 

same time and contribute to the same peak. A more accurate estimate of the particle 

number is given by a statistical estimate. In the OTIMA interferometer each 

interference pattern consists of individual particles. Let’s assume that the detection 

of these particles, follows a Poisson distribution  ( ). 

 ( )  
  

  
    

 

The expectation value q is the mean value as well as the variance and k denotes the 

number of expected events. Then the probability to observe “no count”  ( ) is 

given by 

 

 ( )  
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Which is the number of repetitions with no peaks divided by the total number of 

repetitions N. It follows 

 

      ( ( )) 

 

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

standard deviation √  , than achieved by counting just the peaks     . 
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4 A tool for quantum enhanced measurements  

 

 

To interfere particles one has to reduce the interaction of the particles with the 

environment to a minimum. Even smallest deflections, for example caused by 

collisions with the background gas [80], absorption/emission of photons [81] or 

deflection by magnetic/electric fields, shift the interfering particle and can lead to a 

reduction of the fringe visibility. The high sensitivity of matter-wave interferometry 

can be used to measure deflections caused by interaction potentials [82], even if no 

force is applied as described with the Aharonov–Bohm effect [55,56]. One has to 

distinguish between dephasing and decoherence [83]. Coherent interactions 

(dephasing) don´t transport the “which way information” to the environment. The 

interfering particle is not entangled with another object and the interference pattern 

can be reconstructed with the knowledge of the interacted potentials (E-field, B-

field, gravitation, vibrations,…). In contrast to that, decoherent interactions are 

caused for example by collisions with background particles or absorption and 

emission of blackbody radiation. In this case the information of the particles position 

is transferred.   
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Figure 4-1 Experimental overview of the OTIMA interferometer with two 
additional lasers. Spectroscopy laser (blue): The OTIMA interferometer is able to 
resolve the shift due to the photon absorption recoil (see 4.1.4) Excitation laser 
(yellow): The absorption of an oncoming photon (perpendicular to the grating 
period) doesn´t shift the interference pattern but may lead to several other effects: it 
may excite the particle and change the optical polarizability (see 4.1.2); 
fluorescence; fragmentation of the particle (see 4.2.1). Picture modified from [6]. 
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4.1 Metrology  

 

Various experiments in our group have already shown that matter-wave 

interferometry can enhance the precision in measurements of particle properties 

[84,85]. This improvement was mainly achieved by the high spatial resolution with a 

grating period of down to 266 nm (in KDTL interferometry [21,84]) and the 

quantum enhanced molecular pattern.  

In the OTIMA interferometer the grating period is even smaller (78.5 nm). Another 

big advantage is that all deflection experiments can be done in the time-domain. The 

interference pattern is only influenced by deflections between the first and the third 

light grating and shows no sensitivity to forces that act before and after the 

interferometer. A pulsed interferometer has therefore the great advantage that all 

particles spend the same time in the interferometer which leads to a velocity 

independent deflection of the interference pattern. In other words, the interaction 

time of all particles is the same regardless of their velocities. That is the first 

experimental deflection scheme for complex particles where fringe shifts can be 

recorded independent of the particles’ velocities. 

 

 

4.1.1 Static polarizability 

 

Static polarizabilities of biomolecules and their clusters are of great interest. 

Polarizabilities provide information about molecular structures, conformation and 

cluster geometry [86]. The interaction of particles with static electric fields is given 

by their dipole moment and the induced dipole moment, the polarizability [86,87]. 

Interferometric [50] as well as classical deflection [88] measurements have already 

provided high accuracy data of the polarizability of various atoms. Talbot-Lau 

interferometers can easily be modified to become sensitive to static polarizabilities 

[84,85,89] . In the OTIMA interferometer the 2-inch interferometer mirror can be 

easily placed above two electrodes. These electrodes form a deflector by applying an 

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

 

The force    (  )  is proportional to the static polarizability α of the particles. 

The resulting deflection is given by 

 

    
 

 
(  ) (

     

 
)
 

     

 

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

time with the electrodes of length delec. The deflection over the whole device is 
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velocity dependent and difficult to calculate due to the shifts     by stray fields 

before and after the electrodes.  

However, the deflection of the interference pattern in the OTIMA interferometer just 

depends on  

    
 

 
(  )    

  

 

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

delay    and shows no dependence on the particles velocities. 

 

  

Figure 4-3 Assembly (SolidWorks) and simulation (COMSOL) of the electrodes. The 
electrodes are at a potential of ±15 kV. The electrodes are aligned with micrometer screws 
(right and left). The simulated field is (  )           [     ] with a variation of less 
than 5% in the area of the molecular beam. Particles with the same mass to polarizability ratio 
as Anthracene molecules [77] with              ̇  and           are deflected in 
this field within 25 µs (corresponds to a velocity of 960m/s ) by 10.8 nm, that is more     of 
the grating period. 
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4.1.2 Optical polarizability at 157 nm 

 

The measurement of the optical (AC) polarizabilities of clusters or other particles  

that cannot be measured in vapour cells (e.g. thermal instable,.. ) has been developed 

in the last years by optical deflection technics [31,90–92].   

The OTIMA interferometer is highly sensitive to the optical polarizability at the 

grating laser wavelength. During the interaction with the second light grating, the 

matter-waves accumulate a spatially dependent phase shift due to their optical 

polarizability     (see 2.2.2). 

 

 ( )  
        

      
    (

  

 
)        (

  

 
) 

 

The optical polarizability depends on the particles’ electron density and 

delocalization. As shown in Figure 4-1, an additional pulsed laser (yellow) could 

provide photons to excite the particles right before the second light grating with high 

timing accuracy.  The absorption of a photon excites the particle and changes the 

electron density distribution and therefore the optical polarizability. If this excited 

state lifetime is long enough (a few ns), the change in polarizability influences the 

visibility of the interference pattern, which depends on the β-parameter ((E 2-1)). 

The β-parameter can be determined by varying the laser power of the second light 

grating, as already discussed in section 2.4. Figure 2-6 plots the visibility as a 

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

 

The deflection scheme for the static polarizability in of 4.1.1 can also be applied for 

magnetometry to measure magnetic properties like the magnetic susceptibility  in a 

Stern-Gerlach experiment [93–95]. In the OTIMA interferometer a strong permanent 

magnet can be placed on top of the interferometer mirror to create an 

inhomogeneous magnetic field B below the mirror that deflects the particles in 

grating direction and shifts the interferogram by  

   

    
 

 
(  )    

  

 

 

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

 

Optical spectroscopy is a technology as old as the human eye and it is of significant 

importance for various fields of science like astronomy, physics, chemistry and 

biology. In the last century spectroscopic techniques have improved enormously 

[60,96–98]. Optical spectroscopy provides information about electronic, vibrational, 

rotational and structural properties of particles. However, it is still challenging to 

determine the absolute absorption cross section [97] for molecular clusters [96] 

below their ionization energies. Other techniques such as resonant two-photon 

ionization spectroscopy (R2PI) [99–102] or laser induced fluorescence spectroscopy 

(LIF) [103–105] had to be developed to get access to absolute absorption cross-

sections. However, also these methods are limited in the presence of fast radiation-

less relaxations of excited states, especially for large clusters. Radiating processes 

are necessary for LIF but inappropriate for R2PI. Here a long-lived excited state is 

needed to ionize the particles with an additional tuneable laser beam. Another 

spectroscopic approach makes use of the photon induced dissociation of a particle or 

an attached daughter fragment. A molecular beam is probed with a laser beam. 

Depending on the absorption of the photon, a subsequent heating of the complex 

results in the dissociation of weakly bound rare gas atoms of the particle or other 
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parts of it.  A mass spectrometer analyses the remaining particle masses depending 

on the applied laser frequency and depicts the photo-induced fragmentation. Photo 

depletion spectroscopy has been applied to neutral [106–109] as well as to ionic 

[110] particles and is most efficient for small clusters with weakly bound rare gas 

atoms [106,111,112]. For bigger cluster sizes, the deposited photon energy is better 

distributed all over the particle which causes larger dissociation lifetimes that 

eventually exceed the timescale of the free propagation.  

Thanks to its high spatial resolution and velocity independence the OTIMA 

interferometer offers a new approach for absorption spectroscopy (see Figure 4-2). 

The high spatial resolution allows to resolve the shift caused by the recoil    of an 

absorbed photon [113]. This is a technique which is independent of other following 

actions like dissociation in depletion spectroscopy [114] or fluorescence in LIF, or 

ionization in R2PI. This spectroscopic method requires nothing else but the 

absorption of the photon. The biggest deflection is achieved when the photon is 

absorbed at the time of the second light grating (see (E 3-1)).   

 The deflection of a particle of mass m caused by the absorption of a photon of 

wavelength      is given by 

   
 

      
  

 

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

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

  

    
(          ) 

    
 

  

A photon of 400 nm thus deflects a particle during its Talbot-time by 15.4 nm. This 

tiny shift is about 1/5 of the grating period and can be easily resolved.  
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4.2 Decoherence of matter-waves 

 

In matter-wave interferometry particles are in a superposition state of two or more 

spatially separated locations. But with the increase of mass and complexity the 

particle interacts more with the environment and the lifetime of this quantum system 

normally decreases until the particle can be described classically. A future 

realization of Schrödinger’s cat gedanken experiment, maybe with smaller objects 

like a virus, depends also on the suppression of mechanisms which destroy quantum 

effects and render matter-waves to matter (classical objects). This points out the 

need of studying decoherence mechanisms. Decoherence is caused by the interaction 

of quantum systems with its environment. This interaction can for instance be 

absorption/emission of photons [115–118], collisions with residual gas [80] or 

evaporation of parts of the molecular matter-wave itself.  The first two mechanisms 

are well studied but evaporation processes have never been investigated. 

Nevertheless, they play an important role in forcing objects to act classically.  

In the OTIMA interferometer, the timing of evaporation can, in principle, be 

controlled with an additional laser pulse (see Figure 4-1, yellow laser) with 

nanosecond accuracy. In contrast to the emission of a massless photon, which will 

localize the matter-wave to an area with a diameter of λ/2 (Heisenberg microscope), 

the evaporated matter has a de Broglie wavelength much smaller than the photon 

and therefore transfers a much larger momentum kick. Even the lightest atom 

(hydrogen at its boiling point 21.15 K) will leave the particle with a momentum of 

about         [      ] and a de Broglie wavelength of           . The 

momentum of a photon with the same thermal energy is only           [      ] 

corresponding to a wavelength of          . In both cases, the parent particle 

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

 

For the investigation of decoherence by ligand evaporation in an experiment one has 

to find the right particles (see Table 4-1). The particle of choice should evaporate 

below 570 K (for use in the Even-Lavie see 3.1.2) without significant fragmentation 

into the same particles which are afterwards produced by photo-dissociation using 

radiation in the range of 1000 – 266 nm (    –      ). We assume the fragmentation 

process to be thermal. The relation between the internal energy U and the internal 

particle temperature T is given by the caloric curve U= U(T) [119]. The change of U 

with T is measured by the heat capacity  ( )        .  From a classical point of 

view we can calculate the heat capacity   
 

 
  .  All independent degrees of 

freedom of the atoms n sum up to     , and    being the Boltzmann constant. 

This formula shows that all particles and their degrees of freedom equally share the 

total energy. Here, the temperature indicates the average energy of every single 

degree of freedom of an object. 

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

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

  

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

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

particle.  
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The first part of this equation is the Maxwell-Boltzmann distribution, which 

describes the evaporation process of the fragment with mass    at a certain 

temperature T from the mother particle   . The sinc-function evaluates the 

momentum corresponding to the mass ratio 
  

  
, of the fragment    to the mother 
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particle   , with respect to the grating constant d. This integral can be solved 

analytically [121].  

Figure 4-6 shows the visibility reduction calculated for a particle with a mass of 

1000 amu depending on the delay between the first laser grating and the 

fragmentation. In this simulation the fragmentation is a thermal evaporation at 

temperatures from 10 K (right) to 110 K in steps of 10 K. The red curve shows the 

visibility reduction for an evaporated particle of 2 amu (e.g. H2), the blue curve for a 

40 amu particle like Argon or CO2 (44 amu). 

Figure 4-6 A particle of 1000 amu loses via thermal evaporation at 10 K (right) to 
110 K (left) 2 amu (H2 blue) or 40 amu (Ar, ~CO2 red). This process leads to a 
visibility reduction depending on the delay between the first laser grating and 
fragmentation. At the time of the first grating the interference is not sensitive on the 
initial particle’s momentum distribution. Depending on the delay to the second 
grating the sensitivity grows until it shows the maximum effect at the time of the 
second grating.  

 

The fragmentation can also be a photo-induced event that occurs within picoseconds 

after absorption. Special molecules containing a nitrite compound show strong 

photo-dissociation of the NO group in the UV range [122]. The flight direction of 

the fragment depends on the polarization of the light and the wavelength. 

Nitrobenzene, for example: at 248 nm, 53±2 % of the available 3.2 eV (photon 
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energy minus 1.8 eV dissociation energy) is transformed to the kinetic energy of the 

fragments [123], the rest of the energy  is split into vibrational and rotational 

excitations.  

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

of the photo-dissociated particles.   

 

 

4.2.1 Depletion grating 

 

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

 

Depletion spectroscopy  is a well-established technique to access absorption lines 

and their cross-sections at wavelengths starting from far infrared [112] to the optical 

[124] range, which are below the ionization energy of the particle.  The particles are 

usually co-expanded with a mixture of noble gases such as 1% Kr or Ar in He in 

order to form van der Waals bonds of Kr or Ar with the internally cold particles 

[125]. The lighter noble gas is needed to sufficiently cool the molecules or clusters 
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below the “boiling point” of the ligand. The particle beam is then hit by a 

wavelength tuneable laser beam. Photon absorption leads to a thermal heating of the 

particles which causes evaporation of the ligand. The signal of the particles with a 

ligand is now measured as a function of the laser wavelength. Other photo 

dissociated particles shouldn´t fragment to our considered particles, as shown in 

Figure 4-7.  

 

 

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

 Decoherence Depletion grating 
Dissociation @ 532 nm 157 nm 

Fragmented mass  1 - 4 amu unimportant 

Dissociation time scale Fast (ns)  Slow (µs) before 

detection 

Ionization cross section @ 157 nm 12 high low 

Absorption cross section @ 157 nm high high 

 σA = σI σA > σI 

Ionization cross section parent 

particle @ 157 nm  

high unimportant 

 

 

In analogy to the ionization gratings where the particles lose an electron, this marker 

scheme can be used to implement a grating where particles get rid of a ligand. The 

interference is detected for those particles that have not absorbed a photon. This 

depletion grating scheme has a main advantage since it doesn´t require laser grating 

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

                                                 
12 similar to Ac6. The cross-section of Ac6 perfectly fits for interferometry to the 

power of the F2-Excimer laser (EX50 GAM).  
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By choosing the right ligand one may also enhance the absorption cross-section of 

the whole cluster or molecule at the grating wavelength. In that case, the ligand with 

its high cross-section acts like a guide dog and leads the particle in a quantum 

mechanical way through the interferometer. Such guide dog molecules may be 

Ethene (C2H4) with               or  Pyrazine (C4H4N2)               

(see Table 4-2), which have at 157 nm an absorption line and ionization energies of 

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

 

Table 4-2 Comparison of different ligand molecules   

Ligand Dissociation temp. 

[K] 

Mass 

[amu] 

Cross section @ 157nm 

[10-18 cm2] 

Argon 87 40 0 

CO2 193 44 0.2 - 0.3 

[128],[129] 

C2H4 169 28   30    [130] 

C4H4N2 388 80   55    [131] 
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5 Influence of Coriolis force in matter wave 

interferometry 

 

Matter-wave interferometry is very sensitive to all kinds of perturbations [55,132–

134] as described in 4.1 as well as to fictitious forces like the Coriolis force.  Since 

we are preforming our experiments on earth, which is spinning13 with    

                , our frame of reference is not an inertial system. The Coriolis 

force [135] is given by  

 

       ( ⃗⃗       ) 

 

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

The effect of the Coriolis force can especially be seen with large space-time 

interferometers, where it deflects the coherently split matter-waves in opposite 

directions. As a consequence of Earth rotation the interferometer doesn´t close 

precisely in the end. The matter waves cannot overlap with the needed accuracy and 

no superposition is observed. 

One of these large space-time interferometers is a “simultaneous conjugated 

Ramsey-Bordé interferometers”. We have performed such an interferometer 

[5,44,136] with caesium atoms and multiple photon beam splitters during a research 

stay at the University of California, Berkeley. The atoms are trapped and cooled in a 

magneto-optical trap (MOT). A moving optical molasses accelerates the cold atoms 

upwards and releases them into an about 3 meter high ballistic free fall. Now the 

atoms are coherently split and recombined by multi photon Bragg diffraction [137] 

as shown in Figure 5-1.   

                                                 
13 Earths needs for a whole rotation in average 23 hours, 56 minutes, 4.0916 seconds (sidereal time)   
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Figure 5-1 Sketch of  simultaneous conjugate Ramsey-Bordé interferometers. The 
atoms are split at t1, t2, t3, t4 with π/2 pulses which split and recombine the atomic 
wave functions with a probability of 0.5. At each π/2 pulse, a momentum of several 
photons      can be transferred [136,138]. The non-interfering outputs of the last 
two beam splitters are not shown. Figure from [5]. 

 

After the last recombination laser pulses, the outputs A, B and C, D show a 

correlated interference patterns. Interferometers with large space-time areas are 

extremely sensitive to vibrations. To suppress their influence, the setup consists of a 

pair of simultaneous conjugate Ramsey-Bordé interferometers [75]. These two 

interferometers accumulate the same phase regarding to space like homogenous 

accelerations but with reversed signs. Therefore vibrations cancel out.  

Nevertheless the Coriolis force causes a special deflection of the two coherently split 

wave packets which prevents them from interference. Let´s consider one of the two 

paths with an inertial reference frame (which is not rotating with the Earth). The x-

axis is pointing westwards, the y-axis is pointing southwards and the z-axis is the 

direction in which the particles are coherently split. The velocity v (between the π/2 

pulses at t1, t2, t3, t4) of this wave packet in one path in respect to the other one is 

given by the photon recoil velocity          and the deflection by the Coriolis 

force (calculated with a first order approximation) 
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             (     )                                                         (           )    

 

             (  (     )          )                        

 

The experiment was built up in Berkeley, California at latitude         . 

This leads to a mismatch at t4 of 

 

           (    )     (     ) 

 

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

de Broglie wavelength 

 

     
 

√      
 (E 5-1) 

 

where    denotes the Boltzmann constant. The typical temperature T of the 

interfered caesium atoms in this experiment is 2 µK, which leads to a size of about 

100 nm. At pulse separation times of 250 ms and with a multi photon beam splitter 

of     , the Coriolis induced displacement of the wave packets amounts to 

          and reduces the interference contrast.  

To compensate for the Earth’s rotation we tilt the main mirror which retro-reflects 

the laser beams to create the π/2 pulses. The interference contrast becomes maximal 

at an angular tilting velocity14 of around                 and          

          which roughly matches the Earth’s rotation at latitude         . (see 

Figure 5-2). 

                                                 
14  Due to experimental limitations the x´-axis is pointing roughly west and the y´-axis is pointing 

south, enclosing an angle of 82°.  



Decoherence of matter-waves 

 86 

 
Figure 5-2 Interference contrast depending on the tip-tilt mirror rotation rate in y´ 
direction recorded for various pulse separation times. The x´-directions rotation rate 
is fixed at -26,2 µ rad/s. Figure from [5]. 

 

 

The Coriolis induced shift at the OTIMA interferometer [59] is given by  

 

               (     ) 

 

   depends on the mass of the particles because        . At a pulse separation 

time of 25.9 µs (see Figure 3-12), particles of a mass of 2000 amu separate their 

wave functions due to the Earth rotation by about 0.15 fm, 200 amu particles by 

already 1.5 fm. This influence can be neglected since the lower limit of the wave 

function size can be estimated by equation (E 5-1) with 4 pm (2000 amu at 100 K). 

This estimation gives a lower bound because our molecular beam is spatially 

restricted by slits which enhance the size of the wave functions. (see Figure 2-1). 
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However, the Coriolis force influences the interferometer pattern also in another 

way. It deflects particles depending on their velocities. These deflections also occur 

in grating direction and lead to dispersive shifts of the interference pattern, which 

will reduce the visibility. In pulsed molecular beam experiments, velocities can be 

selected by collimating the beam in the transversal direction as well as by pulsed 

detection in the longitudinal direction (see Figure 2-1) 

Future interference experiments may start with clouds of trapped cold particles (see 

6.2) which will expand in all directions. A deflection caused by Earth’s rotation will 

shift the interference pattern. The trajectories of the particles will be similar to the 

ones of rain clouds around a high atmospheric pressure area, but on nanometer scale.   

However, an interferometer in the time-domain can avoid this dephasing [7,21] by 

orientating the normal vector of the mirror, which gives the boundary condition for 

the light gratings, parallel to   . This reorientation will change deflections in the 

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

 

“Prediction is very difficult, especially if it's about the future” 15 

 

 

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

limit further. 

 

 

6.1 OTIMA with pulsed thermal laser evaporation 

 

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

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

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

 

     √
    

 
 

 

 

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

set the maximal passage time      

    
 equal to the Talbot-Lau time    

   

 
, and 

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

 

    
(      ) 

         
         

 
                                                 
15 Quote attributed to both Niels Bohr and Mark Twain [152]  
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If this product     is smaller than    [    ], particles of the most probable 

velocity at temperature T fulfill the Talbot-Lau condition and have enough time to 

form an interference pattern. Figure 6-1 shows this limitation from the first until the 

7th Talbot-Lau order. 

 

 
Figure 6-1 The lines set the upper limit for particles, with certain masses and a 
given most probably thermal velocity, to fulfill the Talbot-Lau condition. The border 
for the 1st order Talbot-Lau condition is the black line until the border of the 7th 
order in bright green.  
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6.2 OTIMA - interferometry in an ion-trap 

 

To decrease the velocity of heavy particles one can trap them as negative ions in a 

RF-multi-pole trap [139,140] and reduce their temperature by buffer gas cooling 

[141,142].  The minimum temperature which can be reached using a suitable cold 

head or liquid helium is around 4 K.  

At temperatures of 4 K, as shown in Figure 6-1, particles are slow enough to realize 

pulse separation times suitable for interference of particles with masses of more than 

107 amu. Metal clusters show a good size to mass scaling since they can form 

spherical particles with high density, for example of gold with a mass density of 

19320 kg/m³. A 107 amu gold cluster has a diameter of 11.8 nm. Biologically 

relevant molecules or already living matter in this mass range, like a tobacco mosaic 

virus have an extension of 300 nm [10]. Objects of sizes comparable to the grating 

constant would average over the standing light wave photon distribution and photo-

ionize everywhere. 

 

107 amu corresponds to a total interference time of about 300 ms. During this time 

particles fall already 45 cm in gravity, which is still a manageable distance for table 

top experiments. In this case one may have to think about a particle fountain similar 

to the experimental setup described in chapter 5 but for ions. The requirements 

regarding environmental decoherence become important [143] (see Figure 6-2). The 

main environmental decoherence sources are given by collisions with background 

particles [80] and by absorption/emission and scattering of thermal blackbody 

photons [81,118]. Elastic scattering of laser grating photons can be neglected until 

109 amu [7].  
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Figure 6-2 The contour lines set the border at which visibility is reduced through 
residual gas pressure and blackbody radiation (absorption/emission) by a factor 2. 
The temperature of the interfering particles is in equilibrium with the environment. 
The simulations are assuming clusters with gold properties and the residual gas 
consisting of N2. Figure form [143]. 

 

 

A possible experimental scheme:  

 

Negatively charged ions are cooled, mass selected and trapped in a RF-multi-pole 

trap. In the moment when the trap is switched off, the first pulse of the grating laser 

is applied and neutralizes the particles by single photon detachment in the antinodes 

of the standing light wave. This grating works in an inverse way to the ionizing light 

grating but still fulfills all requirements of a required transmission grating [7]. The 

remaining negative or the already positively photo-ionized particles are deflected by 

a small electrical potential. After one Talbot-Lau time, the second laser grating 

diffracts the neutral particles like in the previous OTIMA scheme and the third light 

grating photo ionizes and resolves the appearing interference pattern. After the last 
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grating, the now positively charged ions are trapped in the same RF-multi-pole trap 

and detected by fluorescence detection [144,145], counted with a channeltron or 

with a super conducting detector [146]. 

 

This experimental scheme consists of components and uses experimental techniques 

which are well established. Ion traps are therefore a promising tool to provide a cold 

suitable source and improved detection techniques for matter-wave interferometry 

with very massive particles.  
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7 Conclusion 

During my thesis we have built up the OTIMA interferometer starting from a nearly 

empty lab. The now existing setup is the first interferometer for massive and 

complex particles in the time-domain. We have proven the quantum wave behavior 

for Anthracene clusters [6] as well various other clusters consisting of pure Vanillin, 

Caffeine or Ferrocene [147]. 

 The use of only optical pulsed light gratings overcomes the restrictions of van der 

Waals interactions with material grating structures and offers a grating period of 

78.5 nm.  This pulsed interferometer accesses to study decoherence mechanisms for 

complex particles (e.g. evaporation of matter (4.2)) with unreached temporal and 

spatial precession. Also applications in metrology will benefit of the velocity 

independent character of the OTIMA setup [85,113]. 

Quantum mechanics is one of the best tested theories in physics but it is still an 

unresolved question if it still holds for macroscopic systems. Continuous 

spontaneous localization (CSL) theories like carried out by Ghirardi, Rimini and 

Weber [148] as well as [149,150] predict a random wave function “collapse” to a 

size of about 100 nm. The rate of this localization collapse scales with the mass of 

the object. In [143] we proposed a feasible test of the CSL model with the OTIMA 

interferometer with masses starting from 106 amu where recent estimations predict 

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

 
Figure 8-1 Setup view from the source side. 

 
Figure 8-2 Setup view from below. Vacuum assembly for beam line purging; optics 
box and beam line tubes. 
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Figure 8-3 Setup view from the side. The 2-inch interferometer mirror is mounted 
where the violet laser beam enters the chamber. 
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Figure 8-4 Setup in a schematic front view (SolidWorks).  
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9 Publications 
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 Philipp Haslinger, Nadine Dörre, Philipp Geyer, Jonas Rodewald, Stefan 

Nimmrichter, Markus Arndt 

A universal matter-wave interferometer with optical ionization gratings in 

the time domain 

Nature Physics 9, 144–148 (2013) 

 

 Shau-Yu Lan, Pei-Chen Kuan, Brian Estey, Philipp Haslinger, Holger Müller 

Influence of the Coriolis force in atom interferometry 

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

 

 Klaus Hornberger, Stefan Gerlich, Philipp Haslinger, Stefan Nimmrichter, 

Markus Arndt 

Colloquium: Quantum interference of clusters and molecules 

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

 

 Stefan Nimmrichter, Klaus Hornberger, Philipp Haslinger, Markus Arndt  

Testing spontaneous localization theories with matter-wave interferometry  

Phys. Rev. A 83, 043621 (2011)  
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