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Zusammenfassung

Diese Arbeit verfolgt zwei komplementäre Forschungssansätze in der Ultrakurzzeitphysik
mit Elektronen und arbeitet deren experimentelle und konzeptionelle Implikationen heraus:

Der erste Ansatz betrifft die praktische Anwendbarkeit der ultraschnellen Transmission-
selektronenmikroskopie (TEM). Es wird erstmals demonstriert, dass ein kontinuierlicher
Elektronenstrahl in einem Transmissionselektronenmikroskop durch die optischen Zyklen
eines Dauerstrichlasers (CW-Laser) in eine unendliche Abfolge von Elektronenpulsen mod-
uliert werden kann, die kürzer als der optische Zyklus selbst sind. Dies kombiniert eine
Attosekunden-Zeitauflösung mit einer kontinuierlichen Elektronenquelle, wie sie in kon-
ventionellen TEMs verwendet wird, anstatt auf eine durch Femtosekundenlaser betriebene
Photoemissionsquelle angewiesen zu sein. Eine zweite Modulationsstufe wird für die Di-
agnostik eingesetzt. Eine zentrale Herausforderung in diesem Zusammenhang sind die
deutlich geringeren elektrischen Feldstärken im Vergleich zu gepulsten Lasersystemen. Das
Ergebnis stellt einen wesentlichen Schritt hin zu einer technisch einfacheren, hochbrillanten
und im Prinzip weitgehend nachrüstbaren Attosekunden-Elektronenmikroskopie-Plattform
dar, die aufgrund der Kompressionstechnik an einer dielektrischen Membran nur einen
einzigen CW-Laser benötigt.

Die Arbeit erweitert darüber hinaus das Verständnis optischer Zwei-Photonen-Prozesse
mit freien Elektronen in Abwesenheit von Festkörpern. Materie, die intensiven Laserpulsen
ausgesetzt ist, wäre durch ihre Zerstörschwelle und selbst unterhalb dieser Schwelle durch
Plasmaemission begrenzt, die die Pulsqualität verschlechtert und dadurch die nutzbare
Laserenergie für die Kompression einschränkt. Es wird gezeigt, dass die Streuung an einem
sich bewegenden optischen Gitter kohärent verläuft und eine Seitenbandstruktur erzeugt.
Die Beobachtung von Tausenden dieser kohärenten Seitenbänder bei einer Energiemodu-
lation von über 2 keV ermöglicht, unterstützt durch Simulationen, den Rückschluss auf
Einzelpulsdauern in der Größenordnung von 5 as.

Ein wesentlicher Teil der Arbeit ist zudem dem experimentellen Handwerk gewid-
met, welches die erste direkte Beobachtung von Seitenbändern nach einer ponderomo-
torischen Wechselwirkung ermöglichte: die hauseigene Herstellung von Elektronenquellen
unter Verwendung einer rückseitig beleuchteten, ultraglatten Goldschicht zur Erzielung
der erforderlichen Pulsqualität, die Untersuchung und Optimierung der Strahlführung und
ihrer Auswirkungen, die Überlappungsoptimierung mittels Plasmaemission sowie der Be-
trieb eines TEM-Spektrometers in einer off-label Tabletop-Konfiguration.
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Abstract

This thesis follows two complementary lines of investigation in ultra-fast electron physics
and develops their experimental and conceptual implications:

The first one concerns the practical applicability of ultra-fast transmission electron
microscopy (TEM). For the first time, it is demonstrated that a continuous electron beam in
a transmission electron microscope can be modulated by the optical cycles of a continuous-
wave laser into an infinite train of electron pulses shorter than the optical cycle itself.
This combines attosecond temporal resolution with a continuous electron source of the
type employed in conventional TEMs, rather than relying on a femtosecond laser-driven
photoemission source. A second modulation stage is employed for diagnostics. A major
challenge in this context is the significantly lower electric field strengths compared to pulsed
laser systems. The result constitutes a substantial step toward a technically simpler, high-
brightness, and in principle widely retrofittable attosecond electron microscopy platform,
which, due to the compression technique at a dielectric membrane, requires only a single
CW laser.

The thesis further expands the understanding of optical two-photon processes involv-
ing free electrons in the absence of solids. Matter exposed to intense laser pulses would
be limited by its damage threshold and, even below this threshold, by plasma emission
degrading the pulse quality, thereby restricting the usable laser energy for compression. It
is shown that scattering at a moving optical grating proceeds coherently and produces a
sideband structure. The observation of thousands of these coherent sidebands at an energy
modulation of approximately 2 keV enables, supported by simulations, the inference of
single-pulse durations on the order of 5 as.

A substantial part of the work is additionally devoted to experimental craftsmanship,
which enabled the first direct observation of sidebands following ponderomotive interaction:
the in-house fabrication of electron sources employing a back-illuminated ultra-smooth gold
layer, achieving the required pulse quality, the study and optimization of beam steering
and its effects, overlap optimization via plasma emission, and the operation of a TEM
spectrometer in an off-label tabletop configuration.
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Chapter 1

Introduction

Sundry physical and chemical processes in everyday-life occur on atomic scales where light-
based techniques fail to achieve sufficient spatial and temporal resolutions. For now almost
a century, electron microscopy and diffraction has continued to advance into sub-nanometer
length scales using the short de-Broglie-Wavelength of high velocity electrons. Electron
diffraction has long been a tool for determining the atomic structures of solids1,2. Ad-
vancements in ultra-fast laser systems helped to advance the temporal resolution in pump-
probe-typed experiments to femtosecond scales3. Therein an initial ultra-fast pump pulse
excites a system and a delayed probe pulse interrogates its transient state to track dynam-
ical processes with femtosecond-to-attosecond resolution4. Laser triggered electron pulses
combine femtosecond temporal resolution with the atomic scale spatial resolution of elec-
trons leading to ultra-fast electron imaging and ultra-fast electron diffraction5,6. Imaging
contrast is limited by the achievable integrated electron current in these types of exper-
iments as coulomb repulsion makes ultra-short brilliant electron pulses containing more
than one electron impossible5,7. The temporal resolution for laser-excited electron pulses is
capped by the shortest available and suitable laser pulses at the ∼ 1 fs8 order of magnitude
without further electron pulse compression9.

This thesis is motivated in helping to push both of these limits and treats two ap-
proaches: Inferred from the unviability of multi electron ultra-short pulses the most pur-
poseful advancement in increasing the imaging contrast after using state of the art electron
sources and optics is increasing the repetition rate up to the inter pulse coulomb limit.
Bunching of a continuous electron beam into an infinite train of attosecond pulses us-
ing interaction with a continuous-wave laser is proven hereinafter to be a valid approach
reaching for this new limit. Introducing a phase shift into the electromagnetic wave cycle
with a 50nm dielectric membrane breaks the symmetry of momentum transfer on an elec-
tron crossing a light wave in free space, which otherwise leads to all forces exerted by the
electromagnetic fields to be zero in integral, and allows for compression by periodic accel-
eration and deceleration of the electrons inside the beam10. Using a dual stage setup with
two dielectric membranes as interaction regions - one for compression, one for longitudinal
streaking - spectral analysis allows to prove a pulse duration significantly below the optical
half cycle as well as the quantum-coherent manner of light interaction. These results have
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already been published under my contribution to Science Advances11.
The second part is about pushing the electron pulse duration far below the record

set for laser pulses, speaking below ∼ 100 as12,13. All relevant compression mechanisms
have the characteristic of acting as temporal lenses14,15. This analogy makes clear that a
determining quantities for the pulse duration after compression is the respective temporal
focusing power in means of electromagnetic field strength14,15. This is typically limited by
the damage thresholds of the materials used to break the momentum transfer symmetry of
an electron crossing trajectories with a light wave. Here we circumvent this limit by using
the ponderomotive force - a cycle-integrating pseudo-force that drives light charge carriers
away from regions of rapidly oscillating fields10,16. Two high intensity laser pulses - the
second harmonic from the rear, the fundamental from the front - given the correct spatio-
temporal overlap and velocity matching angle towards the electrons drift direction will
create a moving optical grating that is standing in the rest frame of the electron pulse17. It
yields rapidly oscillating peaks that accelerate the electrons towards the closest node. This
allows for compression of 200 fs-single-electron pulses into a pulse train of few attosecond
peaks spaced by the periodicity of the standing wave of 670nm in an attempt to set a
record for the shortest proven electron pulse duration entering the single digit attosecond
scale. For diagnostics we use an electron spectrometer to observe the vast broadening
of the bandwidth required by the Fourier limit. Further we are the first to surpass the
necessary energy resolution of 1.2 eV at a primary energy of 95 keV to resolve the single
photon order peaks that make up this broadening proving the quantum coherent nature of
this compression method as published to Nature Physics in 202318.

Both parts are treated theoretically in the second chapter, while the third and fourth
chapter elaborate the decisive technical requirements that had to be met.



Chapter 2

Theory of Temporal Electron
Compression

2.1 Laser Compression of Electron Pulses

A fundamental difference to optical pulses is that for electrons the vacuum is inherently
dispersive as different energies are tied to different velocities. The paramount objective
of this thesis is attained through the meticulous modulation of an electron beam with a
coinciding laser wave to introduce a time-dependent momentum change inside the electron
pulse. Ideally, some accelerated electrons, which are later in time, catch up with earlier,
but less accelerated or even slowed down electrons, or parts of the electron wave function,
respectively, at a certain point of time. In a simplified picture, a time-dependent or position
dependent acceleration is applied for a short period of time to introduce a self-compressing
velocity distribution inside an electron wave packet. If the modulation function is chosen
correctly, all electrons meet at a certain point in space and time to form an extremely
short pulse there. The consequence is that a compressed ultra-short electron pulse has one
point of optimal compression after which it will expand again because of its bandwidth.
This point is referred to as a longitudinal, or temporal, focus. A compression stage can
be understood as a temporal lens for electrons with a certain focal distance14,19–21. The
focusing power of this lens is a limiting factor for the achievable pulse durations after
compression, just as the focusing power of optical lenses is a determining factor for the
waist diameter in gaussian optics. Note, that in some cases, such as the continuous beam
discussed later, the result can be cycles of compression and revival of the original shape.

The difficulty to overcome is that light waves in free space do not transfer momentum
to electrons in first order, as all accelerations can be proven to integrate to zero from
a straightforward conservation of momentum and energy approach22. It can be proven
that momentum and energy cannot be simultaneously conserved for the absorption of a
photon of nonzero momentum by a free charge carrier of nonzero rest mass23. Assuming
the absorption of a photon by a free electron in absence of matter the conservation of
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momentum takes this form23:
p1 + pν = p2 (2.1)

p1 and p2 denote the electron momentum before and after interaction with a photon of mo-
mentum pν . Using the relativistic momentum-energy relation, the conservation of energy
adds the constraint23 √

p21c
2 +m2

ec
4 + pνc =

√
p22c

2 +m2
ec

4 (2.2)

me is the electron’s rest mass and c the vacuum speed of light. Substituting Eq. 2.1 in Eq.
2.2 and taking the square of both sides yields23:

(p2 − p1)
2c2 − (p22 − p21)c

2 + 2(p2 − p1)c ·
√
p21c

2 +m2
ec

4 = 0 (2.3)

The trivial solution for p1 and p2, where no interaction takes place, reads23:

p1 − p2 = 0 (2.4)

Divided by p1 − p2 ̸= 0 this equation is impossible to satisfy for nonzero electron rest
mass23: √

p21c
2 +m2

ec
4 − p1c = 0 (2.5)

This chapter will introduce two approaches taken to achieve pulse modulation, circum-
venting these restrictions. The first approach reduces the aspect of an electron traveling
in free space to a simply unbound traveling electron. Thereby a dielectric membrane is
used to introduce a phase shift into the electromagnetic wave and thus make the acceler-
ation integral finite10. The second one preserves the goal of a free-space interaction and
introduces the nonlinear ponderomotive force.

2.2 Phase-modulation at Dielectric Foils

Metallic foils have been proven to be an outstanding object for the compression and streak-
ing of electrons at mid-infrared or terahertz light waves.14,24 They break the symmetry,
which makes the integral of all accelerations which an electron experiences while moving
through a light wave zero, by reflecting the light wave. Dielectric membranes have recently
become a renowned choice for optical or near optical frequencies, which are promising for
attosecond pulse generation due to their shorter optical cycles10. Their main advantage is
that they are almost completely transmitting the light and allow for higher laser powers
within their destruction thresholds and therefore shorter temporal focal distances10.

The dielectric foil introduces a phase shift into the electromagnetic wave10, whose ac-
celeration of the electron would otherwise cancel out after integration in time (see black
dotted graph in Fig. 2.1)10. As only the electric fields can accelerate electrons and only
the z-component (in electron propagation direction) is relevant for compression, we only
address longitudinal momentum change ∆pz, where the time integral for an electron inside
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Figure 2.1: This figure illustrates attosecond control of free electrons at dielectric membranes.
Without a membrane (green), the electron momentum (black dotted curve) that is represented
by the integral of Eq. 2.6 remains unchanged after leaving the interaction region. In contrast,
the electron acquires a lasting momentum change ∆p (red curve) in the presence of a membrane,
mainly due to a symmetry break in the oscillations caused by a phase shift. Note that the precise
shift is a vectorial quantity that depends on various angles and polarizations and investigated
in this thesis under experiment-oriented approximations. Figure taken from Morimoto, Y and
Baum, P: "Attosecond control of electron beams at dielectric and absorbing membranes", Phys.
Rev. (2018) A10
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a plane wave of p-polarization (without magnetic fields in z-direction) splits into three
regimes: before, within and after the dielectric.10

∆pz = −e
∫ ∞

−∞
Ez(v0t− v0t0, t) dt = −e

∫ −
Tf
2
+t0

−∞
Ez,vac(v0t− v0t0, t) dt

− e

∫ +
Tf
2
+t0

−
Tf
2
+t0

Ez,foil(v0t− v0t0, t) dt

− e

∫ ∞

+
Tf
2
+t0

Ez,vac(v0t− v0t0, t) dt

(2.6)

The primary electron velocity is written as v0, the arrival time at foil as t0, the traveling
time inside the foil as Tf and the longitudinal electric field components for vacuum and
foil as Ez,vac(z, t), where z = (v0t− v0t0).

It can be easily claimed, that only p-polarized laser light, which is defined by the
electric field vectors being coplanar to the normal vector of the foil surface, can lead to
acceleration and therefore compression. Any s-polarized component does not contribute to
an electric field in the traveling direction of the electrons, which is defined as the z-direction.
Second, for optimal modulation the laser has to cross the electron beam at an angle close
to 90◦ to maximize Ez. Using the plane wave for the electric field and a negligible back
reflection assuming the laser beam incident close to Brewster angle in p-polarization and
onto the same surface as the electron beam, Y. Morimoto et al.10 calculated the longitudinal
momentum change further into the explicit form:

∆pz(t0) =
2eE0ϵin,z
ω − kin,zv0

sin(
Φf

2
− ω − kin,zv0

2
Tf ) · cos(ωt0 −

Φf

2
)

− 2eE0ϵf1,z
n(ω − kf1,zv0)

sin(−ω − kf1,zv0
2

Tf ) · cos(ωt0)
(2.7)

The z-components of polarization vectors for incident light waves are ϵin,z and become ϵf1,z
inside the foil with the light wave frequency ω, the wave vectors incident on and inside the
foil kin,z and kf1,z and the induced phase shift Φf . As Eq. 2.7 shows, the periodic temporal
shift of longitudinal momentum takes the form of the difference between two shifted cosine
terms, of whom the first one is a result of the fields outside the dielectric material, and
the second one of those inside10. With increasing refractive index n the first one becomes
substantially larger than the second one, which can be neglected for simplicity reasons
when looking for a qualitative result. Defining t0,c as the central arrival time of a soon to
be compressed electron pulse and ∆t0 = t0− t0,c, the zero crossing region of the first cosine
term can be linearized to expose the temporal lens characteristic around the zero crossings
of ∆pz:10

∆pz(∆t0) ≈
2eE0ϵin,z
ω − kin,zv0

sin(±Φf

2
− ω − kin,zv0

2
Tf ) ·∆t0 (2.8)
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The fundamental concept of a temporal lens is an acceleration that is a linear function of
arrival time which this equation confirms to be present in the approximations of a thin
membrane with a high refractive index and no internal reflections within a small time span
per wave cycle. A rough estimate for compression distance in laboratory frame can be
derived from this:10

dcomp = v0 · tcomp = v0 ·
λ

2∆vz,max

= v20 ·
γme∆t0
∆pz(∆t0)

(2.9)

The compression distance dcomp is determined by the self-compression time tcomp which can
be estimated in first approximation by half the laser wavelength λ resembling the longitu-
dinal rest frame distance from the temporal focus divided by the maximum longitudinal
velocity change ∆vz,max (resembling the rest frame velocity that part of the electron wave
packet moves towards the focal point with).

These equations reveal that for realistic compression parameters of v0 ≈ 0, 6c0, a laser
intensity of IL ≈ 1MW

cm2 near the destruction threshold of silica nitride with a laser wave-
length of λ ≈ 2µm and a membrane thickness of Tf · v0 = 50nm the longitudinal focal
distance is in the centimeter range. The possibility of reducing the longitudinal focal dis-
tance into centimeter range is crucial for applications in electron microscopy where longer
distances would obviously lead to engineering difficulties. The achievable pulse durations
are restricted by two fundamental lower limits: the classical limit in the temporal lens pic-
ture and the quantum limit derived from the time-energy uncertainty relation ( Eq. 2.10).
In analogy to the minimal waist diameter in gaussian optics using a spatial lens the limiting
pulse duration is determined by the longitudinal numerical aperture and the homogeneity
of the beam represented by the relative velocity spread of the initial beam and takes the
form of 2.31 with a short compression distance resulting from a high peak acceleration as
the main optimization parameter. For electron compression, the time-energy-uncertainty
relation becomes equation 2.32. Its primary optimization parameter is again a high max-
imum acceleration ∆vmax. The implemented experiment and its results are discussed in
chapter 5. Then a more realistic approach is employed that takes into account the actual
cosine-like modulation function and evolves the temporal electron density over time in a
numeric simulation.10,11,25

2.3 The Kapitza-Dirac Effect
With the absorption of single photons being prohibited by momentum and energy con-
servation principles, the only possibility of a single photon to interact with an electron in
free space was the Compton effect2627, which comprises a scattering process involving the
absorption of a photon and the subsequential isotropic emission of a photon with shifted
energy after a delay short enough for the preliminary violation of energy conservation to
be covered by the time-to-energy uncertainty relation ( Eq. 2.10), depicted in Fig. 2.2b.

∆t ·∆E ≥ ℏ
2

(2.10)
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(a) Original Experimental Suggestion from Kapitza
and Dirac (1937)29: a sufficiently strong collimated
light source is back-reflected by a perpendicular
mirror to form a standing wave representing an
optical grating. This grating is expected to re-
veal Bragg diffraction spots (E′) from an electron
beam shot through it. Figure taken from the orig-
inal ink drawing of Kapitza and P. A. M. Dirac,
digitized, remastered and republished by the Cam-
bridge University Libraries in: P. L. Kapitza and
P. A. M. Dirac, “The reflection of electrons from
standing light waves,” Mathematical Proceedings of
the Cambridge Philosophical Society, vol. 29, no.
2, pp. 297–300, 1933.29

(b) Feynman Diagram of the Compton Effect: an
electron (straight lepton line) elastically scatters a
photon (wavy photon line) by absorbing it into a
virtual state and emitting it into a different direc-
tion leading to energy transfer26,27. Figure repro-
duced from drawing by MovGP0 in w:de:Creative
Commons under the German Creative Commons
Terms (German description: Compton-Effekt, 24.
September 2012, 13:25:31, Author MovGP0)

Figure 2.2

The reduced Planck constant ℏ relates the root mean square widths of energy ∆E and
time ∆t28.

In 1937 Kapitza and Dirac postulated the possibility of particle scattering via inter-
action of charge carriers with pairs of photons in a standing wave29. They suggested the
thought experiment depicted in Fig. 2.2a using a strong and coherent light source in com-
bination with a lens to shine parallel light perpendicularly onto a mirror to generate a
standing wave and to observe the Bragg-scattering of electrons crossing this optical grat-
ing. This process can be visualized as a stimulated Compton effect (Feynman diagram in
Fig. 2.2b), where the emission is no longer isotropic but now strictly directional along the
Poynting vector of the photon stimulating the emission. Henceforward this effect can be
used for free-space electron control in the following section.

2.4 Free-Space Compression using Ponderomotive Forces

Interaction in free space elevates the mentioned advantage further and lifts the constraint
of thermal stress for any applied substrate. For compression purposes the mechanics of the
aforementioned Kapitza-Dirac effect are used with a further tweak. While two counter-
propagating laser beams of the same color lead to a standing optical wave, by overlapping
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Figure 2.3: This graphic shows a standing wave (magenta), in which the maxima and the
minima move with the same group velocity (v⃗grating = v⃗electrons) as the blue electronic bunch
(Ψ2

electrons). Such waves can be obtained from two colliding laser pulses of different frequencies
(E⃗-fields depicted in green and red) in a special angular configuration. In this scheme, the
ponderomotive force F⃗ponderomotive drives the overlapping part of the electronic bunch towards
the grating’s closest nodes. With time, the action of these forces leads to the macroscopic
distribution of the electron velocities as a function of their initial position in the optical lattice.
At the end of the optical pulses, the resulting kinetic energy distribution leads to the self-
compression of the electron bunch after its travel in free space. Inside the temporal focus a
train of ultra-short electron pulses is obtained in which the maxima are located in the rest frame
position of the former grating nodes.
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two laser waves of different frequencies a moving optical grating is achieved17. The velocity
of the moving peaks and nodes depends on the ratio of both frequencies and the direction
is along the axis of the higher frequency beam. As Eq. 2.21 later proves, the laser beams
do not have to be coaxial to achieve a traveling optical grating with non-tilted wave fronts
along a selected axis. If the laser frequencies and their incident angles are carefully cho-
sen for the respective electron energy, the moving grating can be standing after Lorentz
transformation into the rest frame of an electron pulse. There, in the quantum picture,
the electron matter wave coherently diffracts in time on the periodic, co-moving potential
of two colliding optical waves with identical rest frame frequency like on a grating while
experiencing the identical acceleration at different points of time, leading to the spectral
observation of a series of diffraction peaks separated by two photon recoils 2ℏk.30. From
the point of view of energy and momentum conservation, this peaks are expected as well
as a diffracted particle repeatedly absorbs a photon from one wave and immediately emits
a photon to the other wave via stimulated Compton scattering29,30. Consequentially in
laboratory frame, the electron can only gain or lose the difference in energy between both
photons during every interaction. This behavior can be visualized as a photon ladder (see
Fig. 2.5) that allows only for discrete spectral steps, also called side bands, to be occupied
by the electron18. The strength of the interaction is proportional to the light intensity
(density of photons) of the optical standing wave and its frequency. In the classical picture
the ponderomotive potential is a pseudo potential driving a mobile charged particle away
from rapidly oscillating electromagnetic fields31 and given in Equation 2.14. This pseudo
potential accelerates the electrons towards the closest nodes. This enables a free-space
interaction for a limited time and simultaneous temporal as well as spatial focusing into
a given point in space and time located in absence of electromagnetic fields. In the focal
point the result is a train of ultra-short pulses separated by the duration of one grating-
wave-cycle. The spectrum of these compressed electron pulses is expected to yield a wide,
symmetrically broadened envelope around the initial electron energy with sharp cutoffs at
the maximum energy transfer, as already experimentally observed by Martin Kozák et al.
in 201730. It consists of a large number of equally spaced peaks that prove the quantum
coherent nature of the process revealed within this thesis and already published by Nature
Physics in 2023.

The principle of compression using a co-moving optical grating is illustrated in Fig.
2.3. Heretofore Eq. 2.16 can be seen in analogy to Eq. 2.7, both yielding a sine-behaved
function of momentum change versus arrival time within the electron pulse after using
∆p = −grad(Up) · τint in the electron beam propagation direction z and inserting Eq.
2.14 at the arrival time t0. This potential accelerates the co-moving electrons towards the
nodes of the optical grating‘s oscillations during the interaction time estimated in Eq. 2.15.
The upper limit for velocity change is approximated by applying the maximum potential
gradient for this duration in Eq. 2.17.
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2.4.1 Momentum Transfer inside a Co-Moving Optical Grating

The relativistic parameters used in this thesis are defined by the kinetic-energy to rest-
mass ratio M , the relative laboratory-frame velocity β := v0

c0
and the corresponding Lorentz

factor γ. Here, v0 is the laboratory-frame electron velocity, c0 the vacuum speed of light,
e the elementary charge, U the kinetic energy and me the electron rest mass:

M =
eU

mec2
(2.11a)

β =

√
M2 + 2M

M + 1
(2.11b)

γ =
1√

1− β2
(2.11c)

The transformation of the electric field amplitudes E⌢
1,2 of the respectively indexed

laser pulse into the electron rest frame is given by the Lorentz transformation of a strictly
perpendicular vector component using the relative frame velocity β and the cosine of the
off-axis angle α1,2 (for the definition, see Fig. 2.4) of the respective laser beam32. The
transformed rest-frame field amplitudes E⌢′

1,2 and the transformed angular frequency ω′ are
therefore written as

E⌢′
1,2 = E⌢

1,2 · γ · (1 + β · cos(α1,2)) (2.12a)

ω′ = ω1 · γ · (1 + β · cos(α1)) (2.12b)

The rest-frame wavelength λ′ of the optical grating is determined by the rest-frame
wave number k′, which follows from the fundamental wave number k1 and the arithmetic
average of both pulses’ off-axis angles after Lorentz transformation of the respective wave
vector into the rest frame:

k′ = 2
√
2 · k1 · cos

(
α1 + α2

2

)
(2.13a)

λ′ =
2π

k′
(2.13b)

The effective ponderomotive scattering potential Up of a standing wave is described by
the general local field strength E, the electron charge e, the electron mass m0 and the
angular frequency ω31. In the case of a moving optical grating driven by the overlap of
two wave pulses of peak electric field E⌢′

1,2, the time- and space-dependent ponderomotive
potential Up,moving(t, z) takes the latter form using the arrival time t0, the coordinate z,
the rest-frame grating wave number k′ and the arrival phase Φ0:

Up =
e2 ·

∣∣E∣∣2
4meω2

(2.14a)
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Figure 2.4: Four dimensional phase space (z, x, z−1, x−1)diagram of ponderomotive compres-
sion. The projection on real space (z, x) is represented by dotted lines, while momentum space
(z−1, x−1) projection is represented by full lines. The angle α1 is defined as the angle be-
tween the electron momentum vector at the interaction zone and the k-vector of the lower
wavenumber laser pulse and the angle α2 for the higher wavenumber laser pulse respectively.
The electrons (blue) in rest-frame appear as a cloud spreading over all phase space dimensions
and are able to interact with pairs of photons according to the Kapitza-Dirac effect. As there
is always one photon emitted from the respective other color than the absorbed one the phase
space trajectory is formed by adding one k-vector while subtracting the respective other leading
to sub-clouds of electrons without transversal momentum change in the case of a non-tilted
velocity matched optical grating. The momentum-modulated slices of the electron cloud are
correlated in z-position, as the effective momentum gain distribution points away from electric
field peaks. The dotted blue arrow represents the propagation vector of the depicted rest frame
relative to the lab frame. Note: ℏ := 1
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Figure 2.5: Energy level diagram of ponderomotive compression: The simultaneous absorption
and emission of a photon pair with different wavelengths only allows for changes of kinetic energy
by the energy difference ω2 − ω1 of the two photons. This leads to an energy ladder consisting
of evenly spaced spectral sidebands. In this case the experimentally employed configuration of
ω2 = 2ω1, marked in Fig. 2.6, is sketched. Note: ℏ := 1
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Up,moving(t, z) =
e2 · E⌢′

1 · E⌢′
2

meω′2 · cos2(ω′(t− t0)− k′z + Φ0) (2.14b)

Under the approximation of a sufficiently large Rayleigh length, the effective rest-frame
overlapping distances of the laser beams with the electron trajectory l′1,2 can be calculated
by the angle between their axes, the respective waist diameter d1,2 and the relativistic
length contraction factor γ. For the electron beam, the assumption of a comparatively
small waist diameter is made, so that the electron beam is treated as a ray along the
z-axis. The effective length of the optical grating lgrating is obtained by the consideration
that the ponderomotive potential of a two-beam grating uses the product of electric fields,
whereas the ponderomotive potential of a single wave uses the squared field strength. The
interaction time is obtained by dividing the effective length of the optical grating by the
laboratory speed of the electrons v0.

l′1,2 ≈
√
2

γ
· d1,2
sin(α1,2)

(2.15a)

lgrating ≈
l′1 · l′2√
l′21 + l′22

(2.15b)

τint =
lgrating
v0

(2.15c)

For a sufficiently short interaction time τint, during which the electron wave function
is not modulated significantly, the electron momentum gain in laboratory frame follows a
simple Newtonian acceleration. The driving force is the z-component of the gradient of
the ponderomotive potential Up,moving(t, z) at the arrival time t0. In the approximation of
no significant rest-frame movement for both the ponderomotive potential and the electron
wave, the momentum change of the respective part of the wave function can be written as
follows:

∆p(t0) =
dUp,moving(t, z)

dz

∣∣∣∣
t0

· τint (2.16)

An approximation for the maximum velocity change ∆vmax an electron can experience
can be achieved by approximating the maximum gradient of the moving grating’s cos2(z)
dependent ponderomotive potential by the product of its maximum value Up,max, the square
root of π and its wave number kgrating:

∆vmax ≈ dUp

dz

∣∣∣∣
max

· τint
me

=
√
π · kgrating · Up,max ·

τint
me

(2.17)
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Figure 2.6: Velocity matching diagram for non-tilted optical grating: this calculation using
2.28 performed by Martin Kozák et al.30 shows the combinations of α1 and α2 to match the
compression conditions for all relativistic velocities β and laser frequency combinations ω1 and
ω2. The black mark indicates the conditions experimentally implemented by Martin Kozák et.
al in 2017. The smaller gray mark shows the conditions used in the experiments of this thesis
at ω2 = 2ω1 with α1 = 97◦ and α2 = 29.7◦. Figure taken and modified from Kozák et. al:
"Inelastic ponderomotive scattering of electrons at a high-intensity optical traveling wave in
vacuum", Nature Physics (2017)

2.4.2 Velocity Matching of Electrons and Optical Grating

A critical parameter for efficient compression is the the velocity matching condition. First
of all the two incident angles for certain pairs of wavelength must fulfill Eq. 2.21 for the
grating wavefront vectors to be parallel to the z-axis. This relation is derived from solely
geometrical considerations: First, the sum vector of both laser wave vectors has to be
parallel to the z-axis.

k⃗1 + k⃗2 ∥ êz (2.18)
In a coplanar setup, the y-components can be set to zero and the x- and z-components are
written as a function of the incident angles α1,2.

k⃗1,2 := (kx1,x2, ky1,y2, kz1,z2) = (|k1,2| · sin(α1,2), 0, |k1,2|cos(α1,2)) (2.19)

To fulfill the parallelity condition, the sum of the x-components has to be zero.

|k1| · sin(−α1) + |k2| · sin(+α2) = 0 (2.20)

Thus the condition for a non-tilted grating can be written as a relation between α1 and
α2:

α2 = arcsin

(
|k1|
|k2|

· sin(α1)

)
(2.21)

Classically the velocity of the moving peaks and nodes of the optical grating has to
match the velocity of the electron pulse. Only this way the position dependent accelera-
tion an electron experiences is in linear approximation proportional to the distance towards
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the nearest node - the principal condition for a temporal lens. If the velocity matching is
imperfect the grating would move at a different speed than the electron and the temporal
focus would be smeared leading to a significantly impaired compression. An experimen-
tal investigation on the effects of imperfect velocity matching is conducted in bandwidth
optimization of Section 6.4. In the classical plain wave picture the velocity of the optical
grating can be calculated from the phase of the ponderomotive potential inside a linear
superposition of plain light waves resembling the two laser beams shown by Martin Kozák
et al.30. The group velocity vg of the optical grating is derived from the ponderomotive
potential of the linear superposition of the two laser beams with the electric fields E1 and
E2, which are intersecting in the x-z-plane30:

E1 =

(
E⌢

1 · exp
[
− i

(
ω1z

c
cos

(
α1

)ω1x

c
sin

(
α1

)
− ω1t

)]
, 0, 0

)
(2.22a)

E2 =

(
E⌢

2 · exp
[
− i

(
ω2z

c
cos

(
α2

)ω2x

c
sin

(
α2

)
− ω1t

)]
, 0, 0

)
(2.22b)

Under the approximation of both frequencies being in the same order of magnitude (ω2 +
ω1 ≫ ω2−ω1) and ω2 being the higher of the two frequencies, the ponderomotive potential
of 2.14a can be calculated using the average frequency ω = ω2+ω1

2
30:

Up =
e2

m0(ω1 + ω2)
·
(
|E⌢

1 |2 + |E⌢
2 |2 + E⌢

1 E
⌢∗
2 · exp

{
− i

[(
ω2 − ω1

)
t

−
(
ω2cos(α1)− ω1cos(α2)

)
· z
c
−

(
ω2sin(α1)− ω1sin(α2)

)
· x
c

]}
+ compl.conj.

) (2.23)

Further we assume the condition of non-tilted wave fronts in 2.21 to hold, making the
oscillatory term in x-direction vanish. The group velocity, which is equal to the phase
velocity in vacuum, is then obtained from the phase of the ponderomotive potential30:

vg = vp =
dz

dt
=

(
ω2 − ω1

)
c

ω2cos(α1)− ω1cos(α2)
(2.24)

The obtained group velocity is dependent on the two laser angles α1 and α2 therefore
yielding the second equation after 2.21 to make the set of equations for the two laser
angles determined for any set of laser frequencies and electron velocities.

In the quantum picture a corresponding set of equations can be obtained as well by
requiring momentum conservation after interaction with one photon pair similar as it is
graphically explained in Fig. 2.4. Using the gamma factors γi before and γf after the
interaction, as well as vi and vf respectively, one can demand momentum conservation along
the z-axis by expressing the momentum change during a single photon-pair interaction
∆ℏk|| as the vector difference of both photon momenta30:

∆ℏk|| = γfm0|vf | − γim0|vi| =
ℏω1

c
cosα1 −

ℏω2

c
cosα2 (2.25)
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The requirement of non-tilted pulse fronts can be rewritten in terms of laser angular fre-
quencies ω1 and ω2, leading to a second equation relating the laser’s off-axis angles α1

and α2 and completing a determined set of equations for fixed laser frequencies and elec-
tron beam parameters. This further simplifies regarding only the respective z-components
of each wave vector, as the perpendicular components cancel out if the requirement for
non-tilted wave fronts (Eq. 2.21) is fulfilled, which can be written as:

α1 = arcsin

(
ω2

ω1

· sin(α2)

)
(2.26)

The parameter a is employed as a substitution for readability30:

a = m0c

√(
ℏω1 − ℏω2

m0c2
− γi

)2

− 1 (2.27)

The solution of this set of equations is called the velocity matching condition and provides,
combined with the non-tilted grating condition, exactly one set of angles for every laser
and electron beam setup30:

α2 = arccos

[
ℏ2(ω1 + ω2)(ω1 − ω2)− c2 · a2

2ℏcω2 · a

]
(2.28)

These relations show that, for sufficient electron energy and laser wavelengths sufficiently
close to each other, an angular configuration that achieves velocity matching can be found
(see Fig. 2.6)30. Furthermore even the edge cases of β ≈ 0 and β ≈ 1 can be managed this
way. For the limit of low velocities towards a resting electron packet the velocity matching
is fulfilled by two light waves counter-propagating with identical frequencies forming a true
standing wave and the setup effectively becomes an 1D ponderomotive electron trap. The
case β ≈ 1 means on the other hand that both light waves have to be almost co-moving to
the electron wave packet as it is easy to imagine under the presupposition of them moving
at roughly the same speed as the electrons do.

2.4.3 Pulse Duration after Ponderomotive Compression

This maximal acceleration is the determining factor for the classical compression limit. In
the classical picture the compression is once again treated as a temporal lens with a focal
distance given by Eq. 2.30. Hence the lower compression limit calculates similarly to a
spatial focal diameter limit as in Eq.2.31. However, the quantum mechanical limit has
to be estimated as well and compared to the classical one to obtain a true estimation of
the compression possibilities. It is a result from the energy to time uncertainty relation
deduced in Eq. 2.3233. Therefore, the relative electron velocity spread has to be calculated
according to Eq. 2.29 from the electron energy spread given by the electron source.

The relative velocity spread of the incoming electron pulse ∂ve := ∆v0
v0

with ∆v0 being
the absolute RMS velocity spread and ve the electron pulse velocity is calculated from its
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kinetic energy spread ∂Ekin,0 =
∆Ekin,0

Ekin,0
:34

∂v0 =
γ − 1

γ3 · β
· ∂Ekin,0 (2.29)

The focal distance Lfocus of the resulting temporal lens in laboratory frame is easily
understood as the distance the electron pulse travels after the interaction with the com-
pressing grating until it reaches its shortest temporal duration and is thus dependent on
the electron velocity and the compression time tcompr. The formula for the latter one can
be logically derived by taking the rest-frame distance between the point of maximum pon-
deromotive potential gradient, where the electrons are accelerated by ∆vmax, and the node
of the grating where no acceleration takes place. This distance is a quarter of the grating
wavelength, written as 4

k′
with k′ being the rest-frame wave number of the grating. Thus

the compression time is the time an electron moving with the rest-frame velocity ∆vmax

needs to cover that distance. The gamma factor transforms the compression time into
laboratory frame.

Lfocus = v0 · γ · tcompr =
v0 · γ

kgrating ·∆vmax

(2.30)

The classical limit for compression ∆tclassical by a temporal lens is derived in analogy
to the focusing limit of a spatial lens from the laboratory frame focusing time Lfocus

v0
and

the initial relative velocity spread ∂v0.

∆tclassical =
Lfocus

v0
· ∂v (2.31)

The quantum limit for compression is a consequence of the time energy uncertainty
principle ∆E ·∆t ≥ ℏ

2
28,33 and instates the lower boundary for electron pulse duration set

by spectral bandwidth.

∆tquantum, rms =
2ℏ

mev0 ·∆vmax ·
√

2ln(2) · γ
(2.32)

As an intermediate conclusion for the experimental implementation an estimate is made
by using Eq. 2.32 to determine that for the set goal of ∼ 1 as pulses the spectral bandwidth
∆E ≈ γmev0∆vmax needs to be in the keV range while the classical limit of Eq. 2.31
dictates the longitudinal focal distance to be in the order of magnitude below 10µm .
Chapter 6 explains the realization of the necessary conditions by using an 1030nm laser
with a total output pulse energy of 400µJ and its second harmonic of 515nm wavelength
at an electron energy of 95 keV - a configuration according to Fig. 2.6.



Chapter 3

Electron Sources and Beam Preparation
for Laser Compression

This chapter is all about the generation and control of the electron pulses suitable for com-
pression into attosecond regime. It starts off with the continuous beam of the TEM. Then
it continues with the laser driven emission, magneto-optical control and characterization of
femtosecond electron pulses inside a self-built tabletop setup designed for the ponderomo-
tive compression experiment. At the same time this chapter is meant to provide a useful
resource for future researchers employing similar electric source designs. Therefore, rele-
vant effects and design choices are investigated and elaborated. Additionally, a production
guide for backside illuminated photocathodes is found in Appendix B.

3.1 Continuous Electron Beams from a Thermionic LaB6

Cathode

As a continuous electron source for a TEM a lanthanum hexaboride (LaB6) cathode is
experimentally employed in chapter 5 and shown in detail in Fig. 3.135. It consists of
a LaB6 tip, which is heated by a tunable current in a filament to control the emitted
electron current following the Richardson-Dushman law36,37. The anode is a ring electrode
which - for this experiments - applies a voltage of 120 keV . The cathode is encased in a
Wehnelt cylinder of separately controlled electric potential featuring a small aperture for
the electrons to pass through into the acceleration field38. Its potential controls the num-
ber of electrons that are accelerated and also has an electric lensing property collimating
or focusing the beam through the anode towards the condenser38–40. Fig. 3.2 shows the
measured bandwidth using the GIF-100 Spectrometer without any further jitter compen-
sation in the center spot of a beam which is increasingly expanded by the projector to
keep the signal strength constant, while the electron current increases by orders of magni-
tude. It shows a base bandwidth of 0.8 eV which drastically increases at a filament current
setting higher than 12 units. This can be accounted to space-charge effects, where free
electrons repel each other, and thus are modulated in energy and direction41,42, especially
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(a) (b)

Figure 3.1: a: Design of the cathode: The actual emitter is a LaB6 tip which concentrates
field lines and acts as a small source spot for improved focusability. It is heated through a heat
conducting carbon rod by a filament. The current applied through the filament directly controls
the emitted electron current35. b: The cathode is encased by a Wehnelt cylinder of adjustable
electric potential to control the electric field strength at the cathode tip also influencing the
electron current and acting as an electrostatic focussing element to limit the beam diameter
entering the condenser after acceleration by the high voltage and passage through the ring
shaped anode. Images are taken from Altobelli,D.E. and Taylor, D,T :"Cathodes - Emitters,
Introduction and Overview", Kimball Physics (2023)35

acting prior to acceleration as low velocities mean short mean distances between emitted
electrons and extended interaction time42. Simultaneously the high temperature of the
cathode tip decreases the potential barrier elevation the electrons cross during emission
leading to a broader distribution of initial energies37. Further this value of 12 units as the
highest filament current not leading to significant broadening is not constant but seems
to increase during a cathodes lifetime explained by degrading of the cathode tip and a
blunt tip experiencing less electric field enhancement. Also the highest spectrally accept-
able filament current seems to yield a lower electron current for an older cathode. The
combination of these two changes allows the assumption, that both space-charge (other-
wise the filament current limit would be roughly constant) and temperature (otherwise the
electron current limit would be constant) are contributing to the electron bandwidth at
high filament settings.
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Figure 3.2: Measured bandwidth of the continuous electron beam acquired by a GIF100 Spec-
trometer plotted versus filament current setting at the Philips CM12 TEM

3.2 Femtosecond Electron-Pulse Generation by Backside-
Illuminated Photoemission

The generation of ultra-short electron pulses that require precise timing is achieved by
using the photoelectric effect45 and generating them from femtosecond laser pulses. As
previously discussed the electrons are required to come at an average rate of one electron
per pulse for best results. Further they should have the lowest bandwidth possible for
the used pulse duration. For planar femtosecond photocathodes in the absence of space-
charge, the energy spread is on the order of 1 eV or below5,46. It commonly results from
a mismatch between the cathode material’s work function and the photon energy of the
triggering laser pulse21. Even when matching the photonic excitation by tuning the optical
wavelength, a finite energy spread remains as a result of the laser excitation bandwidth47,48.
Inhomogeneous emission sites, inelastic electron scattering and the density of states49 in
the cathode material further contribute to the energy spectrum of the electron pulse50. For
photoemission this setup employs the second harmonic of the 1030nm Light Conversion
Carbide 40 laser fundamental wavelength generated by a 0.1mm thick barium-II-β-borate
crystal in the low gain regime with a power conversion efficiency of 0.005 to 0.1. The
crystal is placed inside the focus of a telescope and its alignment is optimized towards a
near gaussian profile using a beam camera. It yields a FWHM bandwidth of 3.2nm±0.2nm
in a grating spectrometer and a pulse duration of 180 fs± 45fs determined by frequency
resolved optical gating51. The resulting laser time-bandwidth product is 0.65± 0.18. Gold
is chosen as the emitter material, which has a work function of WA = 5.1eV 52. This
value lies slightly above the energy of two photons with a wavelength of 515nm adding
up to 4.8 eV to minimize the aforementioned residual electron energies. For a definitive
explanation, why the two-photon emission is still happening under these parameters, we
are lacking a definitive set of material parameters to conduct an exhaustive calculation.
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(a) (b) (c)

Figure 3.3: a:The photoemission cathode without the coating. It consists of a copper body
that is polished to a high grade with a sapphire window inserted. b:Rear view of the electron
source: a high voltage feedthrough is inserted into a retainment ring. c:Front view of the
electron gun with the gold coated cathode visible surrounded by the ceramics insulators.

Rather a set of factors seem viable for contributing to this observation:

• Laser bandwidth: The FWHM bandwidth of the laser second harmonic is slightly
above 3nm which corresponds to 40meV in energy. For two-photon emission the
effective bandwidth increases to 80meV . As we are working in the low efficiency
regime, even photon pairs with small multiples of the standard deviation above aver-
age energy can have a significant contribution to emission efficiency in case this extra
energy is needed to surpass the photoemission threshold. This effect is helpful for
generating electrons carrying a low energy bandwidth as the additional restriction
for the two photon’s energies to add up to this threshold lowers the laser-bandwidth
contribution to the electron energy spread.

• Laser heating: Work functions of various metals have shown to decrease with increas-
ing temperature of the metal53. Judging from the fact that the laser average power
is typically kept at 10% of the power observed to cause rapid destruction of the gold
layer, that is likely due to the focal spot reaching temperatures near or above the
melting point of gold in vacuum at ≈ 1050◦C, a significant local heating is to be
expected.

• Metal impurities: No metal is perfectly pure and doping a conductor with vary-
ing species of foreign atoms has been shown to impact the band structure of the
lattice54,55. This leaves us to assume there is a tolerance to the literature value for
the work function of gold in any real application. This factor seems supported by
the effect that, especially for a freshly coated cathode the electron count is reducing
after operation at constant power for some time. As this happens especially fast for
the high-electron-current-regime and has been observed to be up to 10% decrease in
emission rate per minute for laser intensities near the damage threshold while in typ-
ical operation for single electron pulses the emitted current can be consistent within
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Figure 3.4: Technical drawing of the gun design by Dominik Ehberger after modifications to the
original design by Lutz Waldecker43,44: the 515nm second harmonic laser beam enters focused
by an upfront 500mm lens (8) forming a telescope together with an ashperic lens of 8mm
working distance (4) under a high numerical aperture of 0.25 creating a small emission spot on
the gold layer coated on top of the sapphire cathode window (6). The photo-emitted electrons
pass through a 0, 5mm hole inside the silica waver anode (7) that is grounded by the chamber
casing (11) to a specifically supplied ground of the power mains for measurement applications.
The cathode (5) is screwed on top of a insert tube (1) that has a retainment ring (2) for the
connector tip of the high voltage feedthrough cable (not drawn) entering the chamber from the
top (9) and is insulated from the chamber by an outer ceramics tube (3) held by ceramic crosses
that are attached in a way so the cathode tube can be moved longitudinally for acceleration
distance adjustments. Figure and Design were taken from Lutz Waldecker: "Electron-Lattice
Interactions and Ultrafast Structural Dynamics of Solids", freie Universität berlin (2015)44 and
slightly modified
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error boundaries for days. A regeneration of the electron emission rate at a given
laser pulse energy has never been observed. As well it always seems to reach a quasi-
plateau after a varying time where the degradation is hardly observable in contrast
to a much higher laser intensity near the destruction threshold. There the gold layer
is observed to become thinner through ablation both by the electron count and by
visual inspection of the cathode surface using an optical microscope. This typically
starts with rapidly decreasing electron emission followed by a sudden strong increase
supposedly resulting from emission out of the chromium adhesion layer sporting a
lower work function of 4.5eV 53. Thereafter the emission ceases completely leaving
a visible hole in the coating on the sapphire surface. At lower operation powers
one might suggest a state where the laser heat deposition has become low enough
to barely show any long term effects due to previous ablation leading to a local
dip in gold layer thickness with a resulting low light absorption. Though spots of
lower light transmission have never been observed by microscopic inspection under
transmission-illumination. This leaves us with the competing hypothesis of the laser
heat slowly purifying the gold by possibly enabling a limited mobility of single atom
defects. Sachtler et. al.56 as well discovered a lasting increase in gold’s work function
after heating a thin layer to ≈ 200◦C in vacuum.

• Strong-field polarization: in the typical operating regime of a 180 fs laser pulse with
1nJ being focused on a spot of 3µm waist size the peak electric field amplitude is
of the order of magnitude 10GV/m = 1V/Å, potentially enabling the generation
of surface plasmons57 although there is no precedence of a comparable setup found
in literature making statements about plasmon yields in this regime. Pre-excited
electrons can also sport a significantly lowered work function.

3.2.1 Photoelectron Gun Design and Assembly

To have optimal electron permittivity and high voltage resistance in the surrounding
medium, all the experiments are performed at ultra-high vacuum with pressures lower
than 10−7mbar featuring molecular flow of gases at mean free path lengths of several
kilometers58. For this reason the whole electron source is encased in a nonmagnetic DIN
X6CrNiTi18-10 steel chamber pumped by one meter remote and magnetically shielded
turbo-molecular pumps. The actual electron source is drawn in Fig. 3.4 and is an insert
tube consisting of an outer ground potential tube carrying the silicon wafer anode, as well
as an inner high potential tube carrying the cathode. Fig. 3.3c is a photograph of the gun
from the front with the anode removed, allowing for a view on the cathode body in the
center. The design is a modified version of a gun conceived by Lutz Waldecker43,44 and
explained in Fig. 3.4. The cathode (Fig. 3.3a) is fixed on the small inner metal tube and
isolated from the grounded parts by a ceramic shielding tube as well as ceramic suspen-
sion crosses. These crosses are fixed by slotted screws allowing for small changes to the
cathode-anode distance. Fig. 3.3b shows the backside and the thick isolated feed-through
high-voltage cable charging the inner tube to a potential of −95 keV . Wile operated a
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515nm laser beam is focused into the chamber by a lens fixed to the outer chamber on a
cage system. It is aligned to form a telescope together with the small aspherical lens placed
inside the cathode thread leading to a high numeric aperture (NA ≈ 0.25) focusing leading
a spot size on the golden cathode surface of 3µm±0.8µm. This backside illuminated spot
on the 20nm gold coating is where the previously described two-photon photoemission
takes place and the electrons are accelerated by the high voltage towards the 500µm wide
anode hole over an acceleration distance of 7mm− 13mm.

3.3 Fabrication of Backside-Illuminated Photoemission
Cathodes

An enormous effort is put into making the cathodes as field-resistant as possible. This
section explains why this quality is directly linked to the quality of future experimental
results and lists the most important improvements I achieved within the manufacturing
process.

A shape designed after simulations by Waldecker et al.44 (see Fig. 3.3a) keeps the peak
surface field strength as low as possible all over the outer surface to minimize the risk of
electric vacuum breakdowns. At this point, it has to be emphasized that surfaces can never
be perfect. At the same time a short cathode to anode distance, which increases the risk
of high voltage vacuum breakdowns, is desirable to keep the acceleration distance as short
as possible. First, slow electrons near the start of the acceleration distance are far more
susceptible to any external disturbances. Second, the relative velocity difference is highest
there. Electrons with a higher starting z-component of velocity will cross the acceleration
distance faster and especially in the beginning experience a higher acceleration. It is widely
agreed on that a shorter acceleration distance leads to shorter pulse durations and has
positive effects on beam quality.21,59 The default acceleration distance is 7mm although,
corresponding to the individual cathode quality, it commonly needs to be increased as
breakdowns occur. At some points an acceleration distance of up to 13mm was necessary.
The probability of breakdowns is highest at microscopic protrusions that elevate the local
electric field strength because of their small tip radius. These have to be avoided as far as
possible.

In contrast to the experiments performed by Lutz Waldecker et al.44, which used a
stainless steel cathode body, mono-crystalline copper is chosen as the material. For this
material the polishing limit of the surface is not limited by grain size. Most attention is
drawn to the border between the sapphire window and the copper body. Any gap causes an
edge where a large portion of spark marks are found. Therefore, holes for the sapphires are
drilled with single micrometer precision and about 2µm smaller than the average sapphire
radius to include the manufacturers tolerance for the round windows to be cut without
leaving a gap at any point and as well cause some minor material displacement to fill
any remaining irregularities with soft and deformable copper. The sapphire windows are
permanently inserted by pressing the front surface of the cathode onto a waver with a
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device specifically build for this job before polishing the whole copper body with diamond
paste up to a grade of 100nm controlled by optical microscopic inspection.

Eventually the whole cathodes are magnetron sputter coated60 with a chromium layer
of 5nm ± 2nm thickness to increase adhesion of the gold. A final layer of 20nm ± 2nm
of gold allows for approximately 50% transmission of light at a wavelength of 515nm
optimizing the trade-off of laser heat deposition through absorption and electric as well as
thermal contact on top of the insulating sapphire surface44. A more detailed step-by-step
description of this process is found in Appendix B.

Before operation the acceleration voltage has to be slowly increased using strictly lim-
ited current to minimize damage inflicted by electric arcs, which sometimes appear at
unnoticed surface irregularities or microscopic dust particles, often removing these in the
process.

3.4 Beam Control and Focusing Optics

3.4.1 Magnetic Beam Steering

A suitable pivot point for two dimensional beam steering is a pair of deflection coils. Unlike
quadrupole lenses these consist of two pairs of coils that each have a parallel polarity and
an identical current. They are mounted on a quadratic frame which places one each
vertically and horizontally on each side. Each pair on its own produces an approximately
homogeneous magnetic field inside the electron beam path. The superposition of both
homogeneous fields is still homogeneous with a polar angle of ϕ = arctan(By

Bx
) where By

and Bx are the respective magnetic flux densities in x- and y- direction and proportional
their generating currents inside the coils. Thus deflection can be achieved in any direction
and by any angle making this a suitable alignment tool for aiming the electrons into the
interaction region. Deflection coils should be aligned into a plane normal to the beam
trajectory and only be used for small deflection angles to avoid aberrations resulting from
electrons crossing the inhomogeneous field regions present before and after the deflection
plane away from the center axis. Furthermore varying beam radii for different energy
electrons add longitudinal and transversal dispersion to the electron pulse and the nonzero
diameter of the beam leads to temporal distortion because of different trajectory lengths
for different partial rays. They are aligned by switching the connections into a quadrupole
lens configurations and achieving zero beam center deflection for varying currents. For
deflections up to 10mrad no significant caustic aberrations or dispersion changes have
been experimentally found for this setup.

3.4.2 Astigmatism Compensation with an Octupole Coil Assem-
bly

Astigmatism is mostly discussed in the context of geometrical optics and describes differing
focal distances for two main axes. This concept can be fully transferred to electron optics,
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(a) (b)

Figure 3.5: a:Schematic configuration of a magnetic octupole assembly for astigmatism correc-
tion. It consists of two independently controlled quadrupole lenses (orange and blue) rotated
towards each other by 45◦. For a quadrupole to be in a lensing configuration, two pairs of
opposing coils have the opposite polarity, as indicated for the blue coils. b:Implementation
photograph from the beamline. The coils are mounted on an octagonal aluminum frame on an
actuation stage.
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where the needle test finds these two smallest diameters in both axes and a distinctive
rotation of the needle-shadow in between. An azimuthally rotatable quadrupole lens could
correct this issue in the same way a weak cylindrical lens achieves this in optics. This is
deemed not feasible from an engineering perspective to guaranty the necessary alignment
capability and stability. Octupole coil assemblies that are effectively a superposition of
an upright quadrupole lens and a skewed quadrupole lens with independently controllable
amperage, as seen in Fig 3.5a, have been proven to compensate for astigmatism for all
main axis orientations61. These are placed between the deflection coils and the magnetic
lens (see Fig. 3.5b). The currents can be adjusted after the electron focus is optimized
using the solenoid lens. If there is astigmatism, the needle-shadow image inside the focus
will be significantly bent and rotated if it is placed between the two main-axis foci. In
this determined and inter-coupled two settings to two optimization parameters alignment
procedure the needle shadow image has to be vertical as the needle is inserted into the
beam from above and also without visible bending.

3.4.3 Solenoid Focusing of the Electron Beam

An electric coil magnet, a so-called solenoid, which is coaxially aligned with the trajectory
of charged particles, has long been a staple for magneto-optical focusing and is used in
this experiment for focusing the electron pulses into the interaction region. A particle
that enters a solenoid off-axially through the inhomogeneous field protruding from its
ends receives an azimuthal acceleration leading to a spiraling trajectory, which is reversed
while leaving the field of a short solenoid after passage, leading to a residual momentum
change towards the solenoid axis62. A fundamental difference from an optical lens following
Fermat's principle of extremal propagation time for all partial rays is that in a solenoid
lens, the propagation time varies for different radial parts of the particle beam. For once,
outer beam parts have a larger absolute velocity as the electron pulse fronts are not curved.
In a magnifying configuration, they will eventually overtake the inner parts of the beam
due to a reduced off-axis angle and unchanged absolute velocity, while they will fall further
behind in case of demagnification63. Additionally, the outer electrons lose more time during
the spiraling motion, resulting in a sweet spot of minimal temporal distortion within the
focus at a magnification of approximately 2/163. A numerical approach by C. Weninger
and P. Baum for single electron pulses of 30 keV central energy and a generally smaller
divergence angle obtained a lens-induced temporal distortion of ≈ 7 fs for the symmetrical
constellation of 5 cm object and image distances, as well as a divergence angle of 3mrad63.

For our setup, an estimated divergence angle of 12mrad for the space-charge free regime
is obtained by graphically determining the beam diameter on the retractable camera, which
is located a known distance from the focal region. The distance between the anode hole and
front plane of the solenoid is 36 cm, while the focusing distance is 28 cm. The resulting
pulse stretching for the primary energy of 95 keV is expected to be higher and in the
order of magnitude (∼ 10 fs), which is longer than the vacuum dispersion induced pulse
stretching (see Section 3.5.1), but well below the triggering laser pulse durations.

The placement on a movable platform supported by three micrometer screws allows for



3.5 Characterization of Laser-Triggered Electron Pulses 29

Figure 3.6: Laboratory photograph of the solenoid used for focusing the beam into the inter-
action chamber. It has 400 windings and water cooling access. It is mounted on a three-point
actuation plate suspended by three micrometer screws for alignment.

the iterative alignment of the solenoid axis to coincide with the beam axis by minimizing
the focal movement on a camera screen while repeatedly switching the solenoid’s polarity64.

3.5 Characterization of Laser-Triggered Electron Pulses
The estimation of bandwidth, focal diameter and pulse duration of the generated electron
pulses is a prerequisite for the coming compression experiments. The first two parameters
are estimated in this section. While some relevant influences on pulse duration have been
estimated in this chapter, the more accurate way to determine electron pulse duration is
ponderomotive cross correlation using single compression laser pulses in Appendix A.4.1.
There it can be narrowed down to 480fs± 60fs, which can be verified by comparing the
ponderomotive compression simulations to the observed spectra in Fig. 6.9.

3.5.1 Energy Bandwidth and Temporal Coherence

The bandwidth of the electron pulses is measured by the electron spectrometer, which
shows a single peak for the electron beam, widened by the spectrometer’s apparatus func-
tion. This apparatus function is strongly dependent on the state of alignment and the
spatial jitter of the electron beam, which smears out the spectrum during integration time
and cannot be directly determined using an unknown electron beam, and vice versa. We
can write the actual single pulse single electron spectrum Se(E) in terms of the appa-
ratus function Sap(E − E0), where E0 is the central energy of the beam, the geometric
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spread Sgeo(E − E0), the CCD spread function Sccd(E − E0), the jitter spread function
Sjitter(E − E0) in the following equation:

S(E) = Sap(E − E0) ◦ Sgeo(E − E0) ◦ Sccd(E − E0) ◦ Sjitter(E − E0) ◦ Se(E) (3.1)

It expresses the single pulse single electron spectrum as a convolution of several spread
functions of approximately Gaussian behavior whose width can be narrowed down to a
certain range to get an improved estimate for Se(E).

The dispersion-dependent FWHM spread function of an electronic event on the spec-
trometer’s CCD detector SCCD(D) can be easily determined using a low-count image and
cropping single events from the image. Then averaging and fitting these events to obtain
an average FWHM spread of ∆SCCD(0.040 eV/px) = 0.072 eV for a detected electron.

The geometrical apparatus function Sgeo depends on the focal size of the pre-prism
electron crossover dp and is explained by a ray-optical demagnified imaging of the solenoid
focus onto the energy selective plane of the spectrometer (see the next chapter):

∆Sgeo = dp ·
Mf

DES

≈ 0.17
eV

µm
· dp (3.2)

Mf is the magnification of the prism including pre-prism optics and DES the spatial dis-
persion inside the energy selection plane.

An improved approach at narrowing down the true electron bandwidth involves taking a
series of a large number - here 1000 - spectral images with a short integration time of 2ms,
which is only one tenth of the expected main source of the jitter’s period: the 50Hz power
mains fluctuation. In the scope of this thesis we call changes in magnetic environment drifts
if they happen on a timescale of ≫ 1s, slow jitter if they have a quasi-periodic behavior of
≈ 20ms or longer and fast jitter if they have a shorter period. Slow jitter and drifts can be
eliminated from the bandwidth by cherry picking the frames with the narrowest spectra.
The spectra have a detected electron number of 180 ± 40 per frame. For visualization
purposes, a sample of frames is summed up into one line of pixels of Fig. 3.7a. Note that
for technical reasons, the images are taken with ≈ 400ms in between, so this is not a
continuous trace, but shows the statistical fluctuations of detected bandwidth. All 1000
images are fitted with a Gaussian envelope to the least χ2 and the FWHM widths grouped
into intervals of 0.058 eV and the relative probability for an acquired spectrum to be inside
this interval is plotted as a histogram bar graph in Fig. 3.7b. After a small number of
narrow outliers, a large rise is observed for the FWHM bandwidth of [0.484 eV ; 0.542 eV ]
that contains approximately one sixth of all frames. These can be assumed to be taken near
the extrema of slow jitter, especially 50Hz, and taken as or measurable electron bandwidth
for further calculations. Most frames yield a bandwidth of [0.542 eV ; 0.600 eV ] and from
there the share of larger bandwidths is decreasing linearly. A frame integrated over 1 s
shows 0.8 eV bandwidth at best. Regarding the ≈ 1.5% chance to measure a bandwidth
of ≈ 0.4eV , caution is advised because they can neither be ruled out to be completely
statistically caused because of the low number of electrons per frame nor to be "golden
frames" where by chance the sum of all jitter functions happens to be nearly constant for a
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short time span. Taking into account the geometrical apparatus function of our setup in Eq.
3.2 for a crossover diameter of [1.8µm; 2.5µm] the resulting ∆Sgeo is [0.31 eV ; 0.42 eV ]. A
confident upper limit for the actual electronic bandwidth can be calculated from this result
by the approximation for Gaussian error propagation and taking the minimal geometrical
apparatus function width of 0.31 eV , ∆Sfast = 5.4 eV as the width on camera and the CCD
spread of 0.072 eV : ∆Smax =

√
∆S2

fast −∆S2
CCD −∆S2

geo = 0.42 eV . The lower limit
is calculated from the residual energy spread of the electrons after thermionic emission
at a temperature T = [300K; 1300K] limited by the laboratory temperature and the
melting point of gold at kBT = [0.025eV ; 0.1eV ] leading - assuming Maxwell-Boltzmann
distribution - to a FWHM Bandwidth of [0.06 eV ; 0.20 eV ] and the laser energy bandwidth
of ≈ 0.020 eV measured by a grating spectrometer. Further we can neglect the laser
bandwidth for the purpose of finding the lower limit assuming the aforementioned energy
requirement for two photons reaching the work function of gold to narrow it down.

From these limits [0.06 eV ; 0.42 eV ], limits for the coherence time can be calculated
in analogy to Eq. 2.32 by the time bandwidth product leading to a maximum coherence
time for this energy interval of ∆t = [3 fs; 28 fs]. After propagation according to Eq.
3.5 this coherence time interval stretches to [4 fs; 35 fs]. This has implications on the
experimental search for energy sidebands as one aforementioned interpretation involves
temporal interference by an electron wave function undergoing the same acceleration at two
different points of time e.g. within two or more consecutive wave cycles that are separated
by 4.5 fs further elaborated in the discussion section for the experimental results in chapter
6.

Furthermore, the bandwidth interval can be used to estimate temporal broadening due
to vacuum dispersion. For a small interval and γ = 1, 38 the energy to velocity relation
can be linearized to yield a velocity difference of ∆v = dv ·∆Se with the linearized specific
velocity spread dv = 695 m

eV s
leading to an estimation for the vacuum dispersion stretching:

∆t(∆Se, E0, d) =
d

v0 +∆v
− d

v0
= d ·

1
1+∆v

v0

− 1

v0
= d ·

1

1+
dv ·∆E0√

2E0
γme

− 1

√
2E0

γme

(3.3)

E0 denotes the primary electron energy, v0(E0) the corresponding velocity and d = 72 cm
the electron flight distance. For a fixed primary energy the equation reduces to a direct
proportionality relation for ∆Se and d:

∆t(∆Se, 95keV, d) ≈ d ·∆Se · 21
fs

eV m
(3.4)

The temporal stretching for the determined energy spread interval becomes:

∆t([0.06 eV ; 0.42 eV ], 95 keV, 0, 72m) ≈ [0.9 fs; 6.3 fs] (3.5)
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(a) (b)

Figure 3.7: Determination of the electron bandwidth: A series of 1000 spectra is taken with an
integration time of 2ms. a shows a short excerpt of this series where every line of pixels repre-
sents one spectrum taken. In b a histogram of measured FWHM bandwidths is displayed with
the probability of a single spectrum being fitted into a certain bandwidth range is represented
by the y-axis.

3.5.2 Focal-Diameter Estimation by Needle-Tip Imaging

The de-Broglie wavelength of electrons at a kinetic energy of 95 keV is 4.8 pm. As a
consequence, spatial electron diffraction can be completely disregarded for the interaction
of electrons and mechanical structures like needle tips or apertures. A readily obtainable
lower boundary for the waist diameter after the solenoid lens is estimated by imaging
the emission spot on the cathode surface in the classical lens picture onto the interaction
plane. The focal distance is calculated approximately from the rear surface of the solenoid
although its principal plane is located a short distance away from its physical end and
measured by 28 cm. The distance from the solenoid’s front surface to the anode hole is
36 cm. This leads, neglecting electric lensing and acceleration distance, to an approximate
image demagnification of M ≈ dimage

dobject
= 0.77 and thus to a minimal electron spot diameter

of 2.1µm. Accounting for the second order nature of photoemission, a smaller effective
laser spot is imaged, lowering this estimate to 1.4µm.

Because the focus position is found to wobble significantly in phase with the 50Hz jitter
of the electronics the laser beam is chopped down to 10% of the original repetition rate and
the chopper openings are synchronized to the extrema of the power socket voltage. A direct
measurement of the focal spot size employs a tungsten needle with a manufacturer-specified
tip radius of approximately 250nm. It is fixed to a sample holder mounted on a three-
axis actuator operated by micrometer screws with a nominal precision of 1µm. First, the
needle shadow is projected onto a retractable electron camera by increasing the solenoid
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current to an over-focused condition. Decreasing the current from this state moves the
electron focus closer to the needle and increases the seen shadow magnification. As soon
as the curvature of the needle tip is clearly visible the needle is transversely moved by a set
distance read from the micrometer screws within the beam. The further this movement is
compared to the actuating precision, the better. This allows a length scale to be obtained
within this specific cross section of the electron beam which can be used to graphically
determine the radius of the needle tip to be 180± 60nm. At one point close to an in-focus
condition, a second shadow enters the camera image of the beam from the opposite side
and extends further to the center of the beam. In focus the tips of both shadows touch
and the beam cross section on the camera can be graphically compared to the needle tip
radii. The electron beam is highly sensitive to the electromagnetic surroundings inside a
building and the best achieved FWHM diameter was 1.8µm and the decision threshold for
the conduction of experiments was 2.5µm which could be achieved during the majority of
nighttime alignments.

3.5.3 Emittance

The success of this work is not only measured in pulse duration. The applicability of ultra-
short pulses is determined by the possible imaging contrast achievable with them. First,
there is the number of electrons per second. For single electron pulses, it is approximately
equal to the laser repetition rate. A commonly employed quantity that characterizes the
quality of an electron beam and is relevant for estimating the feasibility of a similar setup
for future application is the emittance.

Emittance is a quantifiable parameter that characterizes the mean dispersion of parti-
cle coordinates within the position-momentum phase space. The normalized longitudinal
emittance ϵn,z is defined as65:

ϵn,z =
4πγ

c

√
σ2
zσ

2
v − σ2

zv (3.6)

The pre-factor of 4π is conventional and refers to a 95% criterion.21 σz is the standard
deviation in z-position. σv is the standard deviation in velocity. σzv is the covariance
of position and velocity. The vacuum speed of light c is included in the pre-factor to
normalize the velocities under the square root. It possesses the dimensionality of length
or, more precisely, the product of length and radians (meters times radians). As a particle
beam traverses through magnetic fields of various beam-modulating elements, the spatial
dispersion of the particles may vary; however, this variation occurs in such a manner that
the emittance remains invariant. Lioville’s theorem states that emittance is conserved as
long as the particles are only subjected to conservative forces. Conservative forces are
distinguished by the total work done being independent of the particle’s path34. Selective
devices like an aperture, on the other hand, cut areas from the phase space and lower the
emittance at the cost of losing particles. When the phase space distribution is visualized as
a cloud within a plot, the emittance corresponds to the enclosed area of this cloud. A low-
emittance particle beam is a beam in which the particles are confined to a small distance
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and have nearly the same momentum. In simple terms, the square of the longitudinal
emittance is proportional to the product of pulse length and energy spread minus their
mutual correlation. Sensibly, the emittance is calculated within the electron focus, as this
will be the interaction region for compression. The most straightforward estimation for the
maximum emittance assumes the upper limit of pulse duration and negligible covariance
of velocity and z-position. A pulse duration of 540 fs FWHM corresponding to a standard
deviation in z-position of σz = 4.2 ·10−3 cm and an energy spread of 0.42 eV corresponding
to a velocity standard deviation of σv = 1.3 ·105 cm

s
in velocity yields a maximum emittance

of ϵn,z,max = 3.2·10−8 cm. The lower limit assumes all stretching past the standard deviation
of the squared laser intensity of σt,laser = 56fs to be fully correlated with velocity spread
and yields a minimum longitudinal emittance of ϵn,z,min = 3.4 · 10−9 cm.



Chapter 4

Spectral Diagnostics for Attosecond
Electron-Pulse Compression

Within the experimental framework of this thesis, energy-resolved diagnostics assume a
central role in the reconstruction of ultra-short electron pulse dynamics. Temporal profiles
are retrieved indirectly through model-based fitting procedures (see section 6.5.5). Fur-
thermore, a key objective of this thesis is to achieve a spectral resolution that allows the
observation of coherent features on the scale of 1 eV over a spectrum spanning multiple
keV. To enable this approach, a Gatan GIF 100 post-column imaging filter was refurbished
and recommissioned for operation in its intended configuration downstream of a trans-
mission electron microscope (TEM). Subsequently, the spectrometer was redeployed in a
non-conventional geometry and interfaced with a custom-engineered horizontal tabletop
application, thereby extending its functionality toward advanced time-resolved electron
spectroscopy.

4.1 Operating Principle of the Gatan GIF100 Magnetic-
Prism Spectrometer

The working principle of these post-column energy filters can be divided into two separate
steps66. In the first step, a spatial dispersion normal to the beam axis is induced, and in
the second step this spectrum is magnified and imaged to a camera41,66. The dispersion
relies on the separation of electrons by their velocity-dependent bending radius inside a
homogeneous magnetic field41,67(see Fig.4.2). In the employed case of a 90◦ deflection, the
geometry of the circular trajectories leads to a focusing effect41. The entrance-multipoles
ensure that the electrons enter the spectrometer at the correct numerical aperture.66 Elec-
trons are focused onto velocity-dependent lines inside the so-called dispersion plane. In
spectroscopy mode the four quadrupole magnets in the spectrometer column are aligned
to form a magnifying telescope that images this plane on the CCD camera41(see Fig. 4.1).
In imaging mode, however, the image from the sample position is reconstructed and mag-
nified onto the camera68. An energy-selection slit can be inserted at the dispersion plane
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to view only the image produced by electrons with a certain energy. This imaging mode
proved itself useful for critical alignment purposes. A ray optical construction69 visualizing
both modes of operation is shown in Fig. 4.4. Additionally, a voltage can be applied to
the so-called drift tube, which encases electron trajectories within the magnetic prism. It
changes the electrostatic potential and temporarily slows down or accelerates the electrons
to shift the spectrum by the corresponding energy. This is typically used for calibrating
the observed spectral dispersion within the camera plane, but is also used with a 50Hz
multi-level rectangular function to separate the spectrum into signal-, background- and
discarded components synchronized with the power socket cycle in Section 5.2.3.

4.2 Adaptation of the GIF100 for the Ponderomotive
Compression Setup

4.2.1 Mechanical Integration

To implement this equipment, which was minutiously designed for use at the bottom of the
column of a transmission electron microscope, at a tabletop setup, several adaptations had
to be made. The original mounting flange was removed and replaced by a custom-machined
CF-160 UHV connector. The whole apparatus is held in place by a tripod mounted close-
fit bottom rest and a shackle around the magnification tube (see Fig. 4.5b). This tripod
was mounted on a heavy-duty rail, which is mobile in the electron propagation direction.
The formidable weight of over 100 kg and the needed vibration protection in combination
with the avoidance of any ferromagnetic material close to the electron optics led to the
use of massive aluminum plates of thickness 25mm for construction. All rotational and
translational degrees of freedom turned out to be essential alignment parameters for optimal
capture of the electron beam. So the moving rail was mounted on a non-magnetic steel
plate fixed onto the optical table by several screws through varying holes of a pattern
designed to fit at a wide range of positions and rotation angles.

4.2.2 Adapting Electron Crossover Position

As the suction of the evacuated connection bellow pulls the mounted spectrometer to-
wards the interaction chamber with a force of approximately 250N , one bolt is sufficient
for setting the position. It has a polished and spherically machined end that is screwed
through a thread in a table mounted bracket and pushes on an equally polished surface of
the spectrometer mount. The crossover position in the interaction chamber is treated as a
fixed point that should never be moved as it resembles the projector crossover of a TEM
setup68. The rest of the setup is built with this position in mind. By fine-tuning using the
aforementioned screw the entrance aperture can be placed to the design distance of 70 cm
with a tolerance of 2mm from that point. The spectrometer has an entrance quadrupole to
counteract imperfect longitudinal placement by slightly focusing or de-focusing the electron
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Figure 4.1: Schematic layout for the Gatan GIF100 TEM-EELS Analyzer. It is typically placed
behind a TEM viewing screen (as in our TEM applications) or retractable camera (in the
horizontal beamline described later) and accepts electrons after a focus called the projector lens
crossover in both cases for consistency reasons. At the entrance there is a pair of alignment
coils consisting of a quadrupole lens to adjust the electron divergence angle to match the prism
design in the energy-selective axis and an asterical sextupole to correct for radial chirp within
the electron beam along the energy-selective axis. After these optics the electrons pass the
entrance aperture and are projected onto the dispersion plane by the sector bending magnet,
also known as the magnetic prism (see Fig 4.2). In its focal plane the energy-selection slit can be
inserted for energy filtered imaging. The filtered image, or the electron spectrum, respectively,
is then magnified and projected onto the CCD Detector by four quadrupole lenses. There are
six sextupoles placed in the so called magnification tube for aberration correction. Graphic
taken and modified from Yougui Liao:"Practical Electron Microscopy and Database" Global
Sino (2006)68
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Figure 4.2: Line Optics Diagram for Sector Bending Magnet: this figure explains the principle
of dispersive focusing in a simplified square homogeneous magnetic field with sharp delimitation
drawn in green. Inside the homogeneous magnetic field electron trajectories describe circles.
Higher energy electron trajectories are drawn in blue while low energy trajectories are drawn in
red and the average-energy trajectory is depicted black. After entering the field, the bending
radius is proportional to electron speed and therefore linked to their kinetic energy. The outer
drawn ray bends around the center M1, the beam center around MR and the inner drawn
ray around M2 due to parallel offset. Constructing the different trajectories reveals a focusing
property of this type of bending magnets. The foci are located inside the so called energy-
selection- or dispersion-plane, which is tilted respective to the magnetic boundaries. This plane
can be used for energy filtering by inserting a slit or imaged onto the CCD detector after
magnification to retrieve the electron spectrum.
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(a) Photograph of the magnetic prism: The elec-
trons enter from the bottom left and the carefully
designed shape to reduce achromaticity by lowering
the dispersion plane tilt at the end of the magnet is
visible.

(b) The magnification tube where the vacuum
tube is placed in the center for operation. The
parabola-headed asterical coils induce high quality
quadrupole and hexapole fields by minimizing higher
order components

Figure 4.3: Photographs of the two main spectrometer assemblies

beam in front of the magnetic prism plane68,70. The correction current is referred to as "fo-
cus X" by the manufacturer’s control software. After a signal is found the energy-selection
slit can be inserted to optimize the focusing to the energy-selection plane by optimizing
the signal strength of the camera. By alternating the screw position and correcting with
focus X this correction can be brought to a low value to minimize the resulting higher order
aberrations. After that the beam is still divergent in the nonselective plane of the magnetic
prism which can lead to a correlation of measured energy and horizontal position of the
electrons at the spectrometer entrance as the propagation distance inside the homogeneous
magnetic field changes with this quantity. The electron beam is coarsely collimated by the
wire loops visible in the bottom of Fig. 4.3a. For fine correction a sextupole is placed in
front of the prism entrance that has to be adjusted after every focus X adjustment, which
is referred to as "focus Y". When the dispersive plane is imaged at the camera by a column
quadrupole, focus Y can be easily optimized by removing any tilt of the line-shaped camera
image.

4.2.3 Energy Resolution and Instrumental Broadening

The achievable electron energy resolution is intrinsically coupled with the bandwidth of
the electron source71, the focusing capabilities of the electron optics, and the stability
of all surroundings, including voltage and current supplies. For the application at the
Philips CM12 TEM and the tabletop setup used for this thesis, these characterizations are
described in chapter 3.
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Low energy electrons
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Column Magn. prism Energy sel.

Spectroscopy
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Figure 4.4: Representation of the spectrometer imaging setup represented by graphical ray
tracing. The procedure was published by Edmund and Brown for light optics and is transferred
to electron optics here69. The quadrupole lenses act as focusing cylindrical lenses for one axis
(represented by a bi-convex lens symbol) and defocusing in the respective other (represented
by bi-concave lens symbols). Red lines represent partial paths for energies near the lower end of
the spectrum while blue lines stand for the upper end of the spectrum. I case of no dispersions
the lines are dashed.
a: While operating in spectroscopy mode in the non-energy-selective axis the electron beam
is expanded without a crossover as the magnetic prism ideally has no focusing effect and the
post-prism solenoid is turned off.
b: The -energy-selective axis while operating in spectroscopy mode. The magnetic prism acts
as a cylindrical lens41 by the principle depicted in Fig. 4.2. There is a spectrally dispersed
image near the energy-selection slit. In reference to optical microscopes the first quadrupole
pair acts like an objective by generating a magnified inverted image inside the tubus before a
second quadrupole pair that acts like an ocular that magnifies and inverts the image again onto
the CCD Detector.
c: and d: In imaging mode an additional pre-slit solenoid lens is active generating a spectrum
with each point inside the spectrum containing the complete real-space image, so a small energy
range can be selected for real-space imaging if desired. This image is then magnified onto the
CCD detector for both axes.
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(a) The spectrometer is attached below the ta-
ble of the Philips CM12 TEM as intended per
design.

(b) For mounting at a tabletop setup a heavy-duty
aluminum frame is built that is mobile along a rail.
For table mounting a position and angle agnostic
base plate is designed that allows fine alignment
of positioning and orientation.

Figure 4.5: Laboratory Photographs of Spectrometer Implementation
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4.2.4 Beam Localization in the Dispersion Plane

The first signal is acquired by fully illuminating the largest possible aperture with a max-
imum intensity electron beam. The highly space-charge-dominated pulses also increase
the incoming beam divergence and make spatial alignment less relevant. The column coils
are now all switched off, the slit is retracted and the energy-shift is scanned after the pri-
mary energy is set to the acceleration voltage. At a certain energy-shift that can easily
be several keV from the primary energy, a broad or even uniform rise of the camera signal
above background is registered. From there the first quadrupole pair is simultaneously
increased in small steps until a beam profile is visible. If the signal shrinks during this
procedure, the beam is not coming from the right direction or is not properly centered,
and the spectrometer has to be carefully moved to maximize it again.

4.2.5 Electron Collection Efficiency Analysis

The spectrometer has pneumatically switchable apertures of size 0.5mm, 2mm and 3mm.
Before testing for the fraction of collected electrons for each aperture, the proportionality
of the camera signal to the actually registered electrons has to be verified. The easiest way
to do this without risking the influence of other parameters is to change the repetition rate
while keeping the pulse energy at a constant value. We find that this linear dependency
is fulfilled within 2% of margin when scanning the repetition rate between 10 kHz and
100 kHz and the integrated camera count is proportional to the pulse repetition rate as
long as all camera areas receive below 1000 counts per pixel for short integration times of
5 s or 500 counts per pixel at large integration times of 100 s. This equals roughly 10%
or 50% of the saturation intensity of 12000 counts per pixel, respectively. At this point,
the heating of the phosphor screen and underlying chip becomes a factor and increases the
acquired signal over-proportionally. It is possible to align the spectrometer in a way that
an image of the entrance aperture is generated on the camera. By looking at the edges
of this image we can determine how many electrons are blocked from the beam. We find
that in the setup used for acquiring the data of ponderomotive compression experiment
for the 3mm aperture 90% of the electrons are detected while it is 50% for the 2mm
aperture and 15% for the 0.5mm aperture when using space-charge-free single electron
pulses. For higher current electron beams the aperture pass rate quickly diminishes as the
beam becomes wider. The number of single-electron events on the camera can be counted
by determining the number of counts caused by a single event. After reducing the rate of
electrons and setting the imaging optics to a configuration which spreads the electron beam
over the whole camera image, distinct clusters of 40-60 counts are visible, which appear
on random positions in every frame. These can clearly be assigned to single electrons, and
thus it can be determined that every electron registers as 49 CCD counts on average. This
insight is helpful for both setting the gun intensity to mostly emit single electron pulses as
well as confirming the aforementioned aperture pass rates. In most experiments the 2mm
spectrometer aperture is used as it was observed reducing the zero-loss peak’s bandwidth
by 5−25% depending on the electron source settings due to reduced aberrations and over-
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(a) With all sextupoles off in
spectroscopy mode the image re-
sembles a saddle with a parabolic
bending curve - like looking at
a rotated "Pringles chip", which
can be rotated and bent by ad-
justing sextupole currents. Sec-
ond order aberrations in the
energy-selective axis (horizontal)
cause the image to be partially
out of focus70 while the ones
in the non-selective axis produce
the parabolic bend of the focused
fraction.

(b) After adjustment of the sex-
tupoles for the energy-selective
axis (horizontal) and refocusing
of the quadrupole imaging sys-
tem the spectrum image now
yields nearly isolated second or-
der aberrations that bend the
line-shaped spectral image into a
parabolic shape along the nonse-
lective axis.

(c) After correction for the
second order aberrations along
the nonselective axis the fourth-
order70 aberrations become vis-
ible. They as well occur in
both axes with similar individ-
ual effects and show three local
extrema compared to a generic
fourth order polynomial. The
two outer extrema are marked
with teal horizontal lines and
the third is found in the cen-
ter facing into the opposite direc-
tion. Again, along the nonselec-
tive axis (vertical), aberrations
lead to a bending of the focused
electron image while the selective
part causes partial de-focusing.

Figure 4.6: Signatures, behavior and correction of different orders of aberrations

proportionally cutting random multi-electron pulses from the spectrum at the loss of half
the signal.

4.2.6 Orders of Aberrations and their Compensation

A fundamental challenge brought along by the off-specification use of a TEM spectrometer
with a horizontal tabletop electron beam is the correction for all kinds of aberrations. A
less controlled electromagnetic environment interferes with electron optics that are less
optimized than in commercial electron microscopes in combination with a source that is
designed to uphold temporal over spatial beam quality. Thus, the focus in the interaction
region is much larger longitudinally and transversely and the electron momentum vectors
are less correlated to the transversal position than in a typical TEM projector crossover.
The only solution is an iterative alignment procedure of pre-interaction magneto-optics,
spectrometer placement, and in-column aberration corrections, requiring an understanding
of the most prominent sources for these aberrations which are detailed within this section.
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First Order of Aberrations

First-order aberrations comprise effects that misplace any spot of the final image on the
CCD along any axis described by a linear matrix transformation41 applied on the incident
electron momentum vector. One prominent example is the transverse chirp of the input
electrons because of non-achromatic beam steering and focusing, as well as various un-
wanted lensing effects and deflections caused by the environment. On the CCD detector,
this effect is observed as a tilted spectral line, which is shown in Fig. 4.6c. This chirp can
be counteracted by adjusting focus Y in front of the magnetic prism entrance. It is able
to modify the input axis depending on the position along the non-energy-selective axis.
Another longitudinal example is the tilt of the dispersion plane as illustrated in Fig. 4.2,
which leads to imperfect focusing of parts of the spectrum onto the camera. An elaborate
magnetic prism design (see Fig. 4.3a) mitigates this effect.

Second Order of Aberrations

Second order aberrations are primarily a result of the electrons entering the magnetic prism
under an angle. Design-wise, the prism is optimized for electrons entering from a point
source represented by the projector lens crossover in typical electron microscopes which
is optimally located in a distance of 70 cm to the prism entrance (see the marked line in
Fig. 4.3a). Due to various reasons, such as the magnetic environment or focal quality,
this condition is almost impossible to achieve in a scope where these aberrations are not
notable. The reason why these aberrations go mainly with the second order of the mismatch
parameter can be trivialized by calculating the path length of crossing a homogeneous field
with sharp parallel borders and with d0 under perpendicular incident and mismatch angle
α. The distance covered inside the magnetic field is given by d(α) = d0

cosα
= d0

1− 1
2
α2+O(α4)

.
This type of second order aberrations occurs in the energy-selective axis as well as the
nonselective one. A superposition of both results in a camera image that seems to depict
looking at a saddle like in Fig. 4.6a. There, the aberrations in the energy-selective axis
lead to only a fraction of the image being in focus surrounded by a halo of non-focused
electrons. Meanwhile the nonselective aberrations shape the would-be straight band into
a parabolic curve shown in isolation in Fig. 4.6b. These aberrations can be corrected for
using the array of six sextupole magnets. Each sextupole bends the saddle in both axes
depending on the respective width and divergence angle of the elliptical beam, allowing in
combination for simultaneous correction for both axes.

Fourth Order of Aberrations

After second order correction in both axes the spectral image is still not a straight vertical
band. Fig. 4.6c shows a curvature with two turning points and three local horizontal
extrema identifying these features as the fourth order of aberrations in the nonselective
axis. Simultaneously the same is visible for the energy-selective axis resulting in three zones
of imperfect focus along the vertical band of which slight changes in the focusing optics



4.3 Implications of the Results 45

reveal the center one to be underfocused and the two outer ones to be overfocused. These
effects are strongly enhanced by any misalignments outside of the spectrometer and appear
to a much lesser extent when using an electron microscope. Mitigation can be achieved
to a certain extent by using high sextupole currents and using the fourth order artifacts
of overcompensation in second order between counteracting sextupoles. Nevertheless, for
optimal energy resolution several iterations between this procedure, the adjustment of
the electron trajectory using the deflection coils and the realignment of the solenoid lens
as well as the astigmatism-compensating octupole are necessary and make this the most
time-consuming part of recurring alignment.

4.2.7 Acquisition of Multi-keV Electron Spectra

The column can be quickly switched between different saved dispersions. Low dispersion is
limited by the spatial restrictions inside the spectrometer. The maximum spectral width
that can be detected is approximately 1200 eV , where the ends of the spectrum start
getting blocked by the drift tube. This makes dispersions lower than 1.2 eV/pixel pointless.
Meanwhile, for sideband analysis, a high dispersion has to be used. For the results expected
by the derivations of Section 2.4, a sub-1 eV resolution is needed for a spectral width of
up to 5 keV in bandwidth. Consequently the spectrometer has to be aligned for several
energy ranges. For this purpose the electron gun can be set to a lower or higher voltage.
The challenge consists in simulating electrons originating form the same point in space,
namely the interaction region, with unaltered direction and focal size. The interaction
region is denoted by an inserted needle as described in chapter three. Therefore the whole
setup is to be thoroughly aligned at least nine times in steps of 700 eV including deflection
coils, octupole corrector and solenoid lens. Meanwhile, the spectrometer position has to
stay unchanged and the current settings are saved. The composition of a 4.8 keV spanning
spectrum is visualized in Fig. 4.7, where the individual, overlapping spectral images are
least-χ2 fitted to match each other over a common spectral region close to their respective
ends, but before they drop off. This is necessary because, as explained in Chapter 3, the
electron source intensity is not perfectly constant over extended periods of time. To keep
a non-arbitrary y-axis during this fitting, the central spectrum yielding the most counts is
unchanged in amplitude.

4.3 Implications of the Results

In summary, the TEM tests for the spectrometer serve as a valuable benchmark for the
equipment’s capabilities for electron spectral analysis yielding a FWHM spectral resolution
of 0.45 eV . Even in a tabletop setup, a high range of spectral windows can be measured in
tradeoff with resolution. Therefore an intermediate dispersion setting was sometimes used
to capture 120 eV of spectral range as shown in Table 4.1.

As of this successful implementation of precision technologies, which are only designed
for transmission electron microscopy, on a self-built accelerator setup, a new possibility is



46 4. Spectral Diagnostics for Attosecond Electron-Pulse Compression

Figure 4.7: Composition of a Multi-keV Spectrum by Fitting Several Spectral Windows. Each
color represents a single take at different central energies in steps of 700 eV . The spectra are
fitted to match in amplitude by least χ2 in a manually chosen overlap interval.

Dispersion (eV/px) 0.05 0.15 1.2
Observed energy range (eV) 40 120 1000
Spectral resolution (FWHM, eV) 0.88 0.95 1.6

Table 4.1: Spectrometer dispersion windows used in the experiments and their performance.
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brought about for future creativity in conceiving experiments: using topped out spectral
resolution inside an application that does not fit into the frame of a typical electron micro-
scope. Further improvements by using electromagnetically controlled environments, higher
precision currents, more stable voltage supplies and later spectrometers with more correc-
tion parameters might help to advance these resolutions closer towards the time-bandwidth
limit, even for multi-femtosecond pulse durations used in fields like solid-state phononics72

and semiconductor-73 or materials science74.
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Chapter 5

Generation of a Continuous Attosecond
Pulse Train Inside a Transmission
Electron Microscope

5.1 High-Repetition-Rate Compression as a Route to
High Signal Strength

Femtosecond experiments with electrons have always been limited in emittance and bright-
ness. These beam parameters though are decisive for practical imaging and spectroscopy
applications. Laser triggered femtosecond electron sources can at best provide single elec-
trons at the laser repetition rate. Multiple electron pulses lead to space charge effects at
the photoelectric emission point and increase the emittance48,75. These femtosecond ex-
periments on the other hand are a thriving field featuring pump-probe measurements76,77

for dynamic imaging, diffraction and spectroscopy and near field tomography78,79. In con-
trast, the reported continuous-wave laser modulation provides a pulsed electron beam of
principally unaltered electron current and brightness at the sample, because the laser only
interacts with the electron beam11 instead of the electron source80,81. Additionally the
compression is near background free within the laser overlap11. The data of this chapter
was obtained with a beam current below ∼ 108 electrons per second in order to not saturate
the zero-loss peak as well as to minimize its spectral width. A 20nA beam from a modern
field emitter source on the other hand could be technically bunched into ∼ 1011 attosec-
ond electron pulses11. Such average beam currents are thousand to million times larger
than in ultra-fast electron microscopy with femtosecond sources82,83 and therefore useful
for attosecond imaging or attosecond electron energy loss spectroscopy at unprecedented
signal-to-noise ratio.

In contrast to ponderomotive compression schemes, the present implementation exploits
direct interaction with the optical electric field cycles mediated by a dielectric membrane.
This approach avoids the unfavorable scaling of ponderomotive forces with E2

0 , which would
necessitate impractically high optical intensities in a continuous-wave (CW) regime10,11.
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Instead, symmetry breaking of the oscillatory Lorentz forces at a thin dielectric interface
generates a net longitudinal momentum modulation of the electrons11. The results of this
chapter were achieved in cooperation with Andrey Ryabov, David Nabben, Maxim Tsarev
and Peter Baum and have been published in Science Advances in 202011.

5.2 Modification of a Philips CM12 TEM for Optical-
Cycle Electron Bunching

Figure 5.1 depicts the experimental realization of a prototypical attosecond transmission
electron microscope (A-TEM) based on a modified Philips CM12 platform. The microscope
operates with an acceleration energy of E0 = 120 keV and employs a thermionic LaB6

cathode, as described and characterized in Section 3.1.

5.2.1 Using a Dielectric Membrane as the Optical Modulation El-
ement

The first interaction element consists of a free-standing dielectric membrane positioned at
the laser–electron intersection region via an access port normally occupied by a condenser
aperture11, as shown in Fig. 5.1. The membrane is fabricated from 50nm boron-doped
silicon (resistivity < 20Ω ·cm), enabling efficient transmission of both electrons and optical
radiation with negligible absorption while preventing electrostatic charging. The membrane
thickness is sufficient to induce an optical phase shift of the transmitted laser field, thereby
breaking the temporal symmetry of the interaction and enabling net energy exchange with
the electrons11. The underlying theory is elaborated in Section 2.2.

Velocity matching between electrons and optical phase fronts ( Section 2.2) is achieved
by tilting the membrane by approximately 30◦ with respect to the transverse plane. The
CW driving field is provided by a single-longitudinal-mode thulium-doped fiber laser (λ =
1950nm, linewidth ∆f < 50 kHz) with up to 8W optical power. The laser is focused
to a waist of w0 ≈ 21µm at the membrane, producing a slightly elliptical focal spot of
roughly 40×80µm (1/e2 diameters) and peak field strengths on the order of 2×106 V/m11.
Optical coupling is realized through a customized aperture holder that introduces the
beam at 90◦ relative to the electron trajectory with p-polarization - i.e. the electric field
oscillating with a component in z-direction, defined by the electron propagation direction.
The effect of polarization has been tested by scanning the wave plate in front of the
metrology membrane with the results shown in Fig. 5.4a. As expected from Eq. 2.7 the
sideband amplitudes follow the sin2-like behavior of the polarization vectors z-component
with almost no modulation at 0◦ resembling p-polarization and maximum modulation at
the aforementioned 90◦ incidence.
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5.2.2 Longitudinal Streaking for Pulse-Train Characterization

Temporal compression arises from free-space propagation after the interaction, where faster
and slower electrons converge to form a periodic sequence of ultra-short pulses synchronized
to the optical carrier frequency. To characterize the resulting pulse train, a second dielectric
membrane is placed inside the microscope twin lens at a distance of approximately 12 cm
from the compression element11. As shown in Fig. 5.1 this characterization membrane
resides at the sample position and is illuminated by a second branch of the same laser
beam. The optical beam is guided through the lens gap using a nonmagnetic steering
mirror and gold-coated copper guiding elements attached to the magnetic pole pieces,
enabling interaction at an angle of incidence of ∼ 30◦ while preserving the lens’ magnetic
field11. The laser focus at this position has a FWHM of ≈ 23µm derived by gaussian
optical calculation.

The CW laser beam is split into two arms using thin-film polarizers and half-wave plates
to independently control optical power and polarization at both interaction points. Relative
delay between the two optical waves is introduced via a voltage-controlled piezoelectric
actuator acting as an interferometric delay stage11. This Piezo-mounted mirror can set
time delays of up to 10fs within less than 3ms (see Fig. 5.1), which was confirmed using
a laser vibrometer. Typical experimental conditions employ optical powers of ≈ 3.5W at
the compression membrane and ≈ 4.5W at the characterization membrane.

Electron pulse diagnostics are performed using a magnetic post-column energy spec-
trometer (Gatan GIF100) equipped with a 2mm entrance aperture and dispersion of
20 pixels/eV . The spectrometer records the delay-dependent longitudinal momentum
modulation resulting from the sequential dual-membrane interaction11. This idea can be
referred to as longitudinal streaking.

During operation, the compression membrane image is projected onto the sample with a
magnification of ∼ 6000 to balance illumination and phase-front flatness. The modulated
beam diameter at the characterization membrane is approximately 1µm, ensuring that
the spectrometer collects predominantly the homogeneously modulated beam core. The
temporal distortions caused by the multiple magnetic lenses63 inside a TEM column can
be minimized by careful alignment of the electron trajectory along the magnetic axis of
the lens system11.

5.2.3 Control Voltages and Jitter Mitigation

Energy resolution in our system is mainly limited by high-voltage drifts and magnetic fields
with a prominent 50-Hz component from laboratory mains. Fig. 5.3 depicts our approach
for correcting these imperfections. We modulate the electrostatic potential inside the
spectrometer prism with a three-level rectangular voltage pattern (0V , 5V , 10V ) that is
synchronized to the voltage oscillations of the mains. Therefore, the spectrometer collects
only the electrons that pass through the whole experiment during times of low magnetic
field changes (see Fig. 5.3c). At a duty cycle of 20% (blue or green regions in Fig. 5.3), the
energy resolution improves from 1̃eV to 0.66 eV (FWHM; full width at half maximum). To
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Figure 5.1: Experimental Setup for the attosecond TEM experiments: A Philips CM12 trans-
mission electron microscope is modified to host two optical modulation elements. Electrons
are emitted from a filament heated LaB6 cathode (1, Section 3.1), pass the condenser lenses
(2) before passing the modified condenser aperture (3, Section 5.2.1) where the first dielectric
membrane (green) is inserted. The twin lenses (4) are modified to bear an in column mirror to
guide the laser beam through the second dielectric membrane inserted by the sample holder (5,
Section 5.2.2). After passing the projector lens setup (6) the electron beam projects a shadow
image of the sample membrane onto the viewing screen (7). A selected part of this beam enters
the spectrometer aperture, is spatially dispersed and then magnified along the spectral axis by
the GATAN GIF 100 spectrometer optics (8, Section4.1) and the resulting spectrum is acquired
by an electron camera (9, Section 4.1). During acquisition a spectral offset inside the magnetic
prism (10, Section 4.1) can be introduced by applying a voltage at the drift tube (11, Section
4.1). This voltage is controlled by a Texas Instruments programmable digital controller (12,
Section 5.2.3) to be synced with the cycles of the power mains which also splits the electron
beam into a background without time delay and a signal with a scannable time delay. This
delay is introduced by a piezo actuated mirror (13, Section 5.2.2) within the out-of-column
optical setup (14) which splits the 1950nm CW Laser (15) beam into two branches of equal,
controlled distance of whom one is focused onto each of both dielectric membranes.
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Figure 5.2: Raw spectral signal after laser modulations at three distinctive delay times. Zero
delay is chosen to show no relative phase delay on an electron wave packet on the respective
arrival time at the membrane yielding maximum broadening respective to the unmodulated
signal on the right. At a delay of 3.3fs no significant distinction from the reference signal is
observable.
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Figure 5.3: Acquisition procedure for optimizing energy resolution. a) Sequence of laser delays.
The piezoelectric actuator moves periodically from a reference position (0) to the desired mea-
surement delay (δt). Thereby only the blue-shaded time windows that occur during minimum
magnetic-field changes are used for measurement and produce a delay dependent signal spec-
trum. The green-shaded regions with also low fluctuations yield a reference spectrum whose
center-of-mass is used for slow drift correction. b) Electrostatic voltage sequence applied to
the spectrometer prism. c) Voltage of the laboratory mains line causing magnetic stray fields.
d) Example of the resulting drift-corrected energy spectra
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eliminate slow drifts, we always record pairs of energy spectra at varying laser delay (blue
regions in Fig. 5.3) together with a reference spectrum at fixed time delay (green regions
in Fig. 5.3), by alternating the rectangular voltage of the piezo-driven time delay (see Fig.
5.3 c) synchronously with the prism potential (see Fig. 5.3 b). In summary, we obtain
time-delay series of drift-corrected spectra containing substantially reduced influences from
laboratory noise at the cost of 80% loss in overall detected electrons.

5.2.4 Considerations on Directional Sensitivity

In both modulation stages, it can be confidently assumed that only longitudinal modula-
tions are observed due to two different considerations for the compression and characteri-
zation stages: the membrane in the compression stage is visible as a shadow image on the
foldable TEM viewing screen. This allows us to ensure that the long axis of the membrane,
where the laser’s electric fields yield transversal components relative to the electron beam,
points in the direction in which the spectrometer is insensitive to small changes and does
not misinterpret artifacts of these as small energy variations. On the other hand, at the
sample stage membrane, the electron beam has a small spot size of roughly ≈ 1µm which is
magnified by a factor of order of magnitude 10000 by the TEM column84. This means that
small transverse modulations with an energy change of the order of magnitude 1 eV , that
could cause an angular change of ≈

√
1 ev

120000 ev
, are demagnified by ≈ 10000. Additionally

angular changes contribute to changes in measured energies in the spectrometer, which I
corrected for this up to the fourth order (see Section 4.6), only at even higher orders85,86,
becoming thus irrelevant in any sensible argumentation.
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(a) Beam current in the sidebands as a func-
tion of laser polarization at the metrology
membrane; compression is turned off. Plot-
ted are the amplitudes at the sideband po-
sitions of ±0.64 eV energy change after de-
convolution in red and blue as well as the
amplitude at the zero-loss peak in black

(b) Beam current in the sidebands as a
function of laser power at the sample; the
compression is turned off. Plotted are the
amplitudes at the sideband positions of
±0.64eV energy change after deconvolution
in red and blue as well as the amplitude at
the zero-loss peak in black

(c) Beam current in the sidebands as a func-
tion of time delay. Plotted are the ampli-
tudes at the sideband positions of ±0.64eV
energy change after deconvolution in red
and blue as well as the amplitude at the
zero-loss peak in black.

Figure 5.4: Figures produced by reevaluation of the same data set that was published in A.
Ryabov et al., “Attosecond metrology in a continuous-beam transmission electron microscope,”
Science Advances, vol. 6, no. 46, 2020.11
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Figure 5.5: Measured energy spectrum of the electron beam without modulation (black), with
continuous-wave modulation (red), and after different iteration counts of the Lucy Richardson
deconvolution algorithm (green, blue, purple)87. There are two sidebands appearing at ±hν =
±0.64 eV , the photon energy. These sidebands clearly separate from the zero-loss peak. The
deconvolution was performed by David Nabben.

Figure 5.6: (a) Measured energy spectrum as a function of time delay ∆t. in arbitrary units
of measured current. (b) Result of a one-dimensional simulation, convolved with the measured
beam bandwidth. Figure taken from: A. Ryabov et al., “Attosecond metrology in a continuous-
beam transmission electron microscope,” Science Advances, vol. 6, no. 46, 2020.
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5.2.5 Spectral Data Processing and Delay-Scan Analysis

The spectroscopic datasets shown in Fig. 5.6 are obtained as averages of ten delay scans
over the selected temporal window to suppress statistical fluctuations and slow instrumental
drifts. Representative spectra displayed in Fig. 5.4c correspond to measurements performed
with 4W optical power at both interaction membranes and a width-adding delay of 3.5 fs.
During acquisition, pairs of delay-dependent spectra are recorded together with reference
spectra at fixed delay to compensate for residual spectrometer drift and improve energy
stability.

Decomposition of the measured spectra into photon-order sidebands is performed using
a Lucy–Richardson deconvolution with 50 iterations and zero damping11,87,88, employing
a directly measured unmodulated spectrum as the point-spread function. This iterative
maximum-likelihood approach yields well-defined peak positions and relative intensities
displayed methodically in Fig. 5.5.

The delay-dependent amplitudes of the zero-loss peak and first-order sidebands, which
were used for Fig. 5.4, are extracted via nonlinear least-squares fitting using the Lev-
enberg–Marquardt algorithm with three fit parameters, namely A±1 and the energetic
center A0

89,90. The zero-loss amplitude is obtained from the normalization constraint
A0 + A−1 + A+1 = 1, which stabilizes the fitting procedure against fluctuations in total
count rate.

5.3 Results and Discussions

The chosen approach of energetic measurement falls into the category of quantum state
tomography91 and has been proven to be sensitive by a series of experiments like the
"SQUIRRELS" reconstruction scheme for attosecond pulse trains generated by interaction
with two-colored laser fields near graphite flakes performed by Priebe et al.92 According to
theoretical simulations by Kirchner et. al93. in the regime of few cycle spanning particle
wave packets the appearance of sidebands at a separation of integer multiples of the laser
photon energy hc/λ after laser interaction is a consequence of constructive and destructive
interference between energy modulations happening at different times within separate op-
tical cycles requiring particle wave packets with a coherence time spanning multiple optical
cycles93,94. Since then a series of spectroscopic experiments have confirmed the generation
of a discrete comb of photon order sidebands after anadiabatic light interaction for laser-
generated electrons91,95 confirming the possibility of multiple cycle spanning wave packets.
On the other hand the electrons in this experiment are created thermally at an energy
FWHM within the lower boundary of 0.06 eV corresponding to the thermal energy of the
electron gas in the LaB6 cathode and the upper boundary of 0.45 eV corresponding to the
narrowest electron spectrum achieved in the spectrometer. The time-energy uncertainty
at this upper limit allows only for FWHM wave packet durations of greater than 3.4 fs
compared to the optical cycle duration of 6.5 fs. In summary this leaves the following two
qualitatively distinct cases to be distinguished by evaluating the spectral data:
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• Quasi point particle modulation A purely classical sinusoidal energy modulation
appears following Eq. 2.8.

• Coherent inter-cycle modulation Temporal interference between wave function
components accelerated by different optical cycles leads to the appearance of distinct
sidebands separated by the photon order energy step of 0.6 eV

At first glance, the raw spectral data neither suffices to confirm either case due to technical
noise and spectrometer resolution. Numerical deconvolution by the zero-loss spread func-
tion of the unmodulated beam as described in the previous subsection exactly reveals these
sidebands (see Fig. 5.5) with a clear separation by regions of no signal that span between
0.2 eV and 0.3 eV corresponding to between 2σZLP and 3σZLP with σZLP = 0.11 eV ±0.1 eV
being the standard deviation of the unmodulated zero-loss peak after jitter and drift mitiga-
tion used for deconvolution. These results allow the assumption of the inter-cycle coherent
case without reasonable doubt.

Streaking is a cardinal and well explored method for time resolved pulse diagnostics as
well for electrons as for light pulses14,15,93. It always includes a time dependent deflection in
transversal or longitudinal direction on the expected timescale of the pulse21,93. Transversal
streaking usually leads to lateral depiction of the time axis on a screen. Meanwhile, longi-
tudinal streaking requires spectrographic measurements and an un-streaked reference pulse
in order to infer conclusions on arrival time of certain features at the streaking stage21. For
these experiments we use the longitudinal method with a special twist. The duration of the
single pulses within the infinite train is calculated to be minimal at the second modulation
stage, which is implemented at the sample position between the twin lenses of the TEM
column (Fig. 5.1). Figure 5.6 shows the 2D-plotted results of the dual stage time delay
scan in terms of signal intensity versus energy and time delay between the two coherent
interactions. It shows a period of 6, 5 fs delay time. A significant spectral broadening of
1.3 eV is observed that oscillates in cutoff energies by 0.3 eV within a period while the cen-
tral peak is at its maximum in the symmetrical case, which also has the least total width
of 1 eV . At this delay there are no distinctive sidebands visible that would be expected at
roughly 0.6 eV shift equaling the photon energy.

The compression distance is calculated to be 12cm by Eq. 2.9. There the pulses of the
electron wave arrive at the same rate as the laser cycles, so the respective phase at arrival is
the only parameter when scanning the time delay governing the amount and sign of energy
transfer. This breaks the spectral symmetry present in the single stage experiments as it is
now no longer equally likely for an electron wave to gain or lose momentum. Depending on
delay the effect of the first stage is reversed to be spectrally identical to the zero-loss peak,
meaning that all electrons that have been accelerated in the first stage are decelerated in the
second and vice versa. On the other extreme the spectrum is broadened by approximately
twice as much as in the single stage experiment.

In the transitions, however, as Fig. 5.4c depicts, the spectrum is no longer symmetric
around the zero-loss peak meaning consecutive sub-maximal acceleration is favored over
consecutive sub-maximal deceleration or vice versa. After the first membrane, the finite
coherent electron wave packets contain coupled energy components near E0 and E0 ±
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hν11. During the roughly 12 cm propagation to the second membrane, these components
acquire nonlinear dispersive phases. When the second laser interaction occurs, it couples
the zero-loss peak and sidebands again, but the phase relation is no longer symmetric
for positive and negative energy shifts. Therefore, population is added constructively on
one side of a sideband and destructively on the other side11. This produces asymmetric
sideband shifts and asymmetric depletion of the zero-loss peak. It is notably found to be
independent of compression strength. The compression strength determining laser power
only influences the sideband amplitude and zero-loss-peak depletion (Fig. 5.4b). For small
coupling strength the sideband intensity in photon-induced near-field electron microscopy
(PINEM) experiments was found to be approximately proportional to the square of the
coupling strength91. Laser power on the other hand is proportional to the square of the
electric field amplitude. The linear power dependency visible in Fig. 5.4b confirms the
compression mechanism including linear interaction with the field cycles according to Eq.
2.8 in contrast to e.g. ponderomotive forces which go by the square in field strength
according to Eq. 2.14.

The actual r.m.s. pulse duration of 0.9±0.3 fs has to be extracted by matching the 2D
data from Fig. 5.6a with a simulation conducted by Andrey Ryabov and Peter Baum11.
Fig. 5.6b presents the results of this one-dimensional quantum-mechanical simulation in
which the wave function is first transformed into the electron rest frame. The simulation
applies an arrival time dependent modulation to the forward momentum according to Eq.
2.8, employs a free-space time evolution operator to propagate the electrons to the second
interaction region, and subsequently applies a second momentum modulation11. The wave
function is then transformed back to the laboratory frame, and the energy spectrum is
obtained via Fourier transformation. To account for technical fluctuations, the resulting
spectrum is convolved with the experimentally measured energy spectrum in the absence of
modulation11. The only free parameters in the simulation are the optical intensities at the
two modulation membranes and the absolute phase delay of the optical interferometer11. As
shown in Fig. 5.6b, the simulated results closely reproduce the measured data in Fig. 5.6a,
capturing all observed spectral features. Shorter electron pulses with lower background
current can be obtained with increased electron energies and a shorter distance between
the two laser interactions. Henceforward a shorter compression distance picking up the
temporal lens model from Chapter 2 relating a short compression time to a small temporal
focus. For example employing an E0 = 200 keV electron source and a compression distance
of 9 cm makes 300 as rms pulses achievable11 at a background current of < 10%. Multicolor
laser fields92 could further improve the compression by linearizing the time-dependent
acceleration11.

Collectively, the presented data fully confirms the achievement of the set goal: the
proof of concept for sub-light-cycle pulses at near-source brightness. What makes this
impactful, are the relatively straightforward technical adjustments (see Fig. 5.1). Yet,
they combine the spatial resolution provided by modern transmission electron microscopes
with the temporal resolution beyond the limits of pure laser applications11. Meanwhile,
even these relatively low sideband currents, totaling at ≈ 10% of the total current, could
prove adequate for experiments in the transitional realm between classical physics and



5.3 Results and Discussions 61

quantum mechanics. These attosecond electron pulses can exhibit transportability over
technically relevant distances of the order ∼ 10cm, maintaining their periodicity and pulse
duration11.
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Chapter 6

Ponderomotive Free-Space Compression
of Electron Pulses into Attosecond
Regime

6.1 Free-Space Compression as a Route to Few-Attosecond
Electron Pulses

This chapter deals with the main experiment conducted for this dissertation aiming to
further explore and understand the interaction of the two most common visible particles
in the universe - the electron and the photon - in free space. The achieved goal is to give
the first proof of quantum coherent pure optical energy modulation in the keV regime
to achieve pulse durations near the zeptosecond regime. Electron spectra are modulated
by two-photon transitions as described in chapter 2.4 into over three thousand discrete
sidebands. Temporal interference is observed within the optical grating generated in the
confocal region of two ultra-short and intense laser pulses with different wavelengths by
non-linear Compton scattering. The results of this chapter have been published in Nature
Physics in 202318.

6.2 The Experimental Setup

6.2.1 The Electron Setup

As sketched in Fig. 6.1, we constructed a tabletop electron application to realize the
spatiotemporal three way overlap of the modulating laser foci and the electron focus. An
Yb:KGW Light Conversion CARBIDE laser system delivers a train of 200 fs pulses with
400µJ of maximum energy and a wavelength of 1030nm - at 7.7nm bandwidth - stabilized
by a position and pointing stabilization system using two quadrant sensitive photo diodes
paired with piezo controlled mirrors and a machine learning algorithm controlling them to
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Figure 6.1: Schematic view of the setup: A Yb:KGW laser produces pulses of up to 400 µJ at
100 kHz repetition rate with a duration of 200 fs at a wavelength of 1030nm. Two thin-film
polarizers in combination with a wave plate are employed to split the pulses into three parts
with their respective time delay stages. a) The electron excitation pulse is doubled in frequency
using a BBO-crystal for second harmonic generation and focused onto the gold coating of the
cathode inside the vacuum chamber. b) The second harmonic compression pulse is expanded
for a smaller final focus by a telescope within which it is also doubled in frequency. After a
mirror and aperture system for angular control it is focused inside the interaction chamber by a
150mm-focal-distance best form lens. c) The fundamental compression pulse is as well angle
controlled by a mirror and aperture system before being focused into the interaction chamber by
a 125mm-focal-distance best form lens. The focus is temporally and spatially overlapped with
the focus of the second harmonic compression beam. The electrons are emitted from the gold-
coated cathode surface and accelerated by a voltage of 95 kV , astigmatism-corrected by an
electromagnetic octupole, directed by a deflection coil pair, focused into the compression pulse
foci by a coaxial solenoid magnetic lens and analyzed either in the spectrometer or its front-end
retractable real-space camera. In the spectrometer the electrons are bent by a homogeneous
magnetic field by 90° to achieve a perpendicular spatial dispersion. This electron spectrum is
magnified onto the CCD camera by a quadrupole assembly (See Section 4.1)
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(a) The electron generation setup: In the center
the electron gun vacuum chamber is seen with
the focusing optics mounted in front of it in a
optical cage system. The laser beam comes
from the rear part of the photo, passes the
golden triplex mirror on the left and is then

expanded by a telescope containing the
BBO-crystal for second harmonic generation in
the square black mount. In the front we see the
two compression beams being split and timed

by their two individual delay stages.

(b) The compression beam setup: Both beams
arrive at the bottom right corner fixed by two
apertures and pass several mirrors with cali-
brated distances and alignment screw positions
before being focused into the interaction cham-
ber in the rear by lenses mounted on three-
dimensional actuation platforms.

(c) Rear view of the electron beam line with from right to left the
electron gun chamber with its gate valve attached, the mount with
the deflection coil pair, then the octupole pair, the solenoid lens and
the interaction chamber. Two optical CCD cameras with objectives
that image the interaction region are used for alignment and optical
diagnostics inside the interaction chamber. On the left the real-space
electron camera attached to the front of the spectrometer is visible.

Figure 6.2: Laboratory Photos of the Experimental setup.
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minimize the jitter. These laser pulses are split into three parts, one of which is directly
focused onto the interaction region under a well controlled angle, one is converted to 515nm
wavelength via second harmonic generation, and the last one is used for electron generation.
Thin-film polarizers are used in combination with half-wavelength delay plates to act as a
low-loss variable beam splitter. Of the 400µJ pulses, about 20µJ are split off for electron
generation. This is far more than the needed excitation pulse energies; though it raises
the beam quality, the fine tuning performance and beam quality would suffer from using
an extreme splitting ratio at the thin film polarizer. Narrow banded few-electron pulse
generation is achieved by two photon emission from a backside-illuminated gold layer, also
using the second laser harmonic, as described in Section 3.3.

After acceleration by a voltage of 95 kV , the electrons exit the anode pinhole, are
astigmatism corrected, and focused by a coaxial solenoid. An electron spectrometer, as
described in Section 4.2 with a retractable front camera, is used to observe the electron
pulses both spectrally and in real space.

6.2.2 The Compression Beam Setup

Most of the laser energy is used in the compression pulses, one of which is kept at the
wavelength of 1030nm and is subsequently called the fundamental pulse or fundamental
beam. The other pulse passes through a barium borate (BBO) crystal for frequency dou-
bling and is referred to as the second harmonic pulse or second harmonic beam later. The
beams are expanded to diameters of 14mm and 12mm, respectively, to improve focus-
ing and pass through a mirror and aperture system to fine tune, save and reproduce the
compression angles of 83.0◦ for fundamental measured towards electron pointing and 29.7◦

for the second harmonic, respectively. This is done by well-defined mirror positions with
their screw positions calibrated, and the final focusing best-form lenses are mounted at
three dimensional stages with a precision of 1µm. These lenses focus the beams to form
the compression region. These are aligned to focus the beams in perfect spatiotemporal
overlap at a point in space defined by the electron setup using the plasma cross-correlation
method described in Appendix A.5.

The laser focal diameters are challenging to delimit as they cannot be directly measured
by usual methods such as knife edge scans because the laser intensity is too high to allow
destruction free material inserts to intersect with the beam focus. Any method of thinning
it out slightly changes the laser focus because of thermal lensing properties, which happen,
for example, inside the second harmonic generation stage. In addition, these tests are
harder to conduct inside the vacuum chamber. Thus, the waist size has to be estimated
by reproducing an identical focal condition and precurring beam expansion outside the
chamber using low laser power and a different BBO crystal for second harmonic generation.
The waist size is then measured by a CCD camera with 1.6µm pixel size. The result then
has to be compared to a calculation using gaussian beam propagation (see Appendix A.3)20.
An additional check on waist size is provided by estimating the ponderomotive scattering
potential of a single laser pulse exerted on the electron pulse (see Appendix A.4.1).Using the
data displayed in Table 6.1 and including error propagation, the FWHM focal diameter
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Method CCD imaging Gaus. Sim. Single Beam Pond. Int.
w⊥

1030 (µm) 6.6 8.2 n.A.
w⊤

1030 (µm) 8.5 n.A. 12.0
w⊥

515 (µm) 4.2 5.0 n.A.
w⊤

515 (µm) 6.1 n.A 6.0

Table 6.1: Upper w⊤
1030,w

⊤
515 and lower w⊥

1030,w
⊥
1030 limits imposed on the focal FWHM waist

diameters of the compression laser pulses of 515nm and 1030nm respective wavelength

for the fundamental pulse is estimated to be [8µm; 8.7µm] and [4.9µm; 6.1µm] for the
second harmonic pulse, respectively.

The Manley-Rowe principle predicts that the compression strength depends solely on
the density of photon pairs and should be optimal for a given total pulse energy if the
photon flux density of both compression pulses is equal18,96. This principle was verified
by observing the cut-off acceleration of the electrons in the experiments of Section 6.3
while thinning out one of both pulses. Hence, excess photons of any color are proven to
be largely irrelevant, ignoring the scattering capabilities of a single pulse investigated in
Appendix A.4.1. At this point, I suggest introducing a new quantity, the photon pair
pressure Ξ⃗[ eV

nm∗cm2 ]. It is a pressure as it acts on the, in this case, highly velocity dependent
cross section of a charge carrier resulting in a force. For the parameters of two laser
pulses of 200 fs and 180 fs duration, 8.3µm and 5.0µm FWHM waist sizes, and matched
peak photon flux density, the peak absolute Ξ was simulated in Fig. 6.3a for the x-z
plane, where z is the propagation axis for the electrons and x-z is the plane spanned by
the laser optical axes. This simulation provides a good estimate for the geometry of the
effective interaction region. Integrating the absolute Ξ amplitude along the propagation
axis of the electrons (see Fig. 6.3b) gives an estimate for the compression efficiency for
off-axis electrons. This is, on a side note, not a gaussian shape, but has a plateau of
roughly 2µm width resembling optimal compression, but then declines more steeply than a
gaussian would. Notably, this plateau width is close to the FWHM diameter of the electron
beam under good external conditions, which was determined to be within [1.8µm; 2.5µm]
in Section 3.5.2. Thus, a transversely quasi-homogeneous compression can be achieved.
Experimental spatial probing of the compression region is performed in Appendix A.2.

6.2.3 Stretching the Compression Pulses

A dense flint glass block of length 3 cm or 5 cm can be inserted in front of the gun chamber
to achieve longer compression pulses in combination with unchanged electron generation
parameters. This is necessary to achieve a longer prevalence time of the optical grating
because the electron pulse duration of 480 fs± 60 fs is significantly longer than the laser
pulse duration of 200fs. Stretching thus leads to more homogeneous compression of the
electron pulses in experiments where sideband contrast and spectral envelope shape are
of greater interest than maximum energy modulation. A negative dispersion can be ap-
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(a) 2D plot of simulated photon pair pressure in the
plane spanned by the compression beams with the
z-axis being the propagation path of the electron
pulse

(b) 1D projection of the photon pair pressure inte-
grated along the z-axis as a measure for the compres-
sion efficiency for off-axis electrons. This projection
does significantly deviate from a typical gaussian,
but rather exhibits a flat top and steeper flanks.

Figure 6.3: 1D projection of the photon pair pressure integrated along the z-axis as a measure
for the compression efficiency for off-axis electrons

plied in the laser compressor, leading to the desired pulse duration. The pulses used for
electron generation are recompressed to minimal duration by a glass block of calculated
thickness. For the bandwidth of the second harmonic generated for electron dispersion
that was measured to be 3nm and the group velocity dispersion of Schott dense flint glass
of the type N-SF66 given at −4543.9 ps/(nmkm)97 the total stretching and recompression
capability is calculated to be 680 fs for the 5 cm block and 408 fs for the 3cm block re-
spectively. The experimental test this estimation has to stand is a scan of the negatively
dispersed pulse length set in the laser software. The first criterion for optimal dispersion
is electron generation efficiency at a given pulse energy after second harmonic generation.
While inserting the glass blocks and scanning the negative dispersion setting, the available
compression pulse durations for minimal electron pulse duration have been determined to
be 900 fs and 600 fs for the fundamental pulse. With the use of frequency resolved opti-
cal gating98 the second harmonic pulse durations have been determined to be 700 fs and
490 fs FWHM, respectively.

6.3 Spectral Envelope Shapes in Different Compression
Regimes

Figure 6.4 shows the three major envelope shapes that modulated electron spectra can
exhibit. At a low compression strength, with pulse energies of 13µJ for fundamental and
11µJ for the second harmonic, only some electrons absorb a photon pair. As predicted
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Figure 6.4: Comparing three different compression regimes dependent on compression pulse
duration and energy in one diagram. It is plotted with a double logarithmic scale in electron
energy loss (EEL) and normalized count rate. The blue curve for stretched compression pulses at
low energy (correlated with high repetition rate) has a convex envelope showing few sidebands
at low intensity but good contrast. The red curve shows the regime with stretched pulses at
high energy. It shows a dip around the central energy an clear cutoffs at +− 120 eV as well as
still distinguishable sidebands. The green curve shows a continuous drop of signal towards the
cutoff at approximately +−2200 eV . The sidebands are not visible because the green spectrum
was acquired at a lower resolution

.



70
6. Ponderomotive Free-Space Compression of Electron Pulses into Attosecond

Regime

in Section 2.4, we see small sidebands emerge at a distance of 1.204 eV which is the en-
ergy difference between two photons of 1030nm and 515nm respective wavelengths (blue
spectrum).

As for the blue one, the red spectrum was also generated with compression laser pulses
stretched to 900 fs for the fundamental pulse and 700 fs for the second harmonic. For
the red spectrum, however, the pulse energies have been ramped up to 80µJ and 70µJ
respectively. This leads to a letter-M-like shape of the spectrum, which will be addressed
in Section 6.5.3.

Finally, there is a regime where I maximized the peak laser intensity by using the
shortest possible compression pulses of 200 fs and 180 fs for fundamental and second
harmonic, respectively, while their pulse energy was maximized (Section 6.4). As the
electron pulses have a duration of 480 fs±80 fs the front and tail of the electron pulse are
nearly uncompressed, resulting in a dominant peak around zero energy gain. Furthermore,
a large part of the electron pulse interacts with a reduced intensity grating, leading to a
steady, near exponential slope of the spectrum towards the cutoff. The spectral region of
exponential signal drop is graphically distinguishable by the absence of graph curvature in
the logarithmic scale of figure 6.4. Near the cutoff, the signal goes almost linearly to zero,
as seen in Fig. 6.5a and 6.5b.

6.4 Achievement of Multi Kilo-Electron-Volt Spectral
Broadening

For large range spectra, the spectrometer is then aligned for different central energies in
steps of 700 eV while conserving the projected focus inside the interaction region. There,
the modulated electrons will be emitted from, thus conserving the alignment for the mod-
ulated electrons. This procedure is elaborated in Section 4.2.7. Using this technique,
the compression pulse energies were ramped up to 108µJ for the fundamental beam and
136µJ for the second harmonic. The laser pulses are set to the shortest possible duration
of 200 fs to achieve maximum compression strength. The resulting composite spectrum in
Fig. 4.7 shows a total width of 2.2 keV .

To test the matching of the velocities of the optical grating and the electron pulse
discussed in chapter 2.4, both the incident angles of the second harmonic pulse and the
fundamental pulse have to be scanned over the optimum. For this reason, the exact position
of the screws at two different mirrors, respectively, is recorded. Essentially, the first mirror
is de-tuned by a certain amount before the interaction is restored, turning the second
mirror in the opposite direction. This results in a parallel shift of the beam before the
final focusing lens. As all parallel beams are focused into the same spot at a perfect
lens, this results in a pure angle change in first approximation. Additionally, there is a
timing difference created via the altered angle between the two rotated mirrors. The lens
on the other side conserves the timing. This is corrected after every step. For larger
angle changes, the spherical aberrations of the focusing lens become relevant, and the
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(b) Scan of second harmonic angle around optimum

Figure 6.5: Scan of compression laser angles around optimum to find the optimal velocity
matching condition. Shown is the spectral window around an electron energy loss (EEL) of
2100 eV where the cutoff region is. We see the cutoff as a linear drop of signal intensity.
The optimum for the fundamental angle scan is a modulation of over 2500 eV while it is
roughly 2300 eV for the second harmonic scan. The difference is explained by daily environment
conditions.

compression quality degrades. This is the reason these angle scans only cover a small
window and cannot be performed over a larger range without considerable difficulties. To
shift this tractable angular window, the final mirror has to be moved, and the lens rotated
to make the beam pass more or less on axis again. In the figures 6.5, both angles are
scanned around the optimum while the respective other one is optimal. Recorded is the
one sided cutoff energy while observing a central energy of 92.9 keV . We see the cutoff
as a linear drop in signal intensity. The optimum for the fundamental angle scan is a
modulation of over 2500 eV , while it is roughly 2300 eV for the second harmonic scan.
The difference is explained by slowly changing environmental influences. 2572eV was
the highest energy change observed during these ponderomotive compression experiments,
corresponding to at least 2143 photon-pair interactions. For both beams, the sharp angle is
measured in terms of direction of increment. We observe an asymmetry in the broadening
effects of angle increment and decrement from the optimum. For the fundamental pulse
(Fig. 6.5a), increasing the angle by 0.6◦ reduces the one sided spectral width by 150 eV ,
while decreasing it by the same amount reduces it by roughly 300 eV . For the second
harmonic pulse (Fig. 6.5b), small changes around the optimal angle seem to have a rather
symmetrical effect within ±0.24◦, but a decrement by 0.36◦ already reduces the one sided
spectral width by over 300 eV .
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6.5 Observation of Quantum Coherent Spectral Side-
bands

The multi-keV envelope proves strong longitudinal modulation, but it does not, by itself,
distinguish coherent photon-pair exchange from incoherent or ensemble-averaged broad-
ening. The decisive signature of coherent ponderomotive scattering is the appearance of
discrete sidebands separated by the photon-energy difference of the two laser fields. This
section deals with the investigation of sideband signatures across different compression
regimes.

6.5.1 Time Scan at Low Modulation Levels

In this test, the time delay of the electron excitation laser pulse is scanned in 33 fs steps by a
computer-controlled delay stage around the point of optimal compression. The compression
pulses are stretched to 900 fs for the fundamental and 700 fs for the second harmonic. The
motivation is to fully cover the electron pulse with an approximately twice as long prevailing
optical grating to enable a more homogeneous compression of the ≈ 480 fs FWHM electron
pulses. The repetition rate is set to 100 kHz, resulting in pulse energies of 80µJ for the
fundamental pulse and 70µJ for the second harmonic pulse. The results in Fig. 6.6 show,
as expected, a timing-dependent broadening that is naturally explainable by a reduced
field strength and similarly reduced ponderomotive compression strength in the tails of the
compression pulses. The temporal FWHM of the spectral broadening is 960 fs, which is
slightly shorter than the linear convolution of the electron pulse duration with the duration
of the shorter compression pulse, namely the second harmonic. The second feature is the
loss of the letter-M-shape, meaning a loss of the compression rate92. Both can be explained
by the same argument previously made for the non-stretched compression pulses: the tail of
the electron beam only receives very low modulation, resulting in a significant peak around
the zero-loss energy. The third observation is a shift in the absolute sideband energies with
timing by up to 1 eV for each sideband. It can be partially explained by the temporal chirp
of the electron pulse after propagation in vacuum. This leads to a selection of lower energy
electrons on late timing and vice versa. With this effect alone, the zero-loss peak would
not change its energy. However, a shift of the zero-loss peak is also observed. A second
effect that could explain this is an envelope-ponderomotive acceleration of all the electrons
in the pulse by the slope of the longer compression pulses, comparable to the incoherent
single beam ponderomotive acceleration from Appendix A.5. The near-Gaussian envelope
acceleration and the quasi linear chirp of the electron beam after propagation in vacuum
- early electrons have an approximately 0.5 eV higher energy than late ones - add to an
S-shape which is observed in the time-energy sideband traces of Fig. 6.7.
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Figure 6.6: Electron spectra for different time delays on a logarithmic scale. A loss of spectral
width is observed with de-tuned timing as well as of the dip around the central energy and
steepness of the spectral cutoff. Also a anergy shift of up to 1 eV for corresponding sideband
orders is visible between different time-slices.

Figure 6.7: Electron spectra in a 2D-plot with a vertical time axis allows tracing of the different
individual side band positions. A letter S-like shape can be observed with individual sidebands
loosing energy if delayed and gaining energy if early in reference to the compression laser pulses.
For improved visualization of the low signal sideband traces, the figure is plotted in two different
linear color codes for electron current: the left one is saturating (red) at the highest appearing
current while the right one saturates at 25% of this value
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6.5.2 Space Charge Tolerance of High-Modulation Sideband Con-
trast

An important optimization parameter is the electron excitation pulse (EEP) energy. As
discussed in Chapter 3.5.1 more than one electron inside a pulse leads to space charge
effects that broaden the electron energy spectrum and expand the pulse’s phase space99.
This effect increases the bandwidth of the zero-loss peak (ZLP) and reduces the spectral
resolution we obtain in the spectrometer93. However, this effect is self-mitigating up to a
certain point, as the compression region acts as a spatiotemporal aperture, and only true
single electron pulses are compressed and thus detected at higher energy changes. In figure
6.8, we see the electron spectrum in the regime of Section 6.4 close to the ZLP. At an EEP
energy of higher than 4.8nJ we see visible broadening of the ZLP and vanishing sideband
contrast close to it. On the right side of figure 6.8 we see the Fourier transform of the
spectrum on the left plotted with the X-Axis normalized to sideband orders of 1

1,204 eV
.

Besides highest Fourier amplitude being at low frequencies, a band at one sideband order
is best visible between 4.2nJ and 5.4nJ of EEP energy. The conclusion considering our
need for the highest possible signal levels when observing large energy shifts is that 5.4nJ
EEP energy is a feasible value for further high modulation experiments, although it shows
considerable broadening of the ZLP. Though for low compression strengths, where signal
strength is not an issue, an EEP energy of less than 2nJ completely avoids space charge
effects, optimizes sideband contrast, and leaves the theoretical spectral envelope shape
unimpacted (see Fig. 6.9).
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Figure 6.8: A plot for visualizing the effects of increased gun power that leads to increased
electron flux coming with space charge effects. On the left the spectral window of ±20 eV
around the zero-loss peak is plotted and shows a significant increase if bandwidth in the zero-
loss peak at excitation energies higher than 5.4nJ . Visible sidebands also disappear between
4.2nJ and 5.4nJ . In the right diagram the Fourier transform of the corresponding spectral
window on the left is plotted versus spatial frequencies in sideband orders of 1

1.204 eV
. Between

3nJ and 6nJ of laser pulse energy a clear light peak is visible at one sideband order with the
optimum at 4.8nJ .

6.5.3 Sideband Contrast and Coherence of the Two Photon Pro-
cess

A remaining question is whether the observed sideband structure is consistent with a fully
background-free photon-ladder spectrum; in other words, whether the finite signal between
neighboring sidebands is primarily caused by the instrumental response rather than by an
incoherent spectral background. To address this point, a spectrum with particularly high
intrinsic contrast was selected for a deconvolution analysis. The measurement was per-
formed with stretched compression pulses of approximately 900 fs and at low gun current,
thereby suppressing multi-electron contributions and minimizing additional heating of the
emission surface. Furthermore, the compression pulse energies were chosen such that the
complete modulated spectrum remained within a single camera frame at the maximum
available spectrometer dispersion.

The resulting raw spectrum already shows clearly resolved sidebands with a contrast of
approximately 30% to 50%, as shown by the blue curve in Fig. 6.9. The measured zero-loss
peak has a FWHM bandwidth of 0.74 eV , which is only slightly smaller than the spectral
spacing of the photon ladder (1.20 eV ). Consequently, the minima between adjacent side-
bands are not expected to reach zero intensity in the directly measured spectrum, even if
the underlying modulated electron spectrum itself were background-free.

To estimate the intrinsic sideband contrast, the measured spectrum can be, in analogy
to Section 5.2.5 from the attosecond TEM experiments, deconvolved with the zero-loss
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Figure 6.9: This Figure demonstrates the achievable sideband contrast at low modulation,
where a quasi-homogeneous interaction region covers the whole electron pulse. Low modulation
strength increases the detected current and enables shorter, less drift impacted integration times.
The black line is the raw signal of a 2.5 s integration with 900 fs compression pulse duration
at a repetition rate of 100 kHz. The red line is a simulation (see Section 6.5.5). These
experimental parameters and slightly adjusting them within the parameters uncertainty range
to best match the results. Blue is the zero-loss peak, i.e. the compression switched of. All
graphs are normalized with respect to their maximum. A sideband contrast of 30%− 50% can
be observed.
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peak. It serves as the experimental point-spread function of the spectrometer and elec-
tron source under the same conditions. After deconvolution, the sideband modulation
approaches complete contrast over most of the resolved spectral range. This indicates that
the residual signal between neighboring sidebands in the raw spectrum is dominated by
the finite experimental energy resolution.

This observation supports the interpretation of the interaction as a quantum-coherent
two-photon process18, wherein the electron wavefunction is coupled to a discrete ladder
of energy states separated by the photon-pair energy, as discussed in Section 2.4. The
appearance of near background-free sidebands after removal of the instrumental response
is therefore consistent with the photon-ladder description of the ponderomotive interaction
and with the quantum-coherent nature of electron-light coupling reported for related near-
field interactions100.

Further, the letter-M-shaped envelope with a steep cutoff and a dip around the cen-
tral energy is in line with erstwhile reported femtosecond experiments describing the n-th
photon order intensity by Bessel functions in the form of11,30,91,95,101:

I(∆E) ∼ J2
n(g) + C (6.1)

For the electron current I, the energy change ∆E, the second order Bessel function of index
n J2

n, the coupling constant between the electron and the light field g and a background
current C. The Bessel function shape is well represented as the red graph resulting from a
quantum simulation (see Section 6.5.5) assuming near perfect compression parameters for
the electron wave packets characterized in Section 3.5.3. The remaining limitation is thus
not the absence of a discrete sideband structure but the experimental ability to resolve
it directly without any numerical data processing. Further improvements would require a
narrower zero-loss peak and improved long-term stability of the electron optics. In practice,
this primarily concerns the stability of the high-voltage supply, the electromagnetic envi-
ronment of the beamline, and the current supplies used for magnetic beam control. With
improved instrumental resolution, the background-free character of the sideband spectrum
should become directly observable in the measured data.

6.5.4 Sideband Contrast at High Energy Modulations

While low compression strength allows the sidebands to be clearly visible in the raw camera
images, larger energy gains pose difficulties as the spectral signal density no longer exceeds
the noise level by a sufficient amount when observed at a dispersion needed to resolve the
sidebands. Here, Fourier transform based drift correction succeeded in improving the side-
band contrast18. Slow drifts can be registered on the order of seconds, as investigated in
Section 3.5.1. These not only limit the integration time per frame but also make averaging
multiple frames less beneficial. As the zero-loss peak is not visible on the screen, the indi-
vidual frames lack a common feature that could be used as an anchor point for correcting
the energy axis. In Fourier space, however, such a feature is present. Adjusting the energy
axis of each frame to eliminate the phase shift of the respective Fourier component between
frames allows for integration over thousands of frames18.
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Figure 6.10: Justification for the drift correction procedure used for Fig. 6.11: a) shows the raw
image of the spectrometer camera. While at low energy changes the sidebands are instantly
recognizable, the signal to noise is to low for higher energy changes. Fourier transformation
yields a distinct frequency component at the spatial frequency corresponding to the sideband
separation. This holds true both for the transform of every pixel line (b) as well as for the
column integrated spectrum (c). The red line shows the phase which linearly cycles at the
same frequency. Figure taken from the supplementary figures of M. Tsarev, J. W. Thurner, and
P. Baum, “Nonlinear-optical quantum control of free-electron matter waves,” Nature Physics,
2023.18
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First, of course, this has to be justified, as conveniently arranging random count fluctua-
tions could more or less force the image to look like the desired signal. A strong justification
is presented in the data displayed in Fig. 6.10, where, for four spectral windows, the raw
signal, the row-wise Fourier transform, and the column integrated Fourier transform, as
well as its phase, are shown. In all energy windows, there is a clearly distinct peak at a
spatial frequency of 1

1.2 eV±0.15 eV
present on the spectral axis. It is visible both row wise

and in the column integrated spectrum, while the Fourier phase linearly cycles exactly at
this frequency18.

The phase of this Fourier component is now used as our drift correction anchor point
and is fixed to zero. This is practically achieved by summing up all Fourier transformed
images and back-transforming them with zero phase. After summation over 1000 images
with an integration time of 5 s each, we can clearly confirm the presence of thousands
of quantum order sidebands at the three energy windows shown in Fig. 6.11. There,
high resolution measurements on small windows around −1000 eV ,+100 eV , and +1500 eV
exhibit a sideband contrast of ≈ 25%18. The latter central energy corresponds to the 1250th
sideband order. Thus, the findings of Section 6.5.3 are valid even at large compression
strengths.

The integration time of 5s was found to be optimal. Trying longer ones increased the
chance of significant drifts occurring within. Shorter ones led to prolonged total acquisition
time while aiming for the same total collected electrons. For high resolution measurements,
the CCD was cooled to −70◦C to minimize background noise and given 20s to fully re-
equilibrate and discharge after every readout. The long term sum of all uncontrollable
changes in the magnetic environment of the building limited the total acquisition time to
a few hours in best before worsening the overall alignment of the setup to a point where
more frames bring no significant information.

Further improvements in an attempt to reveal the true Bessel function like shape with
high currents near the cutoffs require shorter initial electron pulses as well as tighter fo-
cusing within a more controlled electromagnetic environment to experience a maximal and
uniform interaction within the compression region of Fig. 6.3a.

6.5.5 Discussion

While the observations of the low energy experiments confirm the predictions of Section
2.4, mainly the appearance of sidebands, their spectral period of 1.204 eV and the Bessel-
function-like spectral envelope shape, in every aspect, and as well, the high modulation
spectra exhibit signs of this period we have to work, the time domain of the experimental
results is less accessible by analytic theory. One of the main objectives, the intra-train
pulse duration can be extracted in a three step process.

• A numerical spatiotemporal simulation approach must be chosen, which proves its
consistency with the well confirmed low energy results.

• Then this approach has to confirm that the high energy data is well explained by the
same quantum mechanical effects.
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Figure 6.11: The red line shows the quantum mechanical simulation (section 6.5.5) and com-
pares well to the experimental results. The asymmetry is linked to the higher count yield of
the phosphor screen at higher electron energies. The blue (a), green(b) and orange(c) graphs
are high resolution measurements at selected small energy windows to show the presence of
photon order sidebands at high energy modulations. These measurements have been taken at
200 averaged frames of 5 s integration time, drift corrected and drift corrected (see Section
6.5.4). After correction, a sideband contrast of 20% − 30% was observed. This Fig. was
created from a raw data set, which was also used for M. Tsarev, J. W. Thurner, and P. Baum,
“Nonlinear-optical quantum control of free-electron matter waves,” Nature Physics, 2023.
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Figure 6.12: Result of the time domain simulation at three points around the temporal focus.
The Blue graph denotes a single wave packet, the black graph the realistic beam from the
experiment and the pink one an intermediate case, where THz compression to a pulse duration of
30 fs21 is applied before interaction.Figure taken from M. Tsarev, J. W. Thurner, and P. Baum,
“Nonlinear-optical quantum control of free-electron matter waves,” Nature Physics, 2023.18

• After reaching full consistency with the spectral results, it can predict the time
domain shaping of wave packets with high confidence

The electrons wave function inside the electromagnetic field of the double laser pulses in
the non-relativistic approach is fully described by the time dependent Schrödinger equation:

iℏ
d

dt

∣∣Ψ〉
=

[
−iℏ∇⃗ − e(A⃗1 + A⃗2)

]2
2me

∣∣Ψ〉
(6.2)

The Hamiltonian comprises the momentum operator −iℏ∇⃗ and the potential energy of
the linear superposition of the vector potentials from both laser pulses A1 and A2.

∣∣Ψ〉
denotes the electron wave function, e the elementary charge, and me the electron mass.
The light fields’ vector potential A⃗ can be calculated as a superposition of both pulses with
the gaussian beam parameters focal distance (125mm and 150mm) and waist size (8µm
and 5µm), respectively, in combination with the known laser wavelengths and assuming
equal photon numbers, as excess photons of any pulse do not contribute to the two pho-
ton interaction with the electron. This allows the numerical solution of the Schrödinger
equation employing the Askar–Cakmak finite-difference numerical scheme to propagate the
electron wave function in time, following the timestep equation18,102:

ψ(t+∆t) = ψ(t−∆t)− 2i∆t

[
−iℏ∇⃗ − e(A⃗1 + A⃗2)

]2
2me

ψ(t) (6.3)

Here, the wave function Ψ(t) in a point inside a spatial grid is propagated in time by
discrete time steps ∆t. To account for any inhomogeneities in the electron pulse, the
quantum simulation results are incoherently superimposed with the measured electron
pulse profile from Chapter 3 in time and space before being converted into laboratory
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frame18. The results of this numerical propagation are shown in Fig. 6.9, where not
only the general shape but also the exact period, contrast, and cut-off width could be
reproduced. Additionally, a variation in the initial pulse duration confirms the expected
480 fs FWHM extracted from the cross-correlation with single compression pulses as the
best match.

As shown in Fig. 6.11, the overall shape of the high energy spectrum can be reproduced
by this simulation as well, which confirms the underlying assumption tethered to the shape
being governed by the electron pulse duration exceeding that of the optical grating. It does
not predict the observed asymmetry, though, where the measured signal is higher than the
simulation on one flank but lower on the other, while the simulation is nearly symmetri-
cal around the zero-loss peak. This can be explained by the large energy changes being
significant relative to the overall electron energy, and higher energy electrons can produce
more counts per event on the detector phosphor screen18. Noteworthy, the noisy appear-
ance of the simulated spectrum is mainly not actual noise determined by the simulation’s
resolution but rather a result of actual coherent effects18.

This simulation approach also gives access to the temporal picture of the compressed
pulses. For this purpose, a single coherent wave packet (see Eq. 6.4) is simulated to arrive
at the spatiotemporal maximum of the compression fields18. A closer look at the wave
packet dimensions was conducted in Section 3.5.1, and for the coherence time, the loga-
rithmic center value for the FWHM coherence time of 14 fs is accepted. It corresponds
to a temporal standard deviation of 6.0 fsor σz = 0.95µm. This has the wave packet’s
FWHM span more than three full cycles of the optical grating calculated in Eq. 2.13 which
is a necessary prerequisite for observing the measured kind of high contrast temporal inter-
ference between different acceleration cycles. Mohler, K.J investigated ultra-fast electron
diffraction at nano-structures74, which were not expected to exhibit observable diffraction
angles in a simple plain wave picture using the de Broglie wavelength of few picometers, but
confirmed a perpendicular coherence disc of roughly 3nm FWHM using a similar electron
source and setup18,74. Reasonably, the same coherence disc σx = 1.2nm is adopted for the
gaussian wave packet in the form18:

ψInit = ψ0e
− z2

4σ2
z
− x2

4σ2
x (6.4)

Here σx,z are the coherent longitudinal (z) and perpendicular (x) standard deviation wave
packet sizes, and the packet is normalized by the coefficient ψ0. In other words, we imagine
a virtual aperture in space18. As we have single electron pulses any results for a single
wave packet will compare to the physical reality, although the variance of arrival time and
trajectory that lead to the observed pulse diameters and durations will not allow to exploit
this reality any further. Future experiments can very well do this but require shorter
electron pulses possible by state of the art pulsed emitter sources103 or pre-compression24

combined with the nanometer spatial precision of modern electron microscopes. The blue
graph of Fig. 6.12 shows the result for a single wave packet around the temporal focus18.
We notice a temporal asymmetry around the focus caused by higher inter cycle interference,
but in focus, a FWHM duration of a single pulse inside the pulse train is determined to be
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3 as. For the incoherent superposition of the wave packet with the real electron pulse size
and duration to match the unfiltered beam of the experiment (black graph), a duration
of 5 as FWHM over a background of ≈ 50% peak intensity is determined. The magenta
graph shows a hypothetical case for pre-compressed electron pulses using results from
Kealhofer, C et al.24 and Ehberger et al.14 who achieved 30 fs electron pulses by terahertz
compression18.
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Chapter 7

Implications of the Results and Outlook

The results in continuous beam attosecond transmission electron microscopy have rather di-
rect, application-oriented impact and constitute a substantial step towards high-brightness,
and in principle widely retro-fittable attosecond electron microscopy technology. Due to
the compression technique at a dielectric membrane it requires only a single CW-laser,
which is not only more affordable, but as well less maintenance-intensive, as femtosecond
pulsed laser platforms. J. W. Henke et al. later replaced the boron doped silicon membrane
by an integrated Si3N4photonic micro resonator104. The key advance is highly efficient CW
electron–light coupling at extremely low optical powers: full depletion of the initial elec-
tron state at only 5.35µW , that is 106 times less, cavity-coupled power and more than 500
sidebands at milliwatt powers104.

Later D. Nabben et al. turned the metrology demonstration into actual attosecond elec-
tron microscopy105. They record sub-cycle optical dynamics in nano materials, including
chiral surface waves, mode delays in nano antennas, and electromagnetic processes inside
a waveguide105.

Within this framework, attosecond-resolved electron microscopy provides access to elec-
tromagnetic phenomena in diverse material classes, including nano-photonic architectures106–108,
while also offering prospects for structural contrast mechanisms based on optical dipole
responses109.

The demonstrated coherent free-space ponderomotive control of electrons on the other
hand potentially opens or expands scientific fields across attosecond science, quantum
optics, and strong-field physics:

First, the generation of electron-wave features with durations in the range of 5 as ex-
tends ultra-fast science into a formerly inaccessible temporal regime, which is simultane-
ously and rapidly approached by different methods like X-ray-driven near-field interaction110

and sub-cycle driven field emission at tungsten nano-tips111. Any claim about which work
held the record at a given time depends on the criteria applied, including whether direct
temporal diagnostics111 or isolated pulses are required; no such claim is made here. Ear-
lier experimentally realized compression schemes for free-electron pulses were limited to
approximately 200 − 800 as25,30,92,112,113, a temporal regime reached as late as 2017. Such
few-attosecond electron pulses enable direct time-resolved investigation of inner-shell elec-
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tron dynamics114, ultra-fast charge migration115, and potentially even nuclear processes110.
Because electrons combine sub-ångström spatial resolution with attosecond temporal reso-
lution, this advance significantly enhances the capabilities of ultra-fast electron diffraction
and microscopy, opening the possibility of observing coupled electronic and nuclear motion
on their intrinsic time scales.

Second, the formation of thousands of phase-locked energy sidebands establishes a new
platform for free-electron quantum optics. The broadband energy comb corresponds to
the preparation of a highly structured coherent superposition state in energy space. Such
states provide a large Hilbert space suitable for encoding quantum information, implement-
ing free-electron qubits, and performing precision phase-sensitive measurements116,117. The
coherence preserved across the entire multi-keV bandwidth indicates that strongly nonlin-
ear multi-photon interactions can be exploited without destroying matter-wave phase rela-
tions. This lays the groundwork for advanced applications including quantum metrology,
attosecond interferometry, and controlled electron-photon entanglement in vacuum118,119.

Third, the scalability of the interaction with increasing laser intensity suggests access
to new regimes of strong-field electron dynamics. At sufficiently high intensities, the pon-
deromotive potential can form a periodic optical landscape analogous to an optical lattice.
In such a regime, the electron wavefunction may become trapped or modulated within a
regular grid of optical potentials31,120, enabling the simulation of solid-state-like dynam-
ics in vacuum. This could possibly establish a conceptual bridge between atomic lattice
physics and relativistic free-electron beam dynamics.

Fourth, quite similarly to the attosecond TEM Experiments in Chapter 5 a second
interaction stage comes to mind. Sensibly this can be constituted by reproducing the
interaction grating at a later point in time. A biprism approach to generate a second focus
of the compression lasers was discussed and dismissed for time-related reasons. The point
of optimal compression was determined to be approximately 15µm after the center of the
compression region according to Eq. 2.30. At such small distances, the laser focus can
be split in two by inserting a roof-shaped prism in front of the lenses used for focusing
the compression beams while their relative timing is controllable by carefully designing the
roof-like biprism geometry. Attosecond timing differences can be introduced by changing
the kinetic energy of the electrons by single electron volts. A change which is not critically
impacting any diagnostic alignments.

Further and fifth the limits of phase matching discussed in Section 2.4 can potentially
be used to implement this compression principle inside a particle storage ring. In the
highly relativistic limit both achieve velocity matching in a configuration collinear with
the particle propagation vector30 (see Fig. 2.6) while the temporal focal distance according
to Eq. 2.30 can become arbitrarily large with a high relativistic factor γ in Eq. 2.30.
Inside a storage ring the optical grating’s repetition rate can be synchronized with the
round trip rate of the particle pulse. Now the engineering problem of achieving a stable
configuration where the temporal focus opposite to the compression stage is imaged onto
itself would have to be solved. This probably needs auxiliary stages like microwave cavities
for stabilizing the pulse train envelope. Now comes into play that there is no hard technical
limit on compression strength making pulse durations of 10−20 s seem feasible with future
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high-repetition high-intensity laser technology. Imagine trapping a heavy ion inside the
temporal focus of two slightly delayed zeptosecond electron pulses and analyzing nuclear
reaction mechanisms like for example electron capture by scattering the second pulse after
capture of the first in a pump probe fashion.

Finally, in the absence of any material medium, nano-structure, or near-field geome-
try, energy- and momentum conservation is satisfied purely through a three-body photon-
electron process in free-space, demonstrating that a free electron can serve as the nonlinear
element itself. This removes decoherence channels associated with material environments18

and, more broadly, it re-frames the role of matter-wave coherence in scattering phenomena
and suggests that similar approaches could be extended to other combinations of mas-
sive and massless particles18, thereby expanding the conceptual and experimental scope of
quantum collision physics.
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Appendix A

Supplementary Material for the
Ponderomotive Compression
Experiments

A.1 Time Delay Scan with Real Space Diagnostics

The omnidirectional acceleration of electrons by an intense single beam focus can be seen
directly when using a real space electron camera. In the time series of figure A.1 and
A.2 the electron focus has been placed about 1mm after crossing the laser focus and
before respectively. In the underfocused condition the change looks like a lokal spot of
increased signal in the image. In the overfocused regime we see a shadow of the laser pulse
that is moving with tiome delay and framed by a zone of increased signal. Both cases are
explainable with the model of a scattering lens that accelerates all electrons away from wits
center with an acceleration proportional to the laser intensity gradient. In underfocused
condition this explains the local increase of electron counts as the scattering reduces the
local convergence angle of the electron beam thus moving the focals spot for this part of
the beam closer to the camera. As the total counts logically stay unaltered this zone of
increased signal is enframed by a zone of reduced signal. In the uverfocused condition it
has the inverse effect by deflecting the electrons away from the specific area on the CCD
that sees the shadow.

The series of different time delays in the overfocused setup allows a spatial mapping of
the cross section of the electron beam the interaction region is in using the speed of light
where the steps of 66fs can be assigned to 20µm of laser movement. The electron pulse
duration can be directly estimated by this tempo-spatial correlation. In first approximation
the time delay it takes for the center of the shadow or enhanced spot to travel across the
beam is the pulse duration of the electron beam. So the temporal FWHM can bea roughly
estimated as the time delay it takes for the center of the laser signature to cross the region
of half maximum signal (green in the 2D Plots). For both overfocused and underfocused
condition this happens between the images for 200fs delay and 266fs delay. An important
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Figure A.1: Real space image for the interaction with the fundamental beam at different timings
with the electron focus placed after the interaction. At time zero barely a change is visible. At
slight time delay an elliptical zone of enhanced signal framed by reduced signalappears in the
signal slope at the edge of the beam. The shadow in the bottom of the image is a clipping at
the vacuum tubing because the strength of the solenoid lens was changed respective to normal
configuration.

detail to keep in mind for this reading is that the center of the signature appears further
outside the beam on first glance than it actually is because it is located at a gradient.
Thus one has to look at each horizontal pixel line by itself to find the center as the largest
dip or peak respectively. By this the electron pulse duration can be estimated to be
466fs+−66fs.

A.2 Spatial Probing of the Interaction Region with Spec-
tral Diagnosis

With the laser focal diameters estimated to ≈ 5µm for the second harmonic and ≈ 8µm
for the fundamental, the electric fields at the interaction point within the crossed laser
foci can be estimated. However, aberrant effects can significantly impact observed spectral
details. Thus an additional experimental test is conducted probing the interaction region
by a vertical scan changing the electron focus’ position using the deflector control currents.
The electron pulses are stretched to 900fs at a 600kHz repetition rate to minimize the
effects of secondary changes in longitudinal overlap. For positional variance below 20µm
the aberrations of the solenoid lens have been observed to be negligible, referring to the focal
diameter in this experimental setup although they can possibly impact the spectrometer
resolution and introduce a shift in the measured energy. The control current to position
relation can easily be mapped by imaging a 2000-lines-per-inch mesh TEM-grid featuring a
hole size of 6.5µm onto the spectrometer camera in imaging mode and noting the positions
of the electron beam center. This allows setting up a scan that acquires the compressed
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Figure A.2: Real space image for the interaction with the fundamental beam at different timings
with the electron focus placed before the interaction. An elliptical zone of reduced signal framed
by enhanced signal appears that moves towards the edge of the electron beam with increasing
time delay and expands while doing so. The shadow in the bottom of the image is a clipping at
the vacuum tubing because the strength of the solenoid lens was changed respective to normal
configuration.

spectra while shifting the electron focal position in steps of 1.1µm being the smallest
change possible for digitally controlled current sources. Fig. A.3 shows the spectra for
a set of seven positions with the signal intensity plotted over the electron energy loss
(EEL). The best compression rate with the largest envelope broadening occurs between
the almost equivalent Positions 2 and 3. Furthermore, a continuous shift towards higher
energy loss is observed which is expected because of magneto-optical changes and solenoid
lens aberrations as the spectrometer is not aligned and zeroed to the changed trajectories.
Small timing changes can also be contributing, as similar looking zero loss peak shifts are
observed in time scans, but are not expected to cause shifts this large using stretched
pulses. This was an attempt for a consistency check of the photon pair pressure simulation
in Fig 6.3a, which leaves it plausible, but lacks the quantitative precision to confirm it
within the calculations precision.

A.3 Laser Focal Diameter Estimation

The focal Diameter was calculated using the software Zemax OpticStudio 21.2.2. Under
inclusion of all aberrations and official data, kindly provided by Thorlabs GmbH. For the
second harmonic focus the result was a waist size of RMS radius σ = 2.163/mum core-
sponding to a FWHM of 4, 97/mum being well in sync with the experimental results. For
the fundamental, the result was σ = 3, 56/mum corresponding to a FWHM of 8.2/mum.
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Figure A.3: Spatial probing of interaction region. The positions are separated by 1.1µm per-
pendicular to the electron propagation axis. The low modulation spectra become significantly
narrowed and shifted at offsets larger than 2µm.

Figure A.4: Screenshot of the Zemax OpticStudio Software used to estimate the focal profile
of the second harmonic compression pulse
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A.4 Ponderomotive Scattering of Electron Pulses at sin-
gle Laser Pulses

For a first measure of the ponderomotive interaction the effect of confocally overlapping a
single laser pulse with an Electron pulse is examined in spatial and energy domain. This
can be modeled as classical scattering of the electron packet at a gaussian potential.

A.4.1 Spectral Diagnostics for Scattering at Different Powers, Wave-
lengths and Time Delays

The maximum achieved acceleration of electrons during interaction with a single lase pulse
yields valuable double checking information on the height of the the pulses ponderomo-
tive potential, its duration and with known pulse energy its focal size. For this reason a
set of spectral time scans at three different powers for fundamental and second harmonic
pulses has been acquired. In all the time scans we observe that early electron pulses are
accelerated and late pulses are decelerated, while around time zero the spectrum is almost
symmetrically broadened with a dip at the original electron energy. For this application
the formula for the ponderomotive potential in an AC field in Eq. A.1 is given in terms
of the fundamental setup parameters speaking focal FWHM sizes and pulse duration and
wavelength. Table A.1 compares the ponderomotive potential heights for our setup as-
suming a FWHM focal size of 5µm for the second harmonic and 8µm for the fundamental
beam with the experimental findings depicted in Fig. A.5 and A.6. These findings can be
used to obtain an upper limit for the laser focal diameters. For single beams, where there
is no velocity matching of the wave front, it can be safely assumed that there is no surfing
effect and the energy change has to be smaller than the potential height. In fact it has to
be significantly smaller, because a perfectly symmetric crossing of an electron and a laser
pulse, where the electron crosses the maximum of intensity does not transfer any energy
as established in Chapter 2. We see that two of three data points for the 515nm beam,
the higher energy ones , agree to observe an energy transfer of ≈ 60% of the calculated
potential height. The 30µJ data is likely to be an outlier. So the more careful way of
obtaining an upper limit is to not include this one. It can be calculated from here that
the FWHM width of the laser focus cannot be larger than 6µm, as the reduced potential
height would make these energy transfers impossible. For the 1030nm beam the energy
transfer efficiency is generally lower, ≈ 40%. This leads to an upper limit of 12µm under
the same considerations.

Addistionally the electron pulse duration can be estimated by the traces of Fig. A.5
and A.6 and knowing the pulse diameters which correspond to an electron traveling time
of 36fs under a 7◦ angle and 18fs under a 60.7◦ angle off perpendicular crossing. Judging
by this data the FWHM electron pulse duration has to be inside the interval [430fs; 530fs]
depending if you set the borders at the start of any visible effect or shortly before reaching
the full effect. The most likely FWHM electron pulse duration is therefore estimated at
480fs.
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Up(λ, I) =
e2E2

α

4mω2
0

=
Ie2λ2
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(ln2)3/2

π7/2

e2λ2Wp

dxdyτϵ0mec3
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Equation A.1:
Up: Pondermomotive potential towards field free space
e: electron charge
m: electron mass
Eα: electric field amplitude of oscillating field
ω0: field oscillation frequency
c: vacuum velocity of light
ϵ0: vacuuum electric permittivity
λ: laser wavelength
I: laser intensity
I: laser intensity
τ : FWHM pulse duration
dx,y: FWHM laser focal diameter, dx = dy in astigmatism-free case
Wp: Laser pulse energy

Figure A.5: Electron time delay scan only using a single laser beam at different powers. A
significant acceleration is observed for early electrons and a deceleration for late electrons. At
time zero a bidirectional scattering with a dip at the central energy is observed. In the upper
row only the second harmonic is used yielding a longitudinal acceleration or deceleration by up
to 11eV for 30µJ pulse energy, 25eV for 90µJ and 45eV for 180µJ . In the lower row only the
fundamental beam is used yielding a longitudinal acceleration or deceleration by up to 19eV
for 60µJ pulse energy, 27eV for 110µJ and 41eV for 160µJ .
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Wavelength 515nm 515nm 515nm 1030nm 1030nm 1030nm
Pulse Energy 30µJ 90µJ 180µJ 60µJ 110µJ 160µJ
Calculated Up 12,3eV 36,9eV 73,9eV 38,5eV 70,5 103eV
Maximum Acceleration 11eV 25eV 45eV 19eV 27eV 41eV

Table A.1: Comparison of calculated ponderomotive potential heights Up and maximum electron
acceleration by a laser pulse
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(b) One sided maximum energy modulation plotted
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Figure A.6: Quantitative analysis of the single beam longitudinal Kapitza Dirac scattering by
changing time (left) and power (right)
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A.5 Defining the Interaction Region Using Two-Laser-
Plasma Generation

A central experimental requirement of the ponderomotive compression setup is the simul-
taneous overlap of the electron focus with the two laser foci. In the most general case,
this alignment problem contains nine relevant degrees of freedom: two relative laser an-
gles, two transverse offsets, two relative arrival times, and three focal-position parameters.
Except for the laser angles and the final electron focusing condition, these parameters can
be optimized by filling the interaction chamber with argon and monitoring the plasma
luminescence generated by the two overlapping laser pulses with two fixed cameras.

The alignment signal relies on the steep nonlinear dependence of the ionization yield
on the local laser intensity. In a perturbative multi-photon picture, the ionization rate of
argon driven by the 1030nm fundamental pulse and its 515nm second harmonic can be
written schematically as

RMPI ∝
∑
a,b≥0

aℏω1030+bℏω515≥WI

ka,bI
a
1030I

b
515 ≈ k14,0I

14
1030 + . . .+ k7,4I

7
1030I

4
515 + . . .+ k0,7I

7
515. (A.2)

in the overlap region of the 1030 nm and 515 nm pulses. Here, I1030 and I515 denote the
local pulse intensities, ka,b are effective multiphoton coefficients for the absorption of a
photons at 1030nm and b photons at 515nm, and WI = 15.76 eV is the first ionization
energy of argon121.

The sum is over alleThe competing tunneling limit is characterized by an approximately
exponential field-dependence of the ionization rate. In its leading quasi-static form, this
scaling may be expressed as

Rtun ∝ exp

[
−2 (2meWI)

3/2

3eℏE0

]
, (A.3)

with ionization energy WI in an electric field of amplitude E0. The expression high-
lights the non-perturbative dependence of tunneling ionization on the instantaneous electric
field122,123.

The relevant ionization regime can be estimated using the Keldysh parameter for an
atom with ionization energy WI in a laser field of angular frequency ω, electric-field am-
plitude E0, and ponderomotive potential Up. The limits γK ≫ 1 and γK ≪ 1 corre-
spond predominantly to perturbative multiphoton ionization and tunnelling ionization,
respectively122,123:

γK =

√
WI

2Up

=
ω

eE0

√
2meWI . (A.4)
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Using the ponderomotive potentials calculated for the laser parameters of this thesis gives

γK,515 =

√
15.76 eV

2Up,515

= 0.80, 0.46, 0.33 for Up,515 = 12.3, 36.9, 73.9 eV,

γK,1030 =

√
15.76 eV

2Up,1030

= 0.45, 0.33, 0.28 for Up,1030 = 38.5, 70.5, 103 eV.

(A.5)

For the highest pulse energies, a rough two-color estimate based on the sum of the cycle-
averaged ponderomotive potentials gives

γK,eff ≈

√
15.76 eV

2 (73.9 eV + 103 eV)
≈ 0.21. (A.6)

The observed plasma generation is therefore not expected to occur in the purely perturba-
tive multiphoton limit. The multiphoton threshold and the high-order intensity dependence
remain relevant for understanding the steep response of the plasma signal, especially at
lower intensity and in the transition regime. However, the calculated values γK < 1 show
that the alignment conditions used here lie predominantly in the tunnelling or intermediate
strong-field ionization regime. This does not affect the practical use of the plasma lumines-
cence as an alignment observable: its strong nonlinear dependence on the local field still
ensures that the signal is maximized when the two laser axes, pulse envelopes, and focal
positions coincide.

The two camera views are sufficient to transfer the optical overlap position to the
electron axis by comparing the plasma maximum with an inserted mechanical reference
structure. This reference can be imaged by the electron beam and used for magnetic-lens
alignment, analogous to the tungsten needle tip employed for the electron-beam charac-
terization in Chapter 3.
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(a) Detected plasmaluminescence at time
zero. Peak at 181 a.U.

(b) Detected plasmaluminescence at 66fs de-
lay. Peak at 159 a.U.

(c) Detected plasmaluminescence at 200fs
delay. Peak at 104 a.U.

(d) CCD image of plasmaluminescence at
time zero

(e) CCD image of plasmaluminescence at
66fs delay

(f) CCD image of plasmaluminescence at
200fs delay

Figure A.7: Time delay scan of detected plasma luminescence shows the enhanced emission if the laser pulses overlap in time
and the field strengths add up. A bright white spot becomes clearl visible in the raw image. The time averaged laser intensity
is the same in all three depicted settings



Appendix B

Cathode Production Guide

This appendix documents the fabrication procedure for the backside-illuminated photoe-
mission cathodes used in the femtosecond electron source described in Chapter 3. The
cathode consists of a polished copper body, an optically transparent sapphire insert, and
a thin metallic coating on the emission side. The procedure below is written as a practi-
cal laboratory manual, since reproducibility is primarily limited by mechanical tolerances,
cleanliness during polishing, and the quality of the final coated surface.

B.1 Cathode Body

The cathode body is manufactured by the institute workshop according to the technical
drawing prepared by Sven Jandura. The drawing is shown in Fig. B.1. The specified base
material is monocrystalline copper. A single-crystalline body is preferred over polycrys-
talline copper because grain boundaries can act as preferential sites for polishing defects,
surface cracks, and coating imperfections. The absence of grains also permits a more
homogeneous final surface finish and avoids a polishing limit imposed by different crystal-
lographic grain orientations.

Before further processing, the cathode body shall be inspected for macroscopic machin-
ing defects, burrs, and contamination. The sapphire seat must not be used in its as-drilled
state for pressing. Its final diameter has to be adjusted individually to the sapphire window
that will be inserted into this specific cathode body.

B.2 Insertion of the Sapphire Window

The sapphire insert provides optical access for backside illumination while mechanically
closing the cathode body. For reliable pressing, the sapphire diameter should exceed the
final bore diameter by approximately 5-10µm. This interference fit was found to provide
sufficient mechanical fixation without causing systematic fracture of the sapphire during
pressing.
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Figure B.1: CAD drawing of the cathode body used for the backside-illuminated photoemission
cathode by Sven Jandura
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The sapphire window and cathode body must be treated as a matched pair after the seat
has been adjusted. Mixing sapphires between different cathode bodies is not recommended,
because the final bore diameter is adapted to the individual sapphire. The initial bore is
intentionally undersized and must not be used for direct pressing. The final fit is produced
by the workshop using a precision reamer, allowing the bore diameter to be adjusted with
micrometer accuracy.

The following procedure shall be used for insertion:

1. Clean the cathode body, sapphire window, pressing tools, and support surfaces. Any
particle trapped between sapphire and copper can lead to chipping, tilt, or a perma-
nent leak path.

2. Identify the chamfered and non-chamfered sides of the sapphire. The non-chamfered
side shall face outwards after pressing.

3. Place the sapphire on a clean silicon wafer with the non-chamfered side facing down.
Under suitable room illumination, the sapphire should show only a small number of
interference fringes when viewed from above. A dense or strongly asymmetric fringe
pattern indicates tilt or contamination and should be corrected before pressing.

4. Place the cathode body above the sapphire and align the bore concentrically with
the insert.

5. Use the pressing fixture consisting of two vacuum blind flanges. The lower flange
rests flat on a level and mechanically stable table. The upper flange is guided by
three bolts passing through corresponding screw holes and is suspended by springs.

6. Tighten the three nuts alternately and in small increments. The load must remain
approximately symmetric during the full process in order to avoid lateral forces on
the sapphire.

7. Stop pressing when the sapphire surface is recessed by approximately 5-15µm below
the surrounding copper surface. The recess shall be checked with a microscope.

The slight recess after pressing is intentional. During release of the press, the elastic
relaxation of copper is larger than that of sapphire. A recessed sapphire therefore leaves
sufficient copper material for subsequent polishing, while reducing the risk that the sapphire
protrudes beyond the final cathode surface.

B.3 Polishing of the Cathode Body
The objective of polishing is to obtain a smooth, planar copper-to-sapphire surface suit-
able for homogeneous metallic coating and stable photoemission. In particular, machining
traces, deep scratches from earlier polishing steps, and loose diamond particles must be
avoided. The final result is strongly dependent on cleanliness between polishing grades.
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Table B.1: Diamond polishing paste sequence used for manual cathode polishing.

Paste colour Average grain diameter
Brown 14µm
Red 8µm
Yellow 6µm
Green 3µm
Blue 1µm
White 0.25µm
White 0.1µm

The cathode is polished manually using Kemet diamond pastes in descending grain
size. The recommended sequence is given in Table B.1.

For handling, a threaded rod or screw may be inserted into the rear thread of the
cathode body and used as a temporary grip. The polishing support should consist of
a soft foam pad covered by a clean polishing tissue. For the green paste and coarser
polishing steps, standard laboratory tissue is sufficient. For the blue and finer polishing
steps, BümAg microfibre polishing cloths are recommended.

The microfibre cloths shall be prepared before use. A fresh package should be opened
only with gloves. Each cloth is rinsed with clean water for 2–3min while maintaining a
constant flow direction and rubbing only along this direction. This procedure defines one
comparatively clean working side. The cloth is then wrung out manually until it remains
slightly moist but no longer drips. Prepared cloths should be stored individually in fresh
plastic bags, for example freezer bags, and sealed with tape to preserve both cleanliness
and moisture.

Before diamond polishing, the machined copper surface is pre-polished with approxi-
mately 2000-grit abrasive paper. This step is continued only until the machining traces are
no longer visible. Coarser abrasive paper should be avoided, because excessive material
removal can compromise the sapphire recess and increase the depth of scratches that must
later be removed.

For each diamond paste grade, the following polishing sequence is recommended:

1. Prepare a clean polishing area. For optimal results, replace gloves, tissue, and working
surface between successive paste grades.

2. Apply a drop of diamond paste with a diameter of approximately 2–3mm to the
polishing tissue.

3. Hold the cathode by the temporary thread or screw and polish the front surface using
an irregular motion pattern. Regular circular motion should be avoided because it
can produce directional polishing artefacts.

4. Continue polishing for approximately 2–4min per grade. Longer times may be re-
quired if the previous polishing step left visible scratches.
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5. Inspect the surface under a microscope. A polishing step is complete only when the
surface shows a dense and homogeneous scratch pattern corresponding to the current
grain size. Isolated deeper scratches from previous grades must be removed before
proceeding.

6. Clean the cathode thoroughly before changing to the next finer paste. Even a single
diamond particle from a coarser paste can create scratches that dominate the final
surface quality.

The most common failure mode is premature transition to a finer paste before the
scratches from the previous grade have been fully removed. Such defects are difficult
to correct later, because a polishing step normally removes only the damage left by the
immediately preceding grade. If several people are available, a station-based workflow is
preferable: each station is assigned to one paste grade and equipped with separate gloves,
tissue, and cleaning material. This minimizes cross-contamination by coarse diamond
particles.

Figure B.2 shows typical surface features encountered during polishing. A moderate
edge break-down of the copper at the sapphire boundary can be beneficial, because it
helps to close the remaining gap between sapphire and copper. In contrast, mixed scratch
sizes or isolated deep scratches indicate incomplete polishing or contamination by coarser
diamond particles.

B.4 Coating
After polishing and cleaning, the cathode is coated on the emission side. The coating
consists of a chromium adhesion layer with a nominal thickness of 5nm and a gold emission
layer with a nominal thickness of 20nm. Chromium is used to improve adhesion of the
gold film to the underlying polished substrate. Gold is used as the photoemission material
in the electron source because its work function is close to the two-photon energy provided
by the second harmonic of the laser system, as discussed in Section 3.2.

Immediately before coating, the surface should be inspected optically and cleaned ac-
cording to the coating system requirements. The time between final cleaning and coating
should be kept as short as possible in order to minimize adsorption of hydrocarbons and
water from ambient air. After coating, the surface should not be touched mechanically.
The coated cathode shall be stored in a clean, closed container until installation in the
electron gun.

A successfully prepared cathode is characterized by a homogeneous metallic appearance,
absence of visible scratches or particles on the emission area, and a sapphire window that
remains recessed or flush after the full polishing and coating procedure. Cathodes with
protruding sapphire, severe coating defects, or deep scratches in the emission region should
not be used for quantitative electron-pulse experiments.
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(a) Good pre-polishing result with visible
edge break-down at the sapphire boundary.
This feature can help to close the residual
sapphire–copper gap.

(b) Surface with scratches of different char-
acteristic sizes. The previous polishing steps
were not completed sufficiently.

(c) Surface damaged by stray diamond par-
ticles from a coarser polishing step.

(d) Additional microscope image of the pol-
ished copper–sapphire interface.

(e) Polished surface after edge break-down.
The bright dots originate from diamond par-
ticles of the second-finest paste.

Figure B.2: Microscope images of typical surface features observed during polishing of the
copper–sapphire cathode body.
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