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Abstract

This thesis demonstrates the development and usefulness of light-based tools, in particular stand-
ing light waves, in molecular interferometry. The main result shown is the first experimental
realisation of Bragg diffraction of complex, hot molecules in the far-field regime, exhibiting a
momentum transfer of up to 18hk. Demonstrated for a dye molecule phthalocyanine and an
antibiotic ciprofloxacin, Bragg diffraction shows promise in becoming a universal beamsplitter
for molecular quantum optics. A theoretical overview of far-field diffraction and interactions
of molecules with light is followed by a detailed description of the diffraction experiments and
obtained results. Bragg diffraction is especially important as a beamsplitter for polar molecules,
since material gratings can be used only with limited success due to molecule-grating interac-
tions, subsequent dephasing and loss of interference. The second part of the thesis focuses on
a fibre-based beam profiler. Developed and used for alignment in diffraction experiments, it can
also be used as a stand-alone tool for measuring laser beams in ultrahigh vacuum and tightly
confined spaces.






Zusammenfassung

Die vorliegende Arbeit zeigt die zum ersten Mal realisierte Bragg Beugung organischer Moleklile
an einem dicken optischen Lichtgitter. Erfolgreiche Beugung von Farbstoff Phthalocyanin und
Antibiotikum Ciprofloxacin betont, dass die Bragg Beugung als Strahlteiler oder Spiegel fiir po-
lare und polariserbare Molekiile verwendet werden kann. Da solche Molekile wegen u.a. van der
Waals Kraften oft an materiellen Gittern nicht gebeugt werden konnen, ist die Bragg Beugung ein
wichtiger Schritt in Richtung universeller optischer Komponenten fiir Materiewellenexperimente
mit komplexen Molekiilen. Die Arbeit umfasst eine theorische Einfuihrung in die Fernfeldbeu-
gung und Wechselwirkung der Molekiile mit Licht, sowie die detaillierte Beschreibung der Bragg
Beugung und der durchgefiihrten Experimente. AnschlieBend wird ein auf Glasfaser basierter
Laserprofiler erlautert, der fiir Justage in Beugungsexperimenten entwickelt wurde und sich be-
sonders gut fur Hochvakuumbedingungen eignet.
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1 Introduction

1.1 Motivation and overview

Ever since de Broglie's seminal hypothesis [1] claiming the wave-like nature of matter by assigning
a wavelength A\gg = h/muv to particles of mass m moving with velocity v, matter-waves have
become a cornerstone of quantum physics. Experimental demonstrations of the quantum nature
of matter and resulting interference of matter waves have, over the past century, been presen-
ted for increasingly complex systems, from electrons [2, 3] and neutrons [4,5] to atoms [6-10],
small [11,12] and complex molecules [13] and even molecular clusters [14]. Furthermore, mass
scalability shown by these experiments has made matter-wave physics a powerful tool for numer-
ous sensing and metrology applications and for exploring the limits of the quantum superposition
principle for massive particles.

A selection® of notable experiments includes fundamental tests measuring gravitational phase
shifts and accelerations with neutrons [20] and atoms [21, 22|, tests of general relativity and
the equivalence principle [23] and measurements of the fine structure constant [24,25]. The
inherent sensitivity of matter-wave interferometers to even minuscule forces allows also for precise
measurement of internal molecular properties such as polarizability [26], absolute absorption cross
section [27] and ground state diamagnetism [28]. Continuous advances have made it possible to
achieve interference of ever more complex and heavier molecules, demonstrating interference of
a native polypeptide biomolecule [29] and the current mass record of over 25 thousand atomic
mass units [30].

Most of these experiments make use of light-based diffraction elements. Standing light waves
are extensively used as phase and diffraction gratings for atoms [31] and molecules [32-34]. Fur-
thermore, coherent beam splitting in atom interferometry has historically been done by making
use of single photon recoil [7] or generating entanglement between the atom's electronic and
motional state or single photon absorption stimulating Raman transitions [10], achieving a co-
herent superposition spanning over several millimetres. Nowadays, mainly multi-photon Bragg
diffraction [35-37] and Bloch oscillations [38] are used, reliably achieving momentum transfers
up to several hundred photon momenta fik [39,40] and quantum superpositions as large as half a
metre [41]. These techniques have, however, not been demonstrated in molecular interferometry,
despite the same need for reliable mirrors and beamsplitters.

1 Comprehensive reviews of atom and molecular interferometry can be found in [15-19].
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1.2 Thesis structure

The central result of this thesis is the first experimental demonstration of Bragg diffraction for
complex molecules, showing a maximal momentum transfer of 18 ik and paving the way towards
efficient optical beamsplitters for molecular matter-waves. The thesis begins with a theoretical in-
troduction covering diffraction theory and light-matter interactions (Chapter 2). Next, a detailed
description of the experimental setup used (Chapter 3) and a thorough treatment of observed
Bragg diffraction (Chapter 4) are given. This includes a theoretical treatment comparing the
experiment to simulated predictions and experimental demonstration of diffraction for both polar
and non-polar molecules. In addition, Chapter 5 discusses a fibre-based beam profiler developed
in the course of Bragg diffraction experiments to measure and monitor the laser grating and its
overlap with the molecular beam.




2 Theory

Diffraction phenomena, describing the behaviour of light upon hitting an obstacle or an aper-
ture, were mentioned [42] and later demonstrated in Young's double slit experiment [43]. The
mathematical framework commonly used to represent these phenomena, the Kirchhoff-Fresnel
integral [44], was gradually developed, starting with the integral formulation of Huygens's prin-
ciple by Fresnel and later ensuring the compatibility with Maxwell’s electromagnetic theory of
light.

Following that, a matte-wave specific approach via Wigner functions [45] was introduced. Defined
as a quasi probability function for quantum states in phase space, it provides a useful framework
for diffraction phenomena, especially in interferometer configurations. While the Kirchhoff-Fresnel
approach calculates the resulting pattern relatively easily, using Wigner functions allows for clearly
depicting interactions and propagation between the gratings, influences of the detector, as well
as factors such as finite grating or detector size.

The final section focuses on interactions of light with matter. An atom interacting with a light
field is modelled as a semiclassical Lorentz oscillator to derive the dynamic complex polarizability.
The derived result is then used to analyse interactions of atoms and molecules with an optical
diffraction grating.

2.1 Diffraction theory

2.1.1 The Kirchhoff-Fresnel integral

The Kirchhoff-Fresnel integral predicts the propagation of an electric field diffracted at an
obstacle, e.g. an aperture, depending on the aperture, the initial field and the geometric setup of
the problem, while satisfying the scalar Helmholtz equation. Starting with Maxwell's equations
in vacuum and the subsequent wave equation of the electric field

L& piroy = ABG ) (2.1)
CQ 8t2 r, = r, .

the vector Helmholtz equation is obtained by considering a monochromatic wave of the form

E(7,t) = E(F)e ™" as
AB(R) + REF) =0, k= "2 (2.2)
c
Here k is the wave number for propagation in a medium with refraction index n, reducing to
k = w/cin vacuum. Since the time-dependence is contained only in the exponential factor =,

it will be left out from now on, as the complete time-dependent field can be obtained by simply
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appending said factor to the spatially dependent component. Neglecting the polarisation, the
vector equation is simplified to its scalar version

AE(T) = K E(7). (2.3)

Under these assumptions, for an aperture placed at z = 2z’ = 0 and an incoming field E(z2/,y/, 2') =
0 (Fig. 2.1), the field at position E(z,y, z) is given by the Kirchhoff-Fresnel integral as [46]

i eikR | 1+ cos (ﬁ, 2)
E =—— do’ dy E(2',y/,0) - : 2.4
@) ==y [[ Wy B0 . (24)
aperture

where R = (z — 2/)& + (y — y/)§ + 22 is the vector pointing from the aperture’s midpoint to
the position where the resulting field is calculated and R is the magnitude of R. For the scalar
approximation to maintain its validity, the field should be measured in the distance significantly
larger than the wavelength, R > X\ and for small angles, i.e. close to the z-axis. If either of
these conditions are violated, the polarisation starts influencing the diffraction significantly and
the problem has to be treated with the vector Helmholtz equation (Eq. (2.2)).

The exponential term e?*7 /R encodes the Huygens' principle, that is, the superposition of spher-
ical wavelets generated by the incoming field at each point of the aperture. The obliquity factor

1+ cos <ﬁ, 2)

fobl = 9

(2.5)

ensures that the diffraction occurs mostly in forward direction, reducing to 1 for the field measured
on the z-axis and preventing the field from propagating backwards into itself.

Knowing the complex field E(z,y, z), the real valued intensity of the diffraction pattern can be
computed as
I(z,y,2) = |E(z,y,2)|* = EE*. (2.6)

Due to multiplying the field with its complex conjugate, any interference taking place is already
encoded within the intensity. Practically, this means that the Kirchhoff-Fresnel approach can be
used to analyse and explain phenomena such as diffraction on a slit or a grating or the Poisson
spot - a bright spot on axis in the geometric shadow of an object, which can only be explained
by diffraction and the wave nature of light.

2.1.2 Near- and far-field diffraction

After passing the diffraction element, the field evolves according to Eq. (2.4). The associated
intensity pattern, however, behaves remarkably different depending on the distance from the
aperture, leading to the distinction between near- and far-field diffraction. A simplification of
the Kirchhoff-Fresnel integral is available for both cases, with the far-field being a limiting case
of the near-field. Physically, the difference between the two regimes lies in the influence of the
wavefronts' curvature, which is significantly stronger closer to the aperture than at large distances
where the wavefronts are nearly parallel.
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E(x,y,2)

E,y,0)

Figure 2.1: For an incoming field E(2’,y/, 2’ = 0) arriving at an aperture placed at
z = 0, the diffracted field at position R as measured from the middle of the aper-
ture, E(x,y, z) can be calculated using the Kirchhoff-Fresnel integral [46]. The scalar
approximation is valid for fields in large distances compared to light's wavelength and
close to the axis defined by the unit vector Z.

The near-field or Fresnel approximation assumes diffraction in the forward direction, setting the
obliquity factor (Eq. (2.5)) fop = 1. This condition is achieved for small angles between & and
the z-axis and further implies that the field is measured in the distance R = z from the aperture.
The distance R in the denominator of Eq. (2.4) can hence be approximated as

R:Z\/(ﬂf—x’)2+(y—y’)2H:Z[H($—x’)2+(y—y’)2+”_ e

22 222

Again, this approximation is performed only in the denominator, as even small changes in the
exponential term e’*% could lead to extreme variations in the periodic modulation of the resulting
pattern. Substituting this into the integral, the field is given by

eikz

Az
/ / 1o k 12 12 k / /

. de' dy’ E(2',y',0) exp zg(:c +y“)| - exp —z;(:vx +uyy')| .

aperture

Enear(x; y’ 2) = 7/

k 2 2
enfi ]

(2.8)

It can be shown that the Fresnel approximation is equivalent to the paraxial approximation in ray
optics, as the fields obtained this way are exact solutions to the paraxial wave equation

0*  0? 0
{@ + a7 + 22/{:&} E(z,y,z) = 0. (2.9)
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For a grating with period d, diffraction in the near-field shows the Talbot effect: for the distances
z that are integer multiples of the Talbot length

d2
Ly = oY (2.10)
the obtained pattern is the self image of the grating with the same period. Additional images with
smaller periods are found at rational fractions of Ly, termed the fractional Talbot effect. This
example shows the defining feature of the near field diffraction pattern, which is that the intensity
distribution continually evolves with increasing distance from the aperture. After transitioning to
the far field, the pattern only grows in size while maintaining its shape. The transition happens

for
2

a
— 2.11
z > \ ( )

where a is a parameter characterising the aperture size. The first exponential term in the integral
in Eq. (2.8) then simplifies to

exp [i;(xa + yQ)} ~ 1 (2.12)
2

yielding the electric field in far-field or Fraunhofer approximation as

7 k
o = ——— exp(ik=) - exp |i—(® + 4°) |-
far o exp(ikz) - exp {z%(:c +y )]

. 1o k ' / (213)
//dx dy'E(2',y',0) exp —zg(xx +yy')| -

aperture

The form of the field as defined by the integral does not depend on the distance on z anymore, as
changing z influences only the prefactor and scales the intensity in size via the 1/z, /2 and y/z
terms [46]. Figure 2.2 [19] shows the transition from the near- to the far-field for a grating with
10 equidistant slits, with the Talbot self images of the grating on the left hand side transitioning
into the constant far-field pattern.

The Kirchhoff-Fresnel formalism can be extended and applied to diffraction of matter-waves as
well. Starting with the Schrodinger equation

2

ih%zp(t,z) - (—;—mA + V(x)) = Ey(t,x) (2.14)

where E represents the total energy and assuming a time-independent potential, an ansatz for
the wave function separating the time component can be written as
Bt
Y(t, x) o< (x)exp —i— (2.15)

analogously to the monochromatic wave used in the previous derivation. By rewriting the
Schrodinger equation as

Ap(x) + k*)(z) =0 (2.16)
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—

Figure 2.2: Simulation [19] of a grating illuminated by a plane wave showing the
diffraction pattern in the near- and far-field. The near-field Talbot carpet, consisting of
the repeated self images of the grating on the left hand side transitions into the far-field
diffraction pattern on the right. The brightness corresponds to the pattern’s intensity
at a given spot.

and using the dispersion relation in free space

2m _
ﬁ(V(x) —F) (2.17)

k =
it now has the same form as the scalar Helmholtz equation (2.3). The same treatment of the
problem as already introduced is now possible as long as the, now position-dependent, dispersion
relation is taken into account.
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2.2 Wigner functions

Wigner functions [45] are a useful tool for visualising quantum states in phase space. The
behaviour of a single quantum particle, and in particular, its position and momentum expectation
values, can be modelled as behaviour of an ensemble of classical particles as governed by statistical
mechanics [47,48]. The defining commutation relation of a quantum phase space with position
and momentum coordinates &, p and states |¢) is

[, p] = ih
[, Pl [¥) = ih|¢) .

As usual in quantum mechanics, there are two ways for writing out the states [¢), either as
eigenstate decomposition or using the density matrix. For eigenstates |«), the decomposition
into a weighted sum

(2.18)

[0) = leale™ |a) (2.19)

represents a superposition of basis states, often chosen as plane waves, with their momentum
defining the eigenstates continuum. Alternatively, the matrix representation via density operator

p = [PXY| (2.20)

makes it easier to compute the eigenstates’ population and correlations between different eigen-
states. The populations are the diagonal elements of the density matrix

2 2
Paa = (alpla) = [{a]1)]” = [ca] (2.21)
The off-diagonal correlations, also called coherences, are computed similarly as
pacr = {alpla’) = |Cate|e P %) (2.22)

underlining that coherence is strongly dependent on the eigenstates’ phases ¢,. The Wigner
function can then be defined as a Fourier transform of the density operator in position-space
representation and for a transition from the state |z — s/2) to |z + s/2) [48]

“+oo
1 ~ S S
_ b ipsih [ . _ S s
W(z,p) 5T dse <x 5 ‘p‘x + 2>. (2.23)
Equivalently, if the wave function in position space is written as ¢ (z) = (z|)) the Wigner
function becomes [49]
+00
- J e o= 5o )
W (x,p) 5 ds e "y* (x 5 Yz + 5) - (2.24)

The Wigner function is a quasi-probability function playing the role of Boltzmann distribution in
the classical physics, i.e. providing a probability of a quantum state having a certain position
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and momentum. The most important difference compared to classical probability function is that
Wigner function can take negative values as well, which are an unmistakable characterisation of
quantum states. Probability distribution functions with respect to either position or momentum,
i.e. the distribution’s marginals, can be extracted? from the Wigner function as

“+oo
Whes(2) = 5 [ dpIW(2.0) = Galpia)
i (2.25)
Wmom(p) = ﬁ dw W(l’,p) = <p‘p‘p> .

Over the entire phase space, the Wigner function integrates to unity

/70 dzdp W (z,p) =1 (2.26)

since both the position and momentum have to be found somewhere within the configuration
phase space.

More generally, the Wigner function is a part of the Wigner-Weyl transform, an invertible map-
ping between position representation operators in the Schrodinger picture and their phase space
equivalents [50]. A Wigner transform brings a general operator A from position representation
into phase space as

+oo
Az, p) = / ds ePs/h <x - g Alz + §> (2.27)

while the inverse, the Weyl transform, maps an operator from the phase space to the position
representation.

Wigner functions are especially useful for describing diffraction and interference, and consequently
interferometers. This approach is scattering-based, alternating between free propagation and
interacting with diffraction elements, making it well-suited for thin-grating interferometers. While
this makes it less applicable to thick Bragg diffraction gratings used in this work, the formalism
gives a good general overview of interactions with light-based gratings and is included for the
sake of completeness. Starting with a Wigner function Wy(x, p) of a particle with mass m, the
free evolution in time ¢ is obtained by a shearing transformation

Wiz, p) = Wi <x _ %’, p) . (2.28)

Transmission through a grating is given as a convolution of an incoming® Wigner function W

2 See [48] for a detailed calculation.

3 Since we are, at this point, only interested in the transmission through the grating, the incoming function is
again denoted by W;. For a more complete treatment where the propagation in front of the grating plays a
role, Wy = Wy(x, p) as defined by Eq. (2.28) is implied.
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with the transmission kernel T'(z, p)

Wz, p) = / dr Wo(z, r)T(x, p—r) (2.29)
The transmission kernel has the form
1 : s s
- ips/h 7Y 4 2
T(x,p) 27rh/d86 t(z 2)75 <x+ 2> (2.30)
where t(z) is the transmission function changing the incoming wave function ¢ (x) = (z|¢) to
Y(af) =t (). (2.31)

depending on the position = at the grating at which the transmission occurs, the interaction
potential with the grating V' and the forward momentum p, = p as

H(z) = [f(x)] exp [—ipﬁh / =V (z. z)} | (2.32)

The spatial coefficients #(z') can be determined using a Fourier series decomposition, as detailed
in [51]. For the case of a thin optical grating of period d = \/2 formed by a standing light wave,
the final amplitude transmission function can be written as

t(r) = exp [(—% + iqb()) cos” (W%)] . (2.33)

The parameters ¢, and ny (Eq. (2.52), (2.56)) are the maximal phase shift imprinted on molecules
when passing through the grating and the maximal number of absorbed photons in the grating's
antinode, respectively.

2.3 Matter-light interactions

Depending on the phenomena of interest, interactions of matter with light can be described in
several different frameworks. Einstein's rate equations, for instance, describe classical dynamics
of absorption, stimulated and spontaneous emission of radiation for a classical light-field and a
quantized atom, while the optical Bloch equations develop a quantum perturbation theory under
the same conditions, describing the full coherent evolution for the case of intense light. A full
quantum treatment, on the other hand, is provided by the Jaynes-Cummings model, taking into
account interactions of a quantized atom with a likewise quantized electric field. This approach
always provides a coherent evolution, but is mostly used in cases where matter interacts with
only a few photons.

2.3.1 Lorentz model

Atom-light interactions can be described classically by modelling an atom as a damped harmonic
oscillator with a single electron bound to the nucleus, in what is known as the Lorentz model
and summarised* here. An atom in this picture has a single oscillating electron driven by a

4 See [52,53] for a more detailed description.

10
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monochromatic time-dependent electric field associated with light of wavelength A

—

_ A —iwt
= ¢E, _
E(t) = éEge (2.34)

with the unit vector € and w = 27¢/\ describing the polarisation and the frequency of the light
field respectively. This classical model is a good approximation for small electron displacements
and, more generally, for cases well-described by harmonic potentials. Furthermore, the model
helps to develop a clear intuition about polarizability depending on the driving frequency, the
atom'’s resonant frequency, and possible detuning.

In the dipole approximation, i.e. assuming that the wavelength is a lot longer than the atom’s
diameter, the variations of E across the atom are negligible. The force exerted on the electron
carrying charge e can then be written as

F = —¢E = —eEye ™. (2.35)
On the whole, the electron satisfies the equation of motion

d2z dr 9 ,

M— +ym— + wiT = —eEge "' 2.36
dt2 7 dt 0 0 ( )
written in the centre-of-mass system for a resonant oscillation frequency wy with reduced mass

m =", (2.37)
My, + M

since the nucleus' mass m,, is singificantly larger than the electron mass m.. The damping or
friction term vm% models radiative losses due to charge acceleration or collisions with other
nearby atoms. In the quantum picture, looking at an isolated atom as a two-level system [54],
the coefficient + equals the Einstein's A, coefficient describing the spontaneous decay of the
excited into the ground state
1 . |M12|2w3

=Ay =—= . 2.38
7 T r T 3reghd? (2.38)
Here 7 is the lifetime of the excited state and | M| is the dipole matrix element governing the

transition between the states |1) and [2).

Assuming that the averaged electron’s position & follows the electric field (Eq. (2.34)), an ansatz
can be written as '
T(t) = éxpe™™". (2.39)

Eq. (2.36) is then solved for

6E0 1
X m OJZ _ (.U(2) _I_ Z'YUJ xO(W) ( )

with complex Lorentzian dependence on the driving field frequency w. Knowing the average
position & and the electron’s dipole moment ¢ = —e, the polarizability «(w) is defined to
measure how easily the field E induces that dipole moment:

7=a(w)E (2.41)

11
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and is given by

e? 1
a(w) = — - — SR
m Wi —w? —iyw

(2.42)

The polarizability is a complex quantity, describing the atom’s response to the applied electric
field in full. As such and given in the frequency space, the response can also be understood as a
Fourier transform of the applied field. The real part Re(«) describes scattering processes, while
the imaginary part Im(«) describes absorption of radiation. Furthermore, Re(«) is a Lorentzian
curve with full width half maximum (FWHM) of -, corresponding to the reciprocal excited state’s
lifetime (Eq. (2.38)) as illustrated in Fig. 2.3.

— Im (o)
j - ---Re ao(w)

Polarisability a(w)

o

Frequency o (a.u.)

Figure 2.3: Complex polarizability o/(w) for an atom in an electric field at and around
resonance wy. The real part (red dashed curve) is a Lorentzian curve describing scat-
tering processes with full width at half maximum 7 and reaching its maximum at the
resonance. The imaginary part (black solid curve) describes the absorption of radiation
by the atom.

If an atom has several electrons or different possible transitions & the polarizability becomes

e? 1
- 2.4
)= S5 i 243)

where all contributions of single electrons (Eq. 2.42) are weighted and summed up. The weighing
factor foi, also called the oscillator strength factor, is dimensionless and describes the fraction
of the total energy (in the classical case) belonging to a particular transition [55]. Moreover, it

12
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describes the ratio between quantum and classical absorption cross section as

ook 2mmeed® 5
for = =— (2.44)
O classical € Wik

with

> fo=1 (2.45)

The sum condition, known as the Thomas-Reide-Kuhn rule, follows directly from the fact that
the oscillator strengths describe fractions of the total classical energy. Subscript k indicates that
the quantity is specific to the kth transition or electron, with the zero showing that all of them
originate from the ground state. More generally, for transitions between two states j, k£, one can
write

Fik =95 = =9k Juj (2.46)
with g, representing the corresponding states’ degeneracy factors [55]. For degenerate energy

states, the oscillator strength then represents an average over all magnetic quantum numbers of
those states.

2.3.2 Interactions of matter with a standing light-wave

In most experiments making use of optical gratings, these gratings are standing light waves, built
by retroreflecting a laser beam back into itself. For a Gaussian beam propagating along the z-axis
(see Section 5.1 for a detailed mathematical description) the time-averaged intensity profile is

8P y? 2? 5[ T
I — . —9 L . = 247
(x,y,2) exp { <w§ + )] cos <7r ) ( )

w2
TWyW, w2

and directly proportional to the squared intensity of the associated electric field E, E= |E\

1
I= 5cgoE2. (2.48)
In Eq. (2.47) P is the laser power, w, , are the beam waists along the z- and z-axis and
k = 2w/ is the magnitude of the wave vector. The period of the grating, d = /2, is half of
the laser's wavelength. When a particle with polarizability « passes through a light-grating, a
dipole moment ¢ = aF is induced and the particle experiences a potential
1

- — (8%
V=-d E=——aF*=——I 2.49
206 CEQ ( )

Depending on its position in this potential the particle’s phase is shifted by [51]

1 +o00 a 400
Ag(x) = _ﬁ/ dtV = — dt I(z,y, z,t). (2.50)

0o CEQFL — o0

The integration is done using the eikonal approximation [51,56], assuming the trajectory of the
particle remains unaffected by the laser grating during the interaction. The spatial coordinate in
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flight direction z can then be expressed in terms of velocity and transit time as z = v.t, resulting
in

A¢(z) = ¢o cos? (7?3) . (2.51)
The maximal phase shift is obtained when the cosine equals 1 and is
2 « P
= Aoy = A — + —— - _ 2.52
%o ¢ \/; heeg  wyv, ( )

Additionally, a particle may absorb several grating photons while traversing the light field. As-
suming that individual absorption events are independent from each other, the probability P, of
absorbing n photons can be modelled via Poisson distribution

(2.53)

The local photon absorption rate I' depends only on the laser intensity and the absorption cross
section

2
Oabs — 50_)\ Im(a) (254)
and is given by
A
['(z,2) = %I(x, 2) O abs- (2.55)

The position-dependent number of absorbed photons is obtained by integrating along the particle’s
path [51] as

+o0 T
n(l’) = / th(x, z = ’Uzt) = Ny COS2 (7-‘-3)
8 Uabs>\ P
V2r  he  wyu,

where nq is both the maximal possible number of absorbed photons and the mean number of
photons absorbed in the grating's antinode. Knowing this and the maximal phase shift ¢, (Eq.
(2.52)), a dimensionless parameter characterising the grating can be defined as

(2.56)

Ng =

B 1 N . Uabs)\
N 47T€0 4@50 N 812

B

(2.57)

For 3 > 1 the phase shift is negligible and the grating acts as a purely absorptive one, while it
is a pure phase grating for § < 1.
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2.3.3 Behaviour of atoms and molecules

In principle, the discussion presented here, especially the frequency-dependent behaviour of po-
larizability (Eq. (2.42)), can be applied to molecules, too. The problem, however, lies in the
exceedingly complex internal structure of molecules compared to single atoms. Since the mo-
lecular internal states are close together, it can be hard to address only a particular transition.
This is further complicated by broad molecular spectral lines®, often orders of magnitude broader
than their atomic counterparts.

Absorption of photons presents an additional issue in matter-wave experiments [57,58]. Depend-
ing on specific parameters and molecules used, absorption can lead to depletion of the beam
via ionisation or fragmentation. Additionally, heating of the molecules and reemission of an ab-
sorbed photon can in some cases lead to decoherence and subsequent loss of the interference
pattern [59, 60].

5 See Fig. 3.5 and 3.6 for an illustration of this and the spectra of molecules used in the experiment.
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3 Experimental setup

The far-field diffraction apparatus used in this work consists of three main components: the laser
desorption stage, the interference chamber and the fluorescence microscope. Its main advantage
lies in its versatility and relatively easy alignment compared to multi-grating interferometers. This
allows for numerous different experiments and a sandbox environment for testing new sources,
beamsplitters and detection methods. Examples of previous work done in this setup include
investigating the influence of molecular dipole moments [61] and van der Waals interactions with
the grating walls on the interference pattern [62], demonstrating a diffraction grating made out
of single-layer graphene [63] and quantum interference at the skeleton of an alga [64].

Figure 3.1: Schematic overview of the far-field diffraction apparatus used for Bragg
diffraction experiments [65]. A coherent molecular beam is generated via microfocused
laser desorption, collimated horizontally and vertically using the slits S, and S, and
diffracted at a grating, here formed by a standing light wave. The resulting pattern is
imaged using fluorescence microscopy.

The diffraction apparatus’ principle is illustrated in Fig. 3.1 and can be summarised as follows:
A coherent molecular beam is generated by tightly focusing a laser beam onto a thin sample
surface, so that the sample is sublimated. The beam is collimated using horizontal and vertical
slits and diffracted at a standing light wave after 1.5 m of free flight. After passing the grating,
the molecules are collected on a 170 um thin quartz plate further 0.57 m downstream, where
they are imaged via laser-induced fluorescence microscopy. All diffraction experiments were
done in vacuum at or below 1 x 10~ mbar to prevent unwanted interactions, reduce possible
environmental effects and minimise collisions with the residual gas which could lead to signal
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depletion or decoherence. The setup is evacuated by a series of turbomolecular pumps with the
total nitrogen pumping capacity of 12751/s and the pressures of the source, interferometer and
detection chamber independently monitored. The following sections give a detailed view of all
stages and their operation, as well as the molecules used in the experiment and their properties.

3.1 Molecular source

A stable, coherent beam of molecules is generated by focused laser desorption, as illustrated in

00>

Shutter MCS Source
window

Laser

Figure 3.2: Schematic overview [66] of the desorption scheme generating a molecular
beam. A beam from a blue laser diode at 420 nm passes a mechanical shutter and a
mode cleaning stage MCS before being reflected on a dichroic mirror DM and focused
to roughly a micrometer-large spot on the inside of a vacuum window. Here it is
absorbed by a thin film of molecules which are evaporated from the surface and follow a
Maxwell-Boltzmann velocity distribution. A continuous stream of molecules is obtained
by moving the window via a motorised two-dimensional translation stage. Fluorescence
emitted by desorbed molecules (represented by an orange beam) is transmitted back
through the objective and DM and registered on a CMOS camera to monitor the focus.

A 420 nm blue laser diode passes a mechanical shutter and a mode cleaning stage MCS consisting
of two lenses and a pinhole between them, ensuring that everything but the Gaussian TEMgq
mode is filtered out. The beam is then reflected on a dichroic mirror DM and focused by a x50
magnifying objective to a 1.6(1) pm spot onto the inside of the source vacuum window, covered
with a thin layer of prepared molecules. The molecules on the inside of the window sublimate when
heated, following a roughly Maxwell-Boltzmann velocity distribution To obtain a constant stream
of molecules, the source window is moved using a VAB motorised two-dimensional translation
stage.

The significance of the tight laser focus is twofold. Firstly, it ensures that the molecules are
heated and evaporated only locally, without inducing possible thermal damage to the rest of the
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layer. Secondly, a small effective source size helps achieve sufficient transverse coherence of the

beam, defined as .
2
X, = ‘;B : (3.1)

The transverse coherence width quantifies the portion of the grating that can be illuminated
coherently in distance L from a source of size® s producing molecules with de Broglie wavelength
Agg. For a molecule” of mass 514 u flying at 250 m/s, the coherence width at the position of the
grating is 5.8 pm, illuminating 22 diffraction periods of 266 nm length coherently.

The focus is monitored by observing the fluorescence light emitted by the excited molecules, which
is transmitted through the objective and the dichroic mirror onto a CMOS sensor. The objective is
mounted on a micrometer translation stage, allowing for fine-tuning of the focus. Furthermore,
to ensure a consistent beam generation, the tilt angle of the vacuum window is adjusted so
that the beam is hitting the window perpendicularly. To exclude fragmentation of molecules
during desorption, molecules were collected on a glass microscope slide after a centimetre of
free flight and the sample subjected to a spectroscopy analysis [65, 67]. Matrix-assisted laser
desorption /ionisation shows that over 99% of the sample is desorbed without thermally induced
fragmentation or other thermal damage.

All experiments presented here have been done using a so-called dropped source. Such sources
are prepared by dissolving a molecular sample in acetone to obtain a moderately thick solution,
which is then spread on the inner surface of the vacuum window and left to dry. An alternative is
presented by evaporated sources, where a laser desorption mechanism similar to the one described
here is employed to deposit molecules from a dropped source onto another window where they
condense again to form a thin uniform layer. This window is then used as a source window
in the experiment. Evaporated sources show considerably larger transverse coherence due to
the high homogeneity and minimal thickness of the molecular layer, but the trade-off involves a
significantly lower molecular flux, increasing the experiment duration.

3.2 Diffraction grating

The grating for Bragg diffraction experiments was formed by retroreflecting a 532 nm laser beam
(COHERENT VERDI V-18) to form a standing light wave, as illustrated in Fig. 3.3. The
orientation of the light grating with respect to the molecular beam and the coordinate axes used
in further text are the same as introduced in the schematic overview in Fig. 3.1. The coherence

length of the laser can be estimated using the manufacturer specified frequency stability as
c 2

L.=—=— 3.2

Av AN (3:2)

and amounts to 59.8 m for Av = 5MHz. Longitudinal coherence describes the phase relations
along the direction of the wave propagation, so that two waves from the same source with a

6 Here the source size is given by the size of the laser focus, s = 1.6(1) pm.
" Phthalocyanine as used in the experiments, see Section 3.3 for detailed properties.
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slight difference in wavelength or frequency completely dephase over L./2 and are back in phase
after L.. As the distances in the experiment are on the order of several meters, the phase of the
standing light wave can be taken as constant.

BD
} =
s D
12> ==
Laser BD L3

L1
= =
HRM

Figure 3.3: Sketch [66] of the scheme generating the optical standing light wave grat-
ing used in Bragg diffraction experiments. A 532 nm laser beam is expanded horizontally
by a telescope consisting of spherical lenses L1 and L2, passes a half-wave plate A/2,
a polarising beamsplitter cube and a quarter-wave plate A/4. The cylindrical lens L3
focuses the beam vertically before entering the vacuum chamber, indicated by a gray
dashed rectangle. The standing light wave is formed by reflecting the beam back into
itself from a highly reflective mirror HRM, whose angle and position can be controlled
with prad precision. The half- and quarter-wave plates are used to, respectively, vary
the grating power and redirect the reflected beam to beam dumps BD, to avoid damage
to the laser.

== p>

The beam is expanded to a horizontal waist of w, = 7.04(6) mm using a telescope formed by
plano-convex lenses L1 and L2 with focal lengths of 40 mm and 250 mm respectively. After
passing a half-wave plate A/2, a polarising beamsplitter cube and a quarter-wave plate A/4,
the beam is directed to a cylindrical lens L3 with 250 mm focal length, whose position and
orientation determine the vertical grating waist w, of 55-65um. The grating is formed by
reflecting the incoming beam off of a highly reflective mirror HRM inside the vacuum chamber
(grey dashed box in Fig. 3.3) back into itself. To avoid damage to the laser by the reflected
beam, the quarter-wave plate A/4 is set to redirect the reflected beam into the beam dumps
BD on the side of the beamsplitter cube.

The mirror is controlled using a custom-made holder coupled to a SMARACT linear stage with
26 mm motion range at 1nm step size and a PIEZOSYSTEM JENA PSH10/2 piezo-based tilt
system varying the mirror's angle about the y- and z-axes with 0.2 prad precision within a 8 mrad
range. While the laser was, for stability reasons, always operated in high-power mode, i.e. at
maximal output power of 18 W, the actual power of the grating was varied via the half-wave
plate A/2 and measured in front of the vacuum chamber, assuming no significant losses in
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transmission through the chamber window. To ensure thermal stability of the laser and the
mirror holder, the laser was left to run through the setup at high power for three to four hours
before each experimental run.

3.3 Molecules and detection

3.3.1 Molecular properties

The molecules used for diffraction experiments were a dye molecule phthalocyanine® and an
antibiotic ciprofloxacin, both illustrated in Fig. 3.4. The molecular properties relevant for the
experiments - mass, dipole moment, polarizability quantified via static polarizability volume and
the absorption cross section - are listed in Table 3.1.

a) b)

%/ I N% FDi’%‘/OH
F N/ I I

Figure 3.4: Structural formulae of a) the nonpolar dye molecule phthalocyanine and
b) the polar antibiotic ciprofloxacin used in presented diffraction experiments.

Table 3.1: Experimentally relevant properties of phthalocyanine and ciprofloxacin.

Property Phthalocyanine Ciprofloxacin
Mass (amu) 515 331
Dipole moment (Debye) nonpolar 2.67 [68]
Polarizability volume at 532nm (A%) 101 [69] 38.9

Absorption cross section at 532nm (cm?) 9 x 1078 [70] < 10718 [71]

Absorption and fluorescence spectra of both molecules are shown in Fig. Fig. 3.5 for ciprofloxacin
and Fig. 3.6 for PcH; respectively.

8 Abbreviated PcH,.
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ICpf]  max [Cpf] mol dm™

1 9—— 1.25x10*mol dm™
8 1.00x10*mol dm™
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6 7.14x10°mol dm™
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4—— 5.00x10°mol dm™
3—— 4.17x10°mol dm™
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Figure 3.5: Absorption (left, [72]) and fluorescence (right, [73]) spectra of ciprofloxacin
in aqueous solutions. The maximal fluorescence intensity is measured at around 450 nm
for several different concentrations.
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Figure 3.6: Normalised absorption (left) and fluorescence (right) spectra of phthalo-
cyanine, measured in chloronaphthalene solutions [70].

Notably, PcH, has a significantly higher polarizability and absorption cross section, allowing for
studying of photon absorption in the grating and its possible influence on the diffraction pattern.

3.3.2 Detection

Interference patterns are imaged using laser-induced fluorescence microscopy [74]. After passing
the diffraction grating, molecules are collected on a thin quartz plate and illuminated by a flat-
top laser beam. The emitted fluorescence is collected by a 20-fold microscope objective (ZEISS
PLANNEO FLUAR, numerical aperture 0.5) and recorded using an electron multiplying CCD
camera (ANDOR 1XON DV885 - K(S-VP)). Repeated deposition and imaging is made possible
by in situ plasma cleaning. To this end, the detection chamber is separated from the rest of the
setup and flushed with air or nitrogen through a needle valve to reach the 1-4 mbar pressure
range. By placing a 0.5 mm thin electrode close to the outside of the detection window and
applying a 1.5kV, 10kHz AC voltage, the gas inside the chamber is ignited to a plasma, while

22



3.4. ALIGNMENT CHAPTER 3. EXPERIMENTAL SETUP

the grounded vacuum chamber serves as a counter electrode. The plasma removes the molecules
gathered on the quartz plate, presumably so that they are burned off and pumped out of the
chamber or left to form an amorphous carbohydrate layer coating the chamber walls. Either
way, the accumulated molecules are effectively removed from the plate and the operation can be
resumed as soon as the pressure drops back to the 10~® mbar range. This takes roughly an hour
if the chamber is flushed with air, less if nitrogen is used.

To separate the fluorescence signal from the background, the detection laser and the grating laser,
bandpass filters in the 700-725 nm range for PcH, and 500-595 nm for ciprofloxacin were used.
PcH, was illuminated with about 30 mW of red 661 nm light, very close to its second-highest
absorption maximum at 664nm (see Fig. 3.6). Strong excitation and fluorescence produce
consistently high signal with good signal-to-noise ratio. Previous experiments have demonstrated
that each molecule can be localised with precision better than 10 nm, allowing for real-time
imaging of single molecules and the accumulation of the diffraction pattern [74,75].

For the detection of ciprofloxacin, in this thesis we switch from 420 nm [76] to 266 nm illumin-
ation, close to an absorption maximum at approximately 272nm (Fig. 3.5). The UV beam
was generated by frequency doubling a 532 nm laser beam (COHERENT VERDI V-10) in an
external resonator (SIRAH WAVETRAIN 2), resulting in about 100 mW of UV power when
pumping the resonator with 3.66 W. To compare the two illumination wavelengths, a wide stripe
of ciprofloxacin was deposited onto the quartz plate and imaged with both, while keeping all
the other parameters constant. The camera images with 20s integration time and an EM gain
of 1, together with vertically summed traces, are compared in Fig. 3.7, with the dashed line
indicating the regions summed over. The maximal signal, at the stripe borders, increases by a
factor of 5 upon switching to 266 nm. Furthermore, the signal fluctuations are significantly lower,
especially visible in the middle of the stripe where the 266 nm illumination produces a virtually
constant signal, consequently improving the signal-to-noise ratio. While this illumination pro-
duces significantly better images, care should be taken about possible bleaching of molecules on
the surface preventing further fluorescence if repeated imaging of the same pattern should be
required. All images presented in this work were taken, at the longest, over the course of an hour
and illuminated up to 6 times with the pattern remaining stable during the process.

3.4 Alignment

Due to Bragg diffraction’s pronounced angular dependence, alignment is critically important.
This section covers the alignment of the molecular beam and the laser grating, together with
details on how to align both respectively to each other for optimal diffraction results.

3.4.1 Alignment of the molecular beam

Horizontal alignment of the molecular beam in the xz-plane (see Fig. 3.1, 3.8 for the coordinate
system's orientation) ensures a straight-line transmission from the source to the detector parallel
to the chosen flight axis and effective collimation, cutting the molecular beam symmetrically along
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Figure 3.7: Comparison of ciprofloxacin images taken with roughly 100 mW illumina-
tion at 420 nm (left) and 266 nm (right). Vertically summed traces plot the number of
registered counts against the pixel position. The dashed line in above images indicates
the region from which the below traces are taken. Both images are taken with 20s
exposure and integration time and an EM gain of 1 in the 500-595 nm wavelength
range.

the z-axis. The alignment, illustrated in Fig. 3.8, is done by varying the source’s position on the
x-axis and alternatively narrowing the piezo-controlled collimation slits S;X and S,X (maximally
210 pm and 150 pm wide, respectively) until both transmitted stripes are centred around the same
position on the detector with 1.6 pm or better precision. During the final diffraction experiments,
S;1X is left completely open and the beam is collimated by S;X, corresponding to the slit Sy in
Fig. 3.1. While using a single slit is sufficient for collimation, aligning with both slits ensures the
desired straight-line transmission and reduces any possible effects of source broadening.

3.4.2 Laser grating and diffraction

The next step is the generation and alignment of the laser grating. First, the beam focused by
the cylinder lens (L3 in Fig. 3.3) is aligned with respect to gravity and its reflection from the
grating mirror (HRM in Fig. 3.3) optimised so that it overlaps with the incoming beam, forming
the standing light wave aligned with about 2 mrad precision. The mirror's angle 6, about the
beam axis z is then set by first introducing the mirror into the beam so that the mirror surface is
cutting the transmission. The mirror is then rotated about the z-axis while monitoring the width
of the transmitted stripe in real time over a 2 mm height range on the detector. If both the top
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Figure 3.8: Horizontal alignment of the molecular beam, ensuring a symmetrical
collimation of the molecular beam and that the transmission from the source to the
detector plane is parallel to the z-axis. The position of the source laser is varied along
the z-axis and the slits S;X and S;X alternatively narrowed until the optimal position
(2, beam path indicated by solid green line) is reached and the stripes transmitted
through both slits are centred around the same position. Positions 1 and 3 (dashed
beam paths) may allow for transmission, but at an angle to the flight axis z, leading to
uneven collimation when closing the second slit.

and the bottom edge of the mirror are in the yz-plane, the width of the molecular beam should
remain constant over the detector height. Since the width measurements were inconclusive due
to transmission artefacts, we monitored the beam edge at half the maximum intensity instead,
obtaining the angular alignment better than 1 mrad, which was deemed sufficient.

The grating angle about the y-axis, Og.t, is aligned in two stages. The principle is illustrated
in Fig. 3.9: looking from above, the mirror should be parallel to the beam’s edge, so that the
transmitted stripe is as wide as possible.

For rough tuning, the mirror is rotated in approximately 0.5 mrad step and the width either read
out by hand or extracted from a Gaussian fit of the transmitted stripe's trace. Since the mirror
holder’s range is 8 mrad, it needs to be additionally rotated by hand until the width reaches a
maximum within one scan range. Once that happens, the stripe width can be plotted against
the piezo's voltage and fitted linearly to obtain the approximate zero position, as shown in Fig.
3.10.

Fine tuning is done by rotating the mirror in smaller 50-100 prad steps and looking for diffraction.
If necessary, the diffraction intensity and separation can be optimised by rotating the lens L3 in
its holder and changing the grating’s orientation without influencing its dimensions.
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Figure 3.9: Top view of rough alignment of the grating mirror with respect to the
y-axis. The mirror is rotated about the axis to maximise the width of the transmitted
stripe, ensuring that the mirror's edge is parallel to the edge of the molecular beam.

3.4.3 \Velocity selection and molecule-grating alignment

Desorbed molecules fly through the setup following a free-flight parabola, depending on their
initial velocity. As they follow a roughly thermal distribution, the beam contains a range of de
Broglie wavelengths, leading to limited spectral coherence (Eq. (3.2), L. = A3g/AMg). By
introducing a 25 pm tall slit Sy into the molecular beam, the molecular beam is split into velocity
classes landing at different heights of the detector plate, as illustrated in Fig. 3.11. A smaller
velocity spread leads to a reduction in A)\gg, improving the molecules’ spectral coherence.

This behaviour is described by [75]
02— %g(LLl — L?)

_ (3.3)
Yo — o — (Y1 — yo) &2

where L and L are the distances between the source and the detector or the velocity selector
slit Sy respectively (see Fig. 3.11). The source height from which the molecules are desorbed
is denoted by 7, the height at which molecules pass the slit y; and the landing height in the
detector plane 7,. Since the detector size is much smaller® than the source-detector distance L,
the forward velocity of the molecules v is assumed to be much larger than the vertical component.
If only the velocity splitting relative to the slit position is of interest, Eq. (3.3) becomes

Yo = Yo =~ L(L = L) (3.4)

v
where, for simplicity, the slit height is set to y; = 0. This vertical separation can further be used to
determine the forward velocity of diffracted molecules. In case of material gratings, providing clear
separation of diffraction orders, Eq. (3.3) can be used to extract velocities for molecules landing
on different heights at the detector screen. For Bragg diffraction measurements, the forward

9 2mm compared to roughly 2m.
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Figure 3.10: Transmitted stripe's width plotted against the piezo's voltage for rough
alignment of the grating mirror with respect to the y-axis. The position at which the
transmitted stripe is the widest is found at the intersection of two linear fits, here at
37.8V, indicating the approximate zero-angle position.

velocity was estimated by comparison with three-slit grating diffraction of PcH, presented in [75].
To that end, the velocity distributions are measured by dividing the detector height range into
thin stripes and plotting the number of registered counts in each stripe against its corresponding
height. Knowing the molecular velocities in the triple slit diffraction pattern, the Bragg diffraction
velocities are obtained by aligning both velocity distributions with respect to their maxima and
extracting them from the known triple slit velocities and the distributions’ overlap.

As previous experiments [76] have shown the need to monitor the vertical overlap of the molecular
beam with the laser grating, a fibre beam profiler (see [77] and Section 5 for a detailed description)
was introduced into the current version of the setup. A stripped and polished core of a multimode
quartz fibre, mounted to a four-axis manipulator, is used to measure the profile of the laser grating
(Fig. 3.12) and find the position of the maximal grating power. The fibre position is read out
and adjusted using a HEIDENHAIN ND 218B position sensor. By depositing molecules against
the fibre tip placed at the maximum of the grating, the maximum is visualised as a shadow on the
detector screen where transmission is blocked by the fibre, as illustrated in Fig. 3.13. By aligning
the velocity selection slit to this shadow, the fastest transmitted molecules will interact with the
grating in the region where the power is the highest. Since the slit height is small compared
to the peak width, all diffracted molecules are assumed to experience roughly constant grating
power.
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Figure 3.11: Velocity-dependent separation of molecules in the detector plane. De-
sorbed molecules follow a free-fall parabola and land on the detector plates at different
heights, higher up for higher velocities (position 1 in the detector plane) and lower for
slower molecules (positions 2, 3). Velocity selection is done by a 25 pm tall slit S,.
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Figure 3.12: Example profile of the Bragg diffraction grating along the y-axis, as

measured using the fibre beam profiler. The red line is a Gaussian fit with a 63.5(45) pm
1/€* waist.
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Figure 3.13: Using a fibre tip to vertically align the molecular beam and the laser
grating. a) Vertically introducing a fibre tip into the molecular beam so that part of it
is blocked introduces a shadow seen as a sharp cut-off in transmission (dotted shade)
in the pattern on the detection screen b). By aligning the velocity selection slit Sy to
the fibre's shadow, transmitted molecules are directed to the maximal grating power,

as measured by the fibre profiler.
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4 Bragg diffraction

4.1 Overview

Bragg diffraction was first demonstrated in interference experiments reflecting x-rays from crystal
planes [78]. As illustrated in Fig. 4.1, x-ray beams reflected off two parallel crystal planes can

interfere if the condition
[N =2dsind (4.1)

is satisfied. Here the integer [ € N denotes the order of Bragg diffraction, 1} the incidence angle,
A the x-ray wavelength and d the separation between crystal planes. Besides its extensive use

Figure 4.1: lllustration of first mention of Bragg diffraction, as diffraction of x-rays of
wavelength A on parallel crystal planes. The reflected beams interfere destructively or
constructively, depending on their relative path difference.

in crystallography and x-ray spectroscopy, Bragg diffraction has found uses and applications in
various areas. Examples include acousto-optic modulators used to shift laser pulses [79], optical
elements such as in-fibre diffraction gratings, tunable refractive index modulators and fibre-based
lasers employed as high-temperature sensors. [80-82].

Bragg diffraction is, furthermore, extensively employed in matter-wave interferometry as one of
the key beamsplitting techniques. First experimental realisations were presented for neutrons dif-
fracting on single crystals much in the similar manner to x-ray diffraction [83—-85]. Already these
early works discuss the so-called Pendellosung, a term for how the diffraction orders’ populations
oscillate depending on the incidence angle or the grating power. Additionally, they note the pat-
tern’s high sensitivity to parameter changes, suggesting exploring it for precision measurements.
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The first neutron interferometer [5], likewise using a silicon crystal, was an important step in this
direction, demonstrating interference and its dependence on phase shifts by varying neutrons’
path lengths. Recombination of split beams resulting in interference further confirmed Bragg
diffraction as a coherent beamsplitter for neutrons.

The first Bragg diffraction of atomic beams [35] was realised shortly after, employing a thick
standing light wave as a grating. The ability to generate large coherent splitting, with over a
hundred photon momenta [86] and with resulting superposition extending over half a meter [41]
has made it an essential tool for atom optics [37] and interferometry experiments, including
various precision measurements and fundamental tests of e.g. gravity and the equivalence principle
[23,25,87,88].

The remainder of this chapter introduces a theoretical description of Bragg diffraction for po-
larisable particles, followed by a presentation and discussion of its first experimental realisation
for complex functional molecules with internal temperatures of 600 to 1000 K. Considering thr
exceedingly large number of molecular internal degrees of freedom compared to atomic internal
structure, the presented results show that Bragg diffraction can be extended from atoms (where
the phase shift is well defined by the laser detuning) to systems with wide resonances and nu-
merous excitations.

4.2 Theoretical description

Diffraction of matter at a light grating is described by considering interactions of polarizable
(point) particles with an optical dipole potential, as introduced in Section 2.3. Depending on the
details such as the interaction time, potential strength and the particles’ properties, diffraction at
a standing light wave can be classified into one of three following categories [89]. Raman-Nath
diffraction, often referred to as a thin-grating approximation, takes place for short interaction
times, neglecting the motion of the particle inside the grating. The resulting pattern is, to the
first approximation, independent of the incidence angle, populating several diffraction orders.
The exact intensity distribution depends on the power of the laser grating and can be described
by superpositions of Bessel functions .J,, in case of a pure phase grating [32].

For long interaction times, a distinction between the Bragg regime and the channeling regime is
made based on the strength of the dipole potential. Bragg diffraction is characterised by weak
potentials and, consequently, weak interactions in the grating, diffracting only into a few orders
and strongly dependent on the incidence angle. The channeling regime, in contrast, is charac-
terised by strong potentials. In the limiting case of very strong interactions, the incoming beam
follows along the potential valleys, showing increasingly classical behaviour [89]. An interesting
aspect of the channeling regime, however, is that the resulting diffraction pattern can show both
Raman-Nath and Bragg-like features. The exact details depend on the particular combination of
experimental parameters and the adiabaticity and the rate of change of the potential. As shown
in [90] for atom diffraction, a fast, non-adiabatic switching on of the optical potential will lead to
Raman-Nath like patterns. If, on the other hand, the potential is introduced adiabatically, popu-
lation of diffraction orders will, likewise adiabatically, follow the population of energy eigenstates.
If the Bragg condition (Eq. (4.1)) is fulfilled, energy conservation allows only two degenerate
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eigenstates to be populated. The contributions of these two states interfere after leaving the
potential, forming a two-beam diffraction pattern characteristic for Bragg diffraction.

The starting point for the Bragg diffraction experiments presented in this thesis is a molecular
beam propagating with velocity v = (v,, vy, v,) along the z-axis, so that v, > v,,v, and a
standing light wave grating along the x-axis (see Fig. 3.1 for the coordinate system's orientation).
The forward momentum of the molecules p, = muv, and their kinetic energy Eyi, = mv§/2 are,
respectively, significantly larger than the momentum of the grating photons fik,, = 27h/X and
the dipole potential’s depth. Furthermore, since the forward velocity is much larger than the 2-
and y-component, the molecules are assumed to pass the grating without any change in height, so
that the motion in both y- and z- directions remains unaffected. The problem is hence reduced to
a tractable one-dimensional case where molecular interaction with the grating is considered only
in the z-direction. By considering a reference frame comoving with the molecules with velocity
v, the picture is further simplified so that molecules are at rest while the grating is moving.

The Hamiltonian of the molecule-grating system is

H——h—Qa—Q—V(t) 2 [k(z + vt)] (4.2)
= 2m 81’2 COS X v .

where the first term describes the kinetic energy of molecules with mass m and V (¢) is the time-
dependent potential of a standing light wave whose spatial variation is described by the squared
cosine term. The potential itself has the form

16Po/ 2t2
V(t) = 6Pa exp (—ZUZ ) (4.3)

cw,w, w?

and depends on the laser power P, the static polarizability volume o/ = «/4meq and the 1/¢?
grating beam radii in y- and z-directions w, .. The time-dependent Schrodinger equation

L0 .
ihsct(t ) = Hu(t, ) (4.4)

can then be solved using the ansatz

6(t, 7) = exp (—;—h / t dt’V(t’)) O(t, x4 7/28) (4.5)

—00
which can be Fourier decomposed to

o0

Bt x) = Y cj(t)e™ i, (4.6)

j=—o0

Note that, for each term in the sum, the temporal and spatial dependence are separated into the
cj(t) coefficient and the exponential term. The choice of n € N, an arbitrary integer determining
the separation of the basis states, depends on the illumination conditions. While n = 1 suffices for
plane wave illumination, numerical simulations, especially with finite collimation, require n > 1.
Inserting this ansatz into the Schrodinger equation results in Raman-Nath equations for the
time-dependent coefficients

dC(t) .] 2 Y _9r2/42 1Pt —4ipy
s (ﬁ) ¢j(t) + 577 [ean(B)e™ + ¢jpan (e ] (4.7)
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characterised by dimensionless parameters

V(0)
= 4.8
"= T (4.8a)
wW,wW
= = 4.8b
.= (4.30)
MUy
P = hk (48C)

representing the grating strength, interaction time and the particle’'s transverse momentum, re-
spectively. In addition, the recoil frequency w, is used to define the dimensionless time 7 as

1 hk?
Wy = ﬁEkin = om (4.9a)
T =wt (4.9b)

This approach, well suited for direct numerical simulations, calculates the diffraction in mo-
mentum space, with the squared coefficients |c;(t)|” determining the populations of diffraction
orders. While solving the Raman-Nath equations is in general non-trivial, closed form approx-
imations are available in the limit of Raman-Nath diffraction, when dimensionless parameters
satisfy opy < 1, 0,/7 < 1 and the weak potential limit corresponding to Bragg diffraction.
In the latter case, for large transverse momentum p,, > 1, the grating strength should satisfy
v < 8(py — 1) [91].

Outside of these two edge cases, solutions can be obtained numerically or by adiabatic ex-
pansion [91], starting with the Schrodinger equation and assuming a process slow enough to be
adiabatic. An alternative analytical approach to the Raman-Nath equations is found in the Math-
ieu equations: starting with the time-independent Schrodinger equation and reintroducing the
time dependence into Mathieu functions, one can obtain the complete time evolution. Similarly
to the Raman-Nath equations discussed above, the Mathieu equations can be approximated for
limiting cases. They are often used when the potential is non-adiabatic or suddenly switched on
and off, as the number of states needed to solve Raman-Nath equations would quickly increase
enough to make even numerical solving significantly harder [89].
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4.3 Experimental Bragg diffraction

The experimental setup and alignment procedures have been introduced in detail in Chapter 3.
This section presents the results of diffraction of ciprofloxacin and a direct comparison with a
numerical simulation according to Raman-Nath equations (Eq. (4.7)), followed by discussing the
influence of the incidence angle and the laser grating power on diffraction of phthalocyanine. All
incidence angles are measured relative to the zero-incidence found before each run by looking
for a symmetrically broadened diffraction pattern of PcH, and checking that the diffracted beam
moves further to the side from the centred undiffracted beam (Fig. 4.2). Furthermore, for the
sake of clarity, the angle is measured so that a negative incidence angle 04, < 0 always diffracts
the beam to the left of the incident undiffracted beam.

Figure 4.2: Diffraction patterns of phthalocyanine illustrating how the zero-incidence
angle was determined. a) The incidence angle is 0, —5(5) prad, with the separated
diffraction peak visible on the left. b) Symmetrical pattern indicating the zero-incidence
angle. c) 5(5) prad incidence, with the diffracted peak now visibly separated to the right.
By convention used throughout this thesis, negative incidence angles 04t < 0 lead to
the beam diffracting to the left of the symmetric pattern shown in b).

4.3.1 Diffraction of ciprofloxacin

Experiments with ciprofloxacin were done as single runs to be compared with numerical simulation,
with an example of such comparison presented in Fig. 4.3. Due to its lower static polarizability
volume, absorption cross section and fluorescence yield compared to phthalocyanine, ciprofloxacin
requires longer accumulation times!® to obtain sufficiently intensive diffraction patterns, which is
why the patterns were taken as single shots instead of scan series performed with PcH; shown
later in this chapter. The diffraction pattern was taken with grating power of 14.6 W, waists
w, = 7.04(5)mm and w, = 55(5) pm. Molecular beam collimated to 14 pm was hitting the
grating under a —43(5) um incidence angle. A relatively sudden onset of diffraction starts for
molecules moving at about 300 m/s, populating Bragg orders from 4th to 6th. The sixth order
is noticeably dominant, leading to a slight bend and broadening of the diffracted (left) peak
due to non-resonant contributions of different velocities. Due to the grating's limited power

10 Qver 30 hours.
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Figure 4.3: Comparison of a measured a) and simulated b) diffraction pattern of
ciprofloxacin at fg.. = —43(5) prad incidence angle. The simulation is qualitatively
reproduced by measured data, but shows that the Bragg condition in the measurement
was somewhat relaxed due to a comparatively short interaction time [65].

and thickness in flight direction, the interaction time is long enough only for molecules slower
than 300 m/s, explaining the lack of diffraction for faster molecules predicted by the simulation.
The Bragg condition is hence somewhat relaxed, explaining the losses to neighbouring diffraction
orders instead of the predicted diffraction-free region. By comparing the peak amplitudes and
separations at different velocities, the grating is shown to act as an equal amplitude beamsplitter
at 210 m/s, realising a momentum transfer of 10 fik,, grating photon momenta.

4.3.2 Diffraction of phthalocyanine

The angular dependence of Bragg diffraction was further tested with PcH, by performing a series
of scans, looking at how the interference pattern changes when varying the molecular beam'’s
incidence angle and the grating power. Its larger static polarizability volume and more intense
fluorescence made it a better candidate for scan-based measurement, allowing for completing
the scan series in one go and ensuring that the experimental conditions stay constant. After
finding the zero incidence angle, the scan was started at fg,.c = —69(5) prad, the largest angle
for which diffraction was observed at the scan’s grating power of 14.6(2) W. The incidence
angle was then increased in roughly 11 prad steps and the corresponding diffraction patterns and
intensity profiles recorded, as shown in Fig. 4.4. The laser grating height was 65(5) pm and the
molecular beam collimated to 14.8 um. The diffraction patterns are qualitatively similar to those
obtained with ciprofloxacin, globally showing a single diffraction order moving from far left, over
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Figure 4.4: Angular scan showing Bragg diffraction of PcH, [65]. Panels a) - c)
show diffraction images taken for incidence angles of —69, —5 and 5 prad respectively.
Integrated intensity profiles, taken for the velocity range 234 to 255m/s as indicated
by horizontal cut-outs in diffraction images, are displayed in panel d) and show both
the characteristic single pronounced peak and the expected symmetric behaviour for
Ograt = LD prad, i.e. around the zero incidence angle.

the middle and to the far right with increasing incidence angle. Crossing of the zero-incidence
angle is indicated by the symmetry of intensity profiles at 0g.. = +5prad. Furthermore, the
presence of a single pronounced diffracted peak for incidence angles further away from zero again
implies Bragg or Bragg-like diffraction as the primary regime. This assumption is strengthened
when considering the full velocity-dependent intensity profile at 5 prad incidence angle as shown
in Fig. 4.5. Populations of the diffracted and undiffracted beam demonstrate the characteristic
Pendellésung and oscillate with changing molecular velocity, with the diffracted (right) beam’s
population increasing as the undiffracted beam’s population drops and vice versa.

An additional test was performed to investigate the influence of grating laser power on the
diffraction pattern. The incidence angle was set to g, = —30(5) prad, a value that had shown
large, clean separation during the angular scan. Diffraction patterns were then recorded with
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Figure 4.5: Diffraction of PcH, as measured for the 64, = 5(5)prad incidence
angle [65]. Panel a) shows the false colour diffraction image, sliced into 20 ym tall
stripes whose intensity profiles are extracted and displayed in panel b). Populations of
diffraction orders oscillate depending on the height, and consequently, molecular velo-
city (indicated for each trace in m/s), showing Pendellosung behaviour characteristic
of Bragg diffraction.

the molecular beam collimated to 12.5pm and a w, = 54(2) pm tall laser grating whose power
was varied between 12.3W and 1 W. According to theoretical predictions, changing the potential
depth should result in the diffracted beam should remain at a constant angle, with the populations
of the diffracted and the undiffracted beam showing Pendellosung oscillations. The scan, shown
in 4.6, does show the oscillating populations, but also a discrepancy where the diffracted peak
is moving further away with increasing power by about 20 prad over the course of the scan.
Since the molecular source and collimation were kept constant during the scan, showing no signs
suggesting instabilities, the grating angle was likely changing due to residual thermal effects of
changing laser power and resulting heating of the mirror holder.

Deviations from ideal Bragg diffraction, such as losses to intermediate diffraction orders, are
attributed to the intermediate diffraction regime with contributions from Raman-Nath diffraction
and in-grating photon absorption as discussed in Section 3.3.1. For 12-15W, the highest powers
in these experiments, each molecule absorbs, on average, one photon upon passing through the
grating which contributes to line broadening. The number of absorbed photons was estimated
by collimating the transverse molecular velocity spread to roughly the grating photon's recoil
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Figure 4.6: Dependence of PcH, diffraction pattern on laser powers ranging from
12.3W to 1 W [65]. Diffraction images in panels a) and b) were taken at 12.3W and
5.7W. The double peak in c), taken with the laser switched off, is an artefact of
the collimation slit. Intensity profiles in panel d) show oscillations in populations of
diffracted (left) and undiffracted beam and a power-dependent increase in diffracted
beam’s angular separation.

velocity and comparing the 1/¢? radius of the transmitted beam with!! and without the laser
grating. The broadening is illustrated in Fig. 4.7 for a 140m/s PcH, beam collimated to 4 pm
and a 30 W laser grating with w, = 44(1) pm. Lineshape broadening when the grating laser is
introduced and the spacing of the resolved substructure are consistent with 532 nm photon recoll,
implying the absorption of, on average, 2.5 photons at this intensity. The symmetric resolved
substructure implies that photon reemission is not the dominant deexcitation mechanism - the
energy molecules gain through absorption is rather redistributed to internal degrees of freedom
in a radiationless relaxation process. Nevertheless, the angular scan measurement demonstrates
a maximal momentum transfer of 18 hk,, with 10% efficiency and a 14 hk,, equal-amplitude
beamsplitter, the largest momentum splitting for molecules demonstrated to date using optical
gratings. While the explicit coherence of the diffracted beams has not been tested vyet, it is
assumed as a consequence of the quantum treatment applied throughout. To this end, decoher-
ence via collisions with residual gas molecules was avoided by performing all measurements at

1 At an angle where no diffraction is expected.
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Figure 4.7: Broadening of the phthalocyanine beam due to absorption of grating
photons [65]. A 140m/s beam collimated to 4 pm absorbs, on average, 2.5 photons
when passing through a 44(1) pm tall, 30 W laser grating. For 12-15W used in the
experiment, the mean number of absorbed photons is approximately one.

pressures below 10" mbar. Furthermore, fragmentation during laser desorption or in free-flight
and possible reemission of photons absorbed in the grating were excluded by spectroscopic stud-
ies and resolving substructures of the transmitted peaks as detailed in Chapter 3. Drawing from
these precautions removing plausible decoherence channels and results of previous successful in-
terference experiments in the same setup, it stands to reason to assume coherence in the present

case as well.
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5 Fibre beam profiler

The fibre beam profiler was initially developed as a tool for aligning the molecular beam and laser
grating to each other in Bragg diffraction experiments, as described in Chapter 4. This chapter
shows its capabilities as a stand-alone beam profiling device [77], showcasing the compatibility
with high-vacuum conditions (below 1 x 10~" mbar) and a reliable output for laser powers ranging
from 100 mW to 14 W, sustaining intensities over 2 |\/|W/cm2.

Most commercially available solutions for laser beam profiling rely either on cameras or moving
mechanical elements. Camera-based profilers usually use CCD or CMOS chips, work best in the
near-IR and visible wavelength range and often have a large active area, allowing accurate profiling
of large or higher order, non-Gaussian beams. Their performance, both in terms of sensitivity
and resolution, is characterised through the chip type and material. For instance, silicon-based
chips work best for wavelengths up to 1100 nm, resolving beams of several tens of micrometers
in size. Longer wavelengths can require the use of indium galium arsenide (InGaAs) chips or
thermal infrared imaging. Care has to be taken to avoid irreversible chip damage through laser
radiation, both in the UV region due to low absorption of silicon and due to high laser intensities,
as CCD and CMOS chips exhibit damage already starting at 10 kW /cm? continuous-wave (cw)
intensity [92].

Mechanical profilers rely on moving a thin element, such as a knife edge, slit or pinhole, through
the beam and recording the transmitted power. The beam profile is then reconstructed electron-
ically. Because of the reconstruction process involving summation along the scanning axis, these
profilers are betters suited for nearly Gaussian beams, to avoid smoothing out higher modes.
Compared to camera-based profilers, they operate in a larger wavelength range and are limited
only by their mechanical element. Typically, they can sustain higher laser intensities and deliver
better spatial resolution, which is limited only by the element'’s thickness, profiling beams down
to a couple of micrometers in size.

While both profiler types work exceedingly well and have found many applications, they can be
hard to implement in small spaces, such as inside the interferometer chamber in our diffraction
experiments. The solution presented here uses a stripped multimode quartz fibre whose tip is
inserted into the beam. Depending on the local intensity, light is scattered into the fibre on
the tip surface and guided to a power meter. An intensity profile is then obtained by scanning
the fibre tip across the beam, in our case using a linear micrometer stage. We combine the
advantages of both solutions, avoiding possible summation issues for non-Gaussian beams due
to direct local probing and a considerably higher damage threshold than camera-based solutions.
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5.1 Gaussian beams

This approximation assumes uniform scattering of laser light over the entire projected core dia-
meter, therefore providing an upper limit for the area actively collecting light. The effective area
becomes lower e.g. in presence of active scattering centres on the surface, or if the light scatters
only from a part of the fibre tip.

The measurements and analysis presented here focus mainly on Gaussian and near-Gaussian
beam profiles, but the technique is applicable to arbitrarily shaped beams. Starting with the
wave equation for propagation of the electric field E(z,y, z) in vacuum

1 0°F
2 or 5.1)

making use of the paraxial approximation for a field propagating in z-direction

0*E _ O0*°F O*FE

AE(z,y,z) =

< , 5.2
022 0x?’ O0y? (52)
and assuming that the corresponding wave envelope varies slowly as
0’E oF
L k— (5.3)
822 0z
an ansatz for the electric field can be written as
E(I, Y, Z) = u(x7 Y, Z) ’ ei(E-F*wt) ~ U(JZ, Y, Z) ’ eikz' (54)

Rewriting the wave equation (Eq. (5.1)) under these assumptions yields the paraxial Helmholtz

wave equation
82E O’FE oF
= 2ik—. (5.5)
8m2 ay 0z
Solutions of this equation are given by transverse electromagnetic modes, TEM,,,,. The funda-
mental mode TEMy is the lowest order, cylindrically symmetric solution, given by

E(z,y,2) = m exp{—i [kz — arctan (i)] - /‘;—j} (5.6)

and often called simply Gaussian beams. Here z is the coordinate along rhich the beam propag-
ates, k = |k| is the absolute value of the wave vector and r = /22 + 2 is the radial coordinate
transverse to the beam propagation direction. The Rayleigh length

2
Twy

ZR = T (57)

is inversely proportional to the laser wavelength A and is the distance from the focal point in
which the minimal beam waist w increases by a factor of V2, tow = \/ﬁwo. In general, the
beam waist evolves hyperbolically with z as

w(z) = 1 —l— 0 wo /1 ZR (5.8)
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The complex beam parameter ¢ gives the relationship between the beam waist, wavelength and
the wave front curvature R,ave as

1 1 A
_ = —
2
¢  Ruave mw%(2) (5.9)

22
Rwave(z) =z+ _R
z

These parameters are illustrated in Fig. 5.1, showing a transverse cross section of a Gaussian

beam. Additionally, the figure shows the confocal parameter b = 2zp, describing the focus’ depth
and the beam’s diffraction-limited divergence angle
A

0=— (5.10)

TWo

The intensity profile of a Gaussian beam is a typical bell-shaped curve (Fig. 5.2), directly

Figure 5.1: Cross section of a Gaussian beam along the propagation direction [93].
Depicted parameters are the Rayleigh length zg, confocal parameter b = 2z, beam
waist w(z) and its minimum wy, as well as the divergence angle O.

proportional to laser power P and given by

I(z,y,2) = Io(2) - exp (_wii))
2k
Tw(z)

(5.11)
Iy(z) =

The width of such beam profiles can be characterised in several ways, for instance using the full

width at half maximum (FWHM), 1/e or 1/e* beam radius. The analysis presented here uses
the 1/¢? radius as illustrated in Fig. 5.2. This is the distance from the beam centre at which
the intensity drops by a factor of 1/e?, or to roughly 13.5% of the maximum value. All provided
waist values w are to be understood as w = wy 2.
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Figure 5.2: A normalised intensity profile of a Gaussian beam. The red-marked waist
wye2 is taken as beam radius and denotes the distance from beam centre in which the
intensity drops to 13.5% of the maximum value.

5.2 Setup and experiments

The basic measurement principle, already introduced in the beginning of this chapter, is shown
in Fig. 5.3: a stripped fibre tip is moved into the laser beam propagating in z-direction, then
scanned in either z- or y-direction with micrometer precision using a linear stage. The fibre guides
the light scattered into the tip to a power meter and the beam profile is obtained by plotting the
recorded power against the position of the fibre tip.

All measurements were done using a single frequency 532 nm COHERENT VERDI V-18 laser.
The setup for measurements done in air, schematically shown in Fig. 5.4, is virtually identical
to preparation of the laser grating for Bragg diffraction, except for the quarter-wave plate taken
out as there is no direct reflection back into the laser. The beam is expanded to w, = w, =
7.04(5) mm using a 1:6.25 telescope built out of lenses L1, L2 (focal lengths f; = 40 mm and
fo = 250 mm, respectively), then focused vertically along the z-axis using the cylindrical lens
L3 with f3 = 250 mm focal length, placed on a micrometer linear stage. The fibre guides the
scattered light to a NEWPORT 818-UV detector head connected to the NEWPORT 1830-C
power meter PM. The half-wave plate A/2 is used to adjust the laser power.

The fibres used for measurements in air were a 10 pm core (THORLABS M65L01, wavelength
ranges 400-550 nm and 700-1000 nm), 50 ym core (Thorlabs M16L01, 400-2400nm) and a
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Figure 5.3: Basic principle of operation of the fibre beam profiler [77]. A stripped fibre
tip is moved into the beam, then scanned with micrometer precision while the scattered
light is directed to a power meter and plotted against the position of the tip to obtain
an intensity profile.

1000 pm core (THORLABS M71L02, 400-2200 nm). Vacuum measurements were done using
a 50 pm core fibre. All fibres were stripped at the tip, removing the PVC jacket tubing and
inner coating, so that only the polymer-based cladding and the quartz core were left. To prepare
flat tips, the 10 ym core fibre was simply cut with a pair of pincers, while the 50 pm core fibres
were first cut using a fibre cleaver, then roughened using a 30 um grit size polishing sheet. The
roughening step was needed to ensure a sufficient number of scattering centres, as the pristinely
cut fibre scattered no light into the detector. Figure 5.5 shows microscope images of two tips
used for measurements in air. To see how the tip-air coupling interface looks like, light from a
LUMENCOR illuminator was coupled into the other end of the fibre. Visible as bright spots at
the tip in Fig. 5.5, light scatters out of the fibres at right angles and, as expected, only from the
core area.

Reference data were obtained using a knife-edge based beam profiler, COHERENT BEAM MAS-
TER. The laser power was reduced to 7 mW and the profiler placed into the focus after the lens
L3 as indicated by maximal measured power. The lens was then moved in 0.5 mm steps and a
beam profile recorded at each position.

For measurements in air, the fibres were fixed to a linear micrometer stage pointing in either z-
or y-direction (Fig. 5.3). For each position of the focusing lens L3, moved in 0.5 mm steps, the
beam profile was measured by moving the fibre in 10 pm steps and recording the corresponding
transmitted power. To ensure stability, this power was also monitored over several hours. For
vacuum tests, done at p < 1 x 1077 mbar, the beam was initially focused with a cylinder 250 mm
focal length lens as L3 and measured in 10 ym steps as measured with a HEIDENHAIN ND 218
B sensor, for different lens positions and orientations and over the course of several months and
Bragg diffraction experiments. High-intensity tests and compatibility with different powers were
performed focusing the beam with a spherical, again f = 250 mm, lens as L3 for laser powers
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Figure 5.4: Diagram [66] of the fibre profiler setup for measurements in air. The
laser beam is expanded using a telescope consisting out of lenses L1 and L2 (f; =
40 mm, fo = 250 mm), directed to a half-wave plate A/2, then vertically focused along
the z axis using the cylindrical lens L3 with f3 = 250 mm. Light is then guided by
the fibre to a power meter PM. Double-headed arrows indicate that the corresponding
component is movable with micrometer precision.

ranging from 130 mW to 14.6 W and checking for damages to the fibre tip.

All resulting traces, measured both using the fibres and the moving edge profiler, were fitted to
a standard Gaussian curve

y(@) =y + — AW/Q exp (—2 : <x ;x>2> (5.12)

to extract the waist w. The minimal beam waists w, were then determined by fitting the measured
waists w against lens positions using the slightly modified Eq. (5.8)

1+ (x ;xﬂ . (5.13)

Here the Rayleigh length zg is encoded in the free parameter z, while z. gives the lens position
corresponding to the minimal waist wy.

w(x) = wy
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Figure 5.5: Microscope images [77] of illuminated typical fibre tips used in the ex-
periment, with @) 10 um and b) 50 ym core diameter. Bright spots at the tips show
that light used for illumination scatters out of the fibre at right angles. The scale bar
corresponds to 200 pm.

5.3 Results and discussion

5.3.1 Theoretical model and evaluation

A simple model for estimating the measured beam profile can be obtained by convoluting the
laser intensity with a position-dependent kernel K (x) describing the fibre

2
K(z) = Re (g) ) (5.14)
Here r is the projection of the diameter of the fibre core diameter R onto the axis in which the
beam profile is measured, and is hence bounded by the core size, too. For a beam propagating
in the z-direction and profiled in z-, with the fibre tip making an angle 6 with the z-axis (Fig.
5.6), this projection can be estimated as

r = Rsin6. (5.15)

The idea behind the convolution kernel as defined in Eq. (5.14) is shown in Fig. 5.7. For a
fibre surface moved perpendicularly into the beam, the surface kernel is obtained by slicing the

surface into chords of length
R\* (R ?
o (EY (B, 1
=(5) - (5-) 019

and plotting s/2 against height i ranging from —R/2 to R/2, so that the obtained kernel is
semi-circular. In general, the kernel is elliptical and dependent on the incidence angle between
the core surface and the laser beam, requiring the projection onto the measurement axis (Eq.
(5.15)) to be used instead of the radius R/2. When the relative angle 0 is increased, the kernel's
ellipse becomes narrower while staying at the same height, until it eventually reaches a delta
function-like form for 8 = 90°.
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cladding core cladding kernel

Figure 5.6: The effective diameter of the fibre core can be estimated as a projection of
the core on the axis in which the beam profile is measured. Here the beam propagates
along the z-axis, while x is the measurement direction [77].

The validity of the model and its sensitivity to alignment can be tested by comparing its predictions
to simulated Gaussian beams of a given width. While the convolution implies that the measured
beam will always be wider than the simulated Gaussian, a 50 pm core fibre under a # = 10° angle
will overestimate the waist of a nominally w = 10 pm wide beam only by about 1 pm (illustrated
in Fig. 5.8), or about 0.6 pm for a w = 15 pm beam. For larger beams, the relative error drops
even further. An even better accuracy can be obtained by precisely aligning the fibre to reduce
the tilt angle #, but even moderately good alignment and core sizes can achieve high-resolution
beam profiling where the beam is several times narrower than the core. This is further confirmed
by comparing single beam profiles, as measured with the moving edge profiler, 10 ym and 50 pm
core fibres and shown in Fig. 5.9. The 33.9(1) pm reference width is reproduced well both by
the 10 pm core with 32.6(1.2) pym and 50 pm core with 34.6(1.2) pm, deviating by 2% and 3.8%
respectively. Despite being only about 10 pm wide, the small shoulder to the right of the beam
centre is measured by both fibres, again demonstrating high-resolution capabilities even of the
wider 50 pm core and for the 10 pm step size.

5.3.2 Profiling in air

Profiles and minimal waists in air were measured transversely and longitudinally with respect
to the beam propagation direction z, with the coordinate system as shown in Fig. 5.3. For
transverse measurements the fibre tip was in the xz-plane and moved along the z-axis. To make
the comparison easier, the extracted waists are centred around zero with respect to the focal point,
i.e. the minimal waist's position, as shown in Fig. 5.10. The error bars represent fit uncertainties
as taken from each profile's respective Gaussian fits. Globally, both fibres produce good agreement
with the wy = 5.8(4) pm reference: 6.9(5) pm for one of the 50 pm cores and 6.6(3) pm for the
10 pm core. The other 50 pm core shows a large, albeit consistent overestimation, measuring
wg = 32.1(1.4) pm. Since both tips were cut and prepared in the same way, the discrepancy is
likely due to some combination of the overestimating tip making a larger angle with the beam
axis and microscopic differences in the tip surfaces due to the roughening by polishing sheet being
done by hand only. Even so, the measured width is below the maximum broadening of 40 pm
predicted by the model, calculated for the edge case where 6 = 90°.
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e
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Figure 5.7: For a circular fibre core moved perpendicularly into the laser beam, the
coupling element’s semicircular kernel is obtained by plotting half the chord length s/2
against its corresponding height h between —R/2 and R/2. In a more general case,
the obtained kernel is elliptical and dependent on the incidence angle between the beam
and the coupling surface.

To test the fibre's capabilities as a two-dimensional beam profiler, a series of longitudinal scans
was performed and shows very similar results. For these measurements, the fibres were introduced
into the beam from above, so that the tip was in the yz-plane and scanned along the z-axis.
The extracted widths are centred as in the transverse case and shown in Fig. 5.11. The minimal
reference width is wy = 5.8(4) pm, same as in the transverse case. The overestimate by the 50 ym
and 10 pm cores is now somewhat larger, resulting in 7.9(1.2) ym and 9.5(6) pm respectively. The
second 50 pm core stands out again, but broadens the signal significantly less, to the effect of
16.3(3) pm. Combined with the now larger discrepancy for the 10 um core, this suggests that
the tip's angular alignment has a greater influence on measured broadening than the already
consistent tip preparation method, reducing the possible impact of microscopic surface variations.
Furthermore, in both longitudinal and transverse measurement, the values obtained from both
differently sized cores are in good agreement, with the larger core inducing only marginally larger
broadening as long as the cores are somewhat comparable in size to expected beam widths.
Additional tests performed with a 1000 pm core fibre under same conditions are shown in Fig.
5.12 and display seemingly arbitrary non-Gaussian profiles which do not change over a 2mm
distance, suggesting oversaturation due to the core being large in comparison to the beam width.

The fibres have shown no signs of laser-induced damage to tips for measurements done over
several weeks. To test for compatibility with high powers, the beam was focused on the 10 pm
tip in the transverse setup using a f = 250 mm spherical lens. The outcoupled power was
monitored over time while gradually increasing the laser power and has stayed stable for over
three hours and intensities up to 2 MW /cm?, suggesting no thermal or optomechanical damage.
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Figure 5.8: For a w = 10pm wide Gaussian beam (black) and a 50 pm core fibre
scanning the beam under a 10° angle, the convolution model (red curve) predicts an
overestimate of the waist by about 1 um. The dashed line marks the 1/¢? level where
the waist is measured.

5.3.3 Vacuum profiling

The vacuum measurements were primarily focused on controlling and aligning the optical Bragg
grating as described in Chapter 4, done with the same experimental setup and a single 50 pm core
fibre. Using a f = 250 mm cylinder lens, the grating width was reliably measured and adjusted
as needed over a period of several months without any observable change in beam profiles or
measured intensities. This section describes additional testing of profiling capabilities at different
powers up to 12W, which would have been difficult to safely perform in air.

While the measurements performed in air have shown that increasing the amount of outcoupled
light by increasing the core size barely broadens the beam at all, they were done at a constant
laser power. To investigate the influence of the laser power itself, beam profiles were measured
and compared starting at 12W as measured directly in front of the vacuum chamber, gradually
reducing the power via half-wave plate. The lowest power in this series was 130 mW. Figure
5.13 compares normalised 130 mW and 12 W profiles, showing virtually no difference between the
two. All the features present in the higher power profile are mirrored and reliably reproduced,
showing that all that is needed for successful profiling is some outcoupled light, even at such low
Intensities.
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Figure 5.9: Comparison of transverse beam profiles measured using the moving edge
profiler (reference, black), a 50 pym (blue) and 10 pm core fibre (red). The profiles were
normalised and centred around zero for easier comparison. Both fibres reproduce the
reference width well, deviating by less than 4%.

For tests at highest intensities the beam was focused to a 10 ym waist using a spherical f =
250 mm lens. Starting at 1.5W power, the fibre was left in focus for 5 minutes, after which
the beam profile was measured and the power gradually increased up to 12W. During the
measurements the polymer cladding was visibly outgassing, causing the pressure in the chamber to
rapidly increase for a short while before dropping back to about 1 x 10~7 mbar. While this effect
was visible for intensities above 200 kW /cm? and somewhat limits the high-vacuum compatibility,
the pressure drops to background levels within a few minutes and can be avoided entirely by
switching to fibres with glass cladding. Measured beam profiles and their corresponding widths,
shown in Fig. 5.14, are measured consistently for up to 12W. At this power, the profile distorts
with waist increasing from 10 pm to 31(3) pm. All profiles measured afterwards were similarly
distorted, suggesting that the tip had been irreversibly thermally damaged at an intensity above
4 MW /cm?. Overall, fibre beam profiling is shown to be a reliable technique with micrometer
resolution, even with moderate alignment and with significant durability even at high powers and
in vacuum conditions. Even better resolution could be achieved by precisely aligning the fibre with
respect to the beam axis, in principle resulting in a kernel bounded only by the roughness of the
surface of the tip. Preparing extruded, pointed tips, although more involved than the approach
described here, could potentially extend that to super-resolution below the laser wavelength.
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Figure 5.10: Comparison of extracted 1/e? waists for transversely measured beam
profiles. Fibre tips are placed in the xz plane and scanned along the = axis. The fitted
reference profiler data (black curve) are well reproduced by the 10 um core fibre (red
triangles) and one of the two 50 pm core fibres (blue squares) used. The other 50 ym
core (green circles) shows consistently higher values.
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Figure 5.11: Comparison of longitudinal beam profiles’ 1/¢? widths, measured for fibre
tips in the yz-plane scanned along the z-axis. One of the 50 ym core tips (blue squares)
and the 10 pm core tip show good agreement with fitted reference data by the moving
edge profiler (black curve). The other 50 pm core tip overestimates the width, doing so
consistently for all data points.
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Figure 5.12: Beam profiles as measured using a 1000 pm core fibre over a 1.5mm
range of positions of the focusing lens. Unlike the smaller cores, the measured profiles
are virtually identical and seemingly arbitrary, showing that the fibre's core should be
comparable in size to the beam profile to obtain accurate results.
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Figure 5.13: Normalised beam profiles obtained with a 10 um core fibre in vacuum at
12W (red) and 130 mW (black), as measured directly in front of the vacuum chamber.
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Figure 5.14: Beam profiles [77] measured with a 50 pm core fibre for laser powers up

to 12W. Sudden change in profile between 10 and 12 W suggests thermal degradation
of the fibre tip for an intensity above 4 MW /cm?.
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6 QOutlook

The presented Bragg diffraction experiments have demonstrated an equal-amplitude matter-wave
beamsplitter and a roughly 70% efficient mirror, making an important step towards universal
optical components for molecular quantum optics. While material nanomechanical gratings are
often regarded as universal too, due to the basic diffraction mechanism being independent of
the complexity and internal structure of the diffracted particle, they are not always advantageous
for highly polarizable and polar molecules. Broadening of diffraction peaks and even loss of
interference contrast are, for instance, observed when trying to diffract polar biomolecules on
a dielectric silicon dioxide grating [61]. This effect, more pronounced for dielectric diffraction
gratings, is explained through Casimir-Polder interaction of rotating electric dipoles with residual
implanted charges from the grating manufacturing process, leading to a reduction and eventual
loss in visibility dependent on the molecule’s polarity, dipole moment and velocity. Similarly,
dephasing of polar molecules can take place through van der Waals interactions with grating
walls, but can be mitigated by using ultrathin gratings, where the molecule size and rotation
period are comparable to the grating’s thickness and the molecule’s transit time [63].

Although thin optical and (ultra-)thin material gratings can be used for coherent beam splitting,
the resulting splitting is not necessarily efficient since the incoming beam is split into several
diffraction orders. Even in case of single-layer graphene grating [63], where all orders beside the
first are suppressed, the beam is split into two on either side of the undiffracted peak. In contrast,
Bragg diffraction demonstrates splitting into only two orders, demonstrating increased efficiency
compared to selecting a single order of a multi-populated thin grating pattern. In addition, a
desired momentum transfer and direction can be selected and tuned by varying the grating power
and appropriately choosing the incidence angle, allowing for more versatile splitting compared to
e.g. ultrathin material gratings.

The scheme can be further improved by prolonging the interaction time of molecules with the
grating in order to strengthen the Bragg condition, hopefully resulting in sharper resonances and
reduced losses to immediate diffraction orders. In practice, this could be achieved by either further
spatially extending the grating or slowing down the molecules. Slowing could be realised, for
instance, using buffer gas cells [94], letting molecules thermalise via collisions with low-density,
cryogenic atomic gases. Furthermore, the coherence of the splitting could be confirmed by
introducing a second Bragg grating recombining the molecular beam, which would, if successful,
build an all-optical Mach Zehnder molecular interferometer. The framework and results of Bragg
diffraction could also be extended towards realisation of Bloch oscillations on a moving standing
light wave to obtain even larger momentum transfers.
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