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Abstract

The precise transverse control of electrons is at the heart of any high-resolution electron
microscope where electron lenses and multipole aberration correctors have enabled sub-
Angström spatial resolution.

This thesis describes a novel way of achieving transverse control over the electrons
by interaction with shaped light fields. An experimental setup has been built from scratch
and is based on a scanning electron microscope, which has been modified to allow ultra-
short laser-triggered electron pulses and operation in transmission mode. In the modified
specimen chamber of the scanning electron microscope, the electrons interact in free space
with a counter-propagating transversely shaped laser. During the interaction with the
laser, the electrons acquire a local phase shift proportional to the laser’s local pulse energy
density. Electron displacements are measured with a position-sensitive detector.

The transverse profile of the laser beam is shaped by diffractive optical phase masks,
which are displayed on a spatial light modulator. A Gerchberg-Saxton algorithm has
been modified to calculate the required phase mask, which allows for minimizing heating
effects along the beam path and produces speckle-free laser distributions.

For the electron-light interaction to take place, temporal and spatial overlap between
pulses is established in a two-step process without an energy filter. First, a fast-timing
scintillator is placed in the interaction plane. The arrival time of electron-triggered
photons and laser is recorded with a silicon photomultiplier, and the delay stage is
adjusted accordingly. Second, pump-probe measurements are carried out with a copper
grid in the interaction plane, synchronizing the pulses with an uncertainty of ∼ 1ps.

Programmable lossless transverse electron beam-shaping and both concave and convex
electron lensing via ponderomotive scattering in free space is demonstrated. Furthermore,
an electron Ronchigram in pulsed mode is recorded, which opens up the possibility of
doing coherent experiments with the modified microscope. Selected applications that can
arise from the electron phase modulation with light are programmable phase plates for
contrast enhancement, generation of exotic beams, aberration correction of traditional
electron lenses, and more versatile electron microscopes with lenses made out of light.
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Kurzfassung

Die präzise transverale Kontrolle von Elektronen ist das Herzstück jedes hochauflösenden
Elektronenmikroskops, bei dem Elektronenlinsen und Multipol-Aberrationskorrektoren
eine räumliche Auflösung unterhalb von Angström ermöglichen.

Diese Dissertation beschreibt einen neuartigen Weg, wie durch Wechselwirkung mit
geformten Lichtfeldern eine transversale Kontrolle über die Elektronen erreicht werden
kann. Ein komplett neu aufgebauter Versuchsaufbau basiert auf einem Rasterelektron-
enmikroskop, das für ultrakurze lasergetriggerte Elektronenpulse und den Betrieb im
Transmissionsmodus modifiziert wurde. In der modifizierten Probenkammer des Ras-
terelektronenmikroskops wechselwirken die Elektronen im freien Raum mit einem ge-
genläufigen, transversal geformten Laser. Während der Wechselwirkung mit dem Laser
erhalten die Elektronen eine lokale Phasenverschiebung proportional zur lokalen Pulsener-
giedichte des Lasers. Elektronenverschiebungen werden mit einem Detektor gemessen.

Die transversale Intensitätsverteilung des Laserstrahls wird durch diffraktive optische
Phasenmasken geformt, die auf einem räumlichen Lichtmodulator abgebildet werden.
Ein Gerchberg-Saxton-Algorithmus wurde modifiziert, um die erforderliche Phasenmaske
zu berechnen, die eine Minimierung von Erwärmungseffekten entlang des Strahlengangs
ermöglicht und speckle-freie Intensitätsverteilungen erzeugt.

Damit die Elektron-Licht-Wechselwirkung stattfinden kann, wird eine zeitliche und räum-
liche Überlappung zwischen Pulsen in einem zweistufigen Prozess ohne Energiefilter herges-
tellt. Zunächst wird ein Szintillator in der Interaktionsebene platziert. Die Ankunftszeit
von elektronengetriggerten Photonen und Laser wird mit einem Silizium-Photomultiplier
aufgezeichnet und die Verzögerung entsprechend angepasst. Im zweiten Schritt werden
Pump-Probe Messungen mit einem Kupfergitter in der Wechselwirkungsebene durchge-
führt, wobei die Pulse mit einer Unsicherheit von ∼ 1ps synchronisiert werden.

Es wird eine programmierbare verlustfreie transversale Elektronenstrahlformung und
sowohl konkave als auch konvexe Elektronenlinsen durch ponderomotorische Streuung
im freien Raum demonstriert. Außerdem wird ein Elektronen-Ronchigramm im Puls-
modus aufgenommen, was die Möglichkeit eröffnet, kohärente Experimente mit dem
modifizierten Mikroskop durchzuführen. Ausgewählte Anwendungen, die sich aus der
Elektronenphasenmodulation mit Licht ergeben können, sind programmierbare Phasen-
platten zur Kontrastverstärkung, Erzeugung exotischer Strahlen, Aberrationskorrektur
herkömmlicher Elektronenlinsen und vielseitigere Elektronenmikroskope mit Linsen aus
Licht.
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1 Introduction

This thesis describes an experiment built from scratch, which demonstrates transverse,
programmable phase shaping of electron waves using counter-propagating, shaped pon-
deromotive potentials from high-intensity laser pulses. The scanning electron microscope
has been modified, and the required infrastructure has been built to have on-axis in-
teraction between electron and laser pulses. The experiments are carried out in a high
laser pulse energy regime such that imprinting the ponderomotive phase shift (up to
980 radians) can lead to an observable change at the detector plane.

Chapter 1.1 overviews state-of-the-art in ultrafast electron microscopy. Also, the longit-
udinal and transverse manipulation of the electron wave function in conventional and
ultrafast electron microscopes is discussed. The motivation for having a light-based
electron interaction in free space is described. Chapter 1.2 provides a general outlook of
what to expect in the following chapters.

1.1 Ultrafast electron miscroscopy

In conventional electron microscopy, information about a sample is extracted by scan-
ning [Rei00, PN11] or transmitting [Rei13] the electrons through the sample. Depending
on the specific application, the detector records electrons’ elastic and/or inelastic scatter-
ing [BCE89]. For imaging techniques, the elastically scattered electrons are usually used,
where the energy of the probe electrons remains unchanged. Contrary to elastic scattering
experiments, spectroscopy techniques like electron energy loss spectroscopy (EELS) has
been established to be a powerful tool for extracting elemental, chemical, or dielectric
information about a sample [Ege11]. However, there are also selected applications where
inelastically scattered electrons are used for imaging [KR85].

Ultrafast electron microscopy (UEM) has enabled the imaging of samples with high
temporal (from 10 ns up to fs timescales) and spatial resolution providing unprecedented
structural information in material science, chemistry, and biology [BYZ07, Zew10, MB18].
The so-called ’pump-probe’ measurement technique is employed, where a pulsed laser
(pump) is used to excite the sample, and a pulsed electron beam (probe) interacts with the
excited sample at different time delays. Earlier versions of ultrafast transmission electron
microscopes (UTEM) that were based on thermionic sources [LCR+08, RLS+10, BPC+16]
have been used to study solid state reactions, the martensitic transformation of nanocrys-
talline Ti and many other ultrafast processes none of which would have been possible to
study using setups limited by the frame rate of the acquisition camera. Even though highly
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1 Introduction

performant for many applications, thermionic sources have planar photocathodes, which
result in an electron emission area limited by the focal spot of the laser beam to several mi-
crons. To increase the electron beam coherence and hence unlock different phase-sensitive
applications, UTEMs based on Schottky field emission guns (SFEG) [FBdS+17, ZZW+20]
and cold field emission guns (CFEG) [HCW+18] have been developed. Some challenges
lie in modifying the microscopes such that triggering the electrons is effective, interfacing
the pump optics with the electron column, and synchronizing the two pulses in space and
time. Also, ultrafast microscopes have found applications in studies of magnetization
dynamics [dSMF+18] or skyrmion writing [BMM+18] which could be studied to improve
data storage devices. Furthermore, ultrafast electron vortex beams have experiment-
ally been created by interaction with strong, femtosecond, chiral, and plasmonic near
fields [VBM+19]. More recently, time-resolved experiments in an ultrafast SEM have
been carried out to study the hot carrier diffusion in semiconductors [CPH+22].

Moreover, it has been shown that the photon lifetime can be measured by studying
the interaction between ultrafast electrons and cavity photons [WDS+20]. Additionally,
the interaction of electrons with laser-triggered whispering gallery modes in a microsphere
can lead to spectral electron broadening of up to 700 electron volts [KLMS+20]. A detailed
study on the state-of-the-art shaping of electron beams with light can be found in [RK20].

Photon-induced near-field electron microscopy

Time-resolved methods involving femtosecond laser excitations are combined with EELS
methods to study the ultrafast dynamics for phenomena occurring at the femtosecond scale.
It has been shown in [BFZ09] that photon-induced near-field electron microscopy (PINEM)
can image the near field of an electric field distribution close to a carbon nanotube or
silver nanowire with femtosecond precision. First, the nanostructure is excited by an
ultrafast laser. When an electron pulse is overlapped spatially and temporally at the
excited nanostructure, direct absorption and emission of single photons are observed in
the electron energy spectra. Secondly, when selecting the electrons that gained or lost
energy, an image of the near field is formed. Also, PINEM enabled quantum walk of
electrons [FES+15] and the generation of attosecond electron pulse trains [PRY+17].

Wavefront shaping of electron beams

The precise control over the wave function of a laser beam has been reached with the de-
velopment of adaptive spatial light modulators. Programming and displaying on-demand
diffractive optical elements that can arbitrarily shape the wave function led to tremendous
progress in many optics applications [LHKO12]. Unfortunately, this degree of freedom has
yet to be reached in electron microscopy. Programmable wavefront shaping of the electron
phase has been realized by transmission of electron beams through holographic bin-
ary masks [VTS10, MAA+11, VBLL+13], magnetic [BVBVTV14, GBLM+17, TBM+18],
electrostatic [VBMC+18, TRR+21, IBV22] and thin film material phase plates [UT10,
GCGK+14, SLLA14, HPA+14, OCP+16, KRBD17, SRL+18, RSL+21a]. Many wavefront

2



1.1 Ultrafast electron miscroscopy

shaping applications have been used for generating electron vortex beams carrying orbital
angular momentum, creating self-healing beams, diffractive probe engineering, contrast
enhancement in weak scattering objects, and aberration correction of electron beams.
Although programmable (except thin films), most current wavefront shaping applications
can suffer from losses, charging, inelastic scattering, and material deterioration.

The electron wave packet can also be shaped in free space by light in the vicinity
of materials. It has been shown in [FYSR20] that a coherent inelastic beam splitter
can be constructed if ultrafast electrons pass through laser-illuminated graphite sheets.
Furthermore, attosecond coherent control has been demonstrated by probing electrons
with semi-infinite light fields [VMB+18]. More recently, adaptive shaping was demon-
strated by tunable photon induced spatial modulation [TDW+22]. Also, adaptive shaping
with optical near field plates has been proposed [KcvdA20] for arbitrary wavefront-
shaping of electron waves, whereas the first experimental demonstration followed shortly
afterward [MLM+22].

Pondemorotive interactions

Even though it provides temporal and spatial control over the electron waves, optical
manipulation of electron beams in the vicinity of materials can still suffer from char-
ging, inelastic scattering, and beam-induced deterioration. The interaction of electrons
and light in free space avoids these problems. It has been theoretically predicted by
Kapitza and Dirac [KD33] that electrons could be diffracted from a standing optical
wave. The interaction of electrons with a standing wave in free space has been theoret-
ically studied further [Bar67, CT79], while the first experimental deflection of electrons
was realized [BSB88] after the development of pulsed lasers, after some other attempts
[BRT68, Sch73] that were inconclusive due to setup stability. Diffraction of electrons at
a standing light wave and coherent phase shifting of electrons has been experimentally
demonstrated [FAB01, FB02] afterward.

Moreover, Kapitza-Dirac experiments have found applications beyond electrons also
in atom [GRP86] and molecular [GHH+07] physics. Also, the generation of electron
vortex beams has been proposed, where the Kapitza-Dirac standing wave is replaced by
optical waves carrying orbital angular momentum [HSB15] or via traveling waves by in-
elastic pondemorotive scattering [Koz21]. More recently, ponderomotive interactions have
found applications in temporal characterization [SGHM05, HEH+06, HSH+08], attosecond
generation and detection of electron pulses [KESH18, KO22, SCH22b]. Furthermore,
attosecond electron pulses can be created by modulating the longitudinal and transverse
momentum of the electron wave function using three different optical pulses overlapped
with the electron pulse [Koz19]. Morever, light-based convex lensing with negative spher-
ical aberrations [UKS21, UKS22] has been recently proposed for non-relativistic electrons.

In continuous wave mode, because the power requirements to induce ponderomotive
phase shifts of π/2 are very high (> 30 000W), an optical enhancement cavity system that
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1 Introduction

features a standing wave has been proposed in [MJD+10] and successfully implemented
in [SAC+19, ACS+20]. The continuous wave experiments have been carried out in a
modified phase contrast TEM, where an image’s contrast is enhanced by phase shifting
(π/2) the scattered wave with respect to the unscattered wave.

1.2 Structure of the thesis

Chapter 2, Theoretical background, provides the necessary steps to calculate the phase
shift that relativistic electron waves experience when traversing a shaped high-intensity
laser beam. The equation that describes how the state of a relativistic electron in an
electromagnetic field evolves time is the Dirac equation [Mes14]. However, getting an
analytical expression for the phase shift directly from the Dirac equation is challenging.
It has been recently shown in [GdAKcv21] that the Dirac equation can be reduced to an
effective Schrödinger equation. Thus, the phase shift can be calculated by integrating
over the interaction Hamiltonian of the effective Schrödinger equation. Furthermore, in
the derivation of the phase shift we neglect electron spin, single-photon processes, and
energy spread of electrons, and we assume that the interaction takes place within the
focal plane of the laser. We eventually arrive at an analytical expression for the phase
shift that is proportional to the spatial transverse profile of the laser beam.

Chapter 3, Experimental Setup, describes the methods used to achieve light-induced
transverse phase modulation of electron waves. We first discuss the environmental require-
ments regarding stray fields and mechanical vibrations and explain how we could realize
them experimentally. We then describe how we modified the scanning electron microscope
(SEM) to install the required optics that ensure a collinear interaction between electron
and laser pulses. Finally, we discuss how we implemented the position-sensitive detector
that consists of a microchannel plate (MCP) assembly.

Chapter 4, Wavefront Shaping of the Laser Beam, discusses our technique in shap-
ing laser focal spots into speckle-free arbitrary intensity patterns. Laser beam shaping
is done by displaying the required diffractive phase mask on a spatial light modulator
(SLM). The phase masks are programmed using a modified Gerchberg-Saxton algorithm
(GSA) that minimizes losses along the laser beam path. Furthermore, the aberrations of
the laser focal spot have been corrected by superimposing various Zernike phase patterns
to the calculated phase mask.

Chapter 5, Spatial and temporal overlap between the electrons and light pulses without
an energy filter, explains the innovative method used to synchronize the electron and laser
pulses in the interaction plane. Establishing the spatial and temporal overlap between
ultrashort electron and laser pulses is challenging and requires a step-wise course of
action. Synchronizing the pulses is not easy because, unlike photons, the electrons do
not travel with constant velocity throughout the microscope column, which eventually
could lead to timing uncertainties of nanoseconds. This error might be minimized if the

4



1.2 Structure of the thesis

distances between the electrodes that accelerate the electrons are known; however, we did
not have that information. Another error comes from the difficulties in measuring the
propagation length of electrons. Note that 1 cm in path length error for 30 keV electrons
already leads to an error of 30 ps. To avoid all these problems, we describe the meth-
ods used to trace back the precise arrival time of electrons and light in the interaction plane.

Chapter 6, Transverse Phase Modulation of Electron-waves using Light, represents
the central part of my thesis and concentrates on the experimental results obtained by
interacting a counter-propagating, spatially shaped laser pulse with a converging electron
pulse. It is experimentally shown that arbitrary, light-induced electron phase modulation
can lead to controllable transverse intensity modulation of electron beams. Furthermore,
both convex and concave light-based electron lenses with focal lengths (a few mm) similar
to those of state-of-the-art electro- and magnetostatic lenses are created. Note that
concave lenses are impossible to create with static, cylindrically symmetric megnetostatic
lenses. Electrostatic electron lenses can be made divergent, however, only if the electron
energy is not preserved [WR01].

A future application of our light-based method is the aberration correction of electron
beams. Chapter 7, Diagnosis of electron microscope aberrations, discusses the parameters
that influence the shape of electron focal spot and the methods used to measure the
aberrations. Furthermore, an electron Ronchigram is recorded in pulsed mode, which
opens up possibilities of coherent wavefront-shaping. Also, various methods of achieving
a laser intensity distribution that could correct the spherical aberrations of the electron
beam are discussed.

Finally, Chapters 8 and 9 discuss the results presented in this thesis and the outlook for
future research on transverse phase modulation of electron beams with light.
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2 Theoretical background

2.1 Relativistic quantum description of the electron in an
electromagnetic field

The following literature has been used to write the current chapter: [Sha12, Zwi22]. This
chapter aims to derive an equation that describes how relativistic electrons are affected
by strong electromagnetic fields. We start by giving a short introduction to classical
electrodynamics to make the connection between electromagnetic fields and potentials.
We then briefly describe why the Schrödinger and Klein-Gordon equations are not suited
for calculating the evolution of spin-half particles and recall the Pauli and Dirac equations.

2.1.1 Electric and magnetic fields expressed as potentials

The Maxwell equations are partial differential equations that form the basis of classical
electrodynamics and optics and describe the behaviour of the electric and magnetic field
(E ≡ E(r, t) and B ≡ B(r, t)). In quantum mechanics, a description using potentials is
often more practical.

The second equation is the Gauss law for magnetism and tells us that there are no
magnetic monopoles:

∇ ·B = 0. (2.1)

The magnetic field B from Eq. 2.1 can be written in terms of the vector potential
A ≡ A(r, t):

B = ∇×A. (2.2)

The third equation is Faraday’s induction law, which says that a spatially varying electric
field results in a time-varying magnetic field:

∇×E = −1

c

∂B

∂t
. (2.3)

We now use the Eq. 2.2 and rewrite Eq. 2.3:

∇× (E +
1

c

∂A

∂t
) = 0. (2.4)

Since the curl of the gradient of a scalar is zero, it is possible to introduce the scalar
potential Φ ≡ Φ(r, t):

6



2.1 Relativistic quantum description of the electron in an electromagnetic field

∇× (−∇Φ) = 0. (2.5)

We set Eq. 2.4 equal to Eq. 2.5 and rewrite the electric field in terms of potentials:

E = −∇Φ− 1

c

∂A

∂t
. (2.6)

2.1.2 Schrödinger and Klein-Gordon equation of a relativistic charged
particle in an electromagnetic field

The Schrödinger equation describes how a wavefunction evolves in time and is defined as:

ÊΨ = ĤΨ, (2.7)

with Ê the energy operator and Ĥ the Hamiltonian. However, the Schrödinger equation
is inconsistent with special relativity. From the Einstein relation we have:

Ĥ =

√︂
p̂2c2 +m2c4, (2.8)

with p̂ the momentum operator. To couple the charged particle to the electromagnetic
field, the scalar potential is added directly to the Hamiltonian, and the vector potential
enters via the so called ’minimal coupling’:

p̂ → π̂ = p̂− q

c
A, (2.9)

where q is the elementary charge and π̂ the canonical momentum operator. The Hamilto-
nian for a relativistic charged particle in an electromagnetic field becomes:

Ĥ =

√︄(︃
p̂− qA

c

)︃2

c2 +m2c4 + qΦ. (2.10)

Now if we substitute:

p̂ → −ih̄∇, (2.11)

Ê → ih̄
∂

∂t
, (2.12)

into Eq. 2.7, we get the following equation:

ih̄
∂Ψ

∂t
= [

√︄(︃
−ih̄∇− qA

c

)︃2

c2 +m2c4 + qΦ]Ψ. (2.13)

Rewriting Eq. 2.13 yields the Klein-Gordon equation 2.14 of a spinless particle in an
electromagnetic field. However, Ψ is scalar and cannot describe the state of an electron:

(ih̄
∂

∂t
− qΦ)2Ψ =

(︃
−ih̄∇− qA

c

)︃2

c2Ψ+m2c4Ψ. (2.14)
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2 Theoretical background

2.1.3 The Pauli Equation for an electron in an electromagnetic field

When charged particles with spin one-half couple to electromagnetic fields, the correct
description for the Hamiltonian in the nonrelativistic case has been found by Pauli. The
equation that describes a free spin one-half particle is:

ih̄
∂χ

∂t
=

p̂2

2m
I2x2χ, (2.15)

where χ = (χ1, χ2) is a column vector (Pauli spinor) that accounts for the two degrees of
freedom of the spin one-half particle, and I2x2 is the identity matrix. Next, we rewrite
the Hamiltonian by using the identity:

(σ · p̂)(σ · p̂) = p̂2I2x2 + iσ(p̂× p̂), (2.16)

with σ = σxx̂+ σyŷ + σz ẑ the unit vectors with the Pauli matrices:

σx =

(︃
0 1
1 0

)︃

σy =

(︃
0 −i
i 0

)︃

σz =

(︃
1 0
0 −1

)︃
Since the cross product p̂× p̂ = 0, the Hamiltonian takes the following form:

Ĥ =
p̂2

2m
I2x2 =

(σ · p̂)(σ · p̂)
2m

. (2.17)

We now couple the charged particle to electromagnetism by replacing the momentum
operator with the canonical momentum, and include the scalar potential:

ĤPauli =
1

2m
(σ · π̂)(σ · π̂) + qΦ (2.18)

=
1

2m
(π̂ · π̂)I2x2 + iσ(π̂ × π̂) + qΦ.

Note that π̂ × π̂ ̸= 0 does not commute. Evaluating the cross product of the canonical
momentum (see [Zwi22] for details), and replacing m = me and q = −e, we arrive at:

Ĥ =
1

2me
(p̂+

e

c
A)2I2x2 +

eh̄

2mec
σB − eΦ. (2.19)

The spin coupling to the magnetic field can be read from the second term in Eq. 2.19.
However, the Pauli equation is valid only in the nonrelativistic limit. Thus, we have to
include relativity for a complete description.
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2.1 Relativistic quantum description of the electron in an electromagnetic field

2.1.4 The Dirac equation

The Dirac equation for a free particle

Following on [Sha12], Dirac managed to get rid of the square root from Eq. 2.8. To get
rid of the square root, we need to rewrite the arguments under the square root such that
they are equal to something squared.

c2p̂2 +m2c4 =
(︁
cαd · p̂+ βdmc

2
)︁2

=
(︁
cαxpx + cαypy + cαzpz + βdmc

2
)︁2 (2.20)

In order for Eq. 2.20 to hold, one needs to enforce some properties on αd and βd. The
first condition requires:

α2
x = α2

y = α2
z = βd

2 = 1. (2.21)

The second condition requires that the dot products vanish:

αiαj + αjαi = 0 for all i ̸= j, (2.22)

αiβd + βdαi = 0 for all i. (2.23)

Finally, αd and βd need to be matrices, whereas 4x4 matrices give the simplest solution.
The Dirac equation in free space takes the following form:

ih̄
∂ψ

∂t
=
(︁
cαd · p̂+ βdmc

2
)︁
ψ (2.24)

where αd and βd are the Dirac matrices:

βd =

[︃
I2x2 0
0 −I2x2

]︃
, αd =

[︃
0 σ
σ 0

]︃
, (2.25)

Note the wavefunction is changed from the Pauli spinor to a four-component column
spinor (see Appendix E in [CMWS+22]), which adds to the complexitity of finding an
analytical solution for an electron.

The Dirac equation for a particle in an electromagnetic field

Coupling in the potentials in 2.24 will lead to:

[mecβd + cαd(p̂+
e

c
A)− eΦ]Ψ = ih̄

∂Ψ

∂t
, (2.26)

The Dirac Hamiltonian for a relativistic charged particle coupled to the electromagnetic
field takes the following form:

ĤDirac = mecβd + cαd(p̂+
e

c
A)− eΦ. (2.27)

9



2 Theoretical background

2.2 Ponderomotive interaction for a relativistic charged
particle

Most studies of electron-light interactions consider the perpendicular interaction between
electrons and a standing light wave, also known as the Kapitza-Dirac effect. In our setup,
we have an intense traveling light wave propagating in the opposite direction to relativistic
electrons. This sub-chapter aims to arrive at an analytical solution that allows us to
calculate the electron’s phase shift induced by arbitrary light distributions. The following
part of this sub-chapter is reprinted from our publication [CMWS+22].

We derive the light-induced phase modulation of a relativistic electron beam in free
space, using SI units throughout. We define the direction of propagation to be the z-axis
and assume the electron waves travel at a relativistic mean velocity v = vez, which sets
the Lorentz factor as γ = 1/

√︁
1− v2/c2 and the energy as Ee = γmec

2. In such a setting,
the electron wavefunction ψ can be factorized into the rapidly oscillating plane-wave
component at Ee and a slowly varying envelope ψ⊥ that accounts for the transverse wave
profile,

ψ(r, t) = ψ⊥(r, t)e
iγme(vz−c2t)/h̄. (2.28)

Assuming that light-induced variations of the electron energy be small compared to the
initial energy Ee (called non-recoil approximation), it is shown in [GdAKcv21] that the
Dirac equation 2.26 for the electron state reduces to the effective Schrödinger equation

(∂t + v · ∇)ψ⊥(r, t) = − i

h̄
U(r, t)ψ⊥(r, t), (2.29)

with the effective interaction potential

U(r, t) =
e2

2meγ

[︃
A2

x(r, t) +A2
y(r, t) +

1

γ2
A2

z(r, t)

]︃
+ev ·A(r, t)− eΦ(r, t). (2.30)

By integrating Eq. (2.29), we find that the evolution of the state ψ⊥ between two times
t0 and t1 can be expressed as

ψ⊥(r + vt1, t1) = ψ⊥(r + vt0, t0) (2.31)

× exp

[︃
− i

h̄

∫︂ t1

t0

dt′ U(r + vt′, t′)

]︃
.

The free propagation amounts to a position shift while the light field contributes an
additional phase modulation. In fact, if we choose a sufficiently large interval (t0, t1) →
(−∞,∞) that covers the whole duration of the electron-light interaction, Eq. (2.31) can
be understood as the instantaneous scattering transformation from the incoming to the
outgoing electron wave evaluated at the same time,

ψ
(out)
⊥ (r, t) = eiφ(r)ψ

(in)
⊥ (r, t), (2.32)
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2.2 Ponderomotive interaction for a relativistic charged particle

with the scattering phase φ(r) = −
∫︁
dt′ U(r + vt′, t′)/h̄. The time coordinate t marks

the scattering event, i.e. the point in time when the electron wave packet hits the light
pulse.

Regarding the interaction potential from Eq. (2.30), notice that we may fix the gauge
such that Φ = 0 and we can safely neglect the term v ·A as we integrate the optical field
over a pulse length of 102 periods [GdAKcv21]. Hence we may omit the respective terms
in U .

Given a paraxial light pulse (as focused by moderate numerical apertures) with central
frequency ωL that propagates in the ±z-direction and is linearly polarized along x, the
associated complex-valued electric field can be written as

E(r, t) = E0exg(x, y)e−iωL(t∓z/c)u
(︂
t∓ z

c

)︂
, (2.33)

with E0 the characteristic field strength, g(x, y) the transverse mode profile, and u(t) the
temporal pulse envelope. For simplicity, these three terms are taken to be real-valued
in the following. The real-valued vector potential in Eq. (2.30) is related to the physical
field amplitude via −∂tA(r, t) = ℜ{E(r, t)}.

For the temporal pulse width considered here (∆t = 280 fs), the envelope u(t) varies
on much greater time scales than the optical oscillation period (2π/ωL = 3.5 fs), which
allows us to write the vector potential to leading order as

A(r, t) = ℜ
{︃
E(r, t)

iωL

}︃
(2.34)

= −E0ex
ωL

g(x, y) sin
[︂
ωL

(︂
t∓ z

c

)︂]︂
u
(︂
t∓ z

c

)︂
Plugging this into Eq. (2.30), the scattering phase becomes

φv(r) = −e
2E2

0g
2(x, y)

2meγh̄ω2
L

∫︂
dt′ u2

(︃
t′ ∓ z + vt′

c

)︃
× sin2

[︃
ωL

(︃
t′ ∓ z + vt′

c

)︃]︃
(2.35)

= − e2E2
0g

2(x, y)

2meγh̄ω2
L(1∓ β)

∫︂
dt u2(t) sin2(ωLt).

In the last line, we substitute t′∓(z+vt′)/c→ t and introduce β = v/c. As a next step, we
can write sin2(ωLt) = [1− cos(2ωLt)]/2 and neglect the integral over u2(t) cos(2ωLt) due
to the slowly varying pulse envelope, which leaves us with the ponderomotive scattering
phase averaged over the fast optical oscillation,

φv(x, y) ≈ − e2E2
0g

2(x, y)

4meγh̄ω2
L(1∓ β)

∫︂
dt u2(t). (2.36)

Notice that the phase no longer depends on the z-coordinate, which is consistent with
the paraxial regime for both light and electron waves.
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2 Theoretical background

Finally, we can express the laser field amplitude in terms of a more directly accessible
parameter. To this end, consider the field energy flowing through the xy-plane per
unit area and time, as described by the Poynting vector S = ℜ{E} × ℜ{H} with
H = cε0ez × E to leading order. The measured laser pulse energy EL is obtained by
taking the integral of |S| over the plane and over time, which leads to

EL = cε0E2
0

∫︂
dt u2(t) cos2(ωLt)

∫︂
dxdy g2(x, y)

≈ cε0
2

E2
0

∫︂
dt u2(t)

∫︂
dxdy g2(x, y), (2.37)

assuming once again a slow temporal pulse profile. We can now eliminate this profile and
the field strength in the ponderomotive phase (Eq. (2.36)) and simplify

φv(x, y) = − α

2π(1∓ β)

EL

Ee

λ2Lg
2(x, y)∫︁

dxdy g2(x, y)
, (2.38)

where α is the fine structure constant and λL = 2πc/ωL the pulse wavelength. The
transverse light beam profile g2(x, y) is divided by its integral and can thus be given
in arbitrary units. Moreover, the phase is Lorentz covariant since it reads the same
in the electron rest frame where β′ = 0, E′

e = mec
2, λ′L = λL

√︁
(1± β)/(1∓ β), and

E′
L = EL

√︁
(1∓ β)/(1± β).

For a Gaussian laser beam, Eq. 2.38 takes the following form:

φv(x, y) = − α

2π(1∓ β)

EL

Ee
λ2L
e
−( 2x2

w2
00

+ 2y2

w2
00

)

πw2
00

, (2.39)

where w00 is the Gaussian beam waist. In order for an electron at 30 keV to acquire a
phaseshift of π/2 when traversing the center of a counter-propagating Gaussian laser
focus with w00 = 3.65µm, a laser pulse energy of 30 pJ is required.
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3 Experimental Setup

The Experiments are being conducted in a modified scanning electron microscope (SEM,
FEI XL30). A custom has replaced the SEM’s original door (see Fig. 3.1(left)), which
allows us to mount the required optical setup directly underneath the objective lens of
the SEM. In addition, a hole was cut into the bottom of the sample chamber so that we
could operate the setup in transmission mode. To achieve the required high laser peak
intensities for ponderomotive scattering, an ultrafast infrared laser (coherent Monaco)
has been employed (λ = 1035 nm, repetition rate 1Mhz, pulse length 280 fs, pulse energy
<40µJ).

Figure 3.1 describes the experimental setup: the laser beam is split into two arms
by a beam splitter (93/7). The less intense part of the laser beam is used to generate
the fourth harmonic (258 nm) by using two nonlinear β-barium borate (BBO) crystals
as follows: the infrared laser goes through a BBO crystal (EKSMA Optics, 6x6x3 mm,
θ = 23.4). The resulting output is a mixture of IR laser (1035 nm) and green laser
(515 nm). The green laser beam is filtered out by a dichroic mirror and guided towards
the second crystal (EKSMA Optics, 6x6x0.5 mm, θ = 49.6), which is used to generate
the ultraviolet (UV) light (258 nm). The resulting UV laser beam is filtered out from the
green light and finally focussed by a 15 cm focal length lens on the Schottky gun of the
electron microscope [HSATK06]. This generates pulsed electrons, which propagate in the
z-direction towards a counter-propagating, spatially shaped laser focus.

The intense part of the IR laser (<17.2µJ) is used to generate the required field amplitudes
for the ponderomotive scattering experiments. First, the IR beam goes through a delay
stage that allows adjusting the timing with respect to the electron pulse. Second, the
laser beam is transferred from the initial optical table to the electron microscope table
(see Fig. 3.2). Both IR and UV laser beams pass through a beam stabilization system
(Aligna, TEM-Messtechnik) equipped with two piezo actuators. One actuator is placed
on the optical initial optical table and the other one is placed on the electron microscope
table. This is used to counteract the pointing instabilities (25µrad) of the laser, mech-
anical/thermal vibrations and drifts within the beam path. In addition, it makes the
experiment easier to operate because it realigns the laser beams at the beginning of a
new experiment. Third, the IR laser is expanded to a diameter (1/e2) of 7.5mm and
is diffracted from the SLM phase mask, forming the first shaped intensity distribution
in the focal plane of a lens (of focal length f = 200mm). The shaped distribution is
further demagnified 5x by a 4f system (250mm lens and 50 mm lens) and is brought
to the interaction plane by a gold mirror on a copper substrate to interact with the
counter-propagating electron pulse (see Fig. 3.4). A 1.5mm hole is drilled in the gold
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3 Experimental Setup

τ 
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280 fs 
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1035 nm

Figure 3.1: Experimental setup: Programmable ponderomotive deflection of electrons in
free space. Outside the vacuum chamber, the SLM-shaped laser distribution
is formed in the conjugate plane (CP). In the specimen chamber, the electron
beam interacts with a counter-propagating laser pulse in the IP. The induced
electron phase modulations are proportional to the local laser pulse energy.
(left) The modified SEM chamber door (bottom, left) allows for in and
outcoupling the shaped light fields. Reprinted from [CMWS+22].

mirror to allow the electrons to pass through. After the interaction, the laser beam is
outcoupled from the SEM chamber and used further for alignment purposes. Both UV
and IR power levels are independently controlled by placing motorized polarizing beam
splitters along their beam paths.

3.1 Noise sources in the SEM region

Two primary noise sources identified in our lab can cause decoherence in the electron
beam and degradation of the instrument resolution. One noise source is related to stray
electromagnetic fields in the microscope region, and the other comes from mechanical
vibrations that couple to the SEM column. One of the requirements for achieving a good
resolution in electron microscopes is to have stray electromagnetic fields below 0.1mG
root mean square [MG01]. Active shielding uses a magnetic field compensation system
(Stefan Meyer Instruments) to tackle the stray magnetic fields issue. Vibrations that
couple to the SEM column are reduced passively. The SEM table legs are placed directly
on the concrete floor (instead of on the laboratory flooring), and the SEM itself is placed
on an air-damped table. We found that the air-damped table’s pressure must be set
carefully to about ∼ 5 bar to optimize its damping behavior.
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3.2 The procedure of creating the pulsed electron beam

3.2 The procedure of creating the pulsed electron beam

The alignment procedure of the UV laser beam at the electron gun [KMS+18] is done
by first heating the tip to a temperature (T>1500K) such that the naked eye can see
the black body radiation emitted in the visible spectrum. We first align the radiated
light to pass through the center of two irises placed at ∼ 1m distance from each other.
The light intensity that passes through the irises is optimized by detecting the signal
with a CMOS camera (FLIR, BFS-U3-50S5). Afterward, we align the UV laser beam
to the same two irises. Finally, the precise position of the UV focal spot at the electron
gun is tuned by optimizing the electron intensity detected at the MCP assembly. The
sensitivity of the fine alignment can be increased by using higher laser pulse energies up
to ∼ 10 nJ, optimizing the lens position, removing the aperture of the SEM objective lens,
focussing the electron beam to a small (<1mm) spot at the detector plane, biasing the
MCP assembly to be sensitive to single electrons. Note that the electrons are triggered
only when the focal point is precisely at the tip of the electron gun. Furthermore, the
exposure time of the CMOS is set to ∼ 0.2 s.

λ= 258 nm

Iris 2

Iris 1

f = 15 cm 

Figure 3.2: Experimental setup (back view). The UV light is brought to the electron gun
height level with two mirrors attached to a vertical support rail (Thorlabs,
CFB1500). Furthermore, a cage system is mounted directly on the SEM
column and holds the focussing lens and an iris used for alignment. The
UV laser beam hits the electron gun laterally through a window and triggers
the ultrashort electron pulses. 3D drawing made by Philipp Weber. I only
designed the 3D drawing of the optical setup outside vacuum.

Thus, the risk of missing the triggering event when changing the position of the UV
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3 Experimental Setup

laser beam by the mirror close to Iris 2 (see Fig.3.2) is minimized. The polarization of
the UV laser is aligned parallel to the Schottky gun to maximize the electron emission
[HSATK06]. Figure 3.2 shows the back view of the electron microscope.

3.3 Electron detection system

The electrons are detected using a microchannel plate assembly (Tectra Gmbh, MCP-025-
D-L-F-V-P43-6MI). The assembly is in vacuum and consists of two MCPs (18.8mm active
area) with a channel diameter of 6µm installed in a chevron configuration and read out
by a phosphor screen (P43). The MCP is usually biased at 1300V and the P43 at 3500V.
Due to the potential difference between the second MCP plate and the P43, the amplified
electrons (gain ∼5×106, according to the datasheet [MCP]) at the MCP output start to
accelerate towards the P43, where the deposited position-dependent energy is converted
into light (peak wavelength of emission 545 nm). Finally, the scintillated light is collected
by a lens (Kowa, LM35HC) that is attached to a CMOS (FLIR, GS3-U3-23S6M-C) camera
(outside vacuum). The CMOS peak sensitivity matches the emission wavelength of the
P43. The CMOS can detect single electron events with a finite resolution (∼ 100µm)
determined by the measured point spread function (see Appendix C in [CMWS+22]).
Also, the detected electron beam images were processed after the acquisition with a 2x2
median filter to avoid dead pixels from the CMOS. The schematic of the electron detection
system can be seen in Fig. 3.3.

CMOS
(FLIR, GS3-U3-23S6M-C)

MCP1

MCP2

P43

Kowa, LM35HC

Chevron
Primary electron

Channels

ground

+1300V

+3500V

Figure 3.3: Electron detection system. Inside vacuum: a primary electron is impinging
onto the first MCP disk triggering an electron avalanche. The electron signal
is further amplified by a second MCP and eventually accelerated on the P43
screen. The scintillated light from the P43 is captured outside the vacuum by
an objective lens coupled to a CMOS camera.
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3.4 Optical setup

3.4 Optical setup

The original SEM door has been replaced by a custom one, which holds the optical
components required to couple the light in and out of the vacuum chamber. The door
is made of aluminum and has a CF 100 transparent window to allow light to enter and
exit the vacuum chamber. In addition, it has multiple ports for electrical feedthroughs
and threaded holes across the surface that would enable the optical components to be
mounted directly to the door.

Figure 3.4(left) shows the SLM optics mounted on a breadboard outside the vacuum and
attached directly to the SEM door by two Brackets (Thorlabs, VB01). Figure 3.4(right)
features the optical setup inside the vacuum chamber that is also attached to the SEM
door and brought close to the objective lens of the SEM. The whole structure is mounted
on a 2D piezo stage to facilitate alignment with the electrons. The green and blue arrows
indicate the position of the lenses and mirrors that couple in and out the laser beam. The
mirrors have an unprotected gold layer on top of a copper substrate to avoid charging
effects. Also, 1.5mm holes are drilled into the mirrors to allow the electron beam to pass
through. With everything set, the shaped IR laser beam enters the SEM chamber through
the CF 100 window, modulates the electron beam in the interaction plane (see red spot
in 3.4), and is afterward out-coupled from the chamber. Figure 3.5 shows a photograph
of the experimental setup with the SLM optics mounted on a breadboard and attached
to the custom-made SEM door.

SLM

(a) (b)

+3τ

+2τ

+τ

-τ

-2τ

-3τ

0

Figure 3.4: Experimental setup (3D drawing, side view). (left) The breadboard holds the
SLM optics and is attached to the modified SEM door. (right) The optical
setup inside the vacuum is placed close to the SEM objective lens. The
whole structure is attached to the SEM door and features a 2D piezo stage to
establish the alignment with the electron beam. The figure has been reprinted
from [CMWS+22]. 3D drawing made together with Philipp Weber.
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3 Experimental Setup

Additionally, a mechanical stage is installed to fit into the interaction region (see Fig.
3.6) in-between the lenses. This is particularly important for establishing the temporal
and spatial overlap between the laser and electron pulses since it can host a scintillator,
TEM grid, or a miniaturized CMOS camera.

Figure 3.5: Experimental setup (front view). The modified SEM door holds the breadboard
with the water-cooled SLM and the optical components.

Figure 3.6: 3D drawing of the optical setup in the interaction region taken at different
angles. The mechanical stage in-between the lenses with a scintillator (yellow)
is marked in blue (left). The non-magnetic titanium components holding the
gold mirrors can be seen on the right (top, and bottom). A 1.5 mm hole has
been drilled in the 45° mirrors to allow the electron beam to pass through.
3D drawing is made by Philipp Weber.
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4 Wavefront Shaping of the Laser Beam

4.1 Spatial Light Modulator

Spatial light modulators are devices that can modulate the properties (phase, amplitude,
polarization [OMNA+09]) of a laser beam [NAL90] as a function of position. In recent
years, spatial light modulators have revolutionized the field of optics with applications in
astronomy [KBB+03], deep-tissue imaging [WLM+14], two-photon imaging [NWA+08]
optical microscopy [MJBRM11b], aberration correction [Lov97, VMPA98, RDFB+16],
femtosecond pulse shaping [Wei00], exotic beams generation [CRC+03, FDM16, MJF+07],
atom physics [MSM+03] and many others [RDFB+16].

We use a phase-only water-cooled SLM (Meadowlark optics [Mea22], 1920x1152 pixels,
9.2µm2 pixel size) based on individually programmable liquid crystal (LC) pixels. In-
cident polarized light enters the cover glass of the SLM and goes through a layer of LC
pixels, is reflected afterward from the pixels electrodes, and leaves the device following
the same path. The resulting wavefront acquires a phase shift from 0 to 2π depending on
the orientation of the LCs, which can be independently controlled by the electric field
between the cover glass and pixel electrode. Hence, the SLM is used as an adaptive
diffractive optical element that can host arbitrarily programmable phase masks. Even
though versatile, there are also some current issues with the SLMs. The SLMs have
limited diffraction efficiency and respond only to linearly polarized light. Furthermore,
the liquid crystals inside the SLM can be damaged if a specific peak intensity value is
exceeded.

4.2 The Gerchberg Saxton algorithm (GSA)

Intensity distributions can be shaped by diffracting the light beam off a specific phase
mask followed by light propagation in the far field [BW13]. For generating an arbitrary
intensity distribution, iterative algorithms like the ones described in [Ger72] and [Fie82]
can calculate the required phase mask. For our experiments, we use the GSA [Ger72] to
calculate the needed phase of a complex wave in the space domain (hologram plane) that
will generate the desired amplitude distribution after propagation to Fourier space (target
plane). The phase retrieval algorithm is initiated with the desired amplitude in the target
plane and then iteratively propagates the wave function to the hologram plane and back
using Fourier transforms. In the hologram plane, the calculated amplitude of the wave
function is replaced by the source amplitude, while in the target plane, the calculated
amplitude is replaced by the desired amplitude. After several iterations, the algorithm
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4 Wavefront Shaping of the Laser Beam

converges to a solution where the source amplitude and calculated phase in the hologram
plane will yield the desired intensity distribution in the Fourier space.

𝐸1𝐸2

𝐸3

Target
constraint

Hologram
constraint

𝐸4

Hologram plane Target plane

FFT

IFFT

Figure 4.1: Schematic of the Gerchberg-Saxton algorithm. The algorithm is initiated in
the target plane with desired electric (E1) field amplitude and phase. The
electric field is then propagated to the hologram plane with an IFFT function.
Here, the hologram constraint is applied such that the amplitude of E2 is
replaced with the source amplitude, whereas the phase is kept. Further, the
electric field E3 is propagated to the target plane using an FFT function.
Here the amplitude of E4 is replaced by the desired amplitude while keeping
the phase, and the iteration continues until the reconstructed amplitude in
the target plane equals the desired amplitude.

4.3 Modified Gerchberg-Saxton algorithm

4.3.1 Inclusion of elements in the iterative algorithm with Fresnel
propagation

In order to couple the laser beam to the electrons, 45° mirrors (CO2 laser mirrors, Thorlabs
NB05-L01) are installed before and after the interaction plane. Small holes (1.5 mm) are
drilled into the mirrors, such that the electron beam can pass through. A standard GSA
would lead to significant light intensity impinging on those holes. This would cause a
loss of light and heating within the vacuum chamber. We, therefore, implement a beam
block in the GSA such that the iterative algorithm converges towards solutions with no
light intensity on the hole. While the original algorithm is implemented using fast Fourier
transforms, we are now using Fresnel transforms to be able to include additional elements
into the algorithm if needed. The propagation algorithm has been written in Matlab and
adapted from [Voe11].
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𝐸1𝐸2 ∙ 𝑻𝒃𝒃𝐸3 ∙ 𝑻𝑳𝐸4

𝐸7𝐸6 ∙ 𝑻𝒃𝒃𝐸5 ∙ 𝑻𝑳𝐸4
′

Target
constraint

SLM
constraint

f f/2 f/2

bb

SLM (hologram) 
plane

Target (fourier) 
plane

(a)

(b)

Figure 4.2: Reprinted from our paper [CMWS+22]. (a) Optical setup used to generate
the desired laser intensity distribution. For the electrons to pass through the
optical system, a 1.5mm hole is drilled in the mirrors before and after the
interaction plane. A beam block (bb) can be implemented in the algorithm
to minimize the laser intensity losses at the hole and facilitate diffraction
around it. (b) The schematic of the adapted iterative GSA. The Fresnel
transfer function propagates the electric field from one plane to another. The
Fresnel implementation allows for introducing additional elements, like the
beam block, in the iterative algorithm.

The electric field of the laser in the plane j is characterized by the amplitude A(x, y)
and phase ϕ(x, y) distribution:

Ej(x, y) = A(x, y)eiϕ(x,y). (4.1)

It is propagated to a plane j+1 by

Ej+1(x, y) = F−1[F [Ej(x, y)T (fx, fy)]], (4.2)

where

T (fx, fy) = eikz exp(−iπλLz(f2x + f2y )), (4.3)

is the Fresnel transfer function and F is the Fourier transform operation, λL the light
wavelength, z is the propagation distance and k = 2π/λL the wavenumber. The spatial
and frequency coordinates are discretized on a square grid with

x→ −Lx

2
: ∆x :

Lx

2
−∆x, (4.4)

y → −Ly

2
: ∆y :

Ly

2
−∆y, (4.5)
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fx → −1

2∆x
:
1

Lx
:

1

2∆x
− 1

Lx
, (4.6)

fy → −1

2∆y
:
1

Ly
:

1

2∆y
− 1

Ly
, (4.7)

with Lx = Nx∆x. The iterative algorithm starts in the Fourier plane by choosing the target
amplitude and initial phase of the electric field E1 = E1(x, y) = ATarget(x, y)e

iϕinitial(x,y)

(see Fig. 4.2). Second, the field propagates back for z = −f/2 and is (optionally) multiplied
by the transmission function of the beam block (Tbb). Third, the field propagates for
z = −f/2 and is multiplied by the transmission function of the lens (TL). The transmission
functions of the beam block and lens are defined as follows:

Tbb =

{︄
1 for

√︁
x2 + y2 ≥ 0.75mm

0 for
√︁
x2 + y2 < 0.75mm

(4.8)

TL(x, y) = Tp(x, y) exp(
−ik
2f

(x2 + y2)), (4.9)

Tp =

{︄
1 for

√︁
x2 + y2 < 12.5mm

0 for
√︁
x2 + y2 ≥ 12.5mm

(4.10)

where Tp is the pupil function of the lens. Fourth, the field propagates for z = −f to
the hologram (SLM) plane, where the amplitude distribution is replaced by the source
amplitude (Gaussian), which is defined as below:

Asource =

√︃
exp(−(

2x2

σ2
+

2y2

σ2
)), (4.11)

where σ is the beam waist defined where the amplitude has dropped to 1/e2. Afterward,
the field propagates back to the target plane, following the same path. Note, that the sign
of z is reversed when the electric field changes direction. The arriving field at the target
plane is E7 = A7e

iϕ7(x,y). If the resulting amplitude A7(x, y) ≈ ATarget(x, y), the phase
distribution of E4 is extracted and used as the computer-generated hologram. Otherwise,
the Fourier constraint is applied, and the iteration continues until the algorithm eventually
converges.
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4.3 Modified Gerchberg-Saxton algorithm

Signal and Noise region of the laser’s electric field

Signal region 

zero padded 
noise region 

SLM region 

(a) (b)

Figure 4.3: Regions of interest defined when using the modified GSA. (a) The off-centered
intensity distribution of the target image (|ETarget(x, y)|2) in the Fourier
plane. The target image is intentionally off-centered to avoid interference
with the unmodulated light. The Matrix I contains a signal region, where
the target image is defined, and a noise region (zero padded) to maintain
the sampling condition (Nx = λLz/∆x

2). (b) The Gaussian source intensity
(|Asource|2, σ = 7.5mm) is constrained within the dimensions of our SLM
(RSLM = 5.3mm).

For our applications, the target image is defined within a matrix window I = |E(x, y)|2 that
contains Nx ×Ny pixels. The number of pixels in I is kept constant at Nx = Ny = 2446
to ensure that the sampling condition Nx = λLz/∆x

2 is preserved for all our programmed
phase masks. The spacing between pixels (∆x = 9.2µm) is chosen to match our SLM’s
pixel size. If the diameter of shaped field in the Fourier plane has to be smaller than I,
the target image’s size is less than Nx ×Ny. For all our experiments, the shaped field is
smaller than I. Thus, the matrix I is split into two regions (see Fig. 4.3(a)). First is the
signal region (S), where the desired amplitude is defined. Second is the noise region (N),
which is padded with zeros for maintaining the sampling condition. Also, the defined
(1/e2, 7.5mm diameter) Gaussian source intensity in the algorithm is constrained (see
Fig. 4.3(b)) within the dimension of our SLM ( RSLM = 5.3mm). The pupil function of
the SLM (TSLM) is applied to Asource in the SLM plane during the iterative process to
match the experimental conditions:

TSLM =

{︄
1 for

√︁
x2 + y2 < RSLM

0 for
√︁
x2 + y2 ≥ RSLM

(4.12)
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4 Wavefront Shaping of the Laser Beam

The initial phase and the amplitude constraint of the laser’s electric field

The initial phase that is used for starting the iterative algorithm can take the following
spatial distribution [PWCD16a]:

ϕinitial =

⎧⎪⎨⎪⎩
random

quadratic

constant

(4.13)

The random phase is ϕr = rand(Nx, Ny), where rand(Nx, Ny) is the Matlab function
that generates random values between 0 and 1. Furthermore, the quadratic phase is
ϕq = C1x

2 + C2y
2, where C1 and C2 are object-dependent coefficients. To optimize the

coefficients, one should check that the spectrum (FFT[|(ATarget)| exp(iϕq)]) is smooth
and within the bandwidth of the defined source field at the SLM plane [PWCD16b]. The
constant phase is defined as ϕc = 1.

In the classical GSA the amplitude in the Fourier plane is constrained in the whole
matrix I:

A(x, y) = ATarget(x, y) for x, y ∈ I. (4.14)

Alternatively, one can constrain the amplitude only in the signal region:

A(x, y) =

{︄
ATarget(x, y) for x, y ∈ S

A(x, y) for x, y ∈ N.
(4.15)

The goal is to shape the source intensity into a new high-quality distribution. The following
sub-chapters discuss when a specific initial phase should be implemented. Furthermore,
we will discuss when the implementation of Eq. 4.15, which deviates from the classical
GSA, is useful.

Quality of the reconstructed image

To assess the quality of the reconstructed intensity, we use the two-dimensional Matlab
correlation function (fcorr) and the diffraction efficiency (deff), defined as follows:

fcorr =

∑︁
m

∑︁
n(Amn −A)(Bmn −B)√︂

(
∑︁

m

∑︁
n(Amn −A)2)((

∑︁
m

∑︁
n(Bmn −B)2))

, (4.16)

with Amn and Bmn are the components of the target and reconstructed intensity, where
m and n indicate the number of rows and columns. The A and B calculates the the mean
value of all matrix components.

deff =

∑︁
x,y∈S I∑︁
I

. (4.17)
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4.3 Modified Gerchberg-Saxton algorithm

4.3.2 Speckle suppression of the desired intensity distribution with an
initial quadratic phase

Speckle suppression without the implementation of a beam block in the GSA

An SLM [MJBRM11b] displays the iteratively calculated hologram (see section 4.3.1),
which imprints phase shifts onto the source field such that the desired intensity distribution
is generated in the Fourier plane of the SLM. However, a common issue [PWCD16b]
with the GSA is that the phase changes erratically with each iteration, and the resulting
hologram will contain neighboring phase values differing by close to π, which can lead to
local destructive interference (speckles) in the intensity distribution. Figure 4.4 shows
holograms (50 iterations) that are calculated with ϕq (a) and ϕr (b).

(a) (b)

0

-3

3

Figure 4.4: (a) Hologram (scalebar 211µm) calculated as described in section 4.3.1 by
using ϕq and by constraining the amplitude only in the signal region. The
ϕq ensured that there are no unwanted π jumps between neighboring phase
values in the hologram. (b) Hologram calculated by using ϕr.

The speckles in the reconstructed image can be suppressed by initiating the algorithm
with a quadratic phase rather than a random or constant phase and by restricting the
amplitude in the Fourier plane only in the signal region (see Eq. 4.15). Constraining the
amplitude only in the signal region has the advantage of applying fewer restrictions to the
algorithm. The initial quadratic phase facilitates a smooth transition between neighboring
values of the hologram during the iterative process. The method described here is similar to
the studies in [SKE+15, PWCD16b], with the difference that we do not put constraints on
the phase during the iterative process. Figure 4.5(right) shows a target image (|ATarget|2,
150×150 pixels) selected to be reconstructed in the CP. First, the ϕr ( see Fig. 4.5(a))
has been chosen as a starting phase to reconstruct the images in Figs. 4.5(b)-(d), whereas
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4 Wavefront Shaping of the Laser Beam

(d) shows the experimentally measured intensity. Figures 4.5(b)(fcorr = 93%, deff = 89%)
and (c)(fcorr = 96%, deff = 82%) are the reconstructed images with the Fourier constraint
in the I (b), and in the signal region (c). We see that the division into a signal and noise
region, leads to a higher correlation coefficient at the expense of lower efficiency.

(f) (g)

1

0.5

0

(b) (c)

0

-3

3

(e)

(a) (d)

Target image

(h)

Figure 4.5: The target image (right) that needs to be reconstructed. (a) ϕr (scalebar
345µm). (b) The reconstructed intensity while using ϕr and Eq. 4.14. (c) The
reconstructed intensity while using ϕr and Eq. 4.15. (d) The experimentally
measured reconstructed image (from (b)) with the CMOS. (f) The reconstruc-
ted intensity while using ϕq (from (e)) and Eq. 4.14. (g) The reconstructed
intensity while using ϕq (from (e)) and Eq. 4.15. (h) The experimentally
measured reconstructed image (from (g)) with the CMOS in the CP. Both
ϕq and amplitude constraint in the signal region have to be implemented to
achieve a speckle-free image.

Second, the ϕq (see Fig. 4.5(e)) has been chosen to initiate the modified GSA for
the Figs. 4.5(f)-(h). The coefficients of the ϕq are optimized to C1 = C2 = 8.2 × 107.
Figure 4.5(f)(fcorr = 95%, deff = 95%) is the reconstructed image with the Fourier
constraint in I. Figures 4.5(g) (fcorr = 99%, deff = 88%) and (h) are the reconstructed
and experimentally measured speckle-free images, respectively. Note that the NA should
be high enough to image the pattern from the CP to the IP for the ponderomotive
experiments.

Speckle suppression with the implementation of a beam block in the GSA

In the following, the influence of the beam block’s diameter (Dbb) on the quality of the
reconstructed intensity is investigated for two target images having different diameters
in the signal region. The target image from Fig. 4.5(right) is now reconstructed in
Fig. 4.6(b)-(e) and (g)-(j), while implementing various Dbb (see Fig. 4.2) in the modified
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4.3 Modified Gerchberg-Saxton algorithm

GSA. Furthermore, when resizing the images in the signal region from 150× 150 to 40×40,
the coefficients of the ϕq need to be adjusted. For the ϕq in Fig. 4.6(f) the coefficients
have been optimized to C1 = C2 = 3.2 × 108. Table 4.1 shows the correlation and the
diffraction efficiency between the target and reconstructed images as a function of beam
block diameter.

1

0.5

0

(b) (c) (d) (e)

(g) (h) (i) (j)

0

-3

(a)

(f)

3

Figure 4.6: The influence of the size of the beam block on the quality of the reconstructed
intensity (50 iterations). (a) The ϕq shown here is the same as in Fig. 4.5(e)
(scalebar 345µm). (b)-(e) The reconstructed images (150×150 pixels) for
Dbb = 2mm(b), Dbb = 1.5mm(c), Dbb = 1mm(d), Dbb = 0.5mm(e). (f)
The ϕq (scalebar 184µm) used to reconstruct the images (g)-(f). (g)-(j) The
reconstructed images (40×40) for decreasing Dbb.

The speckle suppression method described here has yet to be further implemented for
electron beam shaping. In our experiments Dbb = 1.5mm, which drastically affects the
reconstructed image’s quality and makes the speckle suppression method impractical.
Nevertheless, the hole size (simulated here as a beam block) in the mirror that allows
the on-axis interaction between electron and laser pulses could be reduced in future
setups. According to the data in table 4.1, a small Dbb would improve the correlation
and diffraction efficiency.

Dbb [mm] 2 1.5 1 0.5
fcorr from Fig. 4.6(b)-(e) 93% 96% 98% 99%
deff from Fig. 4.6(b)-(e) 73% 76% 81% 86%
fcorr from Fig. 4.6(g)-(j) 93% 94% 98% 99%
deff from Fig. 4.6(g)-(j) 62% 74% 81% 84%

Table 4.1: Evaluating the quality of the reconstructed images for different beam block
sizes. Both fcorr and deff improve with the decrease of the Dbb. The deff is
higher when reconstructing 150×150 compared to 40×40 pixels images. The
fcorr seems not to be affected by the size of the target image, and shows
promising results for Dbb < 1mm.
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4 Wavefront Shaping of the Laser Beam

4.3.3 Shaping the laser beam for electron deflections

This sub-chapter describes how the laser beam is shaped into small signal regions to be
used for the ponderomotive experiments in chapter 6. The phase shift 2.36 induced to the
electrons is inversely proportional to the integrated laser beam intensity; therefore, if the
laser phase plate is spanned over a big area, no modulation of electrons would be visible
at the detector plane. The MCP resolution necessitates (δx = θx,f · d = 181µrad · 55 cm)
∼ 0.1mm scale electron deflections to observe a change in electron intensity distribution.
The deflection angle of the electrons is denoted by θx,f and the distance from the interaction
plane to the MCP by d. One can use Eq. 5.7 (defined in a later chapter) to calculate
the maximum laser beam diameter (16µm) that can be used at EL = 17.2µJ to get
θx,f = 181µrad. With an NA of 0.2 we can use ∼ 14 pixels for deflection. Thus, we
selected target images that contain a limited number of pixels. Figure 4.7 shows the
shaped laser intensity distributions resembling the letters ’ψ’, ’O’, and ’Smiley’, which
have been later used to deflect the electrons.

change

0

0.5

1

Figure 4.7: Intensity profiles are obtained with the modified GSA. (top row) The desired
target images resemble the letter ’Psi’, ’O’ and a ’Smiley’ (scalebar 66µm).
(center row) The resulting simulated, reconstructed images after 20 iterations
with the modified GSA (scalebar 66µm). (bottom row) The intensity dis-
tributions are measured with the CMOS in the conjugate plane (scalebar
70µm) before being demagnified 5x in the interaction plane. The measured
intensity of the letter ’O’ is missing. Unwanted intensity fluctuations are
present in the simulated reconstructed image and in the CMOS-measured
intensity distribution of the letter ’ψ’. The reasons for intensity fluctuations
are the small number of pixels used for defining the target image and the
implementation of the 1.5mm beam block in the GSA.

To calculate the required phase mask to be displayed on the SLM, the modified GSA
from section 4.3.1, with the implementation of a beam block (Dbb), is used. The iterative
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4.3 Modified Gerchberg-Saxton algorithm

process can also be visualized in Fig. 4.2. For target images that contain only a few pixels,
the modified GSA with an initial phase ϕc showed the best experimental results. Also,
during the iterations, the amplitude is constrained (see Eq. 4.14) in the whole matrix I
to facilitate the diffraction efficiency.

The calculated phase masks (ϕGSA) displayed on the SLM that shape the source field
into the desired intensity distributions (see Fig. 4.7) in the CP are shown in Fig. 4.8. The
target image is defined off-center at the SLM to separate the reconstructed image from
the unmodulated light reflected off the SLM. For demagnifying (5x) the reconstructed
focal shapes from the CP to the IP, a 4f system (f2 = 250mm and f3 = 50mm)) is used.
Note that the demagnification introduces additional aberrations into the optical beam
path. To minimize the aberrations, an additional hologram (see Fig. 4.8(d)) has been
superposed to the calculated holograms (see Figs. 4.8(a), (b), (c)).

(a) (b)

(c) (d)

Figure 4.8: (a)(b)(c) The calculated holograms with the modified GSA (see Fig. 4.2) for
shaping the Gaussian laser distribution into a letter (a) ’Psi’, (b) ’Smiley’, and
(c) letter ’O’ (scalebar 2.1mm). The algorithm converged after 20 iterations.
Note that the target images used here have pixel numbers <20; therefore, no
initial quadratic phase can be used to start the GSA. Thus, the reconstructed
images can suffer from speckles. The holograms have been displayed on the
SLM to shape the source intensity into the desired intensity distributions.
(d) An additional correcting hologram (ϕcor) is superimposed onto the GSA-
calculated holograms when transferring the light intensity distributions from
the CP to the IP.

This step is required to minimize the aberrations introduced by the additional optical
elements along the beam path from the CP to the IP. For the correction phase mask
in Fig. 4.8(d) following Zernike polynomials have been added: ϕcor = (1.3 × π × Z4

0 +
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0.5 × π × Z2
2). The Zernike polynomials are defined in a later chapter (see table 6.1).

The coefficients of the Zernike polynomials have been optimized by measuring the laser
focal shape in the interaction plane with a miniaturized (OV5647) CMOS. Figure 4.7(cen-
ter),(bottom) shows the simulated reconstructed intensities and the measured intensities
with the CMOS in the conjugate plane, respectively.

The quality of the reconstructed image from Fig. 4.7 is shown in table 4.2. One can see
that the correlation could be better. The imperfections in the reconstructed images are
due to the implementation of the beam block in the iterative algorithm and the small
number of pixels in the target image.

- letter Psi Smiley letter O
deff 91% 90% 91%
fcorr 92% 89% 87%

Table 4.2: The quality of the reconstructed (simulated) images from the conjugate plane.
The comparison is made between the target intensities and the reconstructed
intensities after diffraction from the phase mask calculated with the modified
GSA. The algorithm converged after 20 iterations. More iterations slightly
improve the reconstructed image’s correlation coefficient; however, the measured
intensity distributions start to degrade due to the emergence of speckles.

Intensity loss at the beam block implemented in the modified GSA

(a) (b)

Figure 4.9: (a) The simulated intensity distribution (scalebar 0.75mm) at f/2 distance
away from the probe forming light lens in the CP. (b) The intensity distri-
bution from (a) superimposed with the 1.5mm diameter beam block. Five
% (I(b)/I(a)) of the total intensity is lost in the beam block. The hole in
the last mirror allows the collinear interaction of the laser pulse with the
counter-propagating electron pulse because the electrons need to pass through
the mirror. The beam block implemented in the modified GSA simulates the
hole in the mirror which has a diameter of 1.5mm.

To evaluate the effectiveness of the 1.5mm beam block implemented in the modified GSA,
we first calculate the phase mask with the modified GSA (see Fig. 4.2) to diffract and

30



4.3 Modified Gerchberg-Saxton algorithm

shape the initial source Gaussian beam into the smiley shown in Fig.4.7. We start from
the SLM plane and propagate the field up to the beam block (at f/2 after the lens) and
get the absolute squared value of the field to see how the intensity is distributed around
the beam block. The intensity distribution in the plane of the beam block can be seen in
Fig. 4.9 and indicates that the beam block is implemented successfully into the iterative
algorithm. However, five % loss at the beam block can induce thermal instabilities if high
pulse energy is used.

For our proof-of-concept experiments, the shaping method described here is sufficient.
Nevertheless, we do aim to generate laser phase plates of larger areas in the future. For
those experiments, the speckle correction scheme described in sub-chapter 4.3.2 will be
useful.

4.3.4 The Laguerre Gauss beam of charge one

It is shown in a later chapter (6) that the Laguerre-Gauss beam can be used to create
a convex light-based lens for electrons. This section describes the practical challenges
of creating a Laguerre-Gauss beam experimentally. Mathematically, the electric field of
Laguerre-Gauss modes is defined as [UKS22]:

ELG(r, z) =
w0

w(z)

(︄√
2r

w(z)

)︄|ℓ|

L|ℓ|
p

(︃
2r2

w2(z)

)︃
exp

(︃
− r2

w2(z)

)︃
× exp

[︃
ikr2

2R(z)
+ iℓϕ+ i(2p+ |ℓ|+ 1)η(z)

]︃ (4.18)

where p is the radial index, l is the azimuthal, r the radial distance and z the axial
distance from the center of the beam. L

|ℓ|
p represent the Laguerre polynomials [Lag],

w(z) = w0

√︂
1 + z2/z2R is the radius of the beam along the z coordinate, w0 the radius

where the amplitude drops to 1/e2, and zR = πw2
0/λL is the Rayleigh range. Furthermore,

R(z) = z
(︁
1 + z2R/z

2
)︁

is the radius of curvature, η(z) = tan−1 (z/zR) is the Gouy phase,
and ϕ the helical phase factor. For p=0, the intensity of the Laguerre-Gauss modes in
focus becomes:

ILG(r, 0) = I0

(︄
r
√
2

w0

)︄2|l|

exp

(︃
2r2

w2
0

)︃
(4.19)

The donut beam (Laguerre-Gauss beam of charge one, LG10) profile has p = 0 and l = 1,
whereas the Gaussian beam (LG00) has p = 0 and l = 0.

Donut beams are widely used in super-resolution microscopy [KEH01], like stimulated
emission depletion microscopy (STED) and optical tweezers [SAP96]. Tuning the donut
profile to achieve the highest resolution requires a careful alignment procedure. While
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the Gaussian beam is more sensitive to odd aberrations, the LG10 mode is sensitive to
both even and odd azimuthal aberrations [BN06] and hence prone to minor phase errors
that can lead to a distorted intensity profile.

(a) (b) (c)

(d) (e)

I[a.u] I[a.u]

p[3.45 μm] p[3.45 μm]

Figure 4.10: Experimentally measured LG10 beam. Two phase masks are calculated to
shape the Gaussian source beam into a distribution with a singularity in
the center. (a) First, the back-propagation code calculates a phase mask
(scalebar = 1.9mm) that diffracts the light around the 1.5mm hole and
separates the undiffracted, reflected light off the SLM. (b), (c) Second, a
vortex phase mask with ramping values from −π − π has to be added to the
initially calculated phase mask shown in (a). In (d)(top), (e)(top)(scalebar
= 24µm), the measured intensity distributions are shown when using the
vortex phase masks from (b) and (c), respectively. The intensity plotted
along a line from (d), (e)(top) as a function of pixels are shown in (d), (e)
bottom. The residual intensity in the center of the donut beam is minimized
to 7.6% when using the inverted vortex phase in (c). The residual is 18%
when applying the vortex phase mask from (b).

Furthermore, it is common for experimentally generated LG10 profiles to show a resid-
ual intensity in the center of the LG10. Reasons for the residual intensity in the center
include sampling issues in the profile measurement, imperfect alignment, and in the case
of high NA also the polarization [GGG03, NCS+13]; whereas a right circular polarized
beam can lead to minimal residuals. For small and moderate NAs (<0.2) used for our
ponderomotive experiments, a linearly polarized beam should be good enough to get a
residual-free LG10 mode [PM18]. If the beam block implementation is not required in the
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hologram calculation, a so-called forked grating is enough to diffract a source beam into a
donut mode. The forked grating is a sum between a blazed grating and a vortex phase plate.

While earlier techniques involved material phase plates in inducing the vortex phase onto
the incident expanded Gaussian beam, nowadays, SLMs are used [JSF+07] to create
donut beams. The phase masks displayed on the SLM for the generation of LG10 modes
in our experiments are depicted in Fig. 4.10. First (Fig. 4.10(a)), a phase mask (ϕG) is
calculated using a back-propagation of the Gaussian field from the Fourier plane to the
SLM. As in the GSA in Fig. 4.2, the back-propagation includes the beam block and offsets
the target from the optical axis to separate the diffracted beam from the reflected beam
off the SLM. Second, a vortex phase plate (ϕV 10 = atan2(Y,X)) (Fig. 4.10(b), (c)) with
ramping values from −π to π is superimposed to the ϕG (ϕLG10 = modulo2π[ϕG +ϕV10]),
and displayed on the SLM. The ’atan2(Y,X)’ Matlab function is the four-quadrant inverse
tangent used to create vortex phase distributions of different charges.

The intensity distributions along a line profile in the donut beams shown in Fig. 4.10
(d),(e),(top) are plotted in Fig. 4.10 (d),(e),(bottom). Interestingly, when the sign of the
vortex phase plate is inverted (Fig. 4.10(c)), the residual in the center of the donut drops
to 7.6%, whereas using the non-inverted phase mask (Fig. 4.10(b)) leads to a donut profile
with a residual of 18%. For high NA∼ 1 optical systems, the intensity at the center of a
LG10 goes to zero only if the orientation of the topological charge is aligned with the
right-handed circularly polarized light. However, in our setup we have a low NA, and the
polarization should not influence the residual in the center of the LG10 [PM18]. Thus,
we do not completely understand why the orientation of the topological charge matters.
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5 Spatial and temporal overlap between
electrons and light pulses without an
energy filter

Initially, we tried to synchronize the laser and electron pulses in the IP directly by going
for ponderomotive interaction. However, this was unsuccessful because it is challenging
to accurately calculate the arrival time of the electrons in the IP. Furthermore, the pulse
length of the electrons in the IP is < 1 ps, and a timing mismatch > 1 ns could lead to
thousands of delay scan points that are required to synchronize the pulses in time. In
addition, the cumbersome delay scan must be carried out at high laser pulse energy. To
avoid the long delay scans and work with high laser pulse energy, we developed a step-wise
method for establishing the timing and spatial overlap described in this chapter.

5.1 Reducing the timing mismatch between the laser and
electron pulse

The timing overlap between laser and electron pulses in an electron microscope is usually
achieved by doing pump-probe measurements and measuring the energy loss spectrum of
the electrons [PLZ10]. More recently, the temporal overlap has also been achieved without
an energy filter [OVDL22]. Here, we achieve temporal and spatial overlap without an
energy filter by following a multi-step process. First, a fast-timing scintillator (BC-408) is
placed in the interaction plane. A silicon photomultiplier measures the delay between
electron-triggered photons from the scintillator and the transmitted laser pulse. The
timing mismatch is reduced to 200 ps. Second, pump-probe measurements are carried out
with a copper grid in the interaction plane. At t0, substantial electron beam distortions
can be observed due to generated electron and ion clouds. Third, the grid is removed, and
the overlap between electrons and laser pulses is confirmed by measuring strong electron
beam deflections due to ponderomotive scattering.

5.1.1 Fast-timing scintillators

For ultra-fast timing applications in high-energy physics [Bir13], plastic scintillators
convert the deposited energy into visible light with the timing resolution of detection
systems well below 100 ps [LP91, BGM+14]. A scintillator used for fast timing should
have a high light yield and fast temporal response characterized by a short rise and
decay time. The intrinsic temporal response of common fast-timing scintillators has been
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studied in [DWMD00, SSVDS12]. Moreover, plastic scintillators read out by low-intensity
light detectors [AFG+14] can be used for particle identification, event sorting, and signal
triggering [ZSS+20]. Generally, plastic scintillators are not used in electron microscopes
due to concerns about beam-induced damage [Kha19]. For this reason, inorganic scin-
tillators like Yttrium aluminum perovskite (YAP:Ce) [BBd+95], or P47 [WKBV14] are
preferred when timing applications are less crucial. However, at low beam currents (below
1 pA) used in pulsed electron microscopes [YMZ10] the plastic scintillator BC-408 shows
no degradation over beam exposure. We used a gold coated (∼ 5 nm, to avoid charging)
BC-408 as an ultra-fast timing scintillator. While BC-422 would have a slightly faster
response [BGM+14], BC-408 provided an economical option with sufficient resolution to
reduce timing mismatch to less than 200 ps. This is within one scan range of our delay
stage, which can then be used for fine delay adjustments based on the measurements
described in sub-chapter 5.2. The scintillation properties of a few fast scintillators are
listed below:

Scintillator Anthracene BC-408 BC-422 YAP:Ce P43 P47
Type organic plastic plastic inorganic inorganic inorganic
Light yield, % An-
thracene

100 64 55 109-117 483-725 145-156

Rise time 2.8 ns 0.9 ns 0.35 ns 0.38 ns - 6.7 ns
Decay time 30 ns 2.1 ns 1.6 ns 27 ns >1 ms 70 ns
λmax emission [nm] 447 425 370 370 545 430

Table 5.1: Scintillator properties are taken from [OKK70, BBd+95, SG2, WKBV14]. The
plastic scintillators show better timing response and are much cheaper than
the organic ones.

5.1.2 Ultra-low light intensity detection with Silicon Photomultipliers

Silicon photomultipliers (SiPM) or multi-pixel photon counters (MPPC) are solid-state
devices with internal gain that can detect single photons [Ren06, SSR+07, SSS12,
CDGG+14, DFI15]. One SiPM sensor consists of a dense array of avalanche photo-
diodes, operated in Geiger mode and individually sensitive to single photons. The
sensors are robust, cheap, immune to magnetic fields, require low bias voltage, and have
high detection efficiency and excellent time resolution. The SiPMs are a great replace-
ment [AFG+14] for photomultiplier tubes, avalanche photodiodes, or PIN diodes. For our
experiments, we use a SiPM sensor (Ketek, PM1125-WB PIN, gain∼ 106, bias voltage
∼ 30V) to detect the ultra-low light intensity generated when the pulsed electrons hit
the plastic scintillator. The SiPM sensor is mounted outside the vacuum chamber on a
read-out board (KETEK, PEPCB-EVAL-MCX-RES-P). The analog output signal from
the read-out board is further amplified by a factor of 100x (voltage amplifier, FEMTO
HSA-Y). The waveform is acquired subsequently with the digital oscilloscope (Infiniium
Keysight, MSOX3104T). The arrival time of the photons triggered by the scintillator and
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5 Spatial and temporal overlap between electrons and light pulses without an energy filter

the IR laser is read out directly from the oscilloscope signal. Note that the out-coupling
optics that transfer the scintillated light from the IP to the SiPM sensor should match a
central wavelength of emission of the scintillator used. The bottom of the scintillator is
wrapped in aluminum foil to maximize the light output. Also, the OA has been removed
to increase the number of electrons impinging on the scintillator. We are using a relatively
moderate NA (0.2) to outcouple the light; however, this might be increased in future
setups. After the timing measurement, the delay stage, which is placed on the IR arm,
is adjusted accordingly. A sketch of the experimental setup used for time-stamping the
signals is shown in Fig. 5.1.

SEM chamber in vacuum

e−

IP

CMOS

SiPM

Gold 
mirros

BC-408

100x 
amplifier

Oscilloscope PC

read-out
board

λ -1035 nm

λ - 425 nm

Figure 5.1: Time delay measurement between the electron and IR laser pulse. An ultra-
fast timing scintillator is placed in the interaction plane. As electrons start to
hit the scintillator, photons with a central wavelength at 425 nm are released
and transferred to hit a SiPM outside vacuum. The read-out electronics of
the SiPM consist of a PCB board, voltage amplifier, oscilloscope, and PC.
The arrival time of the scintillated photons is compared with the arrival time
of the IR laser to reduce the timing mismatch and synchronize the pulses in
the interaction plane. Both scintillated light and IR laser undergo the same
path from the IP to the SiPM sensor.

5.1.3 Quantitative time delay measurement

The time delay (tIR = −5.32 ns± 0.13 ns) between the IR laser beam and a fixed trigger
signal is determined with the scheme shown in Fig. 5.1. The output of the IR laser
has been used as the trigger signal. A trace of the tIR measurement can be seen in
Fig. 5.2(a), where 1229 waveforms are acquired to build statistics and extract the timing
information. Next, the IR laser beam is turned off. The electron-triggered photons from
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5.1 Reducing the timing mismatch between the laser and electron pulse

the scintillator in the IP are recorded with respect to the same trigger signal. A trace of
the electron-triggered photons can be seen in Fig. 5.2(b). Due to the ultra-low scintillated
signal, the time delay between the first leading edge (purple in Fig. 5.2) and the trigger
signal is estimated at (tSciTil ∼ −9.3 ns). Finally, the time-delay stage is adjusted by
tSciTil − tIR ∼ −4 ns. This turned out to be an essential step since the final t0 between
the laser and electron pulse is established only 200 ps away from the position estimated
with the SiPM and scintillator method.

(a)

(b)

leading edge

trigger signal

scintillated light signal

trigger signal
from 30 keV electrons

IR Laser signal

Figure 5.2: Oscilloscope trace of the time delay measurement between a fixed trigger
signal and (a) the IR laser beam and (b) the 30 keV electron-triggered photons
from the BC-408. (b) The leading edge of the electron-triggered photons
(yellow trace) is at about −4 ns away from the IR laser beam. Stray photons
are also present outside the leading edge, most likely due to the afterpulsing
and crosstalk of the SiPM sensor.
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5 Spatial and temporal overlap between electrons and light pulses without an energy filter

5.2 Pump-probe measurement with a copper grid to
establish the spatial and temporal overlap

For the routine establishment of pulse overlap between electrons (probe) and laser (pump),
metal mesh grids [DHE+06, DJH+07], pinholes [DHN+06], or silver needles [PHW+05]
have been successfully employed. Early experiments [FLIB84] with short femtosecond
laser pulses on tungsten have shown that photo-electrons start to leave the metal at peak
intensities ∼ 5GW/cm2 with a damage threshold of ∼ 200GW/cm2. Our experiment
uses a copper grid with ∼ 10µm bar width. Given the photon energy of our IR laser
(1.2 eV) and the work function of the copper grid (∼ 4.5− 4.6 eV), at least four-photon
excitation is required to eject one electron out of the copper grid [ASEA+95, EJR91].

Cu grid

𝑒− pulse

𝐼𝑅 𝑝𝑢𝑙𝑠𝑒

Detector

(a)

(b)
1δt 2δt 3δt 4δt 5δt

6δt 7δt 8δt 9δt 10δt

11δt 12δt 13δt 14δt 15δt

Figure 5.3: Pump-probe measurement with a copper grid in the interaction region. (a)
A copper grid with thin bars (∼ 10µm) is placed in the interaction region.
The IR laser beam is focused on the grid generating a strong electron and
ion cloud. The laser settings (100 nJ, I ∼ 500GW/cm2) are set above the
ablation threshold of the copper. When the pulses overlap in space and time, a
strong distortion of the electron image can be observed. (b) Series of electron
beam images are recorded at multiples of δt = 1.33 ps delays. As the pulses
start to overlap in time, an evident change in the electron image is observed.
The exposure time for all images is 5s.
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5.2 Pump-probe measurement with a copper grid to establish the spatial and temporal overlap

Figure 5.4: The standard deviation of the difference between images with the IR laser on
and off is plotted against the time delay ( δt = 1.33 ps steps). The temporal
overlap can be found at the intersection point of the two fit functions (yellow
and red). Setting y1 = y2 and solving for x yields t0 = xi = 12.88. The data
within the dashed lines in the plot is evaluated from the series of electron
beam images shown in Fig. 5.3(b).

The electron beam at the grid plane has a diameter of ∼ 100µm. The orientation of
the grid is normal to the laser beam to maximize the electron emission. As the electron
pulse starts to overlap with the laser pulse at the grid, strong electron beam deformations
due to the generated electron and ion cloud are observed in Fig. 5.3 (b). For all the
measurements in Figs. 5.3 and 5.4, the energy per pulse at the grid remains constant at
100 nJ. The shadow image of the pumped copper grid is recorded with the detector as a
function of time delay (1.33 ps steps). The std values (see Fig. 5.3) stay above baseline for
a long time (> 30 ps), which significantly reduces the delay scan steps that are required
when the timing between the pulses is not known. To maximize the sensitivity of the
measurement, a differential acquisition has been implemented by using the SLM as an IR
beam chopper. For all the images acquired in this timing measurement by the CMOS, 5 s
exposure time is used. This is much longer than the refresh rate of our SLM. According
to the datasheet [MJBRM11a], the system frame rate is 25ms. This means that one can
switch fast between the optimal phase mask on the SLM that is focusing the laser beam
to the grid, and a phase mask that induces a strong defocus of the laser beam such that
no photo-electrons can be produced [ASEA+95]. Therefore, an electron image with the
laser-focused and defocused on the grid has been acquired at each time delay setting. The
standard deviation of the difference between the images is plotted against the time delay
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5 Spatial and temporal overlap between electrons and light pulses without an energy filter

in Fig. 5.4. The precise time zero between the electron and laser pulse can be calculated
by fitting the baseline and the rising edge of the distribution in Fig. 5.4 and extracting
the time information from the intersection point (purple cross in Fig. 5.4) of the two fit
functions [PHW+05]:

yi(x) = aix+ bi, with i = 1, 2. (5.1)

The two linear functions are used to fit the baseline and the rising edge of the distribution
in 5.4 with a1,2 the slopes, and b1,2 the intercepts. The intersection point of the two
functions will reveal the time zero delay between the electron and laser pulse and can be
calculated by setting the fit functions equal y1(x) = y2(x):

xi = t0 =
b2 − b1
a1 − a2

. (5.2)

with t0 the time zero delay. The uncertainty of the time zero determination is st0 = 1.05
ps and is calculated by the error propagation of the two linear fit functions coefficients
[BRB+93], as follows:

st0 =

√︃
(
∂t0
∂b2

)2s2b2 + (
∂t0
∂b1

)2s2b1 + (
∂t0
∂a1

)2s2a1 + (
∂t0
∂a2

)2s2a2 . (5.3)

where sa1,2 , sb1,2 are the standard deviations of the slopes and intercepts. With better scat-
tering signal and smaller delay scan steps, the uncertainty of the time zero determination
can be improved to be well below 1 ps [PHW+05, DHE+06].

5.3 Spatial and temporal overlap with ponderomotive
deflection

After establishing the time zero delay and spatial overlap by measuring the time delay
(see Fig. 5.1) and doing pump-probe measurements with the copper grid (see Fig. 5.2) in
the interaction plane, the grid is removed. Subsequently, electron beam deflections in free
space due to ponderomotive scattering are observed at the detector plane. The experi-
mental setup of the ponderomotive scattering experiment inside the vacuum is depicted
in Fig. 5.5 (a). The objective aperture (OA) is fixed to 100µm for all the ponderomotive
measurements. The SEM objective lens (OL) focuses the electron beam below the IP,
having a working distance of ∼ 40mm. From the IP, the electrons propagate further
in free space for d = 550mm to reach the detector. Figure 5.5 (b)(bottom) shows the
electron beam distribution at the detector plane after the interaction with the laser beam
5.5(b)(top). The electron beam crossover for the experiment in Fig. 5.5(b) is located
at dc = d/(ρs/ρ0 − 1) = 5.9mm from the IP, which can be calculated by measuring
the radius of the electron beam in the detector (ρs = 1.65mm) and interaction plane
(ρ0 = 17.5µm). The laser pulse energy used for Fig. 5.5(b)(bottom) is 6µJ. In a nutshell,
the step-wise method of synchronizing the pulses in space and time has proved to be a
handy tool for ponderomotive interaction.
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5.3 Spatial and temporal overlap with ponderomotive deflection

Wave (top) and ray (bottom) optics simulations (see Fig. 5.5 (c)) of the electron light
interaction for the detected electron distribution in Fig. 5.5 (b) yield similar results. The
classical ray tracing method has been used for the ray optics simulation, where electrons
are seen as ballistic particles and get deflected by the laser beam towards regions of
lower field intensities [Kib66]. The motion of the electrons in the focal plane of the
laser beam is disturbed by the transverse momentum kick induced, which is derived as
follows [CMWS+22]:

φ = −1

h̄

∫︂
U dt, (5.4)

h̄∇φ = −
∫︂

∇U dt. (5.5)

Using the relation ∇U = −F and δpT =
∫︁
F dt gives:

δpT = h̄∇φ(x, y). (5.6)

The equation is valid for the nonrelativistic laser fields a≪ 1, where a = eEλL/(me2πc
2)

at low to moderate laser intensities (I < 18− 19W/cm2), with e being the elementary
charge, ϵ0 the vacuum permittivity, ω the optical angular frequency, a the normalized
field amplitude, E the electric field of the laser, λL the laser wavelength and me the
electron mass. For the relativistic case (where the ultra-intense laser pulse not the case
considered here exceeds a≫ 1), the magnetic field component of the laser field cannot
be neglected anymore and has to be included in the derivation of the ponderomotive
potential [SS70, QM98, MHS19].

The scattering angles of the electrons in x-y plane can be calculated by:

θx,f = θx,i + h̄∇xφ(x, y)/pz, (5.7)

θy,f = θy,i + h̄∇yφ(y, y)/pz. (5.8)

The initial angles are defined as θx,i = x/dc and θy,i = y/dc and pz is the electron
momentum in z direction. For the wave optics simulation shown in 5.5 (c)(top) the
Fresnel diffraction of the electron wave after the interaction with the laser field has been
simulated. For further details about the classical ray tracing and wave optics simulations,
see [CMWS+22, Sch22a].

To constrain the interaction to take place in the focal region of the laser beam, the time
delay has been optimized by reducing the electron beam radius at the IP to ∼ ρ0 = 7µm
such that the scattering signal is maximized (see Fig. 5.5 (d)(left)). A series of deflected
electron beam images at different time delays (τ = 666 fs steps) is acquired to show how
the timing mismatch affects the electron distribution. The fact that the scattering signal
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5 Spatial and temporal overlap between electrons and light pulses without an energy filter

doesn’t change much around ±τ , indicates that the pulses overlap entirely in time and
suggests that the interaction takes place in the focal spot of the laser beam. The laser
focal spot has a full width half maximum (FWHM) of 4.3µm leading to a Rayleigh range
of 41µm. For all the measurements, the time delay of the laser pulse has been varied
with respect to the electron pulse. It can be observed that a timing mismatch of ±τ
does not affect much the electron distribution because the interaction plane is shifted by
δz = vτ/(1+ v/c), and hence, the electrons see almost the same laser field and experience
similar ponderomotive forces. On the other hand, if the time delay is too large (> 3τ),
the electron beam interacts with the laser beam in a plane where the laser beam is not
focused, and therefore, the ponderomotive signature fades away (see Fig. 5.5(d)(left)(top
and bottom)).

(a) OL

𝑑

IP

e−

Gold 
mirrors

0 
fs

-333 
fs

+333
fs

+666
fs

+999
fs

-666 

fs

-999 

fs

OA

MCP

(d)

-z

+z

(b)

0.5

1

0

0.5

1
0

(c)

-3τ

-2τ

-τ

0

+τ

+2τ

+3τ +3τ

+2τ

+τ

-τ

-2τ

-3τ

0

Figure 5.5: Ponderomotive electron-light interaction: (a) An SEM objective lens (OL)
focuses the electron pulse to a crossover slightly below the IP. The OA is set
to 100µm. (b) (top) Light intensity distribution (scalebar 93µm) before being
demagnified (5x) to the interaction plane. (b)(bottom) Observed electron
intensity distribution (scalebar 1mm) at the detector plane. (c) wave optics
(top) and ray optics (bottom) simulations of the detected electron beam
are shown in (b). (d)(left) Detected electron distributions (scalebar 1.6mm)
when delaying the laser pulse with respect to the electron pulse by multiples
of τ = 666 fs. (d)(right) The delay causes the interaction to occur in a
plane where the light is not focused. The new interaction plane occurs at
multiples of δz = vτ/(1 + v/c). The image has been reprinted from our
publication [CMWS+22]. Matthias Schneller [Sch22a] has carried out the
simulations in (c).
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6 Transverse Phase Modulation of
Electron-waves using Light

The following chapter describes the experimental realization of light-induced transverse
spatial phase modulator of electrons and is based on our publication [CMWS+22]. The
SLM-programmed laser intensity distributions imprint local phase shifts to the electron
waves in free space. The shaped electron waves propagate freely and are detected by a
position-sensitive MCP assembly. The interaction occurs in a high (up to 10µJ) laser
pulse energy regime, so a clear electron intensity modulation is observed at the detector.
However, for many wavefront shaping applications of electron waves, where small phase
shifts up to 2π are required over a specific transverse area, less laser pulse energy is needed.
The electron signal is kept low for all ponderomotive experiments to ∼ 0.1 electrons per
pulse (1 Mhz rep. rate) at the detector plane to minimize the pulse broadening.

The arbitrary local phase shift induced to the electron wave can be calculated using
Eq. 2.38. Complex light-based electron beam modulation is shown in sub-chapter 6.1.
Furthermore, both convex and concave laser-based lenses for electrons having focal lengths
similar to current (S)TEMs, are demonstrated in sub-chapter 6.2.

6.1 Programmable electron beam shaping

To demonstrate programmable electron beam shaping, we selectively apply aberrations
to our light pulse using the SLM, and show that this leads to characteristic distortions of
our electron beam. Figure 6.1 shows a series of light intensity distributions measured in
the conjugate plane (before 5x demagnification) using a CMOS camera. The phase masks
required to diffract the source beam into those distributions are displayed on the SLM.
The phase masks are programmed in the following way: First, a phase mask (ϕG) was
calculated by back-propagation from the Fourier plane to the SLM plane. During this
step, the beam block is implemented into the back-propagation (see Fig. 4.2 for details)
to minimize losses along the beam path. Furthermore, using the back-propagation code,
the laser focal spot is separated from the undiffracted SLM light, and the x-y position is
optimized with respect to the electron beam. The algorithm automatically superposes
the required blazed grating. Second, additional aberrations of the focal spot have been
minimized by adding a correction phase ϕcor based on Zernike polynomials. Along the
beam path towards the interaction plane, spherical aberrations and vertical astigmatism
accumulated and had to be corrected. Third, the first 21 Zernike phase patterns ϕZ (see
Fig. 6.2) have been added to the diffractive phase masks to intentionally aberrate the laser
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6 Transverse Phase Modulation of Electron-waves using Light

spot (see Fig. 6.1) to investigate how the transverse modulation of the electron changes.
The cartesian form of the first 21 Zernike polynomials used to generate the 2D phase
mask and create the patterns in Fig. 6.1 are listed in table 6.1. The Zernike polynomials
superposed to the phase mask are denoted as am,n × Zm

n , whereas am,n represents the
amplitude of the phase pattern and is set to a fixed value of π. A Matlab code has been
adapted to generate the Zernike phase patterns [Fri]. The phase masks that give rise to
the focal spots shown in Fig 6.1 have the following form:

ϕSLM = modulo2π[ϕG + ϕcor + ϕZ ], (6.1)

with ϕcor = (1.3 ∗ π ∗ Z4
0 + 0.5 ∗ π ∗ Z2

2) the correction phase mask. The coefficients of
Zernike polynomials used to correct aberrations are optimized by measuring the laser
focal spot directly in the interaction plane with a miniaturized CMOS (OV5647). Typical
holograms (ϕZ) superimposed on the SLM used to modulate the electron beam in Fig. 6.3
are displayed in Fig. 6.2.

Figure 6.3 shows the electron distribution at the detector after propagation from the
programmed, light-induced (6µJ), phase modulated electron beams. The electron beam
radius in the IP is set at ρ0 = 17.5µm, whereas the distance from the IP to the electron
focal spot is dc = 5.9mm. Note that the scattered electron signal can also be used to
evaluate the shape of the laser beam directly.

Arbitrary deflection of electron beams is shown in Fig. 6.4 by shaping the laser into
arbitrary intensity profiles (see Fig. 4.7(top)). The modified GSA (20 iterations) has
been used to shape the Gaussian source beam into a ’Smiley’, letter ’O’ and letter ’ψ’.
The diffractive phase mask to be displayed on the SLM can be written as follows (see
sub-chapter 4.3 for details):

ϕSLM = modulo2π[ϕGSA + ϕcor], (6.2)

where ϕcor has the same coefficients as in Eq. 6.1, and the ϕGSA is calculated as described
in Fig. 4.2. Figure. 6.4 shows an electron distribution resembling a ’Smiley’ (∼ ρ0 = 24µm,
6µJ), letter ’O’ (∼ ρ0 = 33µm, 6µJ) and ’ψ’ (∼ ρ0 = 46µm, 10µJ) after interaction
with the laser distribution in Fig. 4.7. For generating more complex electron intensity
distributions, like the ’ψ’ in Fig. 6.4(right), the reconstructed image suffers from un-
wanted intensity fluctuations. Having target images with only a few pixels and a beam
block (>Dbb = 1mm) in the iteration code (see sub-chapter 4.3.2 for details) make the
speckle-suppression method inefficient.

Wavefront shaping applications of electrons require less pulse energy. Standard (S)TEM’s
provide sufficient coherence in the plane of phase shifting elements [VBMC+18] with an
electron beam radius of ρcoh ∼ 25µm. Thus, for wavefront shaping applications of electron
beams, the radius of the shaped laser beam in the IP should be ∼ρcoh. Considering the
finite resolution of our laser focal spot in the IP and the ρcoh limit, we can individually
program ∼ 10 × 10 pixels. For 30 keV, the pulse energy density required to induce
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6.1 Programmable electron beam shaping

ponderomotive phase shifts of π is 0.29 nJ/µm2. For shaping potentials on a disk over
ρcoh by π phase electron modulation, a pulse energy of EL = 0.57µJ is required.

0

120

Figure 6.1: The intensity distribution of the intentionally aberrated focal spots is measured
in the conjugate plane with the CMOS (scalebar 55 microns).

Figure 6.2: Phase masks superimposed on the SLM to modulate the electron beam with
Zernike phase patterns. (scalebar 2.9mm)
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Figure 6.3: Ponderomotive phase modulation of electron beams at high laser beam in-
tensities (6µJ, scalebar 0.9mm). Detected electron distribution at the screen
after the interaction with SLM-shaped laser focal spots. The images resem-
bling vertical astigmatism, trefoil, and coma have been reprinted from our
publication [CMWS+22].
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Figure 6.4: Arbitrary transverse phase modulation of electron waves. Electron distri-
butions resembling a ’Smiley’ (scalebar 1.2mm), the letter ’O’, and the
letter ’ψ’ were measured at the screen after light-induced transverse phase
modulated electron beams. The ’Smiley’ has been reprinted from our publica-
tion [CMWS+22].
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6.2 Ponderomotive lensing

Cartesian form n m Zm
n

1 0 0 Z0
0

x 1 -1 Z−1
1

y 1 1 Z1
1

2xy 2 -2 Z−2
2

-1+2x2 + 2y2 2 0 Z0
2

-x2 + y2 2 2 Z2
2

-x3 + 3xy2 3 -3 Z−3
3

-2x+3x3 + 3xy2 3 -1 Z−1
3

-2y+3y3 + 3x2y 3 1 Z1
3

y3 − 3x2y 3 3 Z3
3

-4x3y + 4xy3 4 -4 Z−4
4

-6xy+8x3y + 8xy3 4 -2 Z−2
4

1-6x2 − 6y2 + 6x4 + 12x2y2 + 6y4 4 0 Z0
4

3x2 − 3y2 − 4x4 + 4y4 4 2 Z2
4

x4 − 6x2y2 + y4 4 4 Z4
4

x5 − 10x3y3 + 5xy4 5 -5 Z−5
5

4x3 − 12xy2 − 5x5 + 10x3y2 + 15xy4 5 -3 Z−3
5

3x-12x3−12xy2+10x5+20x3y3+10xy4 5 -1 Z−1
5

3y-12y3−12x2y+10y5+20x2y3+10x4y 5 1 Z1
5

-4y3 + 12x2y + 5y5 − 10x2y3 − 15x4y 5 3 Z3
5

y5 − 10x2y3 + 5y4x 5 5 Z5
5

Table 6.1: The first 21 Zernike polynomials are expressed in cartesian form. Algebraic
expressions are taken from [LF11].

6.2 Ponderomotive lensing

In this chapter, we experimentally create both convex and concave laser-based electron
lenses. The phase shift induced by an ideal lens for electrons of wavelength λe increases
(concave) or decreases (convex) with the distance ρ =

√︁
x2 + y2 from the optical axis:

φlens(ρ) = − π

fλe
ρ2. (6.3)

The sign of the focal length f is negative for concave and positive for convex lenses.
Figure 6.5 shows the propagation (using Eq. 4.18) of an LG00 and LG10 beam and
illustrates how the strong ponderomotive potentials affect the electrons. Note that the
optical path lengths of the electrons from the lens to the focal spot have to be the
same. This requires the effective index of refraction induced to the electrons by the
electromagnetic field to be smaller than 1.
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Figure 6.5: Ponderomotive Lensing. (a),(b) 2D cross-cut of the LG00 and LG10 focal
spot in the transverse x-y plane. (c) 2D cross-cut of the LG00 mode (w0 =
3.7µm, λL = 1.035µm) in the z plane. (d) 2D cross-cut of the LG10 mode
(w0 = 4.5µm, λL = 1.035µm) in the z plane. The blue arrows illustrate the
change in electron trajectory due to the ponderomotive momentum kick. The
electrons propagate in the opposite direction (+z) to the motion of light (-z)
and are deflected towards regions of lower intensity. The electron trajectories
are not to scale.

Conventional magnetostatic, radially symmetric electron lenses can only be constructed
to be convex. Electrostatic lenses can also be built to be concave; however, in this case,
the electron energy cannot be preserved.

6.2.1 Laser pulse energy loss along the beam path

There is significant pulse energy loss along the beam path towards the interaction plane.
These losses are associated with the SLM, and finite reflectivity/transmissivity of used
light optics.

The total efficiency of the specific shaped light distribution can be determined in a
two-step process. First, a power meter will measure the total pulse energy before the SLM.
Afterward, pulse energy in the interaction plane is measured with a calibrated CMOS cam-
era. From this first step, the transmission TCL

= 0.275 is determined (see appendix 10.1
for details). However, not all of the light in the interaction plane is actually found within
the desired light pattern. Scattering and inefficiencies in the wavefront shaping lead to
additional losses, which have to measured carefully in order to correctly quantify the
strength of the phase shifting light fields. This is especially important for pulse energy loss,
which originates from the stray scattered light around the specific light distribution. This
additional loss has been quantified only for the LG00 and LG10. The net usable pulse
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6.2 Ponderomotive lensing

energy in each mode is determined by fitting the LG00, or LG10 in the CP, and measuring
it’s residuals (see Fig. 6.6). The intensity inside the fit for LG00 (LG10) represents
T00 ∼ 45% (T10 ∼ 56%) of the total intensity shown in Fig. 6.6(a) ( Fig. 6.6(e)). The net
pulse energy transmission for the LG00 is TLG00 = TcL × T00 = 0.45× 0.275 = 0.123. The
net pulse energy transmission for the LG10 is TLG10 = TcL × T10 = 0.56× 0.275 = 0.154.
For example, in order to have 1.54µJ pulse energy in the LG10 for the ponderomotive
interaction, we need 10µJ pulse energy outside vacuum before the SLM. The LG10
measured in Fig. 6.6(d) has a residual intensity in center, which deviates from the ideal
LG10 distribution. Therefore, the distribution from Fig. 6.6(d) is fitted with a sum of
LG10 and a LG00, which is illustrated by the orange curve in Fig. 6.6(e). We found
out that the reason for this residual intensity is the sign of the vortex phase that was
used to generate the LG10 mode. Unfortunately, this diagnosis came after we did all the
ponderomotive scattering experiments. In the following sub-chapters 6.2.2,6.2.3 we will
use the LG00 and LG10 shown here to create concave and convex electron lenses.
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Figure 6.6: (a) Spatial intensity distribution of the LG00 beam measured in the conjugate
plane. (b) Crosscut showing the fit (orange) of the LG00 mode and its
quadratic Taylor expansion around ρ = 0 (violet). (c) Residuals of an LG00
fit to the distribution. (d) Spatial intensity distribution of the LG10 beam
measured in the conjugate plane. (e) Crosscut showing the fit (orange), its
LG10 (turquoise), and LG00 (blue) component, as well as the quadratic Taylor
expansion around ρ = 0 (violet). (f) Residuals of a fit to the distribution.
The fit function is a sum of a dominant LG10 mode and a minor LG00 mode.
Figure reprinted from [CMWS+22].
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6 Transverse Phase Modulation of Electron-waves using Light

6.2.2 Laser-based concave lens for electrons

Theoretical focal length derivation of the ponderomotive concave lens

The intensity distribution of a Gaussian laser beam can be calculated from Eq. 4.18 and
takes the following form:

g200(ρ) = exp

(︃
−2

ρ2

w2
00

)︃
. (6.4)

The Taylor expansion of the LG00 shows a quadratic spatial distribution close to the
optical axis g200(ρ) ≈ 1− 2ρ2/w2

00 +O(ρ4/w4
00).

We can determine the focal length of the ponderomotive concave lens in the follow-
ing way. First, we plug Eq. 6.4 into the denominator of Eq. 2.38 and the first term of the
Taylor expansion into the numerator. Second, we make a coefficient comparison between
the quadratic term of the new Eq. 2.38 and Eq. 6.3, and we solve for the focal length f .
We arrive at the analytical function, which is expressed as:

f00(EL) = −(1∓ β)
π3w4

00Ee

2αλ2Lλe

1

EL
. (6.5)

Experimentally determined focal length of the ponderomotive concave lens

The LG00 is placed right above the electron crossover (dc ∼ 241µm), whereas the electron
beam is set to illuminate only the central (R ∼ 0.8µm) part of the laser intensity where
the quadratic distribution holds. Thus, a decreasing quadratic transverse phase shift from
the optical axis is imparted to the electron wave function, such that a concave electron
lens is created. Figure 6.7(d) shows the measured electron beam diameter D = 2ρs at the
screen (orange dots) as a function of EL. The linear fit (orange line) and the theoretical
dashed curve are also shown. Due to the 5% uncertainty in the w00 determination, an
additional gray region was added to the theoretical curve. The analytical expression for
the theoretical curve shown in Fig 6.7(d) is calculated as follows:

ρs(EL) = ρ0

(︃
1− d

f00(EL)

)︃
+ d · θρ,0, (6.6)

with the outermost incoming rays defined by ρ0 and initial angle θρ,0.
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Figure 6.7: The diameter of the electron beam at the detector plotted as a function of laser
pulse energy, along with the theory and a gray error region due to our error in
determining the waist of the LG00 mode. Figure reprinted from [CMWS+22].

The measured electron beam diameter at the screen (see Fig. 6.7) has been determined
by doing an ellipse fit to the raw electron images and extracting the minor and major
axis. Further, the geometric mean of the minor and major axis will yield the D shown in
Fig. 6.7. The analysis has been carried out using the Otsu segmentation method in the
image processing tool Fiji [SACF+12].

Figure 6.8(a)(left) shows a simple schematic that illustrates how the electron beam
is placed in the quadratic region of the LG00 mode. A ray optics model is used to
determine the focal length of the ponderomotive lens:(︃

ρs
θs

)︃
=

(︃
1 d
0 1

)︃(︃
1 0
−1
f 1

)︃(︃
ρ0
θρ,0

)︃
. (6.7)

We eventually arrive at f = d · ρ0/(ρ0 − ρs + d · θρ,0), where θs is the convergence angle
after the passing through the lens.

The laser-based lens is concave; however, because the LG00 is placed above the electron
cross-over, a focusing effect is visible Fig. 6.8(b)(left) at the screen (EL = 2.5µJ) when
compared to the electron distribution (Fig. 6.8(b)(center)) with the laser beam turned off.
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6 Transverse Phase Modulation of Electron-waves using Light

Furthermore, Fig. 6.8(c)(blue, green, data sets) shows the concave ponderomotive lens’s
deducted negative focal length as a function of laser pulse energy. The analytical focal
length (Eq. 6.5) is plotted against the measured EL with a 5% error (gray area), which is
determined from the uncertainty of the w00.
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Figure 6.8: Light-based electron lenses: (a) Schematic of the experimental setup used for
creating the ponderomotive lensing. The electron beam is focused slightly
below the laser focal spot. (a),(left) The electron beam is placed in the
quadratic region near the optical axis of a Gaussian beam. The laser was
turned off in (a),(center). (a)(right) The electron beam is placed in the
quadratic region near the optical axis of a LG10. (b) Detected electron
distribution with concave (left, LG00), no (center), and convex (right, LG10)
ponderomotive lens (scalebar 1mm). (c) Focal length as a function of laser
pulse energy for LG00 (green and violet) and LG10 (orange) mode. The
inset shows the respective light intensity distributions, measured in a plane
conjugate to the interaction plane. This figure is adapted from [CMWS+22].
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6.2 Ponderomotive lensing

6.2.3 Laser-based convex lens for electrons

Theoretical focal length derivation of the ponderomotive convex lens

Analogous to sub-chapter 6.2.2, we now derive the theoretical focal length of the convex
laser-based lens for electrons. The intensity distribution of a Laguerre-Gaussian laser
beam can be calculated from Eq. 4.18 and takes the following form:

g210(ρ) =
ρ2

w2
10

exp
(︁
−2ρ2/w2

10

)︁
, (6.8)

The Taylor expansion of the LG10 beam g210 ≈ ρ2/w2
10 −O(ρ4/w4

10) shows a quadratic
spatial distribution close to the optical axis. Hence, if the electron beam is placed near
the optical axis of a LG10 beam, an increasing quadratic transverse phase shift with the
optical axis will be imparted onto the electron wave function. Thus, a convex electron
lens is created. The analytical focal length takes the following form:

f10(EL) = (1∓ β)
π3w4

10Ee

2αλ2Lλe

1

EL
. (6.9)

Recall that the upper sign is for copropagating and the lower for counterpropagating laser
and electron pulses.

Experimentally determined focal length of the ponderomotive convex lens

To create a convex light-based electron lens, we keep the same electron beam parameters
that we have in sub-chapter 6.2.2. However, instead of LG00, we now place the LG10
right above the electron crossover (dc ∼ 241µm), whereas the electron beam illuminates
the central (R ∼ 0.8µm) part of the LG10. Figure 6.9(d) shows the measured electron
beam diameter D = 2ρs at the screen (orange dots) as a function of EL. The linear fit
(orange line) and the theoretical dashed curve are also shown. Furthermore, due to the
5% uncertainty in the w10 determination, an additional error (gray) region was added
to the theoretical curve in Fig 6.9(d). As expected, the radius ρs of the electron beam
measured at the screen increases linearly with the pulse energy.

53



6 Transverse Phase Modulation of Electron-waves using Light

Figure 6.9: The diameter of the electron beam at the detector and its linear fit, plotted
as a function of laser pulse energy, along with the theory and an error region
due to our error in determining the waist of the dominant LG10 component.
Figure reprinted from [CMWS+22].

In Fig. 6.8 we demonstrate the convex light-based lensing of electrons. Figure 6.8(a)(right)
shows a simple schematic of the electron light interaction. Figure 6.8(b)(right) shows the
measured electron distribution at the screen after interaction with the LG10 (3.1µJ). The
electron distribution in Fig. 6.8(b)(right) is slightly asymmetrical. The cylindrical lensing
can be explained by the high sensitivity of the LG10 mode to astigmatism. Nevertheless,
it should be possible in future experiments to optimize the shape of the light field directly
by having the ponderomotive scattering signal as feedback.

Figure 6.8(c) shows the deducted focal length of the convex lens (orange data) as a
function of pulse energy. The deducted focal length has been calculated analogously to
sub-chapter 6.2.2. The solid black line in Fig.6.8(c)(top) is the analytical focal (f10(EL),
Eq. 6.9) length plotted together with the error (gray shaded area) as a function of pulse
energy.

Our theoretical model explains the experimental data well, except for the data points
taken for the convex lens for low pulse energy values. When the scattering angles are
small, it becomes challenging to align the electron beam at the center of the LG10 beam,
which can result in a change of sign in f(EL). Also, if the pulse energy is increased over
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6.2 Ponderomotive lensing

∼ 2.4µJ, the laser beam becomes unstable (most likely due to thermal effects induced to
the probe forming mirror). This increases the error in determining the ρs at the screen
(see Fig. 6.9(d)) and, consequently, the f(EL). Nevertheless, at high laser pulse energies,
focal lengths down to 1.6mm are achieved, which is comparable to the performance of
current (S)TEMs. Furthermore, with our current setup, ∼ 5% of the pulse energy is lost
in the beam hole at the mirror. The hole at the mirror could be reduced in diameter,
and the coating optimized for higher reflectivity. Note that a reduction in hole size
would also increase the diffraction efficiency of the back-propagation code. Furthermore,
thermal effects can be minimized in future setups by replacing the copper mirrors with a
substrate of low thermal expansion. Also, the laser beam size at the mirror surface could
be increased, such that losses at the hole become negligible.

6.2.4 Moving the interaction plane in the z-direction

Next, we show that our setup allows altering the axial position of the interaction plane
with very few adjustments. This could be used for aligning the interaction plane to the
back focal plane of an electron objective lens.

Keeping the electron beam settings constant, we shift the interaction plane of the
LG00 beam by first changing the delay (δz = vτ/(1 + v/c) = 837µm, τ = 11.3 ps)
between the electrons and the light pulses, and then adding a defocus phase mask
(ϕdefocus = −7× π × Z0

2 ) on the SLM. We demonstrate this in Fig. 6.10, where we see a
focusing (Fig. 6.10(a)) and defocusing (Fig. 6.10(f)) effect on the detector plane. The
electron beam settings are kept constant, as in Fig. 6.8.

- Major [px] Minor [px] D [mm]
focusing 145.59 141.74 3.11
laser off 173.75 167.81 3.71
defocusing 203.1 193.81 4.3

Table 6.2: Determining the electron beam diameter at the screen for the focus-
ing (Fig. 6.10(b),(left)), laser off ((Fig. 6.10(b),(center)), and defocusing
((Fig. 6.10(b),(center)) electron beam. The same LG00 is used at the shifted
interaction plane.

The diameters of the electron distributions in Figs. 6.10 have been determined by fitting
the data with an ellipse [Gal] and extracting the Major and Minor axis. The electron
beam diameter at the screen is defined as the geometric mean of the Minor and Major
axis of the ellipse fit D = 2ρs =

√
Major ×Minor × px, where px = 21.7× 10−6 is the

calibrated pixel value from an image that contains the whole MCP disk. The values are
listed in table 6.2.
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Figure 6.10: Changing the interaction plane of the concave ponderomotive lens. (a)
Placing the LG00 above the electron crossover leads to a focusing effect of
the electron beam on the screen (b). (c) and (d) are the schematic of the
electron beam with the laser off and the corresponding electron distribution,
respectively. (e) Placing the LG00 below the electron crossover leads to a
defocusing effect of the electron beam on the screen (f). The diameter of the
electron beam at the screen is determined by fitting the electron distribution
with an ellipse where the rising edge is 40%. Electron distributions in (b)
and (d) are the same as in Fig. 6.8(b),(left),(center), and are reprinted here
to illustrate clearly how altering the axial position changes the propagation
direction of electrons.
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7 Diagnosis of electron microscope
aberrations

Light-based transverse modulation of the electron phase could be used to correct the
spherical aberrations of the electron beam and is a future application of our setup. How-
ever, when correcting for the aberrations of the electron probe-forming lens, it is essential
to identify and characterize the aberrations. Coherent diagnostic techniques vary from
measuring diffractograms [Sax00] to recording electron Ronchigrams from amorphous or
crystalline samples [Cow79, LC86, KDL99, JB99, Liu05, YKKW06, SSH+08, SRL+18].
Furthermore, shadow images from fine [MPSC06] gratings can provide information about
the properties of the focal spot where the coherent techniques are too challenging to be
implemented [SF42, Rem85, RDSG97].

In this chapter, various parameters that influence the achievable electron probe size,
as well as the Ronchigram method, are described. We will then explain how such meas-
urements could be used to correct the aberrations of the electron beam with light-based
phase plates.

7.1 Probe size limiting factors in electron microscopy

The electron microscope was invented by Knoll und Ruska [KR32], and shortly afterward,
a theoretical paper was published by Scherzer [Sch36a] highlighting the inevitable spherical
and chromatic aberrations of the electron lenses (see Fig. 7.1(b),(c)). This is known in
the literature as the Scherzer theorem and states that rotationally symmetric, static, and
free-of-charge lenses suffer from aberrations that limit the achievable resolution [Sch47]
of the electron microscope. The first aberration correction has been realized in a low
energy SEM [ZH95] at beam energies between E = 0.5 − 1 keV while improving the
spatial resolution of the instrument from 5.6 nm to ∼ 2 nm. The first spherical aberration
correction in a TEM that managed to improve the spatial resolution was realized shortly
afterward [HRU+98].

Without the aberrations, the theoretical diffraction-limited resolution of the electron
microscope is given by [Sch49]:

dd = 0.6λe/ sin θ, (7.1)

where θ ≃ R/f is the semi-convergence angle of the electron beam. In electron microscopy,
chromatic and spherical aberrations are the dominant factors that degrade the achievable
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7 Diagnosis of electron microscope aberrations

resolution. Figure 7.1 shows a simplified ray optics sketch of how spherical and chromatic
aberrations affect the size of the focal spot. An ideal convex lens will impart a quadratic
phase shift to the electron wave that increases with distance from the optical axis (see 6.3),
which would focus the electron to a diffraction-limited spot size (see Fig. 7.1). The blur
caused by these aberrations can be estimated by [ZH95]:

d(Cc) =

√︃
1.2λe

∆E

E
Cc, (7.2)

d(Cs) =
4
√︁
0.12λ3eCs, (7.3)

where λe is the electron wavelength, ∆E the energy spread of the electron beam, Cc the
chromatic aberration coefficient, and Cs is the dominant third-order spherical aberration
coefficient. The final achievable resolution (dp) can be estimated by adding the resolution
limits in quadrature [KCD+08, Rei13]:

dp =
√︂
d2d + d2(Cs) + d2(Cc). (7.4)

(a)

(b) (c)

Figure 7.1: Primary aberrations of the electron probe-forming objective lens. (a) An ideal
lens focuses the rays onto the Gaussian focal point achieving diffraction-limited
probe size. (b) Spherical aberrations cause the incoming rays at the lens
plane that are further apart from the optical axis to be focused before the
Gaussian focal point. (c) Chromatic aberrations cause the electrons, which
have a slightly different energy from the mean electron energy, to be focused
before or after the Gaussian focal point.

Typical aberration coefficients (Cs, Cc) of scanning transmission electron microscopes
(STEMs) and TEMs are in the order of millimeters. Note that at low electron energies
∼ 1 keV, the resolution degradation due to chromatic aberrations (see Eq. 7.2) is more
significant than the spherical aberrations; therefore, both types of aberrations must be
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7.1 Probe size limiting factors in electron microscopy

considered for an effective resolution improvement. Nowadays, there are hundreds of
aberration correctors based on multipole lenses that are implemented all over the world
in electron microscopes [HHM+09]. The first-order chromatic aberrations will induce a
defocus δc due to the energy spread in the beam, as follows [ZH95]:

δc = Cc
∆E

E
= Cc

(Ei − E)

E
, (7.5)

where E is the mean electron energy and Ei the energy of each electron. From Eq. 7.5 it is
clear that the defocus induced to the electron probe is proportional to the relative energy
spread. Using a CFEG [HCW+18] and accelerating the electrons to higher energies will
therefore minimize the chromatic contribution. Also, modern electron microscopes are
equipped with monochromators [BRK12] which further reduce the energy spread at the
cost of losing beam current.

Spherical aberrations will cause the marginal rays to focus before the image plane.
In the wave picture, the spherical aberrations distort the electron phase in the following
way:

χ(θ) =
2π

λ
(Csθ

4 − 2∆zθ2), (7.6)

where the first term is due to the spherical aberrations and the second term is due to an
intentionally induced defocus ∆z. It is often set to the Scherzer defocus [Sch36b], which
minimizes the spherical aberrations at the edge of the aperture:

∆z = 0.5Csα
2
max. (7.7)

where αmax is the maximum convergence semi-angle. One can also rewrite Eq. 7.6 in
terms of spatial frequency k = θ/λ:

χ(k) =
π

2
(Csλ

3k4 − 2∆zλk2). (7.8)

Neglecting the mechanical and electromagnetic stability and assuming a constant amp-
litude at the objective lens aperture and perfect electron beam coherence, the wave
function of the focused probe at the sample plane is approximated by:

ψp(w) = FFT (eiχ(θ,ϕ)), (7.9)

where w = x1 + y1 are the coordinates in sample plane. The generalized aberration
function χ = χ(θ, ϕ) is defined in Krivanek notation [KDL99] as a function of convergence
and azimuthal (ϕ) angle:

χ(θ, ϕ) =
2π

λe

∑︂
n,m

Cn,mθ
n+1 cos[m(ϕ− ϕn,m)]

n+ 1
(7.10)

where n and m are the order and degree of the aberrations, respectively. The intensity of
the electron probe becomes:

I(w) = |ψp(w)|2. (7.11)
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The influence of partial coherence on the intensity of the electron probe

This section also considers the partial coherence of the electron beam to evaluate the
probe size at the sample plane. The electron beam’s partial coherence also limits the
electron microscope’s achievable resolution [HUZ00, ERKD09]. An increase in the energy
spread of the electron beam will decrease the longitudinal coherence (Lc) of the electron
beam according to the following equation:

Lc =
λ2e
∆λe

. (7.12)

with ∆λe being the spectral spread of the electrons. The spectral spread for nonrelativistic
electrons can be calculated if the electron energy and spread are known, as follows [NH93]:

λe =
h√

2meE
. (7.13)

Now we differentiate the de Broglie wavelength, and we get:

∆λ = −1

2

∆E

E

h√
2meE

. (7.14)

If we plug Eq. 7.14 into Eq. 7.12 and neglect the negative sign, we get the following:

Lc = 2
h√

2meE

E

∆E
(7.15)

The van Cittert-Zernike theorem [LL07, KLKB13, MH22] makes the connection between
the width W of an interference pattern and the effective source size s0 of an emitter. The
angular spatial coherence function µsc(Ω) can be directly derived:

µsc(Ω) = exp [−(
πΩs0
λe

)2], (7.16)

where Ω ∼W/b is the angle between two split rays that interfere at the distance b from a
beam splitter. The effective source size can be experimentally determined by measuring
the visibility (Imax − Imin)/(Imax + Imin) of the measured interference pattern, where
Imax and Imin are the maximum and minimum intensity of the adjacent fringes. The
demagnified source size Sd at the specimen can be written as follows [RSL+21b]:

Sd =

√︃
4I

π2EBr

1

αmax
, (7.17)

where I is the beam current at the sample plane, and Br is the beam brightness defined
in terms of current density and solid angle:

Br =
I

(π( s02 )
2)πα2

max

. (7.18)
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7.1 Probe size limiting factors in electron microscopy

The spatial intensity profile of the electron probe at the sample plane, when taking into
account also the finite coherence, changes from Eq. 7.11 to an incoherent sum over electron
energies [ERKD09]:

I(w, Ei) =

∫︂ ∞

−∞
dEi [|ψ(w, Ei)|2 ⊗ S(w)]

dT (Ei)

dEi
, (7.19)

where ⊗ denotes the convolution, S(w) = 1√
2πσ2

S

exp (−ww∗

2σ2
S

) is the contribution from the

partial transverse coherence with σ2S = S2
d/(8 ln 2) and dT (Ei)

dEi
= 1√

2πσ2
T

exp (−(Ei−E)2

2σ2
T

) is

the partial temporal coherence contribution with σ2T = ∆E2/(8 ln 2).

Pulse broadening of electrons

For pulsed electrons, broadening effects represent an additional source of error compared
to continuous mode electrons. The velocity spread (∆v) in the electron beam leads to
electron pulse broadening [HBBC12]:

σ(t) = t
∆v

v
. (7.20)

with the nonrelativistic electron energy:

ve =

√︃
2E

m
. (7.21)

Differentiating leads to:

∆v =
1

2

√︃
2

meE
∆E. (7.22)

Now we can rewrite Eq. 7.20 into:

σ(t) = t
1

2

∆E

E
. (7.23)

Our ponderomotive experiments are conducted at an electron energy of 30 keV, represent-
ing the maximum energy available. Thus, the pulse-broadening effects due to the initial
velocity spread of electrons are minimized. Assuming a typical energy spread of the SFEG
of 1 eV [FBR+17] and neglecting the acceleration of electrons, we can estimate that the
electron pulse broadens due to ∆v with 73 fs after t ∼ dtip−IP/ve = 4.38 ns. The distance
from the electron gun to the IP is dtip−IP ∼ 45 cm. The broadening due to velocity spread
is negligible for our experiment.

The electron pulse can also broaden due to Coulomb repulsion. For our experiments, the
number of electrons per pulse at the sample plane is ∼ 0.1 to minimize this dispersion in
pulse length. Nevertheless, the broadening occurs shortly after the electrons are emitted,
where the electron flux is much higher. It has been shown in [KMS+18] (similar settings
to our experiment) that this space charge effect can cause an electron beam at 30 keV
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7 Diagnosis of electron microscope aberrations

with an initial pulse length of 100 fs to arrive at the sample plane with a broadened pulse
length of 400 fs. In addition to pulse broadening, space charge effects can lead to spatial
decoherence [MH22], which degrades the contrast of phase sensitive experiments.

7.1.1 Ronchigram Simulation

The electron Ronchigram method is a valuable tool in characterizing the electron focal
spot because the diffraction pattern from an amorphous or crystalline sample recorded
in bright field mode is susceptible to any change of phase shift caused by defocusing or
aberrations of the probe-forming lens. Furthermore, the presence or absence of interference
fringes in the recorded Ronchigram can indicate incoherence broadening due to mechanical
instabilities, electro/magnetic noise sources, or finite source size of the electron gun [JB99].

G

S
d1

d2

Bright field detector

-M+M +M

M = 
𝒅𝟐

𝒅𝟏

d1 α = 𝑪𝒔 α
𝟑

∞ ∞

Figure 7.2: The electron Ronchigram schematic. An electron objective lens focuses the
electron beam slightly below a sample containing a thin film of amorphous
carbon. The shadow image of the carbon sample can be recorded in bright
field mode by a position-sensitive detector. The magnification of the shadow
image is given by the distance between the Gaussian focal point to detector
and Gaussian focal point to the sample. As spherical aberrations make their
presence, the rays further apart from the optical axis start to get focused
above the Gaussian point until they are focused on the sample. When the
rays reach the sample, the magnification is infinite and is illustrated in the
shadow image by the rings of infinite magnification. As the rays progressively
start to get focused above the sample, the magnification is reversed and starts
decreasing. From a strongly defocused shadow image, the spherical aberration
coefficient can be determined directly by measuring the radius of the rings
with infinite magnification.
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7.1 Probe size limiting factors in electron microscopy

In this sub-chapter, Ronchigrams are simulated to find feasible experimental parameters
that could be used for future proof-of-principle wavefront shaping experiments. For
reasons of simplicity, the partial coherence contribution (see Eq.7.19) of the electron beam
is not included in the simulations.

Figure 7.2 shows the schematic that allows visualizing aberrations in a STEM. The
specimen ’S’, e.g. a thin film of amorphous carbon, is placed slightly above the aberrated
electron focal spot ’G’ formed by the objective lens of the electron microscope. The
paraxial magnification of the shadow image is M = d2/d1, where d2 is the distance
between the Gaussian focal spot and detector, and d1 is the distance between the focal
spot and the sample. The electron lens induces spherical aberrations to the electron beam,
which causes the peripheral rays to be focused before the Gaussian focal spot. As the
incident rays start to distance themselves from the optical axis, they get focused gradually
above the Gaussian focal spot such that the magnification of the shadow image increases
until infinity d1− > 0(see red rays in Fig. 7.2 that are focused onto the sample). When
the crossover of the aberrated rays is at S, sharp rings with good contrast become visible.

The shadow image is reversed for the rays that form a crossover above the sample,
and the magnification changes sign and starts decreasing. The third order spherical
aberration coefficient can be determined directly by measuring the radius of the rings
of infinite magnification and the paraxial magnification. The radius of the infinite mag-
nification rings d1α can be set equal [Cow79] to Csα

3, and the third-order spherical
aberration coefficient can be determined. Here, α is the angle formed by the optical
axis with the cross-over (red in 7.2) at the sample plane. When the radius of infinite
magnification is reduced to a minimum value, a region of uniform intensity is reached in
the center of the Ronchigram, called the ’sweet spot’. From the radius of the sweet spot,
the maximum aberration-free semi-angle can be determined. Also, the sweet spot appears
at the optimum Scherzer defocus (see Eq. 7.7) used for phase-contrast imaging [Sch36a].
We now describe how an electron Ronchigram can be simulated. When an electron beam
travels through a thin material film, it acquires a phase shift according to the following
parameters [Rei13]:

ϕs =
2π

λe

eU

E

Er + E

2Er + E
tf , (7.24)

where eU is the potential energy along a row of atoms, Er = m0c
2 is the rest energy

of the electron, and tf is the thickness of the thin film. The potentials for carbon and
gold atoms are U = 8V and U = 21V, respectively. An electron (E = 30 keV) that
passes through a carbon thin film of tf = 10nm, which is coated with tf = 2nm of gold,
acquires an average phase shift of ϕs ∼ 1.9 radians. At the sample plane, the electron
wave function (Eq. 7.9) is multiplied by the transmission function of the sample (Ts) and
the modulus squared of the Fourier transform function yields the electron Ronchigram
intensity (IR) at the screen:
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7 Diagnosis of electron microscope aberrations

IR =

n∑︂
i=1

|FFT [ψp(w, Ei)Ts]|2, (7.25)

where Ei takes linearly spaced values between [E − ∆E,E + ∆E] and the electron
wavelength and the defocus (see Eq. 7.5) are energy dependent. The function Ts represents
the maximum phase shift induced to the electron wave by the sample [SSH19]:

Ts = e−iϕsΥ(w). (7.26)

The parameter Υ(x2, y2) simulates the random phase induced by the amorphous carbon
and is defined as:

Υ(w) = rand(Nx, Ny). (7.27)

The real space units at the Ronchigram plane in Fig 7.3 are defined as:

x = λef2
1

∆x

1

Nx
[−Nx

2
...
Nx

2
], (7.28)

y = λef2
1

∆y

1

Ny
[−Ny

2
...
Ny

2
], (7.29)

where Nx and Ny are the total number of pixels in the matrix, ∆x = ∆y is the spatial
resolution in the sample plane.

(a) (b)

Figure 7.3: Ronchigram simulations. In-focus Ronchigram simulation from an amorphous
thin film imprinting a random phase to the electron probe. The interference
pattern is recorded on the screen. The purple arrow indicates the max-
imum convergence semi-angle (20 mrad), whereas the red arrow estimates the
aberration-free semi-angle (5.5 (a) and 11.8 (b) mrad).

The following parameters were used for simulating the electron Ronchigram in 7.3:
30 keV electron beam energy, 200µm objective lens aperture, a focal length of the objective
lens f1 = 5mm, 20mrad maximum convergence semi-angle, the free propagation distance
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7.1 Probe size limiting factors in electron microscopy

from the sample to the screen f2 = d1 + d2 = 62 cm, the defocus value is set to
C1,0 = Cc

∆E
E with Cc = 1mm, ∆E = 1 eV and the third order spherical aberration

coefficient C3,0 = 10mm for Fig. 7.3(a) and C3,0 = 0.5mm for Fig. 7.3(b). When
reducing the spherical aberration coefficient from 10mm to 0.5mm, it can be seen how
the aberration-free semi-angle increases from ∼ 5.5mrad (see Fig 7.3(a), red arrow) to
∼ 11.8mrad (see Fig 7.3(b), red arrow). The finite coherence of the electron beam is not
taken into account, which might affect the contrast in the Ronchigram. Nevertheless, the
Ronchigram simulation shows that an effective Cs correction should lead to an increase
of the sweet spot at the detector plane. Thus, the Ronchigram might be used for future
proof-of-principle light-based electron wavefront shaping experiments.

7.1.2 Experimental Ronchigram measurement in continuous mode

The following parameters have been selected to measure an electron Ronchigram: the
aperture of the objective lens was set to 200µm, the electron beam energy to 30 keV,
the working distance of the objective lens 4mm, and an amorphous carbon sample
(tf =∼ 10 nm) is used.

(a) (b)

(c) (d)

Figure 7.4: Experimentally recorded electron Ronchigrams in continuous mode, revealing
spherical aberrations in the form of rings. (a)-(c) Ronchigram images recorded
with the electron beam slightly defocused from the sample. (d) Ronchigram
in focus, the aberration-free semi-angle is 6.1mrad, whereas the maximum
convergence semi-angle is 20mrad (scalebar 5mm).
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7 Diagnosis of electron microscope aberrations

We noticed that the contrast in the Ronchigram decreases when going to lower electron
energies (<30 keV), most likely because of charging, increased inelastic scattering effects.
After interaction with the sample, the electrons propagate in free space for f2 = 62 cm and
are detected with the MCP assembly. Note that the contrast in the electron Ronchigram
image can be severely degraded by mechanical vibrations of the microscope or sample
holder and stray electromagnetic fields [JB99].

Figure 7.4 shows a series of electron Ronchigrams recorded at the detector plane. The
rings around the complex interference pattern arise from the spherical aberrations [Cow79].
Figure 7.4 shows a Ronchigram at zero defocus that shows the ’sweet spot’. By measuring
the radius (rfree) of the region of uniform intensity (see Fig. 7.4(d)), one can determine
the aberration-free semi-angle (αfree = rfree/f2 = 6.1mrad). The maximum convergence
semi-angle is αmax = ρs/f2 = 20mrad. The radius (ρs) of the electron beam at the screen
has been determined by fitting the electron distribution with an ellipse [Gal].

7.1.3 Experimental Ronchigram measurement in pulsed mode

(a) (b)

(c) (d) (e)

Figure 7.5: Experimentally measured Ronchigrams at 30 keV electron energy from gold-
coated amorphous carbon sample. Shadow image (scalebar 1.1mm) in continu-
ous mode with the electron beam defocused (a) and focused (b) on the sample
revealing the sweet spot in the electron Ronchigram. (b) The aberration-free
semi-angle is ∼ 3.3mrad (red arrow), whereas the maximum convergence
semi-angle is ∼ 4.8mrad (purple arrow). (c), (d) Same as (a) and (b) but now
in pulsed mode. (e) Stigmating slightly the electron probe used in (d) to see
a significant change in the Ronchigram is typical when infinite magnification
is reached.
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7.1 Probe size limiting factors in electron microscopy

It has been shown in [EHE+15] that the spatial coherence is for the most part preserved
when going from dc-emission to laser-triggered tungsten nano-tips. This motivated us to
try and record a pulsed electron Ronchigram. To optimize further the contrast of the
Ronchigram and reduce possible charging effects, we now coated an amorphous carbon
sample (tf = 5nm) with a thin (∼ 2 nm) film of gold. Furthermore, the aperture of the
objective lens is set to 100µm (from OA = 200µm used in the previous sub-chapter)
to increase the coherence of the electron beam. Note that thicker (>10 nm) amorphous
carbon samples coated with 2 nm gold showed less contrast, most likely because of the
decoherence induced by inelastic and multiple elastic scattering effects. Lastly, the working
distance has been increased from 4 to 23mm to reduce the beam size at the screen and
subsequently enhance the electron signal.

From a practical point of view, the best way of recording a Ronchigram in pulsed-
mode is to optimize first the contrast of the Ronchigram in continuous mode. Afterward,
at the same electron beam settings, the electrons can be triggered with the laser pulse,
and a Ronchigram in pulsed mode should be visible within a reasonable defocus range.
Figures 7.5(a) shows the shadow image of the sample recorded with the continuous mode
electron beam defocused. The granularity (several nanometers) of the gold coating is
visible. Furthermore, the sweet spot of the electron Ronchigram is shown in Fig. 7.5(b).
Figure 7.5(c) shows the shadow image of the sample with the pulsed electrons defocused.
Figure 7.5(d) reveals the sweet spot of the pulsed electron Ronchigram. Further, the elec-
tron probe from Fig. 7.5 is stigmated, and the new Ronchigram is recorded in Fig. 7.5(e).
The induced astigmatism causes a significant change in the Ronchigram, which confirms
that infinite magnification is reached.

At low electron currents, at ∼ 0.1 electrons per pulse at the sample plane, space charge
effects are avoided, decoherence minimized, but this leads to long acquisition times (>5 s),
which degrade the contrast in the image due to instabilities and other noise sources.
Nevertheless, to my knowledge, this is the first Ronchigram recorded in pulsed mode from
an amorphous carbon sample. The results shown here confirm that coherent wavefront-
shaping experiments are possible with pulsed electron beams in SEMs.

However, to show aberration correction with our light-based method, a Ronchigram
should be recorded by placing the amorphous carbon sample under the IP. Also, Ronchi-
grams are recorded at high convergence angles; sometimes, even the aperture at the OL is
removed. Since our laser-based electron modulator is placed after the SEM objective lens,
the sample to be investigated would have to be placed at unpractical working distances
of ∼ 70mm. At such long working distances, an electron Ronchigram does not reveal
itself. For this reason, we installed an electrostatic lens (electron energies up to 6 keV)
after the IP such that we could eventually be able to have optimal conditions (high
convergence angles) for recording the Ronchigram. So far, we could not measure any
electron Ronchigram in pulsed mode with the triggered electrons at 6 keV, not even when
placing the amorphous carbon sample directly under the magnetostatic objective lens.
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7 Diagnosis of electron microscope aberrations

Further studies are required to measure an electron Ronchigram in pulsed mode at
E < 30 keV. This could include: an increase in the electron current by using a higher
repetition rate of the UV laser, focusing the UV to a smaller beam waist at the tip (to
minimize the electron emission area), optimizing the thickness of the amorphous carbon
sample, recording an edge Ronchigram from a silicon crystal, and reducing further the
noise sources that might degrade the contrast and optimizing the electron beam settings
for maximum transverse coherence (similar to [FBdS+17]).

7.2 Light-based electron optics for spherical aberration
correction of electron beams

As discussed in previous sub-chapters, the spherical aberrations of electrons limit the
achievable electron probe size. In principle, the corrective light-based phase mask should
satisfy the relation φLaser = −χ, where φLaser is proportional to the spatial energy
distribution of the light in the aperture plane of the electron microscope’s OL.

(a) (b)

(c) (d)

30 keV

30 keV

300 keV

300 keV

Figure 7.6: The electron phase distortion due to spherical aberration at the objective lens
of a (S)TEM without and with Scherzer defocus. The phase values are plotted
against the convergence semi-angle θ. (a) Acquired phase distortion of a
30 keV beam with defocus Dz = 0. (b) Acquired phase distortion of a 300 keV
beam with defocus Dz = 0. (c),(d) are the acquired phase distortion at
Scherzer defocus (see Eq.7.7) of 30 keV and 300 keV, respectively. When using
the Scherzer defocus, the absolute value of the phase distortion is minimized
by almost 4x.
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7.2 Light-based electron optics for spherical aberration correction of electron beams

The phase distortion of the electron wave due to the lens aberration is investigated for
typical electron energy used in SEM and TEM (see Fig. 7.6). The simulations are carried
out for electron energy of 30 keV (see Fig. 7.6 (a),(c)) and for 300 keV (see Fig. 7.6 (b),(d)
without (top), and with (bottom) Scherzer defocus. Figure 7.6 shows the distortion of
the electron phase as a function of convergence semi-angle (see Eq. 7.6). Apart from the
electron energy and Scherzer defocus, all other parameters of the aberrations function are
kept the same, as follows: Cs = 5.78mm, αmax = 8.3mrad, f = 3mm and OA = 50µm.
For convenience reasons, the parameters have been chosen such that the average phase
distortion over the OA is |ϕ̄| ∼ π when using the Scherzer defocus and 30 keV electrons.
The data in Fig. 7.6 shows that by applying the Scherzer defocus on top of the spherical
aberration, the phase distortion is reduced by almost 4x.

In this chapter, methods of creating a laser intensity distribution that has the same
shape as the spherical aberrations pattern simulated in Fig. 7.6, are discussed. Typical
electron wavefront-shaping techniques set an upper limit of ρs ∼ 25µm on the area that
can be shaped. The question is what wavefront shaping technique should be used to create
the required light distribution for correcting the electron beam aberrations over such an
area. For a high NA light optical system with sufficient individually controlled pixels, the
modified GSA described in sub-chapter 4.3.2 would provide good results. However, it is
challenging to build a high NA optical system inside a microscope. Furthermore, a high
NA might introduce further constraints on the pulse length of electrons and light.

The modified GSA is not the optimal wavefront shaping technique for aberration correc-
tion of electron focal spots when having a low optical NA. In our setup, the resolution
of the laser focal spot is 4.3µm (FWHM), which allows us to control individually only
∼ 10× 10 pixels over ρs ∼ 25µm. Thus, we propose two different light wavefront shaping
techniques for aberration correction of electron lenses that do not suffer from the limited
number of pixels and can be used with low NA systems. They are based on shaping the
source Gaussian beam with vortex phases and Zernike polynomials to have the required
spatial distribution.

Laguerre Gauss modes to correct for the spherical aberrations of electron beams

It has been theoretically shown in [UKS22] that a LG10 light-based electron lens induces
negative spherical aberration coefficients, which in combination with traditional electron
lenses that have positive coefficients, could form an aberration-free lens system. However,
the correction with LG10 is based on strong electron deflection and requires high laser
pulse energy. Furthermore, it is shown in [Sch22a] that the intensity distribution of a
LG20 beam has a r4 dependence close to the optical axis. Placing the electron beam under
the r4 region of the LG20 beam should induce the negative phase shift φLaser(r) = −χ(r)
required to correct the spherical aberrations.

Moreover, it has been theoretically shown recently [dAK21] that a LG30 could be
used to correct for the spherical aberrations. Their model uses co-propagating electron
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7 Diagnosis of electron microscope aberrations

and laser pulses and calculates the induced phase shift by integrating the vector potential
over the whole propagation distance. In our model, the ponderomotive interaction occurs
only in the laser beam’s focal plane. The LG30 has a r6 distribution near the optical axis
and, therefore, cannot be implemented using our model.

Note that all low-charge LG modes are highly susceptible to both odd and even aberra-
tions [BN06, DMG15]. Thus, it is challenging to experimentally generate aberration-free
low charge LG modes in the IP, mainly because we have a 1.5mm beam block (aperture
in the mirror) along the optical path. Nevertheless, more research is required to establish
the most efficient method of electron aberration correction with LG modes.

(a) (b) (c)

Figure 7.7: The LG modes can be easily generated by placing the appropriate phase
mask along the Gaussian laser beam path. (a) The phase mask ϕV10 used
to generate an LG10 mode. (b) The phase mask ϕV20 used to generate an
LG20 mode. (c) The phase mask ϕV30 used to generate an LG30 mode. The
dimension of the phase masks shown here should be equal to the expanded
source intensity distribution.

Figure 7.7 shows the phase mask (ϕVl0) that can be displayed on the SLM to generate
the LGlp modes, where l is the charge of the specific mode and p = 0. The vortex phase
plates can be mathematically created as follows: ϕVl0 = l × atan2(Y,X) and could be
superimposed to the phase mask calculated for the backpropagation of the Gaussian and
further correction (see chapter 4).

Shaping the laser beam with Zernike polynomials to correct the spherical aberrations

In the following, we shape the Gaussian beam with Zernike polynomials to achieve a laser
distribution for spherical aberration correction. This method might be less susceptible to
aberrations and more energy efficient than shaping the Gaussian into low-charge LG modes.

Furthermore, we have seen from Fig. 7.6 that applying a Scherzer defocus to the spherical
aberration function reduces the amount of phase shift required to flatten the phase. A
phase mask having a distribution described by Eq. 7.6 has been successfully applied
in a TEM [SRL+18] to experimentally correct for the spherical aberrations of the elec-
tron probe forming lenses. The diffractive phase mask is based on Silicon Nitride thin
films [SRL+18]. Here, our goals is to reproduce the analytical pattern of a spherical
aberration function with Scherzer defocus (Eq. 7.6) by shaping the laser beam with
radially symmetric Zernike polynomials. The aberrated phase should be flattened at the
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7.2 Light-based electron optics for spherical aberration correction of electron beams

lens by setting φLaser(r) = −χScherzer(r).

Figure 7.8(a) shows the intensity distribution measured with the CMOS in the CP
after shaping the expanded Gaussian beam with a diffractive phase mask displayed on the
SLM ϕScherzer = modulo2π[ϕG + ϕsp] (b), whereas ϕsp = (0.5× π × Z0

4 − 0.86× π × Z0
6 ).

The coefficients of the Zernike phase patterns have been optimized by trial and error
until the measured intensity distribution is similar to the aberrated electron phase distri-
bution. Figure 7.8(c) is the extracted region of interest from Fig. 7.8(a). Figure 7.8(d)
shows the target intensity distribution that has to be reproduced to correct the aber-
rations. Figure 7.8(e) shows the normalized intensity data along a line in Fig. 7.8 and
the analytical aberration function. The diffraction efficiency in the region of interest is
Ieff = IROI/I =∼ 58%.
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Figure 7.8: Laser phase plate pattern including Scherzer defocus to correct for the spherical
aberrations of the electron beam. (a) (scalebar 55µm) The experimentally
measured intensity distribution formed in the CP when diffracting the Gaussian
off the phase mask shown in (b). (b) The phase mask displayed on the SLM
contains the off-centered Gaussian ϕG phase masks calculated with a simple
backpropagation from 4.2 superimposed with the Zernike phase mask. (c)
This image represents the extracted region of interest (scalebar 21µm) from
(a). (d) The analytical intensity distribution of a spherical aberration function
with Scherzer defocus. (e) Data plotted from the line in (c) and the analytical
distribution from the line in (d).

Shaping the Gaussian beam with Zernike polynomials might improve the efficiency of
the laser phase plate compared to other methods; however, more research is required to
optimize the Zernike coefficients. It can be seen in Fig. 7.8(e) that the analytical function
does not perfectly go through the data points. The exact deviation from the analytical
function has yet to be quantified since it is the subject of future research. Nevertheless,
these preliminary measurements show that the required laser-phase plate for aberration
correction could be generated by applying the right combination of Zernike polynomials.
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8 Discussion

In this thesis, it is experimentally demonstrated that the spatially induced ponderomotive
phase shift can scatter the electrons into almost arbitrary transverse profiles. The created
electron beam shapes are limited by light diffraction and artifacts caused by the 1.5mm
hole in the mirror that brings the laser onto an axis collinear with the electrons. The
artifacts could be minimized in future setups by reducing the diameter of the hole or
by increasing the laser beam size at the mirror. Better resolution in the electron phase
modulation could be achieved either by increasing the numerical aperture of the optical
setup or by using a laser with a shorter wavelength. However, the relatively small numer-
ical aperture (NA) ensures that the Rayleigh range of the laser beam is longer than the
spatial dispersion of the electron wave packet and the distance the electrons travel during
the interaction. Thus, a high optical NA might affect the pulse length requirements of
electrons and light because now we consider that the interaction takes place within the
focal spot of the laser.

Ponderomotive phase modulation of electrons requires high laser intensities. In continuous-
wave mode, the required intensities for π/2 phase shifts of a single pixel have been achieved
only by using enhancement cavities [SAC+19]. In contrast, arbitrary shaping in free
space is realistically compatible only with pulsed systems. One way to avoid using an
enhancement cavity would be to increase the interaction time between the electrons and
light, use a longer laser wavelength, and place the modulator in a low electron energy
region. However, increasing the interaction time is only an option for low-NA optical fields
with long focus range. To be noted that in our derivation with co- or counter propagating
pulses, the phase shift scales with λ2L, but so does the minimal focal spot size. Therefore,
a longer λL will increase the induced electron phase shift only for applications where the
laser beam waist has to be constrained to a specific value. A realistic setup could include
a long wavelength nondiffracting Bessel beam co-propagating with the electron beam over
a long enough distance.

The experiments have been carried out in a high-power regime to induce high scat-
tering phase shifts (up to 950 radians) to the electrons, eventually creating a measurable
transverse intensity change at the detector plane. However, wavefront shaping techniques
require less laser pulse energy, depending on the diameter of the electron beam that
needs to be modulated. To shift the phase of an electron at 30 keV by 2π over an area
of 1µm2, a pulse energy of 0.58 nJ is needed. Furthermore, the transverse coherence of
the electron beam limits the area that can be shaped. This study [VBMC+18] mentions
that a disk with ρs ∼ 25µm can be illuminated with sufficient coherence. Surprisingly, it
has been recently shown [RSL+21a] that a thin film phase plate has been used to correct
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the spherical aberrations of a probe forming electron lens over a disc with a diameter of
150µm. The maximum pulse energy reaching our setup’s interaction region is 17.2µJ.
This enables shaping the phase of electrons over a disc with a radius of R ≤ 97µm with
having ∼ (2×R/FWHM)2 = 1607 programmable pixels.

Most importantly, the interaction of electrons with light is lossless and does not introduce
inelastic scattering or sub-aperture diffraction. This is in contrast to state-of-the-art
competing technologies [VBMC+18, SRL+18]. Lossless wavefront shaping is particularly
important for ultrafast electron microscopes, where a low electron signal (usually single
electron per pulse at the source) requires a long acquisition time and ultimately limits
the spatial resolution.

An appealing application would be light-based aberrations correction of magnetic or
electrostatic electron lenses. During the last century, many attempts [Ros09] have been
made to correct the spherical aberrations that could eventually lead to sub-A resolution.
The first effective correction has been realized by [HRU+98], which revolutionized material
science [Cou18] and enabled atomic [ERKD09] resolution. Aberration correctors based on
multipole lenses are now implemented successfully in many research laboratories [CEOa].
However, they are expensive, static, and can occupy a significant volume [CEOb], in-
creasing the electron path length. This can corrupt the electron beam by making it
more susceptible to noise [UMH+13, LHU+16] and pulse-broadening effects in the case
of a pulsed electron beam. Nevertheless, more research is required to establish whether
the light-based method’s noise levels can outperform the noise in traditional multipole
correctors.

It has been theoretically [KcvdA20, dAK21] demonstrated that an effective spherical
aberration correction is possible without the need for complex multipole lenses. The
experimental demonstration still needs to be included. For ponderomotive phase shifts of
electron wavefronts by π at 30 keV in a TEM over a disc with ρ0 = 25µm , a pulse energy
of ∼ 0.57µJ is required. Unfortunately, we could not yet show aberration correction of
the SEM objective lens in our setup. A standard way to see and measure the aberrations
in an electron beam is to measure electron Ronchigrams as described in chapter 7. Pulsed
Ronchigrams have been recorded at 30 keV with the sample directly after the OL; however,
not after the IP. We attributed this to vibrations, and stray fields, which become more
prominent with increased work distance and degrade the contrast when longer acquisition
times are required.

Two possible methods have been identified for creating the required laser distribution
that could correct the spherical aberrations. First, a GSA could be used to control
individual pixels in the laser phase plate pattern; however, in this case, the resolution of
the reconstructed pattern is limited by the FWHM of the laser. Second, the laser beam
can be shaped with vortex phase plates or Zernike polynomials to induce the required
φLaser = −χ corrective phase shift. The spatial intensity transition between values is
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free of speckles, demonstrating the advantage of not having to use an iterative algorithm
for phase mask design. Preliminary results suggest that shaping the laser beam with
Zernike polynomials is an efficient way of generating a corrective laser-based phase mask
for electrons; however, the Zernike coefficients need more optimization.

The pulse energy stability of our laser is ∼ 1.5% r.m.s and is of no concern for our
experiments. The beam-pointing stability of our laser is 6µrad/K right after the beam
stabilization system. However, in our setup, the laser beam propagates for ∼ 1m after
passing through the stabilization system. It should be noted that the stabilization system
cannot compensate for vibrations that are induced after the sensor. Therefore, the sys-
tem should be ideally installed in a future setup as close as possible to the interaction plane.

Furthermore, there are also thermal drifts induced by the mirror with the hole, which
makes the collinear interaction with the electrons possible. These thermal instabilities are
especially of concern when increasing pulse energy in the shaped beam above ∼ 2µJ. The
instability is visible in the raw data of convex laser-based lens in Fig. 6.9. Nevertheless,
thermal effects from the mirror could be minimized in future setups by reducing the hole
size, increasing the beam size at the mirror surface, better coating, and using a mirror
substrate with low thermal expansion [TAC+21].

Concave lensing is currently impossible with static cylindrically symmetric and energy-
preserving electro- and magnetostatic lenses. Both convex and concave ponderomotive
lensing with focal lengths comparable with traditional electron optics has been demon-
strated, whereas the concave lens could find applications in spectroscopy. Also, combining
convex and concave lenses could de- or magnify an electron beam over smaller distances.
Furthermore, a light-based lensing system could be implemented in ultrafast Lorenz micro-
scopes [dSMF+18], where the objective lens is usually turned off to avoid corrupting the
magnetic properties of the sample to be investigated; the current resolution is rarely better
than 100 nm. Most importantly, the size of the current microscopes could be dramatically
reduced if an electron microscope contained an aberration corrector made out of light. A
current limitation in obtaining competing high resolution with our ponderomotive lens is
the small NA of the light-based electron lens (0.5mrad). Nevertheless, the NA could be
significantly increased by by carefully adjusting the parameters in Eq. 6.2.2.

Most importantly, a significant advantage of our wavefront shaping scheme compared to
the current aberration correction scheme is that we can shape the wavefront arbitrarily.
The adaptive method could be used for the generation of laser phase plates to enhance
the sensitivity of weakly scattering specimens in electron phase microscopy [SAC+19].
Furthermore, it could also be used for probe engineering [HPA+14, OCP+16] to adjust
the electron beam to a specific area on the sample while maximizing the information
extracted and limiting the electron dose. Also, it can be used for the generation of exotic
beams [GKG+14, VBLL+13]. We note that our wavefront-shaping method is lossless,
and does not introduce inelastic scattering.
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In most experiments that show ponderomotive scattering, the laser beam propagates
orthogonally to the electron beam [SAC+19, ACS+20], or under an angle [KSH18]. In
those cases, the laser beam’s polarization can play a role [ACS+20]. In our setup, the
laser and electron beam propagate on the same axis, so any linear polarization of the
laser beam is orthogonal to the electron beam and, therefore, induces the same phase
shift. A laser beam polarized in the z-direction would cause a suppressed phase shift by
1/γ2. However, since we use a low NA (< 0.2), the relative intensity contribution of the
z-polarized electric field component (at the highest spatial frequency) is E2

z/E
2
r < 0.04.

Therefore we assume the paraxial approximation for both electron and light beam and
neglect the z-component. Nevertheless, it would have been interesting to report a negative
result on polarization dependence. This might include placing a rotating half-wave plate
on the laser beam path and measuring whether it affects the interaction with the electrons.

Sculpting electron beams with light opened up a new research direction. In the fu-
ture, parts of electron microscopes might be made out of optical systems to improve the
resolution and contrast of electron images.
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While most experiments with ultrafast electrons in free space have shaped the longitud-
inal [RK20] wave function component, this thesis describes a setup built from scratch to
show programmable transverse electron beam modulation with light. The interaction
takes place in free space without being assisted by any material. Thus, the interaction is
lossless and does not cause inelastic scattering. The light fields are shaped by diffracting
the light at programmable phase masks which the SLM displays. The arbitrary laser
pattern applied to the electron beam can be switched fast, limited by the frame rate of
the SLM (frame rates up to 1430Hz). A Gerschberg-Saxton algorithm has been modified
to calculate the required phase masks, considering the hole in the probe forming mirror.
Furthermore, the diffraction effects in the laser pattern can be suppressed if the hole in
the mirror is reduced to < 1mm . For speckle suppression, the GSA is initiated with an
object-dependent quadratic phase, and the amplitude in the Fourier plane is constrained
in the signal region during the iterative process.

The spatial and temporal overlap between the electron and laser pules is established in a
novel way without using an energy filter. First, a fast-timing scintillator with a single
photon detector is used to timestamp the pulses. Afterward, pump-probe measurements
with a copper grid reduce the timing mismatch to 1 ps uncertainty. With the pulses
synchronized at the IP, different laser-based phase masks are imparted to the electron
beam and generate almost arbitrary electron distributions. Also, both convex and con-
cave lensing is demonstrated, the latter being impossible to achieve with electro- and
magnetostatic, energy-preserving lenses.

Finally, chapter 7 discusses the dependence of various parameters on the electron probe
size. One future application of our light-based electron wavefront shaping technique
is aberrations correction. For this reason, electron Ronchigrams have been simulated
and experimentally measured in continuous and pulsed mode to quantify the spherical
aberrations and show coherent wavefront shaping. Unfortunately, we saw pulsed electron
Ronchigrams only with the sample placed before the IP. Further work is needed to com-
bine the ponderomotive experiments with pulsed electron Ronchigrams to show coherent
manipulation of electron-waves.
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GSA Gerchberg-Saxton algorithm. 4, 19–21, 23–30, 33, 44, 69, 76

IP interaction plane. 14, 26, 29, 34, 36, 37, 40–42, 44, 61, 67, 70, 73, 76, 96, 97

IR infrared. 13, 14, 17, 36–39, 96, 97

LC liquid crystal. 19

LG Laguerre Gaussian. 31–33, 48–56, 69, 70

MCP microchannel plate. 4, 15, 16, 43, 55, 66

MPPC multi-pixel photon counters. 35

NA numerical aperture. 26, 28, 32, 33, 36, 69, 72, 75

OA objective aperture. 36, 40, 42, 67, 69

OL objective lens. 40, 67, 68, 73

P43 phosphor screen. 16

PINEM Photon Induced Near Field Electron Microscopy. 2

SEM scannig electron microscope. vi, 2, 4, 13–15, 17, 18, 40, 42, 57, 67, 69, 73

94



Acronyms

SFEG Schottky field emission gun. 2

SiPM Silicon Photomultiplier. 35–37

SLM spatial light modulator. 4, 13, 14, 17–19, 22–25, 28, 29, 31–33, 39, 43–46, 48, 49,
70, 71, 76, 96

STED Stimulated emission depletion. 31

STEM scanning transmission electron microsocpe. 58, 63

TEM Transmission electron microsocpe. 4, 18, 43, 55, 57, 58, 69, 70, 73

UEM ultrafast electron miscroscope. 1

UTEM ultrafast transmission electron miscroscope. 1

UV ultraviolet. 13–16, 68

95



10 Appendix

10.1 Laser beam power measurement

Due to space constraints, the power levels in the IP were not measured directly with
the power meter. A CMOS has been calibrated to measure the power levels of the
laser beam before the SLM and in the IP to determine the transmission coefficient
TcL = PIP/PPBS = 0.275 along the beam path. The power after the polarizing beam
splitter (PPBS) is measured directly with a power meter. The power in the IP (PIP) is
determined by measuring the intensity (IIP) of the IR laser beam with the calibrated
CMOS placed in the IP. Figure 10.1 shows the calibration of the CMOS (OV5647) camera,
which was done outside of the vacuum chamber. The slope gives the recorded counts per
Watt of incident laser power (PIP = IIP/slope). One can see that only a low fraction of
the laser beam makes it to the IP. The losses come mainly from the SLM, the hole in the
45 mirror, and the other laser beam optics along the beam path. Figure 10.2 (black data)
shows the determined power levels in the interaction plane, which were further used to
calculate the focal lengths of the ponderomotive lenses.
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Figure 10.1: Calibration of a CMOS to measure power levels of the laser beam in the IP.
The intensity (counts) of the laser beam is recorded outside vacuum with
a CMOS and plotted against the measured power levels. The slope of the
fitting curve is used to determine the power levels in the IP.
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10.1 Laser beam power measurement
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Figure 10.2: Power of the levels of the IR laser beam (at 50% output) measured with a
power meter after the polarizing beam splitter (blue) plotted as a function
of the half-wave plate rotation. Black data points are the power levels in the
IP determined by multiplying the blue data points with TcL .
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