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“The only difference between science and screwing around
is writing it down.”
- Adam Savage

“Allzu oft erfreuen wir uns an der Annehmlichkeit der eigenen Meinung,
ohne uns der Unannehmlichkeit des Nachdenkens unterzogen zu haben.”
- Justus Jonas

“So I’ve started out for God knows where,
I guess I’ll know when I get there.”
- Tom Petty and the Heartbreakers

“Do, or do not. There is no try.”
- Master Yoda





Abstract

Free-Electron Lasers (FELs) based on start-of-the-art radio-frequency (RF) accelerator facilities
have been established as a reliable source of coherent, high-brightness x-ray beams, advancing
and pushing the boundaries of a broad range of scientific applications. Their capabilities would
unlock significant improvements to applications in medical imaging and semiconductor manu-
facturing, among others, but to make this technology available to a larger community, significant
steps to reduce the cost and footprint of the accelerator facilities are required.

With the emergence of laser-plasma accelerators (LPAs) as powerful, compact alternatives
to RF machines, leveraging these sources to drive FELs immediately arose as a promising ap-
plication. First results of LPA-driven FEL radiation have been achieved by the community
over the last few years, but reliable high-gain FEL operation, required to prove the potential
of serving as a capable platform for future light source facilities, has yet to be demonstrated.

This dissertation was carried out at the Hundred TeraWatt Undulator (HTU) system, part of
the Berkeley Lab Laser Accelerator (BELLA) group at Lawrence Berkeley National Laboratory
(LBNL), and driven by the goal to demonstrate reliable operation of an LPA-driven FEL.
The work presented here aims to achieve a more repeatable and stable LPA interaction, to
enable a first demonstration of LPA-driven FEL lasing on the HTU system, and to develop an
experimental platform for subsequent investigations of the LPA-driven FEL performance.

To achieve this goal, a large part of the work conducted as a part of this thesis project went
towards improvements of the diagnostic capabilities of the experiment, to obtain new insights
into the key parameters of the LPA interaction. These results were used to inform the need for
additional stabilization systems to improve system performance, and their subsequent develop-
ment, installation, and characterization are discussed as well.

The setup and commissioning of new, as well as the upgrade of existing diagnostics en-
abled the discovery of systematic instabilities of the laser system. Specifically variations of the
laser pulse duration and energy, uncovered as part of this work, were shown to significantly
impact the LPA performance. Implementing new stabilization capabilities targeted towards
these variations, in combination with extensive efforts to further increase long-term reliability
of the LPA interaction, yielded successful demonstration and characterization of LPA-driven
FEL lasing at 420 nm. Through subsequent improvements to the laser system and operational
procedures, first results exceeding 1000-fold gain from an LPA-driven FEL, with higher than
90% reliability, were achieved. During a dedicated follow-up campaign, continuous operation
of the LPA-driven FEL over more than eight hours was demonstrated, while maintaining the
performance of more than 90% of all shots exhibiting FEL gain.

These results represent an unprecedented level of both shot-to-shot and long-term stability,
as well as overall performance for LPA-driven FELs, and serve as a crucial step towards the
demonstration of the technology as a viable platform for future compact FEL facilities.
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Zusammenfassung

Freie Elektronen Laser (FELs) basierend auf klassischen Radio Frequenz (RF) Beschleunigern
haben sich als verlässliche Quellen für kohärente Röntgenstrahlung mit hoher Intensität etabliert,
und die Grenzen einer Vielzahl von wissenschaftlichen Anwendungen erweitert. Diese Tech-
nologie birgt grosses Potential für die Verbesserung von, unter anderem, bildgebenden Ver-
fahren für medizinische Anwendungen und die Herstellung von Halbleiterchips. Aber um diese
Lichtquellen einem breiteren Publikum zugänglich zu machen sind eine signifikante Reduzierung
der Grösse und Kosten der Beschleuniger notwendig.

Mit dem Aufkommen von Laser-Plasma Beschleunigern (LPAs) als kraftvolle und kompakte
Alternative zu RF Maschinen, erregte ihre potentielle Anwendung als Quellen für den Betrieb
von FELs sofort Aufmerksamkeit. Erste LPA-FEL Ergebnisse wurden in den letzten Jahren
erfolgreich von der wissenschaftlichen Gemeinschaft demonstriert. Verlässlicher Betrieb eines
FELs mit hoher Signalstärke wurde noch nicht erreicht, repräsentiert jedoch einen kritischen
Schritt um das Potential der Technologie zu bestätigen.

Diese Dissertation wurde am Hundred TeraWatt Undulator (HTU) Experiment durchge-
führt, welches ein Teil der Berkeley Lab Laser Accelerator (BELLA) Gruppe am Lawrence
Berkeley National Laboratory (LBNL) ist, mit dem Ziel den stabilen Betrieb eines FELs mit
einer LPA Quelle zu demonstrieren. Die hier präsentierte Arbeit zielte drauf ab, eine stabilere
und reproduzierbarere LPA Interaktion zu erreichen, um zum ersten Mal LPA betriebene FEL
Strahlung am HTU Experiment zu generieren und eine Plattform für nachfolgende Studien der
Leistung des LPA-FEL Systems zu erstellen.

Um dieses Ziel zu erreichen fokussiert sich ein Grossteil der präsentierten Experimente auf
die Verbesserung der experimentellen Diagnostiken, um neue Einblicke in die kritischen Param-
eter des LPA Prozesses zu ermöglichen. Diese Ergebnisse wurden wiederum genutzt, um die
Notwendigkeit für weitere Systeme zur Stabilisierung des HTU Experiments zu untersuchen,
deren Installation und Charakterisierung ebenfalls im Folgenden beschrieben werden.

Sowohl der Aufbau und die Inbetriebnahme neuer, als auch die Verbesserung existierender
Diagnostiken, ermöglichte die Entdeckung systematischer Instabilitäten des Laser Systems. Ins-
besondere Variationen der Laser Puls Dauer und Energie, die im Rahmen der Arbeit an dieser
Dissertation gefunden wurden, zeigen nachweislich einen grossen Einfluss auf den LPA Prozess.
Gezielte Stabilisation jener Variationen, kombiniert mit umfangreichen Massnahmen um die
Langzeit Stabilität der LPA Interaktion zu verbessern, ermöglichte die erfolgreiche Demonstra-
tion und Charakterisierung von 420 nm FEL Strahlung. Durch nachfolgende Optimierungen
des Laser Systems und der Prozesse zum Betrieb des Beschleunigers, wurden zum ersten Mal
mehr als tausendfache Verstärkung eines LPA-FEL Signals gezeigt, mit einer Verlässlichkeit von
mehr als 90%. Eine nachfolgende Kampagne konnte dieses Level an Stabilität reproduzieren,
über einen Zeitraum von mehr als acht Stunden.

Die Ergebnisse die im Rahmen dieser Dissertation erreicht wurden, repräsentieren eine nicht
zuvor gezeigte Stabilität und allgemeine Leistung für LPA-betriebene FELs. Sie zeigen somit
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einen kritischen Fortschritt um diese Technologie als geeignete Plattform für zukünftige kom-
pakte FELs zu etablieren.
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1 Laser-PlasmaAcceleration of Electrons
1.1 Motivation
Since Wolfgang Röntgens discovery of x-rays from the interaction of electrons with a solid an-
ode target in 1895 [1], particle accelerators and light sources based on them have been at the
forefront of medical imaging applications and fundamental scientific progress. The awarding of
the very first Nobel Prize in Physics for his discovery foreshadowed the crucial impact these
concepts have had on many aspects of modern science, which reached their full potential with
the development of the first modern particle accelerator, the cyclotron, by Ernest O. Lawrence
in 1932 at Berkeley [2]. Since then, an estimated 28% of all discoveries awarded with Nobel
Prizes in Physics were enabled by particle accelerators [3].

Modern accelerator-based light source facilities, like the Advanced Light Source (ALS) at
Lawrence Berkeley National Laboratory, the Linac Coherent Light Source (LCLS) at the Stan-
ford Linear Accelerator (SLAC), and the European X-Ray Free-Electron Laser (Eu-XFEL) at
the Deutsches Elektronen-Synchrotron (DESY) in Hamburg, represent the pinnacle of current
technology in providing the brightest and highest quality x-rays to users from the global scien-
tific community, and have made countless contributions to the progress of modern science.

These machines rely on conventional accelerator technology, the large electric fields necessary
to accelerate the charged particles are created in radio-frequency (RF) cavities. The maximum
field strengths achievable in such structures is fundamentally limited by material breakdown
when exceeding about 100 MeV/m [4], which in turn dictates the necessity for increased size
of accelerator facilities when pushing for higher particle energies. With the above mentioned
examples already in the hundreds of meters to kilometer scale, and building costs exceeding
the billion dollar mark, alternative technologies for particle accelerators are becoming crucial
to drive the next generation of light sources and colliders.

Laser-Plasma Accelerators (LPAs), first proposed by Tajima and Dawson in 1979 [5], utilize
the orders of magnitude higher electric field strengths sustainable in electron-plasma waves.
Driven by ultra-short, high-intensity laser pulses, these plasma waves have the potential to ac-
celerate an injected electron bunch to hundreds of MeV, and even GeV energies, on millimeter
to centimeter scales. This concept promised drastic reductions in size and cost of future acceler-
ator facilities based on the LPA process, compared to conventional RF technology. Since then,
many milestones of establishing LPAs as a compact and powerful source of electron bunches
of high energy and quality have been achieved by the scientific community. From demonstra-
tions of measuring electron bunches with durations in the femtosecond regime [6], hundreds of
pico-Coulomb of charge [7], low emittance [8] and energy spread [9], as well as high long-term
stability [10], to multi-GeV peak energies [11, 12], the field has seen rapid improvements in the
capabilities of LPA systems over the last decade. This rapid growth, especially the improve-
ments in beam quality, have led to the proposal [13, 14], and successful first demonstration of
an LPA-driven undulator source [15], followed by free-electron lasing from an LPA source in the
SASE [16] and seeded [17] operation. However, due to the strong coupling between the laser
and plasma parameters, and the inherent instability of plasmas and optical high power laser
systems, further efforts to improve and stabilize the LPA interaction are needed to demonstrate
LPA-driven FELs as a competitive light sources technology.
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1 Laser-PlasmaAcceleration of Electrons

1.2 Method
In this chapter, a brief overview of the fundamental concepts of laser-driven plasma acceleration
(LPA) of electrons necessary to understand the work presented in this thesis will be given. A
more detailed review, conducted by Esarey, Schroeder, and Leemans, can be found in Ref.[18].

1.2.1 Excitation of PlasmaWaves

On microscopic length scales, plasmas can support electric fields far exceeding the limits of solid
materials used in RF cavities of classical accelerators. Driven by a disturbance of the charge
equilibrium through separation of electrons from the positive ions, the restoring electrostatic
forces cause an oscillation of the electrons around their initial position. This behavior can be
described as an electron-plasma wave with the characteristic frequency

ωp =

√
4πn0e2

me
(1.1)

which is defined only by the electron plasma density n0. e and me are the electron charge and
rest mass, respectively.

The maximum field strength achievable in this case of oscillating charge distribution can be
estimated by the non-relativistic cold wave-breaking field

E0 = ωpmec

e
∝

√
n0 (1.2)

with c the speed of light. Evaluating this expression leads to

E0[V/m] ≃ 96
√

n0[1/cm3] (1.3)

which, for an exemplary electron plasma density of n0 = 1018cm−3, returns a peak field strength
of E0 ≃ 96 GeV. This represents an increase over the previously described limit of accelerating
field strengths of classical RF accelerators by about three orders of magnitude.

Crucial to excite electron-plasma waves supporting such powerful fields is using an external
driver of similar longitudinal and transverse scale. The characteristic length of the plasma wave
is given by

λp = 2πc

ωp
∝ 1

√
n0

(1.4)

which, for the case of n0 = 1018cm−3 discussed above, yields λp ≃ 33µm and corresponds to
a timescale τp of less than 100 fs. This defines the limit for the width and length of the wave
driver and the accelerated electron bunch, which have to be on the order of λp

2 for most efficient
acceleration.

Although the oscillation of charge carriers in the electron-plasma wave supports the excep-
tionally high field strengths necessary to realize this compact, novel acceleration scheme, the
electrons in the plasma wave itself are not experiencing any net gain in average longitudinal
momentum. The wave only represents an oscillation around the rest position, and no mass
transport. To achieve net acceleration, particles need to be injected into the wave field (also
referred to as the "wakefield").

2



1 Laser-PlasmaAcceleration of Electrons

1.2.2 Electron Injection

Plasma waves have the potential to create ultra-short electron bunches and accelerate them
to hundreds of MeV over just millimeter-scale acceleration distances. However, a high degree
of stability, quality, and tunability of the electron bunches is required for using plasma-based
accelerators to drive light sources like free-electron lasers (FELs). [19]

Trapping electrons directly from the particles sustaining the plasma wave allows for the
most simple and compact experimental setups, and an effective way to do so is by decreasing
the plasma density over the propagation distance z. Such a density gradient dn0

dz < 0 is often
referred to as a "density down-ramp" [20–22]. This technique will be discussed here in more
detail, because it is employed on the HTU system and used for all experiments described in
this work. Other common injection schemes are introduced and explained by Esarey at al. in
Ref.[18].

Because the plasma wavelength λp scales inversely with the electron plasma density n0, as
described in Eq.1.4, a decrease in plasma density will cause the plasma wavelength to increase.
This leads to a decrease in the local phase velocity of the plasma wave, and the wave slowing
down lowers the threshold for electrons to be trapped and subsequently accelerated at the back
of the wave.
Injecting electrons over a long distance (trapping length Ltr ≫ λp) creates beams with high
energy spread. But density gradients on the order of Ltr ≤ λp allow for near instantaneous
trapping of the electrons at the peak of the electron density wave. Localized to a small region
of the plasma wave with nearly the same phase, they all experience the same accelerating field.
This allows for the generation of quasi-monoenergetic, low energy spread and emittance electron
bunches. [18, 19, 22–24]

Such sharp density transitions on the scale of the plasma wavelength and the ability to
generate high-quality electron beams from this technique have been demonstrated by placing a
razor blade above a supersonic gas jet, creating a high density shock in the plasma profile. [19,
25]

1.2.3 Laser-Plasma Interaction

Plasma waves with the characteristics described in the previous chapters can be driven by the
strong, non-linear electric fields of high-intensity laser pulses. When interacting with a plasma,
the laser pulse enacts a force on the charged particles based on the gradient of its electric field
distribution E.
The so-called "Ponderomotive Force"

Fp = − e2

4meω2
L

⇀

∇E2 (1.5)

expels the electrons from the regions of high laser intensity, while the ions, due to their > 2000×
higher mass, remain stationary on the relevant timescales. Here, ωL represents the laser fre-
quency.
This creates the charge separation necessary to drive the strong fields in the plasma wave
(Eq.1.2), as the displaced electrons are being pulled back by the ion background co-propagating
with the laser pulse. They overshoot and start oscillating around their equilibrium position with
the frequency ωp and the characteristic length of the formed, laser-driven plasma wave λp.
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1 Laser-PlasmaAcceleration of Electrons

A key parameter to quantify if the instantaneous electric field of a laser pulse is strong
enough to drive a plasma wave capable of accelerating electrons to relativistic speeds is the
laser strength parameter a0. It is defined as the peak amplitude of the laser fields normalized
vector potential

a = eA
mec2 (1.6)

and for a broad pulse (kLwL ≫ 1), with kL = ωL

c the wave vector and wL the beam radius,
the quiver momentum of a plasma electron is given by the vector potential of the laser field
a = p⊥/mec. For the motion of the electrons in the plasma wave to become relativistic, it can
immediately be seen that the laser pulse needs to fulfill the condition a0 ≥ 1.
For a linearly polarized Gaussian laser pulse, a0 can be expressed as a function of the laser
wavelength λL and peak intensity I0 as follows

a2
0 ≃ 7.3 · 10−19(λL[µm])2 · I0[W/cm2] (1.7)
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1.3 Physics of ultra-short, high-Intensity Laser Pulses
This section will give a short overview of the fundamental requirements to generate and char-
acterize laser pulses capable of driving plasma waves for electron acceleration. An extensive
overview of the entire field of laser physics and optics was written by Träger [26], and a detailed
review specifically of ultra-short laser pulses was conducted by Kryukov [27].

Using the value for the electron plasma density from Sec.1.2 of n0 = 1018cm−3, a laser
pulse duration on the order of τL ≃ 50 fs is required to resonantly drive the plasma wave (see
Sec.1.2.1).

Furthermore, fulfilling the condition of a0 ≥ 1 to accelerate electrons to relativistic speeds
(Sec.1.2.3) requires a peak laser intensity of I0 ≥ 2.14 · 1018W/cm2 (using Eq.1.7), assuming
the use of an λL = 800 nm titanium-sapphire laser.

A laser pulse of τL ≃ 50 fs, focused to a spot size AL with diameter d0 = 50µm and with a
peak power P0, would have to exceed a pulse energy of

I0 = P0

AL
= EP

τL · π(d0/2)2

=⇒ EP = I0 · τL · π(d0/2)2 = 2.1 J

to reach such a high peak intensity at its focus.

Despite the scheme of laser-plasma acceleration first being proposed in 1979 by Tajima and
Dawson [5], it took until 1985 for fundamental laser technology to enable the generation of
laser pulses capable of reaching the required intensity levels, made possible by the invention of
chirped-pulse amplification by Strickland and Mourou [28].

1.3.1 Creation of bandwidth-limited Pulses

The creation of ultra-short laser pulses is fundamentally governed by the Fourier limit, which
specifies the bandwidth-limited pulse duration ∆τ0 to be defined by the width of its frequency
spectrum ∆ν via

∆τ0∆ν ≥ K (1.8)

with the value of K defined by the pulse shape. For a Gaussian pulse with a center wavelength
of λ0 = 800 nm and spectral width of ∆λ ≃ 19 nm, K = 2 ln 2

π [26, 29] leads to a shortest possible
pulse duration of τ0 = 50 fs. This fundamental limit of ultra-short laser pulse generation creates
the need to use laser active media able to support high gain over such broad spectral bandwidths.

Generation of bandwidth-limited laser pulses can be achieved through "mode locking" be-
tween the different components of the laser spectrum. By introducing artificial losses in the
cavity via a nonlinear medium, the pulses created through statistical coupling of the phase
between adjacent modes experience a strong discrimination based on their intensity. Only the
shortest pulses, which represent the phases of all modes in the cavity being locked, experience
net amplification. This technique, referred to as passive mode locking, enables the generation
of up to bandwidth-limited pulses. [30–32]
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Passive mode-locking is employed to generate the ∼ 38 fs, nano-Joule pulses from the oscillator
in the HTU laser system front end. To reach the > 2 J pulse energy necessary for driving
relativistic electron motion (see Sec.1.2.3 and 1.3), further amplification is required. But due
to the damage threshold of optics in the laser system and multi-pass amplifier, the intensity of
the laser pulse needs to be kept below about 10 GW/cm2 [33], limiting the pulse energy of a
beam of the above discussed parameters and a beam radius of w = 1 cm to about Ep = 1.5 mJ.
The necessary increase of pulse energy by over three orders of magnitude would exceed the
damage threshold of critical optics in the system by the same amount, prohibiting operation in
the regime required for LPA operation.

The invention of chirped-pulse amplification (CPA) [28] allowed to surpass this strict pulse
energy limit in amplifying femtosecond pulses and lead to the realization of peak powers up
to petawatts. The principle of CPA is based on stretching the bandwidth-limited femtosecond
pulse, which has an electric field distribution that can be described as a superposition of its
individual spectral components:

E(t) = 1
2π

∫ ∞

−∞
Ẽ(ω)eiωtdω (1.9)

Through Fourier inversion, its complex spectrum follows as

Ẽ(ω) =
∫ ∞

−∞
E(t)e−iωtdt (1.10)

with the positive part of the spectrum defined by Ẽ+(ω) = Ẽ(ω) for ω ≥ 0 and Ẽ+(ω) = 0 for
ω < 0, which can be separated into amplitude and phase

Ẽ+(ω) = |Ẽ+(ω)|e−iΦ(ω) (1.11)

=
√

π

ε0cn
I(ω)e−iΦ(ω) (1.12)

Here, I(ω) is the spectral intensity, Φ(ω) the spectral phase, n the refractive index of the
material, and ε0 = 8.85 · 10−12F/m the vacuum permittivity. The spectral phase Φ(ω) can
be used to define the group delay Tg(ω) = dΦ(ω)

dω , describing the relative temporal delay of a
certain spectral component.

The group delay dispersion (GDD), or second order dispersion

D2(ω) = dTg

dω
= d2Φ(ω)

dω2 (1.13)

describes how the laser pulse is affected when acted upon by a medium that causes different
spectral components to travel with different group velocities, leading to a time-dependent com-
ponent of the instantaneous frequency, or "linear chirp".
This effect is utilized in CPA systems through prisms or gratings, to deliberately delay the dif-
ferent spectral components of a broad-band laser pulse with respect to each other, and stretch
the temporal duration to hundreds of picoseconds to reduce the pulse peak intensity. [26]

In addition to the CPA technique, the HTU laser system utilizes multiple stages of beam
expansion, to further reduce the fluence incident on critical optics.
After the final amplification stage the linear chirp introduced in the stretcher is compensated
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by adding negative GDD, compressing the now high-energy laser pulses back down to their
bandwidth-limited duration of ∼ 38 fs. This finally delivers ultra-short, high-intensity pulses,
exceeding the a0 ≥ 1 condition for relativistic electron motion from Sec.1.2.3, to the LPA target.

1.3.2 Measurement of Pulse Properties

The effective application of ultra-short laser pulses requires their precise characterization. For
the laser-driven generation of plasma waves to accelerate electrons, parameters such as the
duration, shape and linear chirp (GDD) of the laser pulse have been shown to be of high
significance to the interaction. [34–36]

To fully characterize a laser pulse, its amplitude and phase need to be measured, either in
the temporal or spectral domain (their connection by Fourier transformation allows calculation
of one through the other). Most classical techniques to measure the spectral amplitude lack the
ability to record phase information, and electronic devices to measure temporal pulse shapes are
limited to picosecond resolution. The "Frequency-Resolved Optical Gating" (FROG) technique,
enabling the measurement of both spectral amplitude and phase, was developed by Trebino and
is introduced and described extensively in his textbook [37].

The diagnostic built and characterized as a part of this work is based specifically on a
version of the second-harmonic generation (SHG) FROG process, the "GRating-Eliminated
No-nonsense Observation of Ultrafast Incident Laser Light E-fields" (GRENOUILLE). It rep-
resents a simplified design compared to the basic FROG setup, less sensitive to alignment and
allowing full single-shot characterization of the spectral amplitude and phase (and even spatial
chirp). [38, 39]
A schematic of the setup and working principle can be seen in Fig.1.

Side View

Top View

Camera

x

y
λ = λ(θy)

τ = τ(x)

Cyclindrical
Lens

Fresnel
Bi-Prism

SHG
Crystal

Cyclindrical
Lens

x

y
f

f
2

Figure 1: Schematic display of the GRENOUILLE process. Focusing the beam onto a thick
SHG crystal using a cylindrical lens, the spectral components λ of the pulse get
separated spatially in the vertical plane. A Fresnel bi-prism allows to overlap two
copies of the beam at an angle in the same crystal, mapping the relative delay τ
onto the horizontal crystal position. A cylindrical lens with focal length fy = f ,
and fx = f

2 , images spectral and temporal information onto the two axes of the
camera chip. Schematic adapted from Ref.[37].

Because the individual spectral components of the laser pulse can only generate SHG under
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different angles, due to the phase-matching condition, and the cylindrical lens is placed one
focal length f away from the crystal, it turns the broad SHG pulse into a vertically dispersed
spectrum. From this, the original spectrum of the laser pulse can be calculated.

The Fresnel bi-prism in the horizontal plane creates two copies of the beam with a fixed
angular offset, interacting with each other in the SHG crystal. The interference of parts of
the pulse with different temporal phase gets mapped onto different horizontal positions of the
crystal, but the second order non-linear process causes ambiguity in the direction of time.
The complex amplitude of the laser pulse E(t) and its complex-conjugate, time-reversed copy
E∗(−t) both lead to the same detected SHG FROG trace, causing a fully symmetric trace in
the temporal axis.

However, due to its compactness, simplicity and sensitivity (among other reasons), GRENOUILLE
is widely used as a highly capable tool to gain the full pulse intensity and phase from a single
shot, for ultra-short laser pulses down to the few femtosecond level. [26, 37–40]
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2 Dynamics of Electron Beams
This chapter will introduce the concepts and parameters necessary for the discussion of electron
beam properties, which are crucial to the experiments conducted as a part of this work. A much
more comprehensive description of electron beam physics can be found in the textbooks written
by Rosenzweig [41] and Humphries [42].

2.1 Properties of Electron Bunches
To discuss the parameters of electron beam transport, it is helpful to introduce the concept of
the "trace space".
The transverse offset x and angle θx of a particle can be used to describe its trajectory. In
terms of its momenta, the angle θx is defined through

θx = tan−1
(

px

pz

)
(2.1)

(analogous for transverse offset and angle in y).
Assuming that the transverse momentum px is much smaller than the longitudinal momentum
pz, a reasonable assumption in most cases when analyzing electron beams which are defined by
particle trajectories close to the design orbit, using Eq.2.1 this "paraxial approximation" (PA)
then leads to the description of the derivative of the transverse offset x′

x′ = dx

dz
= tan θx = px

pz

PA≃ θx

In the trace space description of an electron bunch, characterized by the particles horizontal
offset and angle (x,x′), the rms beam size σx =

√
⟨x2⟩ and angular spread σx′ =

√
⟨x′2⟩ can

be defined. This allows to represent the trace space area occupied by the particles contained
in a particle bunch as an ellipse, as can be seen in Fig.2. The outline of this ellipse represents
a defined level of constant beam intensity fx, and most commonly the level f = fxe− 1

2 is used,
quantifying the "rms trace space ellipse", see Fig.2 below.

x′

σx

σx′

x

A = πσxσx′

Figure 2: Rms trace space representation of an electron beam, as a function of the particles
transverse offset x and angle x′ from the design trajectory.
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The area of the trace space ellipse can be expressed using the "rms beam emittance" εx through

A = πσxσx′ ≡ πεx (2.2)

The area is conserved under beam transport and linear focusing, and the fraction of the beam
contained within it is constant (equivalent conditions apply to the longitudinal emittance). The
emittance of an electron beam is directly connected to the smallest diameter to which the beam
can be focused, making it critical to control emittance growth to achieve a tight focus, required
for many applications. [41]

An important metric for the quality of electron beams, especially for their application in
light sources, is the beam "brightness". It is a measure of the current density jb per unit solid
angle in the z direction. Using the above introduced expressions for the rms beam size and
angular spread, the brightness B can be expressed through

B = jb

πσ′2
x

= I

πσ2
x · πσ′2

x

= Qb

τb

1
π2ε2

x

(2.3)

which is also determined by the charge Q and length τb of the electron bunch. [42]
To increase the beam brightness, it is therefore imperative to maximize the bunch charge and
minimize its duration, transverse size, and divergence. The space charge effect, resulting in a
radial force Fr between electrons in the bunch separated by a distance r

Fr = 1
4πε0γ

q

r2 (2.4)

fundamentally limits the maximum achievable brightness. Due to the inverse scaling of the space
charge effect with the electron energy γ, plasma-accelerators are uniquely suited to generate
high-brightness beams. Their accelerating fields, which are orders of magnitude higher than in
classical RF accelerators (see Sec.1.2.1), allow for much smaller transverse beam sizes by reduc-
ing Fr and in turn the beam divergence shortly after the electron source. Aided by the uniquely
short femtosecond bunch duration, and associated kA peak currents, this enables the produc-
tion of electron beams with order of magnitudes higher brightness from plasma-accelerators, a
key reason for their potential to drive future light source facilities. [43–45] Nonetheless, espe-
cially when using LPAs to drive FELs, considering space charge effects can become relevant [46].

Another important parameter of the electron bunch for light source applications is the
beam energy spread. Similar to transmissive lenses and optical pulses with a broad spectrum,
the "chromaticity" plays a significant role when focusing electron bunches with a large energy
spread using quadrupole lenses. The magnetic focusing effect scales inversely with the electron
energy, leading to different electron energies being focused at different z positions, causing a
larger, more smeared focus with higher energy spread [42]. In combination with the required
brightness, this effect sets a strict limit on the acceptable electron beam energy spread for a
given light source machine. For example, the Linear Coherent Light Source (LCLS) X-ray free-
electron laser (XFEL) operates at an energy spread σE

E ≃ 0.1% [47], over an order of magnitude
lower than the energy spread observed in the highest quality electron beams produced on the
HTU beamline during the work presented in this thesis. This motivates the introduction of
a magnetic chicane into the electron beamline before the undulator, to stretch the bunch and
reduce its slice energy spread.
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2.2 Magnetic Chicane
To discuss the concept of the magnetic chicane for the reduction of electron bunch slice energy
spread, it is crucial to first introduce the relevant parameters of longitudinal motion and mo-
mentum dispersion.

When discussing the dynamics of a particle bunch travelling along a trajectory z during
time t, it is useful to describe their parameters relative to a design particle. The arrival time
τ of a certain particle can be defined through τ = t − t0, with t0 the arrival time of the design
particle. A particle with a momentum p ̸= p0 (off-momentum particle) will require the time

τ(p) = L(p)
v(p)

(2.5)

to reach a certain point along the design trajectory, with L the distance traveled and v the
particle velocity, dependent on its momentum p. In the paraxial case, the first-order expansion
can be expressed as

δτ

t0
= δL

L0
− δvz

v0
(2.6)

Using this equation enables the definition of the temporal dispersion

ητ = ∂(δτ/t0)
∂(δp/p0)

(2.7)

as a measure of how much delay an off-momentum particle experiences, compared to the refer-
ence particle.
A magnetic chicane has, by design, a large temporal dispersion (or momentum compaction) fac-
tor. For that reason, it is typically employed to compress stretched, chirped electron bunches
in classical accelerator machines, to increase the peak current. However, in the case of sending
through an ultra-short, non-dispersed electron bunch from an LPA source, as on the HTU sys-
tem, the magnetic chicane allows to stretch the bunch duration very effectively.

To quantify the actual impact on the electron bunch, it is helpful to introduce the matrix
element

R56 = −ητ · ∆s (2.8)

with ∆s the total path length of the design trajectory through the chicane. The R56 then
can be understood as the additional path length through the chicane, as experienced by an
off-momentum particle with momentum p. [41]

The concept of magnetic chicane can now be described as the electron beam equivalent to
the optical stretcher used in CPA laser systems (discussed in Sec.1.3.1), creating a stretched
and chirped electron bunch. As can be seen schematically in Fig.3 (bottom), the first dipole
pair introduces a momentum dependent path length difference to the electron beam, which
manifests in the form of temporal and transverse energy spread. Higher momentum (p > p0)
electrons experience a shorter path s through the chicane than the design trajectory (s < ∆s),
the opposite is true for lower momentum (p < p0) particles. The second pair of dipoles reverses
the transverse energy separation and the electron beam after the chicane regains its transverse
beam size, but has accumulated twice the amount of longitudinal dispersion picked up after the
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E

z

E

z z

E

Tungsten Slit

e−
e−

Figure 3: Schematic display of longitudinal stretching of a relativistic electron bunch. The
top row shows the correlation between the longitudinal position z of an electron
inside the bunch and its energy E, along the axis of propagation. It qualitatively
describes the bunch phase space before (left), halfway through (center), and after
the chicane. The figure at the bottom shows the working principle of a magnetic
chicane, as used on the HTU beamline. The electron bunch enters the chicane
from the left, during the first half of the chicane it gets dispersed transversely and
stretched longitudinally. A tungsten slit is used to block the laser on the main axis
(dashed line), and by adjusting the slit gap, the energy spectrum of the transmitted
bunch can be manipulated. The second half of the chicane reverses the transverse
separation of the different electron energies, but introduces further longitudinal
dispersion. The stretched and chirped electron bunch exits the chicane on the main
z-axis.

first set of dipoles. Accordingly, the rms bunch length has been increased and the peak current
decreased. Because the area of the beams trace-space ellipse is invariant under these operations
(as described in the previous section), but the total energy spread is maintained, increasing the
bunch length in turn causes a reduction in slice energy spread (see Fig.3, top). By changing the
field strength of the dipole magnets, the R56 value of the chicane can be manipulated, which
changes the amount of longitudinal dispersion and therefor the reduction of slice energy spread
experienced by the electron beam. [48–50]

The magnetic chicane used for the experiments discussed in this thesis was custom designed
for the HTU system, as described by Majernik et al. in Ref.[50], with the main purpose to
reduce the slice energy spread to improve FEL performance. To accommodate for different
sets of experimental parameters, the chicane is capable of producing an R56 of up to 1 mm for
bunch mean energies of up to 300 MeV. As can be seen in Fig.3 (bottom), it has an additional
component to the general setup described above. The set of independently adjustable tungsten
pieces functioning as a slit with variable gap size allows to control the central energy and energy
spread of the transmitted electron bunch, in addition to blocking the laser beam on the main
axis.
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3 Free-Electron Lasers
This section will motivate and introduce the concept of free-electron lasers (FELs) and give
a brief overview of their history. Furthermore, the fundamentals of undulator radiation and
SASE FEL theory, required to interpret and discuss the results included in this work, are
described. More extensive reviews of free-electron lasers were conducted by Pellegrini et al.
[51] and Bostedt et al. [52], and the theory is covered in-depth by Wille [53] and Schmüser [48]
in their respective textbooks.

3.1 Overview

The development of the first optical light sources based on the stimulated emission of photons
from an active medium (lasers) in the 1960s [54], which produced beams of extremely high
intensity and coherence, immediately sparked interest to extend their wavelength range into
the ultra-violet and x-ray regime. However, due to the inverse scaling of the lifetime of atomic
energy levels with their excitation energy, realizing an x-ray laser based on atomic transitions
requires pump energies that render this approach highly cumbersome and ineffective. [26, 51, 55]

The concept of using a relativistic electron beam as the active medium, and achieving energy
transfer to the radiation field as the particles are transmitted through a periodic magnetic
structure (or "undulator") was introduced first in 1971 by Madey et al. [56], and offered a
path towards viable x-ray lasing. In 1980, Kondratenko and Saldin proposed utilizing the self-
modulation of electron beam density ("microbunching") in a single pass through an undulator, to
achieve exponential gain of the radiation arising from spontaneous FEL emission and eliminate
the need for optical cavities. [57]

This scheme of self-amplified spontaneous emission (SASE) was demonstrated successfully
first in the ultraviolet to infrared regime by the LEUTL [58], VUV-FEL [59] and VISA [60]
SASE FELs, the latter machine being re-purposed for the demonstration of LPA-driven FEL
lasing described in this work.

These results ultimately led to the proposal [61], construction, and experimental demon-
stration [62] of the first x-ray free-electron laser (XFEL) at the Linear Coherent Light Source
(LCLS), part of the Stanford Linear Accelerator (SLAC).

Since then, the the field of XFELs has expanded to include facilities in Japan (SACLA),
Germany (Eu-XFEL), South Korea (PAL-XFEL) and Switzerland (Swiss-FEL). Through their
ultra-fast, ultra-high brightness, and ultra-short wavelength beams they have enabled a new
scientific frontier of investigating atomic and molecular structures and dynamics on the fem-
tosecond time- and Ångstrom length-scales, accessible through no other current light source
technology. [51, 52]

However, due to the fundamental barriers faced by classical accelerators based on RF tech-
nology described in Sec.1.1, the current XFELs require kilometer-scale facilities and multi-billion
dollar investments, heavily restricting access to their groundbreaking scientific potential by lim-
iting the number of facilities available to the community. Thus, the motivation for using LPAs
to drive the next generation of XFELs was born. The work presented in this thesis represents
part of the effort conducted on the BELLA Centers HTU beamline to demonstrate reliable
operation of a compact, LPA-driven SASE FEL.
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3.2 Fundamentals

Undulator

z

e− e−

λu/2

λl

λl

Figure 4: Schematic of the SASE FEL process. An electron bunch is transmitted through
the magnetic structure of an undulator with period λu, on the magnetic axis z. It
transfers energy to the radiation field of wavelength λl and experiences microbunch-
ing.

3.2.1 Undulator Radiation

When an electron beam of energy mec2γ travels through the periodic structure of a planar
undulator, the transverse acceleration it experiences by the alternating magnetic field causes
the charged particles to emit Bremsstrahlung photons, as can be seen schematically in Fig.4.
The energy of the photons created through this process is proportional to the particle energy
and undulator period λu through λu/γ2, and the radiation is mostly contained in a narrow cone
of aperture θ = 1/γ around their trajectory in the forward (+z) direction.

Assuming the transverse displacement of the electron beam in an undulator with total length
Lu and peak field strength B0 to be small enough to neglect in first order, and a detector placed
in the far field at zdetector ≫ Lu. The difference in arrival time ∆T at the detector of two photons
emitted from different locations N · λu along the undulator, with N ∈ {0,Nu} (Nu the total
number of undulator segments), is then given by

c · ∆T = Nλu

2γ2

(
1 + K2

2

)
(3.1)

with K = eB0λu/2πmec the dimensionless undulator strength parameter.
Constructive interference is observed when the photons traveling at c slip ahead of the slightly
slower electrons by an integer of their own wavelength λ within one undulator period: c · ∆T

!=
N · λ. This "coherence condition" defines the peak in the undulator radiation spectrum to be
located at the wavelength

λl,0 = λu

2γ2

(
1 + K2

2

)
(3.2)

in addition to higher harmonics of the fundamental wavelength N · λl,0 at reduced intensities.
When considering photons emitted at an angle θ with respect to the undulator axis, the

coherence conditions changes. To achieve coherent interference, the photon wavelength needs to
increase with larger values of θ, causing an additional angular dependence term in the coherence
condition.

λl(θ) = λu

2γ2

(
1 + K2

2
+ (γθ)2

)
(3.3)
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For the on-axis case of θ = 0, this leads to the equation for the peak undulator wavelength λl,0.
The total distance a photon emitted at the undulator entrance moves ahead of the electron

which emitted it is called the "slippage" S = Nu · λl. [26, 48, 51, 52]

3.2.2 FEL Lasing and the SASERegime

Under resonant conditions, a free-electron laser allows the net energy transfer from a relativistic
electron bunch to a co-propagating electromagnetic radiation field (or "laser field"), in which
case the freely moving electron in the particle bunch acts as the active medium and the transfer
process of energy to the laser field can be described analogously to the "stimulated emission"
in a classic optical laser system, giving the FEL its name.

Energy transfer between the electrons and radiation field is only possible when the electron
velocity has a component parallel to the transverse electric field of the laser, which is enabled
by the undulator. To achieve net energy transfer, the sinusoidal trajectory of the electrons must
always be in phase with the laser field, such that the charged particle is constantly decelerated
(or accelerated, which corresponds to net energy transfer from the radiation field to the electron
bunch, making it possible to use an FEL as a particle accelerator, suggested first by R.B. Palmer
in 1972 [63]).

This requirement to the phase difference between electron and electromagnetic wave ∆Φ
leads to the "coherence condition" discussed in the previous section. If fulfilled, an electron
with the resonance energy (which follows directly from Eq.3.2)

γ2
r = λu

2λl

(
1 + K2

2

)
(3.4)

loses energy in the presence of a laser with the wavelength λl in an undulator of period λu. The
energy lost by the particle is in turn transferred to the radiation field. This process repeats twice
per undulator period, every time the electron changes its transverse direction synchronously
with the electric field of the laser. Because the amount of energy transferred from an electron
at the resonance energy to the laser field dγr

dz is proportional to the laser field strength El,0,
the coherent interaction allows for exponential gain of the laser field strength, equivalent to a
classical laser amplifier.

It is therefor desirable to operate the FEL close to this resonance energy γr, and by in-
troducing the difference ∆γ from the resonance energy, the change in phase between electron
trajectory and laser field (as discussed above) can be expressed as a function of the particle
energy

dΦ
dz

= 4π

γrλu
∆γ(z) (3.5)

which can be used to define the stable particle orbits around the resonance energy and phase,
and corresponds to the "separatrix" for synchrotron oscillations. [53]

Considering a particle bunch close to the resonance energy γr, but with a duration of tens
of femtoseconds (as to be expected from an LPA source as used on the HTU system [18]), the
corresponding transverse length is much longer than the central undulator wavelength λl. This
immediately poses an issue, seeing how only particles at a well-defined, constant phase ∆Φ
with respect to the laser field fulfill the resonance condition necessary for net energy transfer
between the two. However, because the phase of particles at a different transverse position
∆Φ′ ̸= ∆Φ is not matching the resonance condition, they experience less deceleration or even
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get accelerated by the laser field. This reduces the transverse amplitude of their sinusoidal tra-
jectory in the undulator with respect to the resonant particles, and modulates their longitudinal
velocity. Starting from statistical fluctuations in electron density, this effect ultimately causes
the electrons to arrange themselves in small bunches shorter than the radiation wavelength
λl. These so-called "microbunches" are centered around the resonant phase position, spaced at
distances λl apart (as can be seen schematically in Fig.4), and lead to more and more particles
N interacting coherently with the laser field. The growth in radiation field strength scales with
N2 and further enhances the microbunching effect.

There are different techniques to achieve FEL lasing. In the SASE regime, which the VISA
undulator on the HTU beamline is operating, the initial radiation field required for coherent
amplification arises from spontaneous emission by the electrons based on Bremsstrahlung, as
described in Sec.3.2.1. The coupling of the statistical electron bunch density distribution to the
external radiation field then leads to the emergence of microbunching, causing the exponential
growth of the laser field through "Self Amplification of Spontaneous Emission" or SASE. [48,
52, 53]

The scaling of the exponential increase in FEL signal, described as a high-gain FEL in the
1D limit, can be quantified by the Pierce parameter [64]

ρFEL =
[

1
64π2

Ip

IA

K2[JJ ]2λ2
u

γ3σ2
x

] 1
3

(3.6)

which can be seen as a measure of the FEL efficiency based on the electron beam power. In
Eq.3.6, Ip is the electron peak current, IA ≈ 17 kA the Alfvén current, [JJ ] = [J0(ξ) − J1(ξ)]
the Bessel function factor (for a planar undulator ξ = K2/(4+2K2)) and σx the rms transverse
size of the electron beam (see Sec.2.1).

The overall power of the laser field Pl increases exponentially with the distance through the
undulator z

Pl(z) ∝ exp z

Lg
(3.7)

with the power gain length

Lg ≈ 1√
3

λu

4πρFEL
(3.8)

Because a higher peak current and a smaller transverse size of the electron beam increase the
Pierce parameter (see Eq.3.6), they lead to a shorter gain length. An increased emittance in-
creases the beam spot size, reducing the electron density and increasing ρFEL. Higher energy
spread and divergence of the beam, due to their impact on the emittance (see Sec.2.1 and
Eq.2.2) will also lead to a longer gain length Lg. This effect motivates the use of a magnetic
chicane to reduce the slice energy spread, as discussed in Sec.2.2, to reduce the gain length and
increase FEL performance.

However, this exponential gain of radiation power can not be sustained indefinitely. After
reaching micro-bunching and coherently radiating in phase, the particles eventually lose enough
energy to violate the coherence condition, and start to get accelerated again by extracting energy
from the radiation field. This point in the SASE FEL process is described by the so-called
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3 Free-Electron Lasers

"saturation power" which can be estimated through

Psat ≈ ρFEL · Pbeam (3.9)

with Pbeam = γmec2I0
e the power of the electron beam, and I0 the electron beam current [48].

Due to the coherence condition and the accordingly narrow spectral bandwidth, the temporal
coherence of the SASE FEL radiation is limited. The coherence length

Lcoh ≈
√

πc

σω
(3.10)

is a measure of the spatial distance over which light emitted from the electrons contained within
it can be amplified coherently. σω represents the rms bandwidth of the SASE FEL radiation.
[65, 66]

If the bunch length Lb is much larger than the coherence length Lcoh, this causes separate
parts of the electron bunch to behave as independent lasing sources. The number of longitudinal
modes M = Lb/Lcoh is a measure of the average number of temporal spikes contained in a SASE
FEL pulse, arising from independently radiating parts of the bunch. The rms fluctuation of
measured pulse energies from a SASE FEL therefore scales with 1/

√
M [52]. These theoretical

expectations were experimentally verified as a part of the work presented here, and discussed
in detail in Sec.7.4.3.
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4 TheHundredTeraWattUndulatorSystem
This section will give a detailed overview of the full experimental setup on the Hundred
TeraWatt Undulator (HTU) system. From the oscillator, amplifiers and pump laser, to active
stabilization systems and diagnostics, the entire laser system is discussed in Sec.4.1. The
parameters of the electron source and optics, for delivery and control of the bunches, are
presented in Sec.4.2. Finally, the VISA undulator and all relevant diagnostics and controls for
FEL gain optimization and characterization can be found in Sec.4.3.

4.1 Laser System

The laser used for electron acceleration on the BELLA Center’s HTU system, schematically
displayed in Fig.5, is a Ti:Sapphire based, chirped pulse amplification (CPA) system delivering
800 nm pulses in the 100 TW regime to the target area.

The front-end is based on a commercial system from Coherent [67], a Vitara 80 MHz oscil-
lator followed by a Legend Elite regenerative amplifier. After this first amplification, the 38 fs,
2.5 mJ pulses at a reduced repetition rate of 1 kHz are sent to the stretcher, where the pulse
duration is stretched to 290 ps to reduce the risk of damaging sensitive optics during and after
the next amplification stage.

After the stretcher, the beam passes through a setup to increase the pulse contrast, con-
sisting of a Pockels Cell (PC) and set of linear polarizers. Despite the repetition rate of the
final amplified pulse only being 1 Hz, the PC is operated at 1 kHz to maintain the un-amplified
background pulse train for diagnostic purposes. Beam pointing and angle into the PC are con-
trolled by an active stabilization system from TEM Messtechnik [68].

The beam is then sent to the main amplifier, consisting of three stages based on separate
water-cooled Ti:Sapphire crystals. They are all pumped by the same 16 J, 16 ns GAIA laser
from THALES [69], with a center wavelength of 532 nm. In the first stage (Amp 1), the pulse
performs four passes through the crystal and gets amplified to about 100 mJ. The transverse
beam position on the first crystal is stabilized against long-term drift using a custom beam
pointing system (BS 1, as can be seen in Fig.5), and on the second amplification stage (Amp
2) by an active system from MRC Systems [70] at 1 kHz (utilizing the background pulse train),
described in Sec.6.1. Four passes through the crystal in Amp 2 take the pulse energy up to
about 1 J, and in the final stage (Amp 3), performing another three passes, the pulse energy is
pushed to the final ∼ 4.2 J. To keep the beam intensity on the optics during and after the am-
plification process below their respective damage threshold, the beam is expanded from 6 mm
to 12 mm FWHM between the first and second stage (T 1), and subsequently to 23 mm before
the third stage (T 2). The second lens in telescope T 2 (see Fig.5) is mounted on a motorized
linear stage, allowing to control the downstream wavefront radius of curvature. This variable
telescope setup is used in closed loop with a wavefront sensor (WFS) for active stabilization of
the longitudinal focal position, described in Sec.6.4. After the final pass through the Amp 3
crystal, the pulse energy is recorded non-invasively through a calibrated energy meter (E) and
a reflective mirror telescope (T 3 in Fig.5) expands the beam size to 81 mm FWHM. This pulse
train, consisting of the amplified pulses at 1 Hz, and the low power background pulses at 1 kHz,
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4 The Hundred TeraWatt Undulator System

is then sent to the compressor.

Transmitted into the vacuum system and then entering the compressor chamber, the pulse
gets compressed from 290 ps back down to its bandwidth-limited duration of about 38 fs. One of
the two gratings is mounted on a linear translation stage, allowing for micrometer precise con-
trol of the grating separation, and in turn pulse compression. After the grating compressor, the
beam is sent onto a commercial, 20 cm diameter deformable mirror (DM) from Imagine Optic,
which enables control over the pulse wavefront. Leakage of the beam through a high-reflective
(HR) optic is picked up for non-invasive, on-shot characterization of temporal and spectral pulse
dynamics, based on a commercial GRENOUILLE diagnostic from Swamp Optics. The design
and characterization of this diagnostic setup are described in detail in Sec.5.2.

Post compression and wavefront control, another leakage of the main beam gets sent straight
to the target chamber and intercepts the gas jet target orthogonal to the main beam axis. It
is picked up by a high resolution wavefront sensor (WFS) from Phasics to monitor the plasma
density profile. The main beam in the OAP chamber beam is reflected onto a wedged fused
silica optic (W), creating a low-intensity copy of the main beam. The setup was designed such
that the front and back surface reflection overlap on the 3 m focal length off-axis parabolic
mirror (OAP), with an angular separation of 1.21◦. The final steering mirror (BS 2), located
1 m downstream of the OAP, then controls the transverse position of the laser focus against
long-term drift, via a custom stabilization system. To monitor the beam position at focus
non-destructively, for the purpose of active stabilization, the ghost beam is picked off by a
mirror after the final steering optic and directed onto the detection setup outside of the vacuum
system. The correlation of pointing between this "ghost beam" and the main beam has been
extensively investigated and confirmed by Isono et al. in Ref.[71].

The laser system finally delivers an amplified 38 fs pulse of up to 2.5 J at 1 Hz to a spot of
40µm FWHM, corresponding to an intensity of ∼ 5.2 · 1018W/cm2 on target.
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4 The Hundred TeraWatt Undulator System

4.2 Gas Jet Target and Electron Beamline
The electron beamline of the HTU setup, as seen schematically in Fig.6, includes the LPA
target for generation of quasi-monoenergetic electron bunches, capabilities for dispersion and
emittance growth mitigation, separation of electron and laser beam, bunch length and spectrum
control, as well as variable focusing and steering.

z

e− e−

Blade
Jet

LPA Target

ChicanePMQ EMQ

Figure 6: A schematic of the HTU system target assembly and subsequent electron beamline,
used to deliver and match the electron beams to the VISA undulator. The trajectory
of the laser pulse is shown as the red dashed line, the electron beam trajectory in
black. Elements of the electron beam transport line after the gas jet target include
a permanent magnet quadrupole (PMQ) triplet, magnetic chicane with adjustable
tungsten slit, and electromagnetic quadrupole (EMQ) triplet.

A supersonic gas jet, capable of delivering helium at a pressure of up to 500 psi (pounds per
square inch) to the interaction region, is the source for the plasma channel generated by the
2.5 J, 38 fs laser pulse at its 40µm focal spot location. A blade is rigidly mounted above the
gas jet to create a density shock in the gas profile, which enables generation of electron beams
through the down-ramp injection process (see Ch.1.2.2). To control and tune the injection, the
longitudinal and vertical position of the blade with respect to the gas jet are controllable, and
the whole gas jet assembly (including the blade) can be translated with respect to the laser
focus with three degrees of freedom, as displayed in Fig.6.

For most of the experiments discussed in this thesis, the jet assembly was tuned to produce
electron beams of 100 MeV central energy. For such beams, the central energy rms jitter would
typically be on the order of 2.5 MeV, with 1 - 3% rms energy spread and a bunch charge of
90 ± 30 pC [72].
Beams with such comparably high energy spread and strong divergence are subject to signif-
icant chromatic emittance growth [73]. To reduce this effect and control the electron beams
divergence after the plasma target, a permanent magnet quadrupole (PMQ) triplet is placed
3.5 cm behind the interaction point. For precise alignment of the PMQs magnetic axis to the
electron beam trajectory, necessary to avoid introducing dispersion, the PMQ is mounted on a
hexapod that provides full translation and rotation control (six degrees of freedom).

A custom magnetic chicane (described in Sec.2.2) 1 m behind the plasma source serves mul-
tiple purposes for the HTU experiment. For one, separating the electron beam path from the
laser axis allows to eliminate stray laser and plasma light and prevent damaging more sensitive
electron beam diagnostic equipment downstream. By inserting an adjustable tungsten slit, the
laser is blocked and only the electrons at a defined transverse offset from the main axis and
with a certain energy are transmitted. More importantly, it also reduces the electron bunch
slice energy spread by stretching it, which has been shown to significantly improve and stabilize
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4 The Hundred TeraWatt Undulator System

FEL lasing by reducing the FEL gain length [74]. For the experiments conducted as part of this
thesis, the chicane was set to generate R56 values of 150-200µm. Due to the lack of diagnostic
equipment to precisely determine the 6D phase space of our electron beams, the R56 values
used were experimentally determined to deliver the highest and most stable FEL gain.

After the chicane, the electron beam passes through an electromagnetic quadrupole (EMQ)
triplet, which allows to precisely control the beam divergence. This is crucial for matching with
the external periodic focusing of the FODO lattice, which is embedded in the VISA undulator.
A pair of dipole steering magnets before and after the EMQ allow optimization of the electron
beam trajectory through the triplet and into the VISA undulator.
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4 The Hundred TeraWatt Undulator System

4.3 VISAUndulator

The undulator integrated into the HTU beamline is the VISA (Visible to Infrared SASE Am-
plifier) undulator [75], which was designed and built to be used at Brookhaven National Lab
for one of the first FEL lasing demonstrations in the SASE regime [60, 76]. It consists of four
identical, 1 m long sections that are embedded in a vacuum chamber. There is no free drift
space between the segments, which each contain 55 periods (220 total). The rms undulator
parameter is K = 0.9 and undulator period λu = 1.8 cm, which corresponds to a resonant
wavelength of 420 nm when using electron bunches at a central energy of 100 MeV (see Eq.3.2).

The VISA undulator was initially designed to be run with a classical LinAc source, a high
beam density, and short FEL gain length, achieved by keeping the beam tightly focused along
the whole length of the undulator. This required a unique addition to the magnetic structure in
the form of four permanent magnet quadrupoles per undulator segment, arranged in a standard
FODO lattice. With an effective field gradient of 33 T/m and for electrons of energies between
70 and 100 MeV, this distributed quadrupole focusing results in a ∼ 60 deg phase advance (with
four cells per each of the four undulator segments). The disadvantage of the additional focusing,
especially for running with an LPA source (which is inherently less stable), are the significantly
tighter alignment tolerances, both of the four segments to each other, and the electron beam
to the undulator axis. [77, 78]

To prevent significant reduction in FEL performance, the electron beam trajectory should
not deviate more than 100µm from the undulator axis along the four segments. Assuming the
four undulator segments have a relative offset of less than 100µm with respect to each other,
enabling adjustment of the electron beam trajectory inside the undulator can make alignment
to the axis less challenging. For this purpose, 8 dual-axis dipole magnets were added externally
and distributed along the whole length of the VISA undulator vacuum chamber.

Because VISA was meant to be operated in the visible to infrared spectrum, the diagnostics
for the FEL radiation and electron beam profile along the length of the undulator were designed
accordingly. The setup includes eight plungers, evenly spaced 0.5 m apart, which can be inserted
normally with respect to the undulator axis. As is displayed schematically in Fig.7, all of them
have a 0.2 mm thick, 3 × 3 mm YAG:Ce screen and a right angle prism mirror mounted behind
it, which allows imaging of the electron beam profile and collection of undulator radiation at
the same time.

Each of the eight ports also has an identical diagnostic setup outside the vacuum chamber,
consisting of a dichroic mirror, which directs the 550 nm YAG:Ce emission (transverse electron
beam profile) to a camera imaging the screen surface with 7.5µm resolution, and the 420 nm
undulator radiation to an optical spectrometer.

The spectrometer is mounted on a 4 m long, linear translation stage that allows the diag-
nostic to move to any port along the length of the undulator. The spectrometer is custom
built, energy calibrated, and has a range of about 300-550 nm. A 5 cm diameter, UV enhanced
lens ensures efficient light collection, and focuses the undulator signal through a transmission
grating onto the chip of a high resolution CCD camera (a more extensive review can be found
in Sec.5.3.1).

In addition to the eight identical plungers, a thin reflective pellicle (P2, see Fig.7) can be
inserted after the undulator. It reflects only the undulator radiation while just minimally af-
fecting the transmitted electron beam.
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4 The Hundred TeraWatt Undulator System

This set of diagnostics allows not only to precisely monitor the electron beam trajectory and
beam size, but also the evolution of FEL radiation along the entire length of the undulator.

The fact that the VISA undulator and corresponding diagnostics setup was designed for vis-
ible to IR light is a constraint that affected the choice at which wavelength / electron energy to
operate the HTU system. Pushing to electron bunch energies exceeding 100 MeV (wavelengths
below 420 nm) will prohibit the use of most of the optical diagnostics for the FEL radiation
along the undulator (due to absorption in the transmissive glass optics like windows and lenses),
which will make the process of optimizing for higher gain inherently more difficult. An XUV
spectrometer has been installed and commissioned, but only is able to collect light at the end
of the undulator.

Aside from monitoring the electron beam along the undulator sections, there are additional
diagnostics integrated into the beamline. A pair of integrating current transformers (ICTs) allow
to measure charge transmission through the VISA undulator. Two magnetic spectrometers of
identical specifications enable measurement and comparison of the electron spectrum before
and after the undulator. Lastly, a 10µm thick nitrocellulose pellicle (P1) on a plunger before
the undulator entrance serves as an emittance spoiler. By inserting and retracting the plunger
one can quickly distinguish between incoherent undulator light and coherent FEL radiation (see
Sec.5.3.2 for a more detailed description).
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C

O S MPA C OAP LPA MS1 MS2
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Laser

Radiation Area
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τ

see Sec.5.2

Vacuum System

Sec.5.1

Sec.5.3.2 Sec.5.3.1

Figure 8: Schematic overview of the HTU system and locations of the diagnostics discussed in
this section. After the laser system, consisting of oscillator (O), stretcher (S), and
multi-pass amplifier (MPA), the laser pulse is transmitted into the vacuum system.
Following the compressor (C), a leakage beam is coupled out to the pulse duration
diagnostic (τ) discussed in Sec.5.2. The main beam is sent to the radiation area,
which contains the OAP and target chamber (LPA). The two magnetic spectrome-
ters (MS1 & MS2) are discussed in Sec.5.1, the emittance spoiler (ES) in Sec.5.3.2,
and the optical spectrometer (OS) for undulator radiation in Sec.5.3.1.

This section will give a detailed overview of upgrades and additions to the diagnostic capabil-
ities of the HTU system that were developed as part of the work for this thesis. They can be
seen schematically in the overview Fig.8.

First, the calibration and installation of new camera and objective pairs for the two magnetic
spectrometers on the electron beamline will be discussed in Sec.5.1. This upgrade enabled
higher resolution imaging of the scintillating screens and a higher degree of compatibility with
the modernized control system infrastructure.

Secondly, Sec.5.2 will elaborate extensively on the design, setup and characterization of the
on-shot, non-invasive pulse duration diagnostic based on a commercial GRENOUILLE device
[79, 80]. After discussing first results and the discovered instabilities of the laser pulse duration,
this section will explain the efforts to develop a custom retrieval algorithm for the spectral phase
and pulse duration.

Finally, Sec.5.3 focuses on upgrades to the diagnostic capabilities of the VISA undulator [75]
specifically. This includes the setup and characterization of the optical spectrometer used for the
observations of the first undulator radiation on the HTU beamline, as well as its subsequent
upgrade for higher UV transmission. Furthermore, the installation and working principle of
the emittance spoiler pellicle, allowing to distinguish between coherent and incoherent FEL
emission, is discussed.
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5 Development of Diagnostic Capabilities

5.1 Magnetic Spectrometer

As discussed in the previous section, the pair of magnetic spectrometers in use on the HTU
beamline are based on an electromagnetic dipole with variable field strength (see Fig.7). The
electron bunches are deflected by the dipole field onto a Lanex fast scintillating screen from
Kodak [81]. The cameras initially installed to monitor the light emitted from the screen, and
enable the calculation of electron beam energy and charge from the captured images, are 14
years old and limited in chip resolution and their compatibility with a modernized control
system infrastructure.

Therefore, the decision was made to upgrade the diagnostic cameras to newer Basler acA
720 models [82], which contain about double the number of pixels for the same chip size and
support Ethernet instead of FireWire connection, offering better compatibility with the existing
suite of modern diagnostics on the HTU system.

To ensure the right electron bunch charge is calculated from the measured counts emitted
by the scintillating screen, any combination of camera and objective has to be calibrated. The
measurements and calculations for the characterization of the new diagnostic setup, required
before the actual implementation into the magnetic spectrometer, will be discussed in the fol-
lowing section.

The initial camera and objective pair installed in the HTU magnetic spectrometer setup
was calibrated at the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory
(LBNL) by Nakamura et al. [83], using the Lanex screen installed on the spectrometer, and
electron beams of known charge and energy.
The key to the calibration of the new camera and objective pair will be to determine a calibra-
tion between it and the old, ALS calibrated, diagnostic setup.
For this purpose, the dependencies of camera field-of-view (FoV), camera counts, and the
camera-to-screen distance z, will be measured. Comparing the results to the values deter-
mined by Nakamura et al., will allow the calculation of the calibration factors between the new
and old camera setup. This way, the the energy and charge calibration from the ALS can be
transferred to the new camera and objective pair.

5.1.1 Longitudinal FoVDependence

The first step before removing the old camera setup from the magnetic spectrometer, and key
to the correct calibration, was to determine its camera-to-screen distance z. For this purpose,
references on the Lanex mount in the form of markers spaced exactly 1 cm apart were utilized.
Taking a reference image with the currently installed camera allowed to extract the cameras
FoV value of FoV = 171 mm from the scaled image, using the software ImageJ. Afterwards, a
calibration setup was designed and commissioned to determine the cameras FoV-z dependence,
as can be seen in Fig.9a).

The tape measure in the plane of the calibration light source allowed precise and direct
measurement of the FoV for different values of z, for a precise determination of the linear
dependence between the two. Nakamura et al. [83] had already measured the FoV-z dependence
for the camera and objective pair currently in use, but it was hard to reproduce from which
reference point of the camera z had been measured (front of the objective, camera chip, etc.).
So it was measured again here, from the front of the objective to the Lanex screen, which was
added in front of the LED light source to imitate scattering from the screen in the magnetic
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Camera

Lanex
LED

z

r

FoV

a) b)

Figure 9: a) Picture of the setup to measure correlation between measured counts for a
camera-objective pair and the distance to a calibration light source (green LED be-
hind a 1 cm2 Lanex screen, same light source used by Nakamura et al. in Ref.[83]).
The camera-to-screen distance z can be varied by translating the camera on the
longitudinal stage it is mounted on. The transverse sensitivity is measured by mov-
ing the LED assembly on the stage it is mounted on, horizontally to the camera.
The FoV can be directly extracted from the images taken, due to the tape measure
added to the plane of the light source.
b) Schematic display of the setup and an example image (exposure and contrast
adjusted from the original image for display purposes). The image shows how the
FoV can easily be determined from the image. For the calibration of transverse
sensitivity, the distance of the LED to the center of the image r is calculated in
post-analysis.

spectrometer. Fortunately, within the margin of uncertainty, both the slope and offset values
match almost perfectly, as can be seen in Tab.1.

measured FoV(z) = (0.726 ± 0.003) · z + (21.309 ± 0.466 mm)
Nakamura et al. FoV(z) = 0.732 · z + 22.753 mm

Table 1: Correlation between the cameras FoV and the camera-to-screen distance z, as mea-
sured as part of this work, and by Nakamura et al. in Ref.[83]

Comparing the two results strongly indicates that Nakamura et al. measured z from the same
reference position on the camera. Because the two results match so closely, and their charge
calibration will be used to cross-calibrate our new camera, their FoV dependence will be used
going forward as well, for consistency.

For the measured FoV of 171 mm of the original camera installed in the magnetic spectrom-
eter, using the dependency measured by Nakamura et al. (see Tab.1), the corresponding z value
can now be calculated

zcalibrated(MagSpec) = FoV − 22.75
0.73

= 202.66 mm (5.1)

This will allow comparing the sensitivity between the old and new camera setup, when installed
at the same distance z from the Lanex screen.
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5.1.2 Camera Sensitivity

To determine the sensitivity calibration factor ∆S, the total number of counts measured with
the old ALS calibrated camera setup and the new uncalibrated camera setup will be compared.
For this purpose, they will be installed at the same distance z = zcalibrated from the LED light
source, which is set to the same parameters, and using the same exposure time.

Setting the reference parameters on the calibration light source (green LED) to 10 V, 165 mA
and the camera to 300 ms exposure time, the total counts measured with the old camera setup
are Nold = 22.331 · 105.
Using the same parameters with the new camera setup saturated the chip. So the images were
taken at 150 ms exposure, and the total number of counts adjusted accordingly. This led to a
total number of counts of Nnew = 32.134 · 105, at the same z position.
These results allow the determination of the first calibration factor ∆S, which accounts for all
differences in chip sensitivity, resolution, size, as well as light collection from the objective, etc.
∆S simply follows from the ratio of measured counts for both cameras, given an identical light
source at fixed distance zcalibrated:

∆S = Nold/Nnew(zcalibrated) = 0.6949 (5.2)

This represents a roughly 44% increase in sensitivity of the new compared to the old camera
setup.

5.1.3 Longitudinal Sensitivity

Figure 10: Measuring the longitudinal sensitivity of the new camera-objective pair by deter-
mining the dependence between measured counts of a Basler acA 720 and the
distance between camera and light source z. The counts are normalized to the
value at zcalibrated(MagSpec) (see Eq.5.1). A second order polynomial is fit to
1 / normalized counts (red curve) to extract the calibration factor Y (z).

The next step in the calibration of the new camera is to quantify its dependency between the
measured counts and varying camera-to-screen distance, when everything else is kept constant.
To experimentally determine it, the setup shown in Fig.9 was used. With the previously used
LED and camera settings, the camera was moved along the rail in z direction and ten images
taken every 5 mm. Because the relative size of the Lanex screen (which is mounted in front of
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the LED) in the images taken changes with varying z position, the FoV(z) calibration was used
to calculate the size of the 1 cm × 1 cm screen in pixels for every z position. After determining
the position of the center of the LED in the image, the area corresponding to a circle with radius
5 mm was integrated. This way, an area of constant absolute size was used for the determination
of the total number of counts, at all different longitudinal positions.

Fig.10 shows the result, when displaying 1 / normalized counts (normalized to the number of
total counts measured at the reference position zcalibrated(MagSpec). The data showes an inverse
quadratic dependence, which was to be expected when measuring the brightness of a light source
emitting into roughly a half sphere. The factor Y (z) is larger than 1 for z > zcalibrated(MagSpec),
to compensate for less signal due to an increased camera distance, and vice versa.
Combining both parameters determined so far allows to calculate the amount of counts the old,
ALS calibrated camera setup would have measured, from the number of total counts detected
by the new camera setup. However, so far this is only accurate for a light source located at the
center of the image.

5.1.4 Radial Sensitivity (Vignetting)

The last step of camera calibration is to account for the changing radial sensitivity or "vi-
gnetting", when the light source is not imaged onto the center of the chip. One can expect
a combination of effects, from increased effective distance to the source (when the LED is
translated horizontally for a fixed z) and the corresponding inverse quadratic dependence, to
additional reduction in collection efficiency of the camera objective.

Figure 11: Radial sensitivity of the diagnostic measured by changing the transverse offset
between camera and light source. From the images, the normalized counts, inte-
grated over the 5 mm radius circle around the LED center, were calculated and
plotted over the distance of the LED center to the chip center r. A fourth order,
custom polynomial fit was used to approximate the trend.

To investigate this, the transverse offset of the LED with respect to the camera was systemat-
ically scanned, at the fixed distance zcalibrated(MagSpec). The images were analyzed to deter-
mine the distance r in pixels (px) between the point the LED is imaged to and the center of the
camera chip, r[px] =

√
(x[px])2 + (y[px])2, which can be seen in an example image from this

scan in Fig.9b). The total camera counts were integrated in the same way as described for the
analysis of the longitudinal sensitivity, which leads to the plot shown in Fig.11. A significant
effect on the measured counts can be observed when translating the light source orthogonal to
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the camera, the number of counts measured are reduced by 10% at the edge of the chip (with
respect to the center).

To determine the transverse sensitivity calibration factor Y (r), accounting for the observed
effect, a custom fourth order polynomial (using just even exponential terms) was fitted to
the data. This method was chosen to follow the procedure established Nakamura et al. [83].
Because, as discussed above, a combination of different effects can be expected to impact this
radial sensitivity, it is not surprising the trend can not be precisely described by a simple
quadratic model.

5.1.5 Full Calibration

The parameters determined in the previous sections 5.1.2, 5.1.3, and 5.1.4 now provide a full
calibration for the new camera and objective pair. Combining them to the factor Ccalibrated

allows the calculation of the total number of counts as they would have been measured by the
old, charge calibrated camera setup, from the counts measured with the new camera setup at
a certain distance z from the screen, and with the light source at a distance r from the center
of the image:

Ccalibrated = Cmeasured ·
(

∆S · Y (z)
Y (r)

)
(5.3)

Using Eq.5.3 and the calibration factors determined in this chapter now allows to calculate
the charge for an electron beam spectrum measured in a magnetic spectrometer with given
energy calibration, based on the counts / (charge [pC] · electron energy [MeV]) relation found
by Nakamura et al. in Ref.[83].

5.1.6 Setup and Installation

The new camera-objective pairs were installed on both magnetic spectrometers on the HTU
beamline (before and after the VISA undulator). For every camera, the distance to the Lanex
screen z was determined by measuring the FoV (as described in Sec.5.1.1), and applying Eq.5.3.
The other parameters (∆S, Y (z) and Y (r)) were included into the post-analysis script for the
magnetic spectrometer, in the HTU control system. To utilize the existing energy calibration
(at which position electrons of a certain energy will hit the Lanex screen, for a defined magnetic
dipole field strength), the relative location of the camera FoV with respect to global spatial
references on the magnet had to be quantified. This was enabled by the known relation between
the 1 cm FoV markings on the Lanex mount and the global reference coordinates of the magnet.

After accounting for all the effects discussed in this section, the new magnetic spectrometer
camera setup and calibration was completed and successfully tested against older reference
results during the following high power runs. It enabled better resolution of (due to the doubling
of total pixels on the chip) and an over 40% increase in sensitivity to electron beam energy and
charge, as well as a higher degree of compatibility with the HTU control system infrastructure.
Specifically, reducing the timeout between image acquisition and the duration of image post-
analysis, improving overall performance and robustness of the magnetic spectrometer under
experimental conditions.
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5.2 On-shot, non-invasive Pulse Duration Diagnostic

Of the diagnostic capabilities to add to the HTU system, a non-invasive, on-shot pulse dura-
tion diagnostic based on a commercial pulse characterization device from Swamp Optics [80]
had been considered for a while. Previously, the only way to estimate the pulse duration on
target was to scan the compressor grating separation and monitor the plasma light intensity.
Practically, the measured trend was only useful to find the grating separation value which cor-
responds to the shortest pulse duration. To assign a value to this position, the full beam had to
be sent out of the compressor chamber to a GRENOUILLE diagnostic, which required venting
the system and manually inserting a mirror into the beam path. Furthermore, to keep the
beam from experiencing dispersion in the vacuum window and thereby changing the measured
pulse duration at this specific compressor setting, the vacuum window had to be removed as
well. This prevented the re-evacuation of the system after installing the additional mirror.
With the compressor chamber under atmospheric pressure, the beam could not be amplified to
full power during the pulse duration measurement, adding further discrepancies between the
experimental and measurement conditions. Therefore, despite the tremendous amount of time
and work required to set up and align the diagnostic every time, this technique would at best
deliver values that could be considered to be a close estimate of the real pulse characteristics.
For this reason, there was a strong desire for a permanent diagnostic setup that would deliver
more precise values under actual experimental conditions.

In this section, the process of commissioning such a diagnostic will be described in detail.
Starting with the considerations leading to the design of the beamline, followed by the first
measurements and calculations that informed the choice of optics to set up the diagnostic. The
first dedicated effort to commission the diagnostic by assessing its performance with respect to
dynamics on target will be explained, and the results of the first measurements after successful
commissioning. The observations from these first experiments led to a lengthy investigation
into the best way to operate the new diagnostic, and how to extract the parameters giving
the most insight into correlations to LPA dynamics. A condensed version of some of the data
shown and discussed in this section has been published by the author and can be found in the
corresponding supporting publication

F. Kohrell, S. K. Barber, K. Jensen, C. Doss., C. Berger, C. B. Schroeder, E. H. Esarey, F.
Grüner and J. van Tilborg
Investigation of correlations between spectral phase fluctuations of the laser pulse and the per-
formance of an LPA, Nucl. Instrum. Methods Phys. Res., A 1073 (2025)

5.2.1 Design

For the new diagnostic to deliver more insightful results than the existing, invasive technique,
it has to be capable of operating under high power experimental conditions, so with a fully
amplified beam.

This made it imperative for the system to remain under vacuum. Given the desire for flex-
ibility of the diagnostic setup and to eliminate the need to vent the vacuum system every time
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it is to be used, it would have to be placed outside of the vacuum chamber. To avoid having to
break the interlock on the radiation cave when working on it, which would be highly disruptive
during high power experiments, the diagnostic would have to be placed at a place in the system
before the OAP chamber. This led to choosing a location outside of the compressor chamber.
It is the earliest possible point in the system to measure the beam after compression, and the
last possible point before the beam enters the radiation cave.

Because the chamber has to be under vacuum, the windows have to remain in place. This
immediately determined the need for some sort of dispersion correction setup, to re-compress
the stretched pulse after passing through the window.

The mirror sending the beam out of the vacuum chamber could technically be mounted
on a motorized stage, or otherwise be inserted remotely, but this would make the diagnostic
invasive (meaning no beam on target when measuring the pulse duration, and no pulse dura-
tion data when running the accelerator). A non-invasive setup would require picking up the
leakage behind one of the high-reflective (HR) mirrors, which would add a significant amount of
dispersion D2, as introduced in Sec.1.3.1 and Eq.1.13, to the analyzed beam. But because the
need for dispersion compensation before the diagnostic had already been established, it seemed
like an acceptable trade-off for the gain of pulse duration data on every shot, even during high
power accelerator operation.

Based on the considerations discussed above, the decision was made to design a non-invasive
system outside of the HTU compressor chamber, able to gather on-shot data during high power
operation. Because the location is outside of the radiation controlled area, it would also ensure
a high degree of flexibility, due to possibility of adjustments to the diagnostic even during high
power operation.

5.2.2 Setup

Similar considerations for a pulse duration diagnostic had been made previously on the Hun-
dred TeraWatt Thomson-Scattering (HTT) beamline, which is based on a very similar setup to
HTU (up to the target chamber). A prototype of the adjustable dispersion correction system,
based on a chirped mirror compressor and subsequent glass wedge pair for precise tuning of the
total dispersion, had been designed. Although not directly transferrable to the HTU setup, it
was used as inspiration for the first design of the diagnostic beamline.

The first step was to determine roughly how much dispersion would have to compensated
for with the chirped mirror compressor. Given that the diagnostic beam will be the leakage
through a 1" thick HR mirror at 45◦, and a 1/2" thick vacuum window at 0◦, the total amount
of dispersion D2 added to the measured pulse will be approximately

D2approx(800 nm) = 36.163 fs2/mm · (
√

2 · 25.4 mm + 12.7 mm) = 1758.28 fs2 (5.4)

with the refractive index for fused silica at 800 nm being 36.163 fs2/mm [84].
Because there was a certain amount of uncertainty about the substrate of the the HR and
window, as well as their exact thickness and incidence angles, the GRENOUILLE was installed
to measure the duration of the stretched pulse directly. The compressor grating separation had
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been set to deliver the shortest possible pulse on target (about 35 fs). Under these conditions,
the GRENOUILLE measured a pulse duration of 200 fs outside of the OAP chamber, with
a FROG Error of below 2% (indicating a less than high-quality retrieval accuracy [37], see
Sec.5.2.3 for more detailed discussion).

Assuming the case of a bandwidth limited Gaussian pulse, it can be calculated how much
second order dispersion (GDD) D2(ω) is necessary to stretch a compressed pulse of length τ0

to a certain pulse length measured on our diagnostic line τm, using the following equation [85]:

τm = τ0

√
1 + (4 ln 2 · D2(ω))2

τ4
0

(5.5)

or

D2(ω) =
τ2

0

√
( τm

τ0
)2 − 1

4 · ln 2
(5.6)

For a compressed pulse of τ0 = 35 fs, and a measured pulse length of τm = 200 fs, Eq.5.6 delivers
D2meas(ω) = 2485.76 fs2.

The fact that the two results D2meas and D2approx deviate by about 700 fs2 indicates that
either the assumptions made for the calculation of D2approx were significantly off, or that the
pulse duration retrieval for such a significantly stretched pulse in the Swamp Optics software
is inaccurate (supported by the FROG error exceeding 1% [37]). The safest way forward was
to assume the larger of the two values, overcompensation with negative GDD through chirped
mirrors can always be compensated easily by adding more glass into the beam path.

Compressor Chamber

Chirped Mirror
Compressor

Wedge Pair

GRENOUILLE

τ0

τm

Figure 12: Schematic of the non-invasive, on-shot pulse duration diagnostic setup installed on
the HTU beamline. The leakage of the main beam (compressed pulse duration τ0)
through the last high reflection optic in the compressor chamber gets transmitted
out of the vacuum system and picks up significant positive GDD in the process. To
compress the pulse before detection, a chirped mirror compressor overcompensates
the accumulated GDD, and a pair of glass wedges can be used to fine-tune ideal
compression. Finally, the diagnostic beam with the pulse duration τm is sent to
the GRENOUILLE, a commercial pulse characterization diagnostic from Swamp
Optics [80].

Assuming the need to compensate a GDD of at least D2meas(ω) = 2485.76 fs2, the choice was
made to procure four HD2012 dispersive mirrors from UltraFast Innovations [86], providing
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700 fs2 per bounce, for a total overcompensation of about -300 fs2. A pair of glass wedges after
the chirped mirror compressor was included in the design, to enable fine adjustments of the total
dispersion on the beamline, and ability to ideally compress the pulse before the GRENOUILLE.
With all the required components, the on-shot, non-invasive pulse duration diagnostic was set
up, as can be seen schematically in Fig.12.

Because the beam coming out of the compressor chamber is ∼ 10 cm in diameter and the
GRENOUILLE has a much smaller acceptance, an iris was used to down-size the beam to about
5 mm. Due to space constraints and to avoid further GDD pick-up, reducing the beam size via
an iris instead of a telescope was chosen. Even when using the iris to reduce the beam size,
the intensity of the amplified pulse on the diagnostic line was still high enough to saturate the
GRENOUILLE camera, another reason why down-collimating the full beam was not considered
going forward.

5.2.3 Commissioning

After the setup was completed and aligned, first measurements at high power were conducted
with the goal to experimentally determine the setting of the wedge pair in the diagnostic beam
path, necessary to compensate for the excess in negative GDD added by the chirped mirror
compressor. In its initial configuration, for the compressor grating separation that delivered
the shortest pulse on target, about τm = 60 fs were measured on the diagnostic line. However,
during that same week undulator radiation was observed for the very first time on the HTU
system, which shifted the focus away from the time consuming process of dialing in compression
for the GRENOUILLE. When returning to this issue about three months later, GRENOUILLE
data had been taken during most high power runs in the meantime, in the stretched τm ̸= τ0

configuration.

The only way on the HTU system to ensure the measured pulse duration τm and the pulse
duration on target τ0 match, is to perform a compressor grating separation scan and afterwards
analyze the trend of the plasma light on target (picked up by a top view camera installed
outside the target chamber) and the pulse duration measured by the GRENOUILLE. Because
the shortest pulse (highest intensity) will produce the brightest plasma emission [87, 88], the
grating separation value corresponding to this observation will have to match the shortest pulse
duration measured by the GRENOUILLE.

When optimizing for compression on the diagnostic line, adding neutral density (ND) filters
to keep the pulse from saturating the GRENOUILLE camera close to compression, as well as
optimizing the wedge pair position, eventually led to matching results of τ0 and τm, as can be
seen from the plot in Fig13. Based on Eq.5.4, the amount of added material corresponds to a
GDD value of D2added ≈ 568 fs2. Assuming perfect pulse compression at the location of the
GRENOUILLE, and considering that the chirped mirrors add −2800 fs2, this puts the total
amount of positive GDD on the diagnostic line at about 2232 fs2. This value lies within the
interval calculated in Sec.5.2.2, and confirms that both methods used to estimate the amount of
GDD added to the pulse by leaking through the HR and vacuum window were rather inaccurate.
But choosing to overcompensate for the more extreme of the two values did allow for achieving
ideal compression as planned.

As described above, maximizing the plasma light emission detected by the top view camera,
located outside the target chamber, is the method used on HTU to determine when the pulse
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Figure 13: The first scan showing good overlap between the pulse duration on target and the
diagnostic line. The blue curve shows the mean counts as detected by the camera
looking at the plasma light on target (used as the proxy for pulse duration on
target). The red curve shows the peak power parameter, as calculated from the
GRENOUILLE data (representing the pulse duration measured on the diagnostic
line). The FROG Error (green) is a measure of the accuracy of the FROG retrieval.

duration on target is the shortest. In the compressor grating separation scan displayed in Fig.13,
a good overlap was achieved between the peak plasma emission and the shortest pulse duration
measured by the GRENOUILLE (represented by the "Laser Peak Power [TW/J]" parameter).
This parameter is defined as "energy normalized peak power" PE(t), and has been proven a
helpful metric when assessing the quality of compression and pulse contrast by Nakamura et
al. in Ref.[89]. The value is determined by normalizing the instantaneous power of the laser
with the total pulse energy. In addition to simply connecting pulse duration and pulse energy,
it includes information about femtosecond level pre-pulses, and how much of the pulse energy
is contained within the main pulse, making it an effective measure for the overall quality of the
pulse [89].

Because the grating separation scan only changes pulse compression and not the pulse con-
trast, in this case PE(t) is simply a measure of the pulse duration τm on the diagnostic line,
and the compressor position delivering the highest peak power value corresponds to the shortest
pulse duration.

The uncertainty of the FROG retrieval algorithm ("Frog Error" in Fig.13), also displays
a minimum at the compressor position corresponding to the highest "peak power [TW/J]"
value (shortest pulse duration). This behavior was to be expected, because the FROG error
is defined as the rms difference between the measured and retrieved FROG trace, and scales
with the square-root of the laser pulses time-bandwidth product (TBP) [37]. This causes the
retrieval process to become less accurate with increasing pulse duration. However, even at the
edge of the parameter range during this scan, the FROG error was below 1%, which is the value
given by Trebino et al. [37] as the limit for a high-quality retrieval.

With the diagnostic line set up to deliver results matching the pulse on target, it was ready
to be actively included into the HTU system going forward.
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5.2.4 First Results

After successfully commissioning the diagnostic, an effort was made to analyze all the previ-
ously taken data. This included the datasets acquired during the first observations of undulator
radiation, for which the dispersion on the diagnostic line had not yet been ideally compensated.
The hope was to nevertheless find correlations between the measured pulse duration τm and
the LPA and FEL parameters. Data from the noscan (scan under static experimental condi-
tions, no parameter is being scanned) on 04/20/2023 showing the highest amount of undulator
signal is displayed in Fig.14, next to the data from the first noscan with undulator light after
dispersion matching on the GRENOUILLE setup, on 07/27/2023.
Important to note is that the pulse duration on target τ0 is always compressed to its bandwidth-
limited duration for all the experiments discussed going forward. Only the diagnostic pulse τm

is experiencing changes in compression, as the dispersion correction of the GRENOUILLE setup
is manipulated.

Figure 14: Comparing the pulse duration stability during a 200 shot noscan recording undu-
lator radiation, taken at 1 Hz. The blue curve shows the pulse duration when not
ideally compressed on the diagnostic line (τm ̸= τ0). The orange curve shows the
pulse duration after ideally compressing the diagnostic beam (τm = τ0).

As can be seen from the plot in Fig.14, the "stretched" pulse (τm ̸= τ0) exhibits strong in-
stabilities, in the form of systematic variations (not just shot-to-shot) with an amplitude of
about ±15 fs around the mean pulse duration of about 60 fs. Another important observation
is that the timescale of these variations is on the order of tens of seconds. In comparison, the
compressed pulse seems to show no such significant instabilities beyond shot-to-shot fluctua-
tions. To quantify the difference in stability, the mean and rms values for both datasets were
calculated:

• 04/20/2023 Scan75: τm = 62.56 ± 7.09 fs

• 07/27/2023 Scan11: τm = 39.75 ± 1.44 fs

To rule out a faulty post-retrieval or temporary instability, all pulse duration data taken before
the dispersion compensation on 07/13/2023 (see Fig.13) was analyzed and compared. The re-
sults show the same behavior, and seem to indicate the effect to be a real dynamic of the laser
system, only resolved when the diagnostic pulse τm is stretched with respect to the pulse on
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target τ0.

To investigate if this effect is originating on the diagnostic line, or indeed inherent to the
main beam on target, an effort was made to find correlations of the measured pulse duration
τm to LPA parameters. Finding such a correlation would indicate the observed behavior to be
affecting the pulse on target, and therefore the LPA process. The first parameter investigated
was the electron bunch charge measured by the ICT upstream of the VISA undulator. The
correlation plots for both scans can be seen in Fig.15.

(a) (b)

Figure 15: Correlation of laser pulse duration τm as measured by the GRENOUILLE and
the charge measured by the ICT before the VISA undulator. (a): 04/20/2023
Scan75. (b): 07/27/2023 Scan11. In both cases, the pulse on target is compressed
to τ0 ≈ 40 fs.

Fig.15(a) shows a noticeable Pearson correlation of ρ = −0.45 between pulse duration and
charge for the stretched pulse on the diagnostic line (τm ̸= τ0), which seems to indicate higher
generated charge for shorter pulse durations. Of course, the fact that only the pulse on the
diagnostic line is stretched, and the pulse on target still compressed, makes interpreting this
correlation less trivial. Technically, the shortest pulse on target should correspond to τm ≈ 62 fs,
as discussed above. Any changes in pulse duration on target, assuming bandwidth limited com-
pression, could only cause the pulse duration to get longer, which would decrease the generated
charge. For the stretched pulse correlation, displayed in Fig.15(a), this should lead to a de-
crease in measured charge for pulses both longer and shorter than 62 fs. It seems that the vast
majority of data points are right around or above 60 fs, and their behavior seems to match
the above explained expectations. For the pulses shorter than 60 fs, there are not enough data
points to see a clear correlation. But it is important to note that a simple correlation of "shorter
pulse duration = higher charge" is not to be expected for this configuration.

In the case of the pulse detected by the GRENOUILLE being compressed to match the pulse
on target (τm = τ0, Fig.15(b)), the situation is very different than what was discussed above for
the stretched case. Now one would expect a clear correlation, shorter pulses on the diagnostic
line should correspond to shorter pulses on target, and the same for longer pulses. But a corre-
lation factor of ρ = −0.1 is too low to confidently claim there is a real correlation being observed.

Given that a clear correlation between pulse duration and charge is observed in the stretched
configuration of Scan75, but not in the compressed case of Scan11, these results seem to strongly
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indicate that the observed differences in pulse duration fluctuations between the two scans are
not just an artifact on the diagnostic line, but have a real connection to the laser system and
LPA interaction. It appears that whatever systematic fluctuations are affecting the laser pulse
can only be resolved when the diagnostic pulse is stretched with respect to the pulse on target.

To try and further support the hypothesis that the fluctuations of τm in the stretched case,
seen in Fig.14, are based on real behavior of the compressed pulse on target τ0, simulations
were conducted based on the statistics displayed in Tab.2. The goal is to show that starting
from a compressed pulse with the experimentally measured rms jitter of Scan11, simply adding
a fixed amount of dispersion will lead to an increase in pulse duration jitter matching what was
observed experimentally in Fig.14 for Scan75.

For this purpose, a random array of 100 pulses was generated, matching the statistics of
the compressed case in Scan11, based on the assumption that the changes in pulse duration
are solely caused by spectral phase jitter. Using Eq.5.6, the amount of GDD (linear spectral
phase) needed to stretch the pulse from 39.75 fs to 62.56 fs was calculated to be 691.5 fs2. This
result was now utilized to stretch every pulse in the array by this fixed value, and calculated
the corresponding pulse durations. The result can be seen in Fig.16.

(a) (b)

Figure 16: Displaying the statistics of 100 simulated laser shots, assuming only a change
by a fixed amount of spectral phase (GDD) between the compressed (blue) and
stretched (red) case. Plotted is the pulse duration over the (a) spectral phase and
(b) shotnumber.

Fig.16(a) shows the quadratic dependence between pulse duration and linear spectral phase
(or GDD). The compressed pulses (simulating the results from Scan11), with an amount of
random spectral phase fluctuations causing the measured pulse duration rms shown in Tab.2,
is displayed in blue. The same array of pulses, after adding a fixed amount of 691.5 fs2 to each
data point, is displayed in red. As can be clearly seen in the plot, both data sets lie on the same
parabolic curve, the stretched array was merely "shifted" to higher spectral phase values. Due
to the nonlinear trend of the relation between pulse duration and spectral phase (Eq.5.5), the
identical rms jitter in spectral phase (about ±200 fs2) causes significantly larger rms jitter in
pulse duration for a stretched pulse. Comparing the statistics of the measured and simulated
stretched pulses, as shown in Tab.2, the almost perfect reproduction of the observed pulse du-
ration rms jitter seems to validate the assumptions made for this simulation.
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Fig.16(b) shows the shot-to-shot behavior of the two simulated datasets. The displayed
intervals visualize how a small, systematic change in spectral phase could translate into the
strong variations observed in Fig.14.

τ̄m [fs] rms(τ̄m) [fs]
Scan11 39.75 1.44

Scan75 (exp) 62.56 7.09
Scan75 (sim) 62.56 6.81

Table 2: Measured mean and rms values of τm for both datasets displayed in Fig.14, as well
as statistics of the simulated stretched pulse shown in Fig.16.

After analyzing the above displayed and discussed results, it seemed highly probable that the
variations observed when measuring the stretched pulse on the diagnostic line are not just based
on a real variation of spectral phase in the main laser pulse, but also that it might be desir-
able to operate the diagnostic in this stretched configuration. Fig.15 suggests that, due to the
nonlinear relation between the spectral phase and pulse duration, the stretched configuration
is more sensitive to small variations in spectral phase of the main laser pulse. These variations
have been shown to impact LPA (as well as potentially FEL) parameters, and apparently can
not be resolved in the compressed configuration.

This observation led to

1. The desire to develop a custom post-retrieval routine, designed to specifically analyze
linear spectral phase (GDD) changes in the measured laser pulses, to correlate to LPA
and FEL performance.

2. The decision to purposefully de-tune the dispersion compensation on the GRENOUILLE
line, with the goal of operating in the seemingly more sensitive regime.

3. The question of where these instabilities are originating from, and if or how they can
eventually be mitigated.

5.2.5 Linear Chirp Retrieval and Characterization

This chapter will focus on the development and optimization of a custom post-analysis routine
to directly analyze the linear chirp variations of the laser pulse.

To extract the linear chirp dynamics from the GRENOUILLE data, the raw images as saved
by the device first need to be analyzed. An in-house developed LabView script, based on the
retrieval algorithm by Trebino et al. [37], optimizes spectral amplitude and phase traces by
minimizing the "FROG error", which quantifies the discrepancy between the measured and sim-
ulated GRENOUILLE image. The simulated, or "retrieved", image is then calculated based on
the generated spectral amplitude and phase traces. By selecting a "retrieval time", the user can
determine how long to let the program run through the loop of changing the simulated pulse
to try and minimize the FROG error. If not otherwise specified, all the GRENOUILLE data
discussed in this thesis was calculated using a retrieval time of 30 s, to ensure a low error in the
retrieved traces. However, such a long retrieval time per single image means this analysis can
not provide real-time results for a parameter scan. The raw data is being taken on every shot,
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but the results take hours to calculate.

With the spectral amplitude and phase traces for the data retrieved, as can be seen in
Fig.17(a), an even-order polynomial in the form of Eq.5.7 can be fitted to the spectral phase
Φ(ω) to extract the linear chirp parameter, β in Eq.5.7 (see Sec.1.3.1).

Φ(ω) = C + αω + βω2︸ ︷︷ ︸
2ndOrder Fit

+γω3 + δω4

︸ ︷︷ ︸
4thOrder Fit

+εω5 + ζω6

︸ ︷︷ ︸
6thOrder Fit

(5.7)

When looking at the spectral phase trace in Fig.17(a), it immediately becomes clear that a
specified interval, based on the spectral amplitude of the laser pulse, has to be chosen for the
polynomial fit. As to be expected (because the phase is undefined where the intensity is 0 [37]),
for spectral amplitude values close to 0, the uncertainty of the spectral phase retrieval increases
significantly, which can be seen by the strong variations observed outside the grey shaded area
in Fig.17a)

Multiple different options were implemented and evaluated based on their ability to repro-
duce the expected trend of the linear chirp parameter β during a compressor grating separation
scan. A combined approach was ultimately chosen, restricting the part of the spectrum to be
analyzed to a fixed wavelength range 840 nm > λ > 760 nm. This interval is defined through
the center wavelength of the laser pulse λ0 = 800 nm, and accounts for the expected width of
the spectrum and potential fluctuations. An additional condition was added, of only fitting the
spectral phase where the spectral amplitude value is larger than a chosen "Spectral Amplitude
Threshold" (SAT) value, to limit the fit to a region of low retrieval error (as discussed above).
A more detailed investigation and discussion of the impact of this SAT value on the results of
the polynomial fits can be found in the appendix, Sec.10.1.

Figure 17: (a): Averaged spectral amplitude and phase of 20 consecutive laser pulses, re-
trieved from the raw images taken by the non-invasive GRENOUILLE setup. The
shaded area represents the wavelength interval defined by 840 nm < λ < 760 nm
and the spectral amplitude threshold (SAT) > 0.003.
(b): Averaged spectral phase over the frequency interval corresponding to the
shaded interval in (a). Polynomials of three different orders, as introduced in
Eq.5.7, have been fitted to the spectral phase curve.
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The wavelength interval which satisfies both above described conditions can be seen as the
shaded area in Fig.17(a). It is then transferred from the wavelength to the frequency domain
to fit the Φ(ω) polynomial and retrieve the linear chirp parameter, as can be seen in Fig.17(b).

To conduct detailed studies of the linear chirp parameter retrieval, dedicated compres-
sor scans were taken at low laser power. The significant decrease in signal intensity on the
GRENOUILLE diagnostic line required increasing the exposure time of its internal cameras
from 1 ms to 850 ms. This enabled data acquisition at 1 Hz, but the saved images represent
averages over 850 consecutive low power pulses (at 1 kHz repetition rate), instead of just one
high power pulse (1 Hz repetition rate).

Because the GRENOUILLE is based on the second-harmonic generation (SHG) frequency-
resolved optical gating (FROG) process the direction of time in the acquired images, and
therefore in the retrieved traces, is ambiguous [37, 40]. This uncertainty about possible time
reversal of the retrieved data with respect to the real pulse makes the sign of the linear chirp
parameter ambiguous. The SHG FROG image of an up- versus down-chirped pulse of same
duration and spectrum is identical. It is crucial to account for this uncertainty of the sign of
the linear chirp parameter in the analysis going forward, to avoid misinterpretation.

Owing to this ambiguity, the spectral phase traces are being analyzed as such:

1. Fit the polynomial to each individual spectral phase trace in the chosen interval (see
Fig.17(a))

2. Extract the linear chirp parameter β from the fit parameters and take its absolute value,
to eliminate errors based on uncertainty of its sign (SHG FROG, discussed above)

3. Average the absolute β values over the batch of shots taken at the same compressor
position d

The result for a compressor scan conducted on 01/29/2024 can be seen below in Fig.18. Twenty
images were taken at each grating position d, and the three polynomials fitted to each spectral
phase trace in the interval defined by the spectral range of 840 nm > λ > 760 nm and SAT
> 0.003, as in Fig.17. Uncertainties for each calculated parameter are returned by the fit as
well. The averaged, absolute linear chirp values β̄ and errors were normalized to simplify com-
paring their trends during the compressor scan between the different polynomial orders.

The pair of parallel gratings in the compressor impose negative linear chirp on the trans-
mitted pulse and the total amount scales linearly with the grating separation d [85, 90].

The β̄(d) trend from the 2nd and 4th order polynomial retrieval displayed in Fig.18 seems
to qualitatively match this expectation of change in GDD with increasing grating separation.
Once the values get close to β̄ = 0, it seems that the linear trend is "reflected" from the x-axis.
This is to be expected, due to the fact that the absolutes of the β values are being averaged,
explaining the loss of information about their sign. Following the theoretical expectation, a
manual sign-flip will be implemented later, to enable a linear fit to the entire dataset.

The values extracted from the 6th order polynomial fit, however, show a seemingly com-
pletely uncorrelated trend.
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The connection between polynomial order, SAT value and quality of the β̄ trend were
investigated in detail and can be found in the Appendix, Sec.10.1.

Figure 18: Change in normalized, absolute linear chirp parameter β̄ of the low power laser
pulse with the compressor grating separation d. Polynomial fits of three different
orders were used to extract β̄ from the spectral phase, and the behavior of the dif-
ferent chirp parameters are being compared. The spectral phase traces fitted were
retrieved from SHG FROG images taken on the HTU GRENOUILLE diagnostic
line.

Because, at least for the 4th order polynomial, there seems to be a direct correlation between
accuracy of reproducing the expected β̄(d) trend and the SAT value, it makes sense to look back
at Fig.17. The data displayed here was taken at the grating separation position d = 43 175µm,
which, in Fig.18, appears to be the closest value to d0, the grating position corresponding to
ideal pulse compression. The seemingly flat spectral phase in the region of I(λ) > 0, as can
be seen in Fig.17(a), supports this observation. Zooming in on it in Fig.17(b) and comparing
the three different fits, it becomes apparent why cropping the spectral phase interval further
would drastically change the β values returned by the 4th and 6th order polynomials. They are
much more sensitive to deviations from an idealized parabolic trend of the spectral phase than
the 2nd order fit. And, because with increasing polynomial order the second order term has
decreasing effect on the overall curve shape, the expected sensitivity of β to small changes in
the fitted spectral phase curve increases as well. The less sensitive the polynomial function is to
changes of β, the more β can deviate from the expected linear trend when varying d, while the
polynomial fit still accurately represents the spectral phase curve. This explains the complete
mismatch between the β̄(d) trend from the 6th order polynomial fits, despite the good overlap
between the polynomial and spectral phase trace, as shown in Fig.17(b).

It was desirable to have the potential for investigation of higher order spectral phase effects,
for which the 2nd order fit provides no information. Because of this reason, and the fact that
the β̄(d) trend from the 4th order polynomial fit reproduces the expected linear chirp behavior
seemingly as well as the 2nd order (for values of SAT < 0.01), the choice was made to use the
4th order polynomial retrieval going forward.

Utilizing the above discussed technique and findings, the data for the same compressor scan
was used to try and extract a value usable to benchmark the retrieval performance against
experimental results. The grating separation position d0 was chosen, which corresponds to
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the compressor setting delivering the shortest measured pulse duration. To extract d0 from
the linear chirp data taken during this compressor scan, the absolute, averaged linear chirp
parameter β̄ is calculated as discussed above. Then, a sign-flip is introduced at the grating
separation exhibiting the smallest β̄ value. This enables the addition of a linear fit according
to Eq.5.8 to the entire dataset, as can be seen in Fig.19.

β̄ = a · d + b (5.8)

=⇒ d(β̄ = 0) = d0 = − b

a
(5.9)

Using the returned linear fit parameters, as shown in Eq.5.9, the theoretical value for d0 was
calculated to be d0 = 43 127.40µm. Before making a final statement of how well this value
matches our experimental results, its uncertainty should be calculated.

Figure 19: Averaged absolute linear chirp parameter β̄ trend during compressor grating sepa-
ration scan (grey). β̄ was retrieved from the spectral phase data using a 4th order
polynomial fit. A manual sign-flip is implemented (blue) to enable a linear fit of
the whole dataset. 1 / ∆β̄ (uncertainties for β̄) are used as weights for the linear
fit (red dashed line), and its intersection with the x-axis is calculated to compare
the d0 value to experimental findings.

The uncertainty for d0 was determined based on the errors returned for the linear fit parameters
and the "propagation of uncertainty" method, as can be seen below:

d0 = − b

a

∣∣ d

dx

∆d0 = − d

dx

(
b

a

)
= d0

(
∆b

b
− ∆a

a

)

This method delivered an error for d0 of ∆d0 = 0.034µm. Because this error is so small
compared to d0, the result was verified by calculating the maximum error, which offers the
most conservative way to determine parameter uncertainty:
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∆d′
0 = d0,max − d0,min

2

= 1
2

(
bmax

amin
− bmin

amax

)
= 1

2

(
b + ∆b

a − ∆a
− b − ∆b

a + ∆a

)
Even using this conservative approach, the error matches the previous result, ∆d′

0 = 0.034µm,
leading to the theoretically retrieved grating separation position corresponding to ideal com-
pression of the laser pulse d0 = 43127.40 ± 0.03µm.

To now quantify the level of accuracy with which the spectral phase retrieval reproduces the
behavior of the measured pulse, it was compared to the GRENOUILLE data taken during the
same scan. For the extraction of the grating separation position d0 directly from the retrieved
traces, the pulse duration τm of the pulse on the diagnostic line was plotted over the grating
separation d, as can be seen in Fig.20.

Figure 20: Pulse duration τm of the pulse measured on the diagnostic line over compressor
grating separation d. τm is calculated from the retrieved 20 GRENOUILLE images
per step of d, the average value and standard deviation are displayed. A custom
fit to the data in the interval [42875,43400]µm, based on Eq.5.10, was performed
to estimate d0.

Because the trend of the averaged pulse duration τm does not clearly reveal the compressor
position delivering the shortest pulse, a custom function τfit(d) was fit to the data. This fit is
based on Eq.5.5, due to the linear scaling of grating separation d and the dispersion D2 imposed
on the laser pulse [85, 90], as well as the correlation between τm and D2 (see Eq.5.5). After
accounting for the fact that D2 = 0 is valid for d = d0, one can define the simplified relation

D2 = C · (d − d0)

Substituting this in Eq.5.5 leads to the modified equation below, which was used to fit the
experimentally determined trend of τm, as displayed in Fig.20.

τm(d) = τ0

√
1 + (C̃ · (d − d0))2

τ4
0

(5.10)
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The lower interval boundary of 42 875µm was chosen to avoid including data that strongly devi-
ates from the expected trend and is exhibiting especially high uncertainty. As in Fig.19, the fit
used 1 / the standard deviation of the pulse duration (1/∆τm) as weights, and, because d0 is one
of the fit parameters in this custom equation, the function returns the uncertainty for it directly.

The custom fit function returns d0 = 43111.12 ± 1.61µm, which deviates from the value
determined by the linear fit in Fig.19 by only 16.28µm. This strongly suggests a high accuracy
of the linear chirp parameter β̄ retrieval, especially because the step size during compressor
scans on the HTU system is set to 25µm. Therefore, to experimentally determine with high
confidence which of the two values is more accurate, the resolution chosen to optimize the
compressor position would need to be doubled. Under the current experimental conditions, the
difference between the two calculated values for d0 can effectively be considered to be negligible.

These results have established the linear chirp calculation, which is based on the 4th order
polynomial fit to the spectral phase curve retrieved from the GRENOUILLE images, as a
reliable method to reproduce the behavior of dynamics of the laser pulse. The 4th order fit was
chosen to extract additional information on higher order chirp terms. To compare the behavior
of the already analyzed β to the higher order chirp terms γ and δ (see Eq.5.7), the data from
the same compressor scan as focused on in the rest of this chapter is plotted below in Fig.21.

(a) (b)

Figure 21: Displaying the dynamics of linear and two higher order chirp terms during a com-
pressor grating separation scan. The values were calculated from the spectral
phase traces recoded by the GRENOUILLE, as for Fig.19 and discussed exten-
sively in this chapter.
(a): Linear trends were fitted to each parameter data set, to extract the values
and uncertainties of d0, where each chirp term is minimized. a is the scaling factor
for each linear fit (y = a · d + b)
(b): A zoomed in view of (a), to visualize the difference in scaling of the differ-
ent order chirp parameters when changing the grating separation, as well as the
quality of overlap between their respective d0 values.

As can be seen in Fig.21(a), when applying the same technique as discussed for the analysis of
Fig.19, the three parameters all exhibit seemingly clean linear trends. Immediately noticeable
is the significant difference of the scaling factor a. Some of this effect can be explained by
accounting for the 1

n! factor of the Taylor series, which was included into the chirp parameters
in Eq.5.7. Correcting for this would result in
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• β̄ = 1
1! β̄Taylor =⇒ β̄Taylor = β̄ =⇒ aTaylor(β̄) = a(β̄) = −2089

• γ̄ = 1
2! γ̄Taylor =⇒ γ̄Taylor = 2γ̄ =⇒ aTaylor(γ̄) = 2a(γ̄) = −1180

• δ̄ = 1
3! δ̄Taylor =⇒ δ̄Taylor = 6δ̄ =⇒ aTaylor(δ̄) = 6a(δ̄) = −372

Even when accounting for this, the difference in scaling remains significant, and the second
order (linear) chirp parameter is still affected most strongly when varying the compressor grat-
ing separation. The fact that the other, higher order parameters are also changing with d,
immediately begged the question if they can all be minimized at the same compressor position.

Performing linear fits for all three parameters, determining their d0 value and uncertainty,
leads to the results displayed in the label of Fig.21(a), and can seen in the zoomed in view in
Fig.21(b). All three d0 values lie within 1µm of each other, which is well below the value of the
25µm scan resolution. Due to these results, it can be confidently stated that the compressor
effectively zeroes out the linear chirp and higher order spectral phase terms when optimized to
deliver the shortest pulse duration on target.

5.2.6 Correlation of Linear Chirp to LPAParameters

The newly established linear chirp retrieval, which has been characterized and optimized in the
previous Sec.5.2.5, can now be employed with confidence to the analysis of experimental data.
The goal is to quantify if the observed correlation between laser pulse duration τm and electron
bunch charge (see Fig.15(a)) can be traced back to variations of the pulse spectral phase. If
confirmed, the next step would be to locate the origin of the instability and attempt to stabilize
it.

(a) 04/20/2023 Scan75 (b) 07/27/2023 Scan11

Figure 22: Correlation of linear chirp parameter β, retrieved from the spectral phase recorded
by the GRENOUILLE, and the charge measured by the ICT before the VISA
undulator. In both cases, the pulse on target τ0 is compressed, and only the
amount of dispersion witnessed by the measured pulse τm is varied.

As can be seen in Fig.22, the results for the linear chirp parameter β match what was observed
for the pulse duration. In the stretched case, or τm ̸= τ0, the linear chirp shows a notice-
able correlation to the electron bunch charge (Fig.22(a)). In the compressed case, when the
dispersion on the diagnostic line is compensated (τm = τ0), no significant correlation can be
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observed. This indicates that the chirp retrieval accurately reproduces the observed shot-to-
shot dynamics of the laser-plasma interaction, which is crucial if it is to be employed as part
of the new on-shot diagnostic. It also confirms that the linear chirp must be responsible for at
least a significant part of the observed pulse duration changes, as already suspected based on
the simulations displayed in Fig.16.
However, some of the effects which can be observed in the above shown plots are not as intuitive.

Firstly, as observed and discussed in Fig.15(a), one would not expect a simple linear cor-
relation between linear chirp β and bunch charge in this case. Because the pulse on target
is shortest for a certain value of βm on the GRENOUILLE line that is βm ̸= 0, the highest
measured charge would be expected at β = βm, with decreasing charge for β > βm and β < βm.
This explains why the highest charge was not observed for βm → 0, which would correspond to
the shortest pulse on the diagnostic line, but instead for a severely stretched pulse on target.

Secondly, when comparing the plots in Fig.22, one can observe the β values in (b) to be
exceeding the values displayed in (a). Seeing how Fig.22(b) was taken in the "matched" setting
of the diagnostic, where τm = τ0 and therefor βm = β0 is valid, the linear chirp would be
expected to be much closer to zero. This counterintuitive behavior can be explained by a
drawback of using the 4th order polynomial for the chirp retrieval instead of the simple 2nd

order quadratic fit. The effect can be visualized by taking a closer look at the dataset displayed
below.

Figure 23: (a): Averaged spectral amplitude and phase of 200 consecutive laser pulses, re-
trieved from the raw images taken by the non-invasive GRENOUILLE setup. The
shown wavelength interval is defined by 840 nm > λ > 760 nm and the spectral
amplitude threshold (SAT) > 0.003. (b): Averaged spectral phase over the fre-
quency range corresponding to the wavelength interval in (a). 2nd and 4th order
polynomials, as shown in Eq.5.7, have been fitted to the spectral phase curve for
chirp parameter retrieval.

As can be seen in Fig.23(b), both fits seem to represent the average spectral phase trace reason-
ably well. But, when calculating the mean linear chirp parameter β̄ in both cases, the difference
is tremendous. β̄2nd = 5.5 · 102, but β̄4th = 3.14 · 105. Due to its higher order terms, the 4th

order polynomial fit can represent spectral phase trends with non-quadratic components and at
non-ideal compression very well, and should represent the dynamics of β accurately, as shown
in Fig.18. But close to compression, the high order terms can cancel each other out efficiently
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enough to recreate a fairly flat spectral phase curve with still extremely large parameters. This
is immediately visible in Fig.21(b), at the grating position closest to ideal compression of the
laser pulse, β̄ and γ̄ are still on the order of 104.

Based on the above discussed findings, it seems the absolute retrieved linear chirp values
are not reliable for quantitative comparisons between scans conducted at different compression
settings on the diagnostic line (especially with comparably small GDD offsets). However, this
technique can still be utilized to visualize shot-to-shot fluctuations and give helpful qualitative
insights into correlations of the laser-plasma interaction.

5.2.7 Investigation of spectral effects

The observed clear dependence between spectral phase (chirp) and pulse duration variations,
and close to perfect reproduction of the temporal pulse behavior through simulation of spectral
phase instabilities, strongly suggests the spectral amplitude does not contribute significantly
to the detected long-term instabilities of the pulse duration. However, measuring the laser
pulse spectrum non-invasively would add another important parameter of the laser pulse to
the diagnostic capabilities of the HTU system. Technically, the GRENOUILLE can measure
the temporal and spectral amplitude simultaneously, but the quality of the retrieved spectra
through comparison with independent spectral measurements had to be verified.

The first comparative measurements of the laser spectrum were conducted by installing
a fiber-coupled VIS-NIR spectrometer from Hamamatsu on the ghost beam diagnostics line
(described in Sec.4.1), measuring leakage of the high power laser pulse. Due to the spectral
phase diagnostic being non-invasive by design, spectral data with the GRENOUILLE and
Hamamatsu could be taken simultaneously. The results from the first scan can be seen in
Fig.24.

Figure 24: Spectral amplitude retrieved from the images taken by the GRENOUILLE (blue)
and the Hamamatsu spectrometer (red). The data was taken during a compressor
grating separation scan, 20 consecutive laser pulses at 1 Hz repetition rate were
averaged per batch, corresponding to a step of the compressor position d. Each
trace corresponds to a value of d in the measured interval of [40850,41450]µm (step
size ∆d =25µm), the color of the traces get darker from smaller to larger values
of d.

The immediate observations, when comparing the spectra from the GRENOUILLE and Hama-
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matsu spectrometer, are the shifted center wavelength and spectral width changing with the
compressor grating separation d. As can be seen when looking at the blue traces in Fig.24,
the spectra as recorded by the GRENOUILLE are centered at about 810 nm and the overall
spectral shape shows some changes with d (going from batch 1 to 25).
In comparison, the spectra recorded on the ghost beam diagnostic line by the Hamamatsu spec-
trometer (red), appear to be centered closer to 825 nm and exhibit a much stronger change in
spectral shape with d (apparent by the second peak appearing at 860 nm for compressor grating
separation values roughly in the center of the measured interval. Ideally, one would not expect
to see any changes of the spectrum when simply varying the separation of the compressor grat-
ings. To further investigate the shift and different dynamics of the two datasets, the second
moment

D2σ =

√∑
i ((λi − λcom)2 · I(λi))∑

i I(λi)
(5.11)

with the centroid

λcom =
∑

i(λi · I(λi))∑
i I(λi)

(5.12)

of the spectral amplitude was calculated for both cases, as can be seen in Fig.25.

Figure 25: Second moment D2σ and corresponding standard deviation of the spectral ampli-
tude for the dataset displayed in Fig.24. The values are averaged over 20 consec-
utive shots at each compressor position d.

When comparing the change of second moment values with changing grating separation d,
a clear difference between the GRENOUILLE and Hamamatsu data can be observed. The
spectral width of the laser pulse, as measured by the independent spectrometer on the ghost
beam diagnostic line, shows a very strong dependence on d, as can be seen in Fig.25. It seems
that this effect can be explained with the change in B-Integral between the two diagnostics.
The B-Integral

B
!= Φs(t) = −2π

λ

∫ d

0
n2 I(z,t) dz (5.13)

is a measure for the phase shift Φs(t) added to a laser pulse of wavelength λ and intensity
evolution I(t), when transmitted through a medium with non-linear refractive index n2 of
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thickness d along the laser axis z [91, 92].
Assuming the intensity to be constant throughout the medium, and choosing t = 0 for I(t =
0) = I0 the peak intensity, Eq.5.13 can be simplified to

B0 = 2π

λ
n2I0d (5.14)

In this simplified case, using the non-linear refractive index for fused silica determined by
Ensley and Bambha [93] and the beam parameters from Sec.4.1, the B-Integral value for the
beam analyzed on the GRENOUILLE diagnostic line is approximately:

B0,F = 2π

λ
n2

PL

πw2 d

= 2π

800 nm

(
2.7 · 10−20 m2

W

)
(< 0.005) · 6.5 · 1013 W

π(5 cm)2 25.4 mm

< 0.22

Here, PL is the laser power incident on the vacuum window and determined by the R > 99.5%
reflectivity of the HR optic the beam is leaked through: PL = P0·T = P0·(1−R) = P0·(< 0.5%).
The resulting value of the B-Integral is low enough for an ultra-short laser pulse system that
one would not expect to see non-linear effects like spectral broadening to significantly impact
the measured pulse, which matches the observations in Fig.25.

For the GRENOUILLE line, the HR leakage of a roughly 10 cm diameter beam is sent
through the vacuum window. However, the ghost line utilizes a copy of the high-power main
beam generated by the reflection at the rear surface of the final steering mirror, which has a
98% surface reflectivity on the front, and 80% reflectivity on the back surface. Therefore, a
total 2%×80%×2% = 0.032% of the main beam are focused by the OAP, and sent out through
the vacuum window with a transverse beam size on the order of just 1 cm. Assuming both
vacuum windows are fused silica and of identical thickness, as well as no losses in the beam
path between the two pick-off locations, Eq.5.14 can be utilized to estimate the difference in
B-Integral in the two cases:

B0,G/B0,F =
2π
λ n2,G I0,G dG

2π
λ n2,F I0,F dF

= I0,G

I0,F

= P0,G

πw2
G

· πw2
F

P0,F
= P0,G

P0,F
· w2

F

w2
G

≈ 0.032%P0

< 0.5%P0
· (5 cm)2

(0.5 cm)2 > 6.4

With the value for B0,F calculated above, that puts the B-Integral for the ghost beam on the
order of B0,F = 1.41. This value supports the hypothesis of non-linear effects on the ghost line
causing the strong spectral broadening behavior observed close to compression when scanning
the compressor separation (see Fig.25), given the fact that B > 1 is considered the threshold
were non-linear effects usually become relevant [92]. The systematic red-shift of the entire spec-
trum observed in Fig.24 might be caused by Raman scattering [94], which would also explain
the modulation of the spectral amplitude.
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The calculations and plots above make it clear that the Hamamatsu spectrometer on the
ghost line can not be used as a reliable diagnostic to benchmark the quality of the spectral
retrieval of the GRENOUILLE. A Thorlabs CCS175 spectrometer was installed directly on the
GRENOUILLE diagnostic line, eliminating issues based on different copies of the beam being
analyzed. The new setup, modified with respect to Fig.12, can be seen in Fig.26.

Chirped Mirror
Compressor

Wedge Pair

Compressor Chamberτ0

GRENOUILLE
τm

CCS 175

Figure 26: Schematic display of the non-invasive, on-shot spectral phase diagnostic line. To
measure the spectrum of the laser pulse independently from the GRENOUILLE
device, a CCS175 spectrometer from Thorlabs was installed, picking off the scat-
tered reflection of the laser pulse from the front surface of the iris, which is used to
downsize the beam before sending it to the chirped mirror compressor. A single-
mode fiber transports and couples the beam into the spectrometer.

Designated compressor grating separation scans were conducted at low power to reproduce the
experimental conditions of Fig.24.

As can be seen in Fig.27, the GRENOUILLE spectra match the corresponding data from
the previous spectral analysis, displayed in Fig.24, very well. Not just the overall wavelength
range (780 - 840 nm), but also the observed dynamics when changing the compressor grating
separation d.
Comparing the Thorlabs and Hamamatsu spectral data, it becomes clear that the strong non-
linear effects impacting the behavior of the spectrum when scanning d have successfully been
mitigated. For the Thorlabs data, there is barely any change observable between the spectral
amplitude traces for the different batches. This confirms the hope that installing the spectrom-
eter on the diagnostic line would lead to more conclusive, reliable spectral data independent
of the GRENOUILLE. It seems that the B-Integral, as the calculations above suggested, was
indeed responsible for the observed spectral broadening and red-shift of the spectrum.

However, even if less pronounced than in the Hamamatsu setup, the data from the CCS175
spectrometer still shows a significant mismatch in spectral width and center wavelength with
respect to the retrieved GRENOUILLE spectra.

The most likely explanation seems to be that there is a systematic problem with the ac-
curacy of the GRENOUILLE retrieval algorithm, which calculates the spectral amplitude and
phase traces based on the SHG FROG images. To investigate this possibility, the raw and
retrieved images will be compared.
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Figure 27: Spectral amplitude retrieved from the images taken by the GRENOUILLE (blue)
and the Thorlabs CCS175 spectrometer (red). The data was taken during a com-
pressor grating separation scan, 10 consecutive laser pulses at 1 Hz repetition rate
were averaged per batch, corresponding to a step of the compressor position d.
Each trace corresponds to a value of d in the measured interval of [40800,41200]µm
(step size ∆d =25µm), the color of the traces gets darker from smaller to larger
values of d.

Because the design of the SHG FROG device is based on an autocorrelator and transient
grating spectrometer, simply integrating the spectral axis of the raw images delivers the spectral
amplitude trace [37, 40].
Fig.28(a) shows the result of applying this method to the image averaged over the number of
shots per compressor grating separation step ∆d.

Comparing the traces from the averaged raw and retrieved images for the first compressor
step, shown in Fig.28(b), proves that the retrieval process adds a significant amount of uncer-
tainty to the analyzed spectral data.
Because of previously conducted studies focused on the impact of the retrieval time on the
FROG error, too short of a retrieval time can be excluded as the potential issue. This dataset,
as well as all the others analyzed in this work, have been retrieved using a 30 s retrieval time
per image.
If not the retrieval time, then the retrieval algorithm itself must be responsible. However, given
the fact that the retrieved pulse duration, as well as the spectral phase (which is extracted
from the retrieved spectral amplitude and phase traces) show a clear correlation to real LPA
parameters (see Fig.15(a) and Fig.22(a)), it seems the uncertainty from the retrieval must be
a systematic effect that does not overshadow shot-to-shot dynamics. If it can be shown that
the second moment D2σ from the raw images correlates with the retrieved parameters, it will
provide us with a more reliable, yet much less time consuming technique to quantify variations
of the spectral and temporal dynamics of the laser pulse on the GRENOUILLE diagnostic line.

By design, the raw and retrieved traces (from which both second moments as well as pulse
duration and spectral width are calculated) should be highly correlated [37]. As shown above,
the retrieval process does not recreate the raw data perfectly. To investigate if raw and retrieved
traces still correlate, the GRENOUILLE data from the compressor scan displayed in Fig.27 is
analyzed. The pulse duration τretrieved and spectral width ∆λretrieved are extracted from
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(a) (b)

Figure 28: Calculation of the spectral amplitude trace from the raw SHG FROG images taken
by the GRENOUILLE, and comparing it to the retrieved spectrum. Both traces
represent the first grating separation position d = 40 800µm. (a): Average over
ten consecutive raw SHG FROG images, taken with the GRENOUILLE. Integrat-
ing over the spectral axis delivers the red trace, which corresponds to the spectral
amplitude. (b): Comparison between the normalized spectral amplitude traces
extracted from the averaged raw (red) and the retrieved (blue) GRENOUILLE
images. Because the exact pixel-to-wavelength calibration is unknown, the range
of the x-axis for the trace from the raw image was adjusted to match the two
curves.

the retrieved images (generated after running 30 s post-analysis on every raw image). The
second moments D2σtemp and D2σspectr are determined directly from the raw images taken
by the GRENOUILLE, after simply integrating the image over the temporal or spectral axis,
respectively. The result of correlating the raw temporal second moment against the retrieved
pulse duration can be seen in Fig.28(a), as well as the raw spectral second moment against the
retrieved spectral width in Fig.28(b).

When comparing the temporal parameters in Fig.29(a), a clear correlation between the data
extracted from the raw and retrieved images of ρ = 0.82 can be found. This is to be expected
if there is no major issue with the retrieval accuracy, because the integrated temporal axis and
pulse duration are inherently correlated based on the design of the SHG FROG autocorrelator
[37]. To quantify how much the retrieved and raw traces fluctuate shot-to-shot, the relative
uncertainty

δx = ∆x

x̄
(5.15)

is calculated for both parameters analyzed in Fig.29(a), with ∆x the standard deviation and
x̄ mean value of the dataset. Applying Eq.5.15 to both cases delivers δ(τretrieved) = 0.28 and
δ(D2σtemp) = 0.16. These results show that the retrieved temporal pulse parameter has an
almost twice as high relative uncertainty, compared to the raw temporal pulse parameter. It
seems that the retrieval process adds a non-negligible amount of jitter, which is not inherent
to the raw data. This might impact the analysis accuracy of shot-to-shot stability of the laser
pulse. Going forward, using the raw image second moment D2σtemp seems to be the more
stable and reliable choice.
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(a) (b)

Figure 29: Investigating the correlation between second moments D2σ extracted from the raw
GRENOUILLE images, and the pulse parameters retrieved from post-analyzed
data. (a): Second moment of the raw GRENOUILLE image temporal axis
D2σtemp vs. retrieved pulse duration τretrieved. (b): Second moment of the
raw GRENOUILLE image spectral axis D2σspectr vs. retrieved spectral width
∆λretrieved.

Focusing on the spectral properties, Fig.29(b) shows the correlation between the second moment
D2σspectr of the raw images, integrated over the spectral axis, and the spectral width calculated
from the retrieved images. One can observe a fairly strong correlation of ρ = −0.72 which, as
discussed above, is to be expected. If there are real changes in the spectral width of the laser
pulse, they should be represented in the raw and retrieved images. However, the amplitude of
their respective spectral variations differs hugely. Applying the relative uncertainty technique,
as discussed above and displayed in Eq.5.15, one finds δ(∆λretrieved) = 0.21 and δ(D2σspectr) =
0.02.
This result has two clear implications:

1. The real change in spectral width during the compressor scan analyzed here, as recorded
by the raw GRENOUILLE images, is just 2%. This confirms the expectations that the
spectral width of the laser pulse should not change when simply varying the compressor
grating separation d. Furthermore, it supports the previous hypothesis, based on the
B-Integral calculations, that there are no strong non-linear effects on the GRENOUILLE
diagnostic line, creating changes of the spectral width through spectral broadening.

2. The retrieval process adds a high amount of uncertainty to the spectral axis of the FROG
image. An increased relative error by about a factor of two for the temporal case had
already been observed, but in the spectral case the difference exceeds a factor of ten.

Combining the observations from Fig.29(a) and (b) makes it clear that going forward the
second moment from the raw images should be used as the proxy for temporal and spectral
behavior of the laser pulse.

Not only does using the second moments allow real-time analysis of the raw FROG images,
eliminating the need to apply time-consuming retrieval algorithms as post analysis, it also
delivers results highly correlated to the pulse duration and spectral width, but with significantly
reduced relative uncertainty.
The importance of this new technique for reliable, fast analysis of LPA data going forward can
not be overstated.
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5.3 Undulator Radiation Diagnostics

Figure 30: Image of the first shot of undulator light suggesting coherent emission on the HTU
beamline, captured on the optical spectrometer.

After the first undulator light was observed in 04/2023 (see Sec.7.1 for a more detailed discus-
sion), the shape of the recorded spectrum, as can be seen above in Fig.30, immediately drew
the accuracy of the spectrometer setup into question.
In addition, the need arose for a way to confirm that the observed radiation was indeed origi-
nating from the SASE FEL process.

This section will describe the work that went into upgrading and adding diagnostic capa-
bilities of the undulator setup, to address the above mentioned concerns.

5.3.1 UV Spectrometer

The simple optical spectrometer installed on the 4 m translation stage parallel to the undulator
(see Fig.7) was based on a 45◦ prism mirror and 200µm thick YAG:Ce screen mounted on a
pneumatic plunger, sending the electron beam profile and undulator radiation out of the vac-
uum system (at any of the nine ports along the undulator). A dichroic mirror separates the
YAG:Ce emission and undulator radiation, transmitting the latter onto a two inch diameter,
fused silica lens. The lens focuses the collected light through a transmission grating onto the
chip of a acA2000-165um camera from Basler, which has a < 500 nm filter mounted to it for
further reduction of room and laser light. The calibration was conducted using a 450 nm diode
laser, by sending it to the spectrometer a simple pixel-to-nanometer calibration was established.

When the first undulator light on the HTU beamline was observed, the spectra showed
an obvious dip feature, as can be seen in Fig.30. To try and understand the origin of the
spectral shape, a white light source and Black Comet spectrometer from STELLARNET were
used to set up a calibration diagnostic, measuring the transmission curves of all optical ele-
ments in the beam path of the undulator light. This included the VISA plunger setup, vacuum
window, dichroic mirror, lens, transmission grating and camera filter. The result can be seen
in Fig.31b (red), overlayed with an averaged undulator radiation spectrum (blue), taken on
04/20/2023. The quantum efficiency of the camera chip was retrieved from Ref.[95] and dis-
played in Fig.31(b).

Because the undulator radiation was expected to be centered at λ0 ≈ 420 nm when using
electrons of 100 MeV central energy (see Sec.3.2.1 and Eq.3.2), the region of the spectrum around
this center wavelength is of highest concern. As Fig.31(a) shows clearly, the transmission T in
the interval from 350 to 500 nm is strongly modulated, and outside of it effectively zero. Of
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(a) (b)

Figure 31: (a): Transmission curve of the optical spectrometer (red) and a normalized, in-
tegrated spectrum extracted from Fig.30. (b): Quantum efficiency curve of the
camera used in the spectrometer setup [95].

course, multiplying the spectrum with the inverse transmission generally is an option to correct
for such inhomogeneities, but not in areas where there is effectively no signal transmission.
Even where T ̸= 0, the transmission of the already weak signal is so low that the signal-to-noise
ratio is much lower than required for signals as weak as being detected in this case.

In addition, the quantum efficiency of the CMOS chip used in the spectrometer camera
is only about 45% at 420 nm (see Fig.31(b)), and varies drastically when moving to slightly
shorter or longer wavelengths. Basler did not report a value for the quantum efficiency below
λ < 400 nm.

Having the ability to precisely assess small differences in undulator signal intensity is key
when optimizing matching, transport and transmission of the electron beam through the un-
dulator. For this reason, the choice was made to upgrade all the components possible to UV
enhanced alternatives. This includes the focusing lens, transmission grating and the camera
itself.

Implementing these changes caused a significant improvement in transmission of the spec-
trometer setup above 300 nm, as can be seen in Fig.32(a). In the wavelength range of interest
(350 - 500 nm), signal is now being detected with an effectively flat transmission of ∼ 60%. The
resulting spectra do not exhibit the previously observed dip feature at 450 nm and match the
expected distribution, centered around λ0 ≈ 400 nm, much more closely. Fig.32(b) shows the
raw acquired spectrometer image integrated to gain the FEL Signal trace in (a). The parabolic
shape of the first diffraction order of the undulator radiation wavelength λl, observed in the
recorded spectra, qualitatively matches the theoretical expectation of angular dependence of
the coherence (see Eq.3.3), discussed in Sec.3.2.1.

Because, for most of the analysis of undulator performance, the main metric used will be
the total signal strength of observed undulator radiation, an energy calibration of the system
is required.

For this purpose, a 405 nm blue diode laser was used, initially installed on the system to
set references on the YAG:Ce screen profile monitors for electron beam trajectory alignment.
It is set up to be sent down the magnetic axis of the VISA undulator and offers precise control
over the diode output power. Inserting a plunger and directing the light onto the optical
spectrometer, the counts in a region of interest defined around the 1st diffraction order measured
at a certain exposure time, can then be used to calculate a counts-to-energy calibration for the
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Figure 32: (a): Transmission curve of the UV enhanced optical spectrometer (red) and nor-
malized integrated undulator emission spectrum. (b): Actual acquired image of
the 0th and 1st diffraction orders of the undulator radiation, with wavelength cal-
ibration for reference.

setup. Conveniently, because the system has a reasonably flat transmission curve, this energy
calibration can be assumed to be independent of wavelength (in the region of interest). Setting
the diode laser to an output power of 1 mW and camera exposure to 150 ms, as well as taking
into account the transmission at 405 nm of the neutral density (ND) filter used to reduce the
diode laser intensity, the energy calibration factor was determined to be

FE = 1.4637 × 10−6 [ nJ
counts

]

This factor is used going forward to determine the energy of undulator radiation measured
along the undulator by integrating the part of the spectrometer image that includes the 1st

order of diffraction.
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5.3.2 Emittance Spoiler

After the detection of what appeared to be the first undulator signal recorded on the HTU
experiment, it seemed necessary to devise a way of confirming that the observed light is in-
deed generated through the SASE FEL process. As a first test, the current on the magnetic
spectrometer upstream of the VISA undulator was turned on. This ensured that no electrons
would reach the undulator on a matched trajectory, and the signal disappeared as expected.
However, a more sophisticated while still repeatable and flexible technique to be added to the
system was desired. To satisfy these criteria, a 10µm thick nitrocellulose pellicle (P1 in Fig.7)
was installed on a pneumatic plunger before the undulator entrance, close to where the electron
beam comes to a focus. By scattering the transmitted electron beam it serves as an emittance
spoiler, simple estimations for a 100 MeV beam suggest that the normalized emittance would
increase by more than 10 mm-mrad when the spoiler is inserted [96] (the exact value depends
on the beam parameters at the location of the inserted pellicle). Such large emittance values
eliminate the possibility of generating FEL gain, but the pellicle is thin enough not to have
significant impact on the electron beams energy or trajectory. Both previous statements were
verified experimentally, by taking alternating data sets with the spoiler inserted and retracted,
as can be seen in Fig.33.

Figure 33: Undulator signal (top) and charge transmission (bottom) measured over roughly
one hour of LPA-driven FEL operation. Blue data points represent the emittance
spoiler was retracted, orange that it was inserted.

The results, taken during the campaign for the work discussed by Barber et al. [72], demonstrate
the close match between observation and theoretical expectation for the emittance spoiler. With
the pellicle inserted, no FEL gain above the level of incoherent emission can be observed, while
the charge transmission is not affected. These tests were repeated multiple times over the course
of about one hour of continuous operation, showing the effectiveness of the new diagnostic. If
the observed optical signal can be influenced as such, simply by spoiling the beam emittance,
the signal with the spoiler removed has to be originating from SASE FEL lasing. Thus, this
new diagnostic tool can serve as a way to quickly distinguish between incoherent undulator
light and coherent FEL radiation, simply by inserting and retracting the pellicle.
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Laser-plasma accelerators (LPAs) are emerging as a potentially more compact and cost efficient
alternative to classic radio-frequency (RF) accelerators, inspiring hope to make the crucial
technology of high energy and brightness electron beams accessible to a much wider range of
research and industrial facilities [5, 18].

However, they come with their own set of unique challenges, namely the reliable and re-
producible generation of stable electron beams. Because of the inherent property of the LPA
process that a new plasma column, which acts as the accelerating cavity, is formed on every
shot, the stability of the LPA interaction strongly affects the electron beam parameters. In
contrast to RF accelerators, this can lead to significant shot-to-shot fluctuations. Especially
potential instabilities of the drive laser properties, namely pulse energy, duration, as well as
longitudinal and transverse beam pointing, can be expected to be the most significant cause of
electron beam fluctuations. [10, 97]

For this reason, a part of the work conducted for this thesis project was dedicated directly
towards improving the stabilization of key drive laser parameters. First, the implementation of
a beam stabilization system on the amplifier table will be discussed in Sec.6.1, as an effort to
reduce pulse energy fluctuations and drift. Utilizing the non-invasive, on-shot pulse duration
diagnostic (described in Sec.5.2) to track down and try to stabilize pulse duration jitter will be
described in Sec.6.2. Finally, a project to control the change in laser pulse wavefront will be
introduced in Sec.6.4, which has been able to effectively mitigate longitudinal focal instabilities
in the LPA interaction region, leading to huge performance improvements of the LPA-driven
FEL studies.

Some of the results discussed in Sec.6.1-6.3 were published as part of the long-term LPA-
driven FEL stability campaign by Kohrell et al. in Ref.[98].

6.1 Laser Pulse Energy
6.1.1 Motivation

The fully amplified laser beam of the HTU system normally shows a 1-2% energy jitter, and
performance degradation over the course of 5 to 8 hrs of operation on the order of 5% peak
energy loss have been recorded. With its theoretically expected correlation to the electron
energy, and the goals for reliable, stable LPA-driven FEL operation, it is imperative to reduce
the laser pulse energy jitter and long-term drift as much as possible.

Due to strongly noticeable transverse beam pointing instabilities on the amplifier table,
the decision was made to implement a beam stabilization system between the first and second
amplifier crystal (see Fig.5). It was expected that stabilizing the position of the laser pulse
with respect to the pump profile on the crystal would reduce not only beam pointing jitter and
drift further downstream, but also stabilize the laser pulse energy.

6.1.2 Stabilization SystemSetup

The existing beam stabilization systems installed on the HTU system are commercial units
from TEM Messtechnik. They offer a uniquely high amount of control over the parameters
of the proportional-integral-derivative (PID) controller, which is used for active control of the
corrective action of the motorized mirror mounts, as well as beam position and angle set point.
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However, this amount of control comes with a high degree of complexity in setup and main-
tenance of the system. Because the stabilization system on the amplifier table has the main
purpose to guarantee stable laser pulse energy output, and its position and angle set point will
not have to be dynamically adjusted after the initial setup, reliable operation was prioritized
over the capability to control a wide range of parameters. For this reason, a commercial unit
from MRC Systems was chosen. It consists of two 2-inch piezo-driven mirrors which support
> 300 Hz correction bandwidth for active stabilization, and two position-sensitive device (PSD)
detectors, offering < 0.5µm spatial resolution. To enable a stabilization bandwidth exceeding
the 1 Hz frequency of the main laser, the 1 kHz un-amplified background pulse train (discussed
in Sec.5) will be utilized. The system offers control only over the beam position set point on
both detectors, as well as the proportional (P) factor of the PID loop, which for a beam sta-
bilization system is expected to be most significant (moving an actuator by x amount should
change the beam position by a proportional factor K · x). It therefore provides a flexible and
capable, yet easy-to-use tool for beam stabilization.

The simplest approach to stabilize the beam to a straight line reference through the ampli-
fier was chosen, using the first mirror to stabilize the beam position on the surface of the second
mirror, and using the second mirror to stabilize the beam at a position of the second ampli-
fier crystal. To achieve non-invasive monitoring of the beam position in two different planes
between Amp1 and Amp2, the system was set up with both PSDs detecting leakage through a
different HR optic, as can be seen in Fig.34. PSD 1 was placed in the plane corresponding to
the surface of the second mirror, and PSD 2 in the plane as close to the surface of the second
amplifier crystal as possible, given the constraints imposed by the existing amplifier setup.

Figure 34: Picture of the HTU laser system main amplifier, displaying the position of the MRC
mirrors (M1, M2) and PSD sensors (PSD1, PSD2) used for active stabilization
between the first (Amp1) and second amplifier crystal (Amp2). The beam path
has been drawn schematically to help visualize the setup.

In addition to working around the pre-existing optical setup, operating a beam stabilization
system in the environment of a high-power, multi-pass amplifier came with its own unique set
of challenges.
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Firstly, stray light turned out to be a significant issue. The 16 J GAIA pump laser creates
an enormous amount of highly intense background light at 532 nm, which all cameras and
other optically sensitive diagnostics installed on the amplifier table have to be shielded against.
Because of the large wavelength gap between the pump and emission wavelength of the Ti:Sapph
crystals, this is issue is solvable by protecting the diagnostics with band-pass filters of high
optical density.

Much more challenging was the mitigation of the 800 nm stray light. Due to the amount
of optics and reflective surfaces in a small, confined space, all the leakage beams and back-
reflections create a vast background of light at the signal wavelength. In addition to these
coherent background sources, the spontaneous emission from the three pumped Ti:Sapph crys-
tals adds powerful, omni-directional sources of 800 nm emission. Because the PSDs are supposed
to pick up and precisely monitor the position of the un-amplified 2.5 mJ, 1 kHz background laser
pulses after leaking through an HR optic, the stray light can be expected to be of high enough
intensity to affect the position readout of the PSDs. During the system setup, this proved to
make the detection highly unstable and prone to misinterpretation of the beam position, leading
to the actuators steering the beam away from the reference axis, and even completely off the
second amplifier crystal.

After many iterations with different types of shielding, the most effective strategy proved
to be placing irises close to the PSD surfaces, effectively eliminating stray light on the PSDs
while maintaining sensitivity to the small amplitude jitter of the transverse beam position.

Secondly, the significant energy difference between the 2.5 mJ 1 kHz background pulse train,
which was to be used for stabilization, and the 100 mJ 1 Hz amplified pulses posed an inherent
challenge. The MRC system had been installed between Amp1 and Amp2 to keep the difference
in pulse energy between the 1 kHz and 1 Hz pulse trains as low as possible, but even the present
factor of 40× proved to be too significant. For precise determination of the beam position on
the PSD, it is essential to operate the detectors such that the 1 kHz signal is close to their
saturation limit. In this case, the 40× more intense 1 Hz amplified pulse it at risk of damaging
the sensor. Because both signals are at the same wavelength, there is no way of spectrally
separating the two. Furthermore, the MRC system is very sensitive to interruptions of the
beam, and will steer the beam drastically when it gets clipped in the attempt to maintain
alignment. This prohibited the use of mechanical shutters, due to the high-power beam and
highly sensitive alignment tolerances downstream of the amplifier.

The option found to be the most robust and reliable was modifying the input trigger to the
MRC control unit. By setting it to its default "OFF" level for an interval of ±5 ms centered
around each amplified pulse, the detector simply stops acquiring data when the high power
signal arrives. This proved to successfully protect the sensitive electronics from damage by the
amplified 1 Hz beam and prevent accidental misalignment of the beam due to clipping, when
shuttered mechanically.

6.1.3 Results

Analysis of beam position root-mean-square (rms) jitter ∆r at different positions on the ampli-
fier table revealed significant improvements when running the MRC active stabilization system,
as can be seen in Tab.3. The values for the PSD sensors were extracted from the MRC soft-
ware and represent the combined r =

√
x2 + y2 beam position. The statistics at the amplifier

crystals were determined by taking 500 shots on each of the cameras imaging the respective
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planes. The RMS jitter of the beam position centroid for x and y was calculated in pixels, and
the camera-specific pixel-to-µm calibrations used to extract the spatial values.

∆r [µm]
MRC Off MRC On Improvement

∆x ∆y ∆x ∆y ∆x ∆y

PSD 1 27.1 3.9 6.9
PSD 2 12.1 2.4 5.0
Amp 2 141.8 87.6 16.5 26.0 8.6 3.4

Amp 3 Input 220.5 135.8 29.4 82.3 7.5 1.7
Amp 3 Output 528.4 375.3 86.7 269.7 6.1 1.4

Table 3: Comparison of beam position rms jitter at different locations in the HTU main am-
plifier, with and without running the MRC beam stabilization system.

There are a number of observations which can be made from the data shown in Tab.3. The most
noteworthy is that the MRC stabilization system is able to significantly reduce beam position
rms jitter downstream of Amp 1 in the HTU main amplifier. The relative improvement decreases
with distance to the stabilization setup, which is to be expected. More optics and sources of
instability are introduced with increased optical path length, whose effect is not monitored by
the PSD sensors, and therefore can not be corrected.

Additionally, there is a significant difference between the instability in x and y direction
on all three positions that monitor them separately. When the stabilization is turned off, in
all three cases the ratio between the two components is ∆x/∆y = 1.5 ± 0.1, so the inherent
beam position jitter is about 1.5 times stronger in x than in the y direction. The most likely
explanation for this effect is that the vast majority of optics in the system are mounted on
vertical posts fixed to the horizontal optical table. Realistically, most vibrations affecting the
optics will be horizontal or vertical movements of the optical table, which are more likely to
change the beam pointing in x direction. Because the plane of the table surface is less likely to
deform and warp, the tip-/tilt-motion of the post (required to change y pointing of the beam)
should inherently be more stable.

When turning the active stabilization on, one would expect to see the horizontal and vertical
instability being reduced by about the same factor, assuming that the actuators responsible for
driving the mirror position are identically capable. Instead, the stabilization appears much less
effective in the y direction. The relative improvement is on the order of a third to a quarter of
the jitter reduction in the x direction, such that, when the stabilization is on, the absolute rms
jitter in the vertical direction is now larger than in the x direction. Why the stabilization of the
vertical instabilities is so much less effective is not clear. A possible explanation could be the
frequency of the source of vertical jitter. If differs significantly from the horizontal component
and falls into a band where the MRC stabilization is less effective. the observed behavior could
be explained.

Despite the unequal effectiveness of the stabilization in the horizontal and vertical plane,
the total relative improvement

δ(∆r) = ∆r(MRC off)
∆r(MRC on)

(6.1)
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is close to an order of magnitude reduction in rms jitter on the two following amplifier crystals.
This represents a significant overall improvement and makes the setup an effective addition to
stabilizing the transverse beam position in the laser system.

No pulse energy values were recorded during these first scans to assess the effectiveness
of the MRC system. A first test, measuring the shot-to-shot rms jitter of the pulse energy
measured destructively after the final amplification stage, revealed no obvious improvement
when the MRC was activated. Its impact on long-term pulse energy stability was recorded
during a later campaign and discussed in Sec.6.3.
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6.2 Pulse Duration

During the setup and characterization of the non-invasive, on-shot pulse duration diagnostic,
discussed extensively in Sec.5.2, strong, long-timescale variations of the pulse duration were
observed (see Fig.14). However, it was shown that these instabilities were only resolvable when
the diagnostic was in a de-tuned dispersion setting, where the pulse duration measured by
the GRENOUILLE τm fulfilled τm ̸= τ0, with τ0 the pulse duration on target. In subsequent
efforts, it was demonstrated that spectral phase variations are the main driver of these observed
instabilities (Fig.16), and in Sec.5.2.5 and 5.2.7 implemented a Python-based, real-time analysis
of the raw images allowing us to retrieve the pulse duration dynamics with high accuracy. This
chapter will focus on attempting to find the origin of the discovered instabilities and ways to
reduce or correct them.

6.2.1 Investigating the Source of the Instabilities

To get meaningful insight into the dynamics of the laser pulse duration and the origin of the
observed, reproducible long-term variations, a dedicated long-term campaign was planned on
the HTU system. Because the amplification process in the main amplifier was one of the sus-
pected effects causing the pulse duration changes, the campaign was separated into a designated
low-power (un-amplified, 2.5 mJ pulse energy) and high-power run (amplified to 3 J pulse en-
ergy) on back-to-back days. This was to ensure the study of the dynamics would be under as
comparable experimental and environmental conditions as possible.

Right before this study, a malfunction of the beam stabilization system after the stretcher,
which is supposed to lock the alignment through the Pockels cell, caused a hot spot that dam-
aged the compressor and final steering mirror before the LPA target. The beam could still be
sent through the compressor and onto the GRENOUILLE diagnostic line, but not onto the
target. For this reason, even for the high power data set, no LPA or FEL results were acquired
which would have enabled the study of possible correlations.

Low Power
To take GRENOUILLE data on the designated diagnostic line when analyzing the un-amplified
1 kHz laser pulse, the ND filters protecting the diagnostic under high-power conditions need to
be removed. Furthermore, the exposure of the temporal camera, which records the SHG FROG
images, has to be increased from 1 ms to 850 ms. At such high exposure times, the experimental
control system is unable to maintain its default 1 Hz repetition rate for data acquisition. For
this reason, data was only taken at 0.5 Hz repetition rate.

The result of the first scan can be seen in Fig.35: 3000 consecutive shots were taken with-
out varying any of the experimental parameters, nonetheless the temporal second moment
D2σtemp (blue) changed noticeably during this scan. To make sure the strong correlation to
the pulse duration τm found under high power conditions (see Fig.29(a)) still holds true, the
time-consuming post analysis of the GRENOUILLE images was conducted and the extracted
value of the pulse duration is displayed in red in Fig.35.

When analyzing the results, it became clear that the mean pulse duration value also drifted
significantly over time, from 63.5 fs during the first 500 shots (green shaded area of the plot),
to 54.1 fs during the last 500 shots (orange shaded area). Similarly, the amplitude of the rms
pulse duration variations also increased drastically between those two intervals, by more than
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Figure 35: Change of the pulse duration τm(red), as measured by the GRENOUILLE, and
second moment of the raw images temporal axis D2σtemp (blue) over 3000 shots
at low power. The rms variation of both parameters over the first (green shaded
area) and last 500 shots (orange shaded area) is calculated and displayed.

a factor of two. These dynamics match what was observed for the second moment D2σtemp

(blue) of the raw images, justifying the decision to focus solely on the real-time second moment
analysis going forward.

Scan008, displayed in detail in Fig.35, was conducted under the experimental conditions
expected to be the least stable. No attempt was made to stabilize the pulse duration / spectral
phase. This included even turning off the MRC system on the amplifier table. The other two
scans, consisting of only 1600 and 1500 consecutive shots respectively, were used to investigate
the impact of different possible ways to stabilize the observed variations.

In Fig.36, the three consecutive scans are plotted over time (calculated from the shot number
and previously mentioned 0.5 Hz acquisition rate). Less than 15 mins passed between the scans
to change experimental configurations and device settings, therefore a common time axis was
chosen to simplify interpretation of the complete dataset.

As can be seen clearly in the plot, there are significant, systematic changes of the second
moment D2σtemp (and pulse duration τm) over the course of the monitored 3+ hours of low
power operation. The increase in variation amplitude, strongly noticeable in the dataset of
Scan008 in Fig.35, seems to stabilize after about the first hour. The last 500 shots of Scan011
show an almost identical value of second moment D2σtemp rms to the last 500 shots of Scan008.
This suggests that the process responsible for the increase in rms jitter has stabilized after an
hour of operation.

To quantify the long-term effects of D2σtemp, in addition to the shot-to-shot instabilities,
the rolling average over 100 consecutive shots was calculated for the full dataset and can be seen
as the red trace in Fig.36. This averaged trace allows to quantify the overall trend of D2σtemp,
and visualizes strong drift over roughly the first and last hour of the data set.

During Scan008, as mentioned above, no attempt at stabilization of D2σtemp was made. To
determine if it has any effect on pulse duration rms fluctuations or long-term drift, the MRC
system was turned on during Scan010. For Scan011 it was again deactivated, and instead a
number of weights were placed on the lid of the protective housing which encloses the laser pulse
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Figure 36: Monitoring the change of temporal second moment D2σtemp from the raw
GRENOUILLE images over multiple hours of laser operation at low power. Three
back-to-back measurements of D2σtemp (blue) from consecutive laser shots are
plotted over operation time. The rms jitter of the second moment for the first
(green shaded area) and last 500 shots (orange shaded area) is calculated and dis-
played, as well as the moving average (red) over 100 consecutive shots.

stretcher. This technique had previously been demonstrated to significantly reduce observed
laser pulse duration variations on the Hundred TeraWatt Thomson-scattering (HTT) system.
Suspected to be caused by airflow from the HVAC unit causing vibrations of the stretcher en-
closure. The hope was that the observed effects on the HTU system could be stabilized the
same way.

The MRC system seems to have had some effect, based on the reduced drift observed during
Scan010. Calculating the standard deviation of the rolling average δ( ¯D2σ) in the respective
intervals leads to

• δ( ¯D2σ)[Scan008] = 0.93 pix

• δ( ¯D2σ)[Scan010] = 0.37 pix

• δ( ¯D2σ)[Scan011] = 0.72 pix

Despite the rms variation of D2σtemp showing no sign of improvement between the last 500
shots of Scan008 (see Fig.35) and Scan010 and Scan011, there is a significant change in the
long-term drift between the three scans. Especially the reduction by a factor of 2.5 between
Scan008 and Scan010, and the increase by a factor of 2 between Scan010 and Scan011, strongly
suggests the activation of the MRC beam stabilization system during Scan010 to have a pro-
found impact on at least the observed long-term drift instability.

To verify this interpretation, the centroid rx,y of the laser pulse position was calculated
directly from the images capturing the beam on the second amplifier crystal. Acquired simul-
taneously during the three scans displayed in Fig.36, and applying the same rolling average
technique as for the second moment D2σtemp, both parameters are plotted over the scan time
for comparison, as can be seen in Fig.37(a).

The averaged centroid behavior qualitatively matches expectations based on the results from
Sec.6.1 and adds new understanding of the laser pulse position dynamics. The centroid rms jit-
ter is much reduced and drift seems to have been eliminated completely, when the MRC system
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is active (Scan010, green shaded area). Outside of that interval, during Scan008 and Scan011,
both shot-to-shot variations and long-term drift are of significant scale. Correlating the two
parameters, as can be seen in Fig.37(b) and (c), shows a measurable correlation between them
with the MRC turned off, that vanishes completely when the beam stabilization is activated.

Insightful conclusions can be drawn from the above observations. Firstly, if the MRC is not
active, the laser pulse centroid drifts noticeably when passing through the main amplifier, even
under low power conditions (when the crystals are not pumped). This result was unexpected,
which is why previously the MRC had not been activated during low power operations. Turning
on the MRC system reduces shot-to-shot and long-term drift instabilities of the beam centroid
very effectively, even at low power.

Secondly, at least a significant part of the observed long-term drift of the laser pulse duration
is correlated to drift of the laser beam position on the amplifier table. This is demonstrated
nicely when comparing the correlations between D2σtemp and rx,y when the MRC system is
deactivated (Fig.37(b)) versus when it is activated (Fig.37(c)).

Figure 37: Comparing the dynamics of averaged second moment of the GRENOUILLE raw
images temporal axis D2σtemp (red, correlated to laser pulse duration) to the
centroid of the beam position on the second amplifier crystal rx,y (blue) under
the un-amplified (low power) conditions. In (a), the trend of both over time is
plotted. (b) shows the direct correlation between the parameters with the MRC
system turned off, and (c) the correlation with the MRC system turned on.

Knowing that operating the MRC system can not only stabilize the beam position shot-to-shot,
but effectively eliminate its drift on the amplifier crystals and simultaneously significantly re-
duce slow changes of the laser pulse duration, is a highly valuable result.

The stretcher enclosure reinforcement added for Scan011 seems to have had no effect on the

68



6 Efforts to stabilize the LPA Interaction

temporal laser pulse dynamics. Both the drift and rms jitter of D2σtemp show no significant
improvement compared to Scan008, which seems to indicate the observed effects are not caused
by the air currents from the HVAC unit vibrating the stretcher housing. This leads to the
conclusion that the instabilities are either inherent to the low power pulse coming out of the
laser front end, or are originating from after the stretcher. The observation from Fig.37 seems
to match this interpretation, suggesting that at least a significant part of the pulse duration
drift is caused by slow changes of the beam centroid in the laser amplifier.

To further investigate temporal laser pulse performance, this investigation was repeated
under high power conditions.

High Power
Due to the afore mentioned damage to one of the compressor gratings and final steering mirror,
the beam was not amplified to the maximum 4 J of pulse energy, but instead to only 3 J. The
intention was to reduce the risk of destroying more beamline components after the compressor,
by avoiding to introduce more hot spots in the beams intensity profile downstream of the
damaged grating.

The ND filters, which had been removed from the GRENOUILLE diagnostic line for the
low power studies, were implemented again and the exposure of the camera acquiring the SHG
FROG images set back to 1 ms. Due to other unrelated control system issues, the data acqui-
sition frequency still only averaged to about 0.75 Hz, instead of the ideal 1 Hz repetition rate of
the amplified laser pulse.

With the experimental setup restored to its default configuration for high power operation,
no additional effort was made to confirm the amount of dispersion on the diagnostic line. While
the low power data was acquired in the stretched configuration of τm ̸= τ0, with τm ≈ 60 fs, the
amplified beam with the added dispersion from the ND filters was closer to ideal compression,
τm ≈ τ0 with τm ≈ 37 fs. This was only discovered during the data analysis when running the
post retrieval on the GRENOUILLE data, to correlate pulse duration τm and second moment
D2σtemp.

Based on previous observations, as can be seen in Figs.15 and 22, the temporal pulse prop-
erties in the compressed configuration (τm = τ0) do not reveal any insightful correlations to
LPA parameters, and when monitored over extended periods of time show no noticeable varia-
tions (see Fig.14). This suggested there would be no insights gained into the long-term temporal
dynamics under high power conditions, as opposed to the low power results discussed previously.

Surprisingly, the long-term analysis of all three scans conducted at high power still shows
very strong time-dependent dynamics of the resulting D2σtemp traces, as can be seen in Fig.38.
Scan005 and Scan007 were taken under identical experimental conditions, with the weights on
the stretcher cover as added for the last scan of the low power study, and the MRC system
turned off. There was a thirty-five minute interruption between Scan007 and Scan009, due to
removal of the weights from the stretcher enclosure. The MRC system remained turned off
during Scan009.

As can be seen in Fig.38, the high power pulses temporal second moment appears compar-
atively stable during the first scan. The rms jitter of the first 500 shots is lower than observed
during the corresponding low power scan, and there seems to be no noticeable drift of the
average value of D2σtemp. No noticeable change in the average D2σtemp value is observed be-
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Figure 38: During high power operation, the change of the temporal second moment D2σtemp

of the laser pulse is monitored non-invasively over multiple hours of operation.
Three back-to-back datasets of D2σtemp (blue) are displayed, each under static
experimental conditions. The rms variation of the second moment for the first
(green shaded area) and last 500 shots (orange shaded area), as well as the moving
average (red) over 100 consecutive shots, are calculated and displayed.

tween Scan005 and Scan007, buy shortly after the start of Scan007 strong long-term drift and
shot-to-shot jitter start to appear. Both the jitter and long-term drift of the average D2σtemp

seem to increase significantly throughout the dataset of Scan007. The removal of the stretcher
reinforcement before Scan009 does not appear to systematically impact the observed stability of
D2σtemp in a noticeable way. Instead, the trend of increasing shot-to-shot jitter and long-term
drift seems to continue. These observations are supported by the 5× increase in calculated rms
jitter of D2σtemp between the first and last 500 shots.

6.2.2 Summary

The most notable discovery, when comparing the observations under low (Fig.36) and high
power conditions (Fig.38), is that there appears to be no fundamental difference between the
two cases. Despite the variation of some external parameters between scans (amplification of
the laser, operation of the MRC system, reinforcement of the stretcher enclosure), they exhibit
a very similar overall behavior. The amplification process was suspected to be one of the key
origins of the observed temporal pulse parameter instabilities, which appears to have been an
incorrect assumption. This is supported by the observations from the low power test, assigning
the source of the variations to the laser front end, or beam position drift in the main amplifier.
The noticeable increase in shot-to-shot rms variation of D2σtemp between the first and last 500
shots of the acquisition period was reproduced in both experiments.

When investigating the impact of reinforcing the stretcher enclosure at low and high power,
it was discovered that this does not appear to have any measurable impact, neither on shot-to-
shot variation, nor long-term drift of D2σtemp.

Instead, the length of system operation appears to be a factor of high impact to the scale of
the instabilities in both pulse energy regimes. It can be stated with a high degree of confidence
that the rms jitter and long-term drift of D2σtemp increase with operational time of the laser
system.
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Additionally, studying the impact of the MRC beam stabilization system on the beam
centroid and temporal second moment under low power conditions, revealed the long-term drift
of both parameters to be correlated.

The importance of being able to resolve all of the above discussed temporal dynamics of the
laser pulse, even in the compressed configuration of τm = τ0, can not be overstated. While it
has proven impossible to extract this information from the retrieved pulse duration and linear
chirp parameter close to or at compression, the temporal second moment D2σtemp can not only
be determined from the raw images in effectively real time, but also appears to be much more
sensitive. This makes it an even more capable and important tool for this non-invasive, on-shot
pulse duration diagnostic going forward.
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6.3 CombinedPulseEnergyandDurationStabilizationStudy
In Sec.6.1, the process of setting up and characterizing a stabilization system for the beam
centroid in the HTU system multi-pass amplifier was described in detail. The intention was to
reduce the long-term drift of the laser pulse energy EP , correlated to the change in centroid
position on the amplifier crystals, observed when operating the system continuously over many
hours. First results showed a reduction in centroid rms jitter of about an order of magnitude
on the two amplifier crystals downstream of the MRC. But no conclusive proof of successful
stabilization of EP during high power operation has been shown.

Long timescale variations of the pulse duration, discovered after setting up an on-shot, non-
invasive pulse diagnostic (described in Sec.5.2), were investigated in detail in Sec.6.2, to narrow
down the origin and find ways to stabilize the instabilities. Comparing data from low and high
power campaigns led to the conclusion that there are two seemingly independent contributions
to the effect.

1. The "fast" component (tens of seconds), which increases over time, appears to occur
irrespective of amplification or efforts to stabilize the stretcher or beam pointing. This
leads to the conclusion that this component must be inherent to the front end of the laser.

2. The "slow" component (tens of minutes to hours) is a systematic drift of the temporal
second moment (and therefor the pulse duration) observed irrespective of amplification.
However, this component was discovered to be impacted by the beam pointing stabiliza-
tion on the amplifier table. Under low power conditions, a reduction in long-term drift of
over 60% was observed when turning on the MRC system.

These observations led to conducting a designated study of the impact the MRC stabilization
has on EP and D2σtemp under high power conditions.

6.3.1 Results

Figure 39: Change of D2σtemp (blue) over multiple hours of high power operation. The rolling
average (red) over 100 consecutive shots is displayed for both back-to-back scans.
The MRC beam stabilization system was turned off for Scan015 and turned on
for Scan016. The rms jitter of D2σtemp for the first (green shaded area) and last
500 shots (orange shaded area) are calculated and displayed.
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5000 shots at 1 Hz repetition rate of the main pulse (amplified to 4 J energy) were taken with
the MRC system turned off, immediately followed by another 5000 shots with the MRC system
turned on. The change in D2σtemp over the course of the experiment is displayed in Fig.39,
following the same methods used in the display of temporal second moment behavior in Figs.36
and 38.

Again, the familiar effect of the "fast component" shot-to-shot variations increasing over time
can be observed. The rms jitter of D2σtemp increased from 2.23 pix during the first 500 shots
of Scan015 (MRC off) to 3.36 pix in the last 500 shots of Scan016 (MRC on). This represents
an increase in rms of 51% over the course of slightly over 2.5 hrs of high power operation, and
confirms an observation made previously during low power operation that the MRC system
does not appear to improve the shot-to-shot stability of D2σtemp.

However, when calculating the standard deviation of the rolling average δ( ¯D2σ) for the case
of the MRC system off (Scan015) and MRC system on (Scan016), in an effort to quantify the
long-term drift of D2σtemp, a 33% improvement is found:

• δ( ¯D2σ)[Scan015] = 1.67 pix

• δ( ¯D2σ)[Scan016] = 1.12 pix

Despite being a less significant improvement than what was found under low power conditions,
this result qualitatively matches the previous observations and confirms the ability to stabilize
at least the long-term drift of D2σtemp and in turn the pulse duration τ , when stabilizing the
laser beam centroid on the amplifier table with the MRC system.

Figure 40: Impact of the MRC beam pointing stabilization over multiple hours of high power
operation. (a): Comparing the short- and long-term instabilities of the averaged
beam centroid on the amplifier rx,y (blue) and the averaged temporal second mo-
ment D2σtemp (red) in the case of MRC off and on (green shaded area). (b):
Correlation between rx,y and laser pulse energy EP with MRC turned off and (c)
MRC turned on.
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To investigate the impact that stabilizing the beam centroid rx,y has on the pulse energy EP ,
the peak counts detected by a camera imaging the main beam after the final amplifier were
used as a proxy (the on-shot energy meter E in Fig.5 was not in commission). As can be
seen in Fig.40(a), the behavior of rx,y observed for turning the MRC on and off matches the
observations made previously at low power, as can be seen in Fig.37(a), effectively eliminating
long-term drift and significantly reducing shot-to-shot jitter. The averaged temporal second
moment D2σtemp was plotted to enable direct comparison between the two parameters in the
two regimes.

As demonstrated for D2σtemp in the low power case (see Fig.37(b) and (c)), under high
power conditions the correlation between the pulse energy EP and rx,y is drastically reduced
from ρ = −0.30 with the MRC off (Fig.40(b)) to ρ = −0.05 when the MRC is turned on
(Fig.40(c)).

The results of this combined study, under conditions matching high-power LPA operation,
demonstrate effective stabilization of the laser pulse energy and pulse duration against long-term
drift, when stabilizing the laser beam centroid in the multi-pass amplifier.
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6.4 Wavefront Stabilization
The results shown and discussed in this section were part of a collaborative effort between the
BELLA Center and RadiaSoft, and the corresponding publication to the results discussed in
this section is

Kyle Jensen, Samuel Barber, Curtis Berger, Chris Doss, Finn Kohrell, Stephen Coleman,
Nathan Cook, Jonathan Edelen, Joshua Einstein-Curtis, and Jeroen van Tilborg
Improved laser-plasma accelerator stability via high-bandwidth longitudinal focal position stabi-
lization of 100 TW-class laser system, Phys. Rev. Accel. Beams - in review

6.4.1 Motivation

With the high degree of correlation between the fluctuations of the laser pulse, the accelerating
plasma structure, and LPA electron beam it generates, it is not surprising that not just the
transverse but, specifically, also the longitudinal focal position instability has been found to be
a strong driver of observed fluctuations of electron beam spectra [10].

On the HTU system, changes of the longitudinal focal position are determined by calibrated
conversion from the non-invasively monitored laser beam wavefront radius of curvature (RoC).
Over a full day of high-power operation, short-term jitter of up to ±2 mm has been observed,
with long-term drift exceeding 5 mm. The HTU system employs the density down-ramp injec-
tion scheme (see Sec.1.2.2), which has a highly localized injection region defined by the location
of the high density shock. Especially for this reason, longitudinal variations on the order of the
laser pulse Rayleigh range can be expected to drastically limit the performance of the gener-
ated electron beams shot-to-shot, and effectively prohibit multi-hour continuous operation with
stable electron beams, which is crucial for conducting LPA-driven FEL studies.

6.4.2 Setup

To enable active control and closed-loop stabilization of the RoC, a transmissive telescope
with variable lens separation is set up between the second and third multi-pass amplifier (T
2 in Fig.5). By mounting the downstream lens of the telescope pair on a moving magnet
linear translation stage from Zaber, which allows for sub-µm precision and ms-response time to
movement requests, the longitudinal focal location can be effectively adjusted with a precision
of roughly 100µm.

The desired capability for active feedback was implemented through the setup of a Shack-
Hartmann wave-front sensor (WFS) from Thorlabs on the ghost beam line. As mentioned in
Sec.4.1, the ghost beam has been shown to allow non-invasive monitoring of the transverse and
longitudinal focal position on-target.

The RoC values calculated from the WFS data are sent to a closed-loop PID controller,
calculating the required move of the telescope stage to keep the longitudinal focal position at
its pre-determined setpoint location.

Because the WFS is measuring the non-amplified kHz train of background pulses, which
has a RoC highly correlated to that of the amplified 1 Hz pulse train, the active correction of
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the amplified laser can be conducted at repetition rates exceeding 1 Hz. Depending on the set
exposure time and spatial resolution, up to 880 Hz acquisition rate can be realized. For the
results presented here, and the subsequent LPA operation, the WFS was operated with a 32 Hz
acquisition rate.

6.4.3 Results

During high-power LPA operation, assessing the effectiveness of stabilizing the longitudinal
focal position of the 1 Hz amplified laser pulse led to the results displayed in Tab.4. Measured
over 500 s each with the longitudinal focal stabilization (LFS) off and on, a reduction in rms
standard deviation of the longitudinal focal position by 40% was observed.

Simultaneously taken electron spectra revealed an impressive improvement of LPA stability
correlated to the LFS performance, reducing the rms variations of average bunch energy by
52%, the mean energy spread by 19% and rms fluctuation of the energy spread by 37%. These
improvements in electron beam quality with activating the LFS culminated in a 80% reduction
in the number of "missed" shots, for which a bunch charge of less than 5 pC was recorded.

Table 4: Results of longitudinal focal stabilization at high-power during LPA operation.

Stabilization off Stabilization on

Long. focal position [mm] ±0.46 ±0.28
Avg. Energy [MeV] 120.3 ± 18.9 111.1 ± 9.1
Energy Spread (rms) [%] 5.3 ± 3.0 4.3 ± 1.9
Charge [pC] 19.4 ± 17.9 40.4 ± 20.4
Missed Shots (< 5 pC) 145 (29%) 32 (6%)
Correlation (long. focal pos. vs charge) -0.64 -0.48

In addition to this noticeable improvement of the quality of generated electron beams on a shot-
to-shot timescale, the LFS system also completely eliminates long-term drift of the longitudinal
focal position of the amplified laser on-target. Given the scope of this effect before the imple-
mentation of the LFS, this added stabilization capability represents a tremendous achievement
and step towards enabling long-term, stable LPA-driven FEL operation on the HTU system.
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6.5 Summary
This section focused on the implementation of diagnostics and active stabilization systems to
detect, quantify and mitigate instabilities of the laser pulse affecting the reliability of the HTU
systems LPA source. Especially the observed long-term drift of pulse energy, and longitudi-
nal focal position were limiting the ability to run extensive LPA-driven FEL studies, but slow
variations of the pulse duration had also been observed and correlated to impact the LPA per-
formance.

The installation of a commercial two-stage beam stabilization system from MRC Systems
between the first and second multi-pass amplifier, discussed in Sec.6.1, led to an improvement
of transverse beam centroid rms (rx,y) on the downstream amplifiers by about an order of mag-
nitude.

During the commissioning of the non-invasive, on-shot pulse duration diagnostic (described
in Sec.5.2), systematic variations of the pulse duration over tens of seconds to minutes of
operation time had been observed. In Sec.6.2, dedicated campaigns conducted to quantify the
effect and find a way to stabilize it were discussed.

First, the validity of using the temporal second moment D2σtemp, extracted from the raw
GRENOUILLE images as a proxy for the pulse duration was demonstrated. This enabled real-
time analysis compared to the application of post-analysis retrieval algorithms, taking up to
30 s per data point (acquired at 1 Hz).

Afterwards, studies of both the un-amplified and fully amplified laser pulse were conducted,
to learn about possible influences of the amplification process on the observed instabilities. In
both cases, schemes to reinforce the housing of the pulse stretcher were tested, but proved to
have no noticeable impact.

However, under both low and high power condition the same general trends of D2σtemp were
observed. A significant increase in short-term jitter and long-term drift over multiple hours of
operation seemed to strongly suggest the source of the instabilities to be not directly connected
to the amplification process, as previously assumed.

Running the MRC system during the low power investigations showed that the stabilization
of the beam centroid rx,y significantly reduced long-term drift of D2σtemp, giving rise to the
hope that both pulse duration and energy could be stabilized with reducing the instability of
the beam centroid in the amplifier.

A combined campaign discussed in Sec.6.3, measuring τ and EP during high power opera-
tion, was conducted to specifically study the impact of the MRC system on long-term stability
of both LPA parameters. The results confirmed previous observations made at low power, and
showed noticeable improvement of both pulse duration and energy stability over multiple hours
of operation, when the MRC system is active.

This makes the stabilization of the transverse beam centroid rx,y on the amplifier table a
highly capable tool in enabling stable, long-term LPA-driven FEL operation.

Sec.6.4 focuses on mm-scale drift of the longitudinal focal position, observed repeatedly
when running the laser system at high power over multiple hours. Therefore, a system designed
to measure and stabilize the pulse wavefront RoC was devised. Based on a WFS installed
on the "ghost line", the RoC of the 1 kHz pulse train was measured non-invasively. Operated

77



6 Efforts to stabilize the LPA Interaction

in closed-loop with a motorized linear stage in the transmissive telescope between Amp2 and
Amp3, the RoC can be stabilized and long-term drift completely removed.

The impact on LPA performance is significant, not only eliminating the need to re-optimize
overlap between focal position and plasma down-ramp target multiple times per day, but no-
ticeable improving the stability of electron beam energy, energy spread, and charge.

As discussed in this section, the newly implemented diagnostic and stabilization capabilities
on the HTU system play a key role in enabling reliable, long-term LPA operation. This improved
performance of the electron beam source proved to be vital to the effort of demonstrating stable,
high-gain and long-term LPA-driven FEL operation.
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At the start of this thesis project, the main focus on the HTU experiment was to generally
improve the performance of the system enough to allow reliable generation of electron beams
of high enough quality to send to the undulator and enable FEL lasing. This chapter will give
an overview of the progress that happened since then, which enabled the observation of first
undulator light on the system, and later the demonstration of unprecedented levels of gain and
long-term stability for an LPA-driven FEL.

7.1 First undulator radiation observed
After continuous efforts to improve LPA performance, in April of 2023 it became possible for
the first time to send optimized electron beams past the magnetic spectrometer (MagSpec 1 in
Fig.46) on a regular basis. Even though the majority of time was still spent on source optimiza-
tion, multiple hours of electron beam trajectory and focusing studies, conducted by scanning
steering magnet and EMQ triplet currents, became a regular part of HTU high power operations.

Virtual references on the phosphor screens upstream of the undulator (A 1 - A 3, see Fig.7)
were used to align the electron beam to what was believed to be an accurate representation of
the VISA undulators’ magnetic axis. To achieve optimal focusing of the electron beam on the
final transverse beam profile monitor before the undulator entrance A 3, extensive studies were
conducted to scan the currents on the EMQ triplet, which caused the introduction of notice-
able horizontal dispersion of the electron beams. Considerable work went into experimentally
determining and referencing the magnetic axis of the EMQ triplet, to avoid any steering or
dispersion introduced by optimization of electron beam focusing.

Figure 41: Integrated undulator radiation signal over charge, measured on 04/20/2023. The
black dashed line indicates the potential scaling of incoherent undulator emission.

Sending focused electron beams on the such optimized trajectory into the undulator quickly
revealed the first, very weak indications of undulator radiation. Deliberate misalignment of the
beam by use of the dipole magnet of MagSpec 1 upstream of the undulator, strong enough steer
it fully into the phosphor screens of the spectrometer and miss the undulator entrance, quickly

79



7 Progress towards reliable LPA-driven FELOperation

revealed that the signal was not simply stray laser or plasma light.
Within two weeks of operation under these conditions, multiple demonstrations of what

appeared to be predominantly incoherent undulator radiation were achieved. As can be seen
in Fig.41, the majority of shots seems to follow a linear trend of undulator signal with bunch
charge (visualized by the black dashed line). The shots lying significantly above this apparent
linear trend appeared as noticeably brighter flashes on the camera and could be first evidence
of coherent emission, an exemplary image such shots recorded on the optical spectrometer can
be seen in Fig.30.

Despite these promising first results, the system lacked key diagnostic capabilities to quantify
important properties of the electron beam before and after the undulator. Furthermore, because
the undulator radiation signal was to be used as the main metric to assess LPA-driven FEL
performance, the detection and quantification of it needed to be significantly improved by UV-
enhancing and energy calibrating the optical spectrometer. Other early issues included the lack
of spatial resolution of the transverse electron beam profile on the phosphor screens upstream of
the VISA (A 1 - A 3), no direct way to confirm and measure the incoherent emission scaling, as
well as no reliable way to determine bunch charge and energy after the undulator. In addition,
the performance and stability of the laser system itself seemed to cause significant problems
when trying to generate stable, low energy-spread electron beams at 100 MeV, able to support
hours of continuous electron beam transport and FEL optimization studies.
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7.2 Crucial Increase of Laser SystemPerformance
An important part of establishing LPA-driven FELs as a viable technology for future compact
light source facilities is to demonstrate "turn-key" operation of the entire setup. This requires
exceptional stability of the laser system not just during, but also between machine operation,
such that an immediate return to reliable production of stable electron beams after hours or
days of down-time can be facilitated.

In this specific effort, there has been tremendous progress on the HTU system over the last
three years covered in this thesis. The time required between laser start-up and achieving stable
electron beam generation at 100 MeV has been reduced from 6-8 hrs in September of 2022 to less
than 2 hrs in the most recent experiments. This time includes the "search-and-clear" procedures
required before sending the high-power laser pulse to the target area. If the lab was already
in the "cleared" state before starting the laser, this would bring the time required to achieve
electron beam generation down to less than 90 mins. Some of the key steps of achieving this
drastic improvement and progress towards "turn-key" operation and their specific impact will
be discussed in this section.

7.2.1 Laser Front End Operation

The laser front end, based on the Vitara oscillator and Legend regenerative amplifier (see Sec.4.1
and Fig.5), used to be turned on every morning as part of laser start-up and shut down at the
end of each day, to increase the life-expectancy of its componentry. However, over the course
of over a year of this mode of operation, a slow but constant energy loss of the 1 kHz beam
was observed. This manifested itself as a decrease in output power of more than 20% over the
course of a few months, and was eventually connected to algae build-up in the chiller system.
Flushing and disinfecting the cooling system would briefly solve the problem and return the
system to its design output, but the slow degrading effect would re-appear after a few weeks.

Because this introduced not only a constantly varying pulse energy, but also the need for
regular intervention and interruption of front-end operation, the decision was made to test
running the system continuously throughout the week and only shut it down only over the
weekend. The hope was to slow down algae build-up by reducing the time the chiller system
would sit inactive, which turned out to be highly effective in increasing output stability. Chang-
ing the operation procedures accordingly, the observed decrease in output power was reduced
from > 20% to < 5% over a comparable time-frame. After setting the output power back to
its desired value, this change to the operating procedure has so far enabled almost a year of
operation without impactful energy loss and the need for chiller maintenance.

7.2.2 Laser Alignment and Active Stabilization

Over the course of time covered in this thesis, significant changes were made to the active
stabilization infrastructure of the laser system.

The added capabilities for fast corrections of beam pointing and radius-of-curvature (RoC)
in the amplifier setup, discussed extensively in Secs.6.1 and 6.4, also make initial alignment of
the laser system in preparation for LPA operation more efficient.
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By precisely defining a setpoint for the beam position on both PSD detectors of the MRC
system once, when the beam is set to its design trajectory through the amplifier and subsequent
beamline towards the target chamber, the return to this alignment on a following day was made
substantially less cumbersome. Effectively, simply activating the MRC system after sending
the beam to the amplifier will reproduce the previously set trajectory. Additional manual
alignment of the beam position on the amplifier table, into the compressor chamber, and onto
the target is usually only required once at the beginning of the week, after two days of actual
laser shut-down.

Even this procedure, and potential small additional corrections during the week, have been
substantially simplified and accelerated by the implementation of motorized alignment refer-
ences. An iris, mounted on a pneumatic actuator right after the multi-pass amplifier, can be
remotely inserted into the beam-path. It thus allows for remote and simple confirmation of the
beam pointing on all down-stream references.

A set of ceramic plates at various locations in the vacuum system, each mounted on an
individual linear translation stage, can be inserted into the beam path. Imaging the inserted
ceramic plates with cameras outside of the vacuum system allows to check the alignment with-
out the need to vent the system. In the target chamber, a pair of such plates installed before
and after the interaction point enables precise characterization of the trajectory incident on the
LPA target. Adjustments to the beam trajectory can be made through piezo-actuated mirror
mounts if necessary, enabling the system operator to go through a full system alignment in a
few minutes, entirely from the control room.

The LFS system allows to quickly determine, manipulate, and stabilize the longitudinal focal
position of the laser on target. This significantly enhances the repeatability of LPA operation,
because the time required to re-optimize the overlap between longitudinal focal location and
down-ramp plasma target during every high-power campaign can be greatly reduced.

In addition to the stabilization techniques discussed above, the schemes for correction of
slow drift of the laser beam centroid position through the Pockels Cell onto the amplifier table,
as well as on the LPA target, unlocked more stable and reproducible alignment of the whole
laser system.

Set up in a simple single-stage design, the custom beam stabilization systems are based
on the in-house developed control system architecture. A set of stepper motor actuators drive
an optical mount to stabilize the laser beam centroid, measured in real-time on a designated
CCD camera in the experimental system, to a user specified position in the image. Because
the control system operates on the 1 Hz trigger of the amplified laser beam, this stabilization
technique is only applicable reliably to slow corrections, and used to compensate for long-term
drifts in areas of the setup not already covered by faster active stabilization systems.

For this slow drift correction, the custom single-stage system has proven highly useful. Flex-
ible and quickly adjustable through the integration into the native control system, it serves as
a powerful tool to effectively lock the beam centroid in areas where long-term drift is noticeable
and correction is especially crucial.

Finally, a designated effort has been made over the past few years to set more alignment
references, improve documentation of the system and develop detailed procedures to help make
operation of the entire system more efficient, repeatable and safe. This covers everything from
laser start-up, amplifier alignment, setting new PSD setpoints for the MRC system, cleaning
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and aligning the compressor gratings, to procedures for venting and pumping down the vacuum
system, or swapping high-pressure helium bottles for the LPA target gas jet supply. The
impact of these procedures is harder to quantify, but they have strongly improved the ability
to familiarize new team members with the system, and provided a way to ensure everyone is
following the exact same steps when preparing, maintaining, and operating the system. Thereby,
they have definitely improved the teams’ ability to operate in a stable and reproducible way.
Copies of the detailed procedures developed and contributed to by the author can be found in
Sec.10.2 of the Appendix.

7.2.3 Improvements of Laser BeamQuality

The observed instability of the LPA interaction, and generated electron beams in the early
stages of this research project were at least partially assigned to the drive laser. A significant
effort was made to improve the homogeneity of the high-power transverse beam profile after the
final amplifier (as can be seen in the top left of Fig.42), laser pulse energy transmission from
the amplifier to the LPA target, and pulse wavefront (top center image in Fig.42) to enhance
the transverse mode quality at focus (top right image in Fig.42).

04/2023

03/2024

Figure 42: Comparison of transverse beam profile after the final amplifier (left), wavefront
quality at DM surface (center), and mode quality at focus (right), between 04/2023
(top) and 03/2024 (bottom).

A much more homogeneous transverse beam profile after the first amplification stage was
achieved through a complete re-configuration of the first multi-pass amplifier. The beam path
of the GAIA laser was changed to pump the first amplifier crystal (Amp 1 in Fig.5) from both
sides, instead of just from one side during previous operation. This allowed a reduction of pump
fluence and extracted gain on the subsequent amplifier crystals, which further smoothed the
intensity profile after the final amplifier as can be seen when comparing the top and bottom left
images of Fig.42. Note that the argument presented here is specifically regarding the quality of
the transverse beam profile, and not the alignment with respect to the virtual crosshair in the
images.
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The deformable mirror (DM in Fig.5) is a crucial tool to achieve the flat wavefront necessary
for a high-quality transverse mode at focus. Over time the response of the individual actuators
had degraded, leading to a correlated increase in minimum achievable wavefront peak-to-valley
(PV) and rms. As can be seen in the top center image of Fig.42, the best beams that could be
generated on the HTU system under these conditions had a wavefront PV of 477 nm, and rms
of 49 nm. During a service visit from ImagineOptics the DM was confirmed to be in need for
repair. Fixing this issue required shipping the DM back to the factory in France, and because
the beam quality without the DM in the laser system was too poor to generate any stable
electron beams, this caused a seven month break in LPA operation.

During this time, a variety of diagnostic upgrades were implemented into the HTU beamline,
and significant work went towards ensuring the highest possible energy transmission through
the system. For this purpose, all key optics in the beamline were inspected for damage and
darkening due to high incident fluence. If possible components were cleaned in situ, other-
wise the optics (such as the 40 cm diameter compressor gratings) were removed, cleaned and
re-installed. Damaged optics were replaced. Afterwards, a thorough re-alignment and careful
update of effectively all references was conducted, specifically with the purpose in mind to make
day-to-day alignment in the future easier and more repeatable. After the DM returned fully
functional and was re-integrated into the system, the results showed significant improvements
of all targeted metrics of laser performance.

A reduction in wavefront rms (increased flatness) by 50%, from previous 49 nm to 26 nm,
was measured (center images in Fig.42). The wavefront PV improved by 73%, from 477 nm to
130 nm. This led to a strongly noticeable improvement in mode quality at focus, as can be seen
in the right images of Fig.42. The cleaned and replaced optics, as well as elimination of clipping
in the beam path during the extensive laser system re-alignment, led to a relative increase in
energy transmission by almost 20%, from 55% to 64% total energy transmission (between the
energy output after the final amplifier and the value measured on target).
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7.3 Confirmationof improvedElectronBeamStabilityand"Turn-
Key" LPAPerformance

During the very first high power run after the laser system was re-commissioned, which was
described in detail in the previous Sec.7.2, the strong impact the discussed additions and im-
provements to the setup had on the LPA performance became clear.

Figure 43: Electron beam spectra recorded on the magnetic spectrometer before the VISA
undulator (MagSpec 1 in Fig.46) before (07/13/23) and after (03/13/24) extensive
improvements to the laser system. The charge density (intensity) in both plots
was normalized individually to allow comparing their relative charge density fluc-
tuations.

It took less than an hour of LPA optimization to generate electron beams of higher quality than
anything previously demonstrated on the HTU system, which can be seen in Fig.43. The beams
on 07/13/2023 (before the system improvements) exhibited an rms jitter of 5.1 MeV in central
energy, 42% in charge density, and 56% in bunch charge. Eight months later on 03/13/2024,
during the first high power run after the work described in Sec.7.2, the electron beams showed a
much lower rms jitter of 3.9 MeV in central energy (20% reduction), 17% in charge density (60%
reduction), and 11% in total bunch charge (80% reduction). Only the energy spread got slightly
worse, see Tab.5 below. This might be explained by the low energy tail present in the right
waterfall plot (03/13/2024, Fig.43), which was reduced in later high power runs by specifically
optimizing the LPA parameters and adjusting the position and width of the tungsten slit in the
magnetic chicane (see Fig.6 in Sec.4.2).

Utilizing these electron beams of unprecedented stability and sending them down-stream
towards the VISA undulator, only one hour of electron beam trajectory and focusing optimiza-
tion was required to recover the generation of coherent undulator radiation. After over eight
months without FEL operation, this concluded a highly promising first LPA campaign.

The HTU system went back to regular high power operation after the encouraging first re-
sults discussed above. With the extensive improvements to the overall performance and stability
of the laser system, turn-key operation of the LPA-driven FEL was effectively demonstrated
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Table 5: Statistics of the electron beam parameters extracted from the spectra displayed in
Fig.43. Note that the charge density was normalized for both spectra individually,
affecting charge density and the integrated charge values.

07/13/2023 03/13/2024

Avg Central Energy [MeV] 106.5 ± 5.1 99.2 ± 3.9
rms Energy Spread [%] 1.95 ± 0.85 2.50 ± 1.55

Avg Charge Density [a.u.] 0.52 ± 0.22 0.76 ± 0.13
Avg Charge [a.u.] 11.36 ± 6.37 28.04 ± 3.16

for the first time about two months later (06/05/24), after the implementation of the LFS
system (described in Sec.6.4). Following the initial alignment of the laser system and opti-
mization of the LPA on Day 1, on Day 2 the activation of all stabilization systems integrated
into the HTU setup returned the transverse and longitudinal position of the laser beam to its
ideal positions throughout the system. Optimization of the LPA only required scanning the jet
blade (see Fig.6) z-position to fine-tune the down-ramp injection (Sec.1.2.2) for electron beam
central energy. After a single scan, and no further manual intervention, production of electron
beams of comparable parameters (see Tab.6) to the previous day had been restored and enabled
immediate return to FEL studies, within 30 mins of fully amplifying the laser beam.

Table 6: Electron beam parameters on back-to-back high power runs, demonstrating turn-key
operation of the laser system and LPA source on the HTU beamline. On Day 2,
only a singular scan of the longitudinal blade position was conducted to produce the
stated performance.

Day 1 Day 2

Avg Central Energy [MeV] 100.26 ± 2.90 101.84 ± 3.02
RMS Energy Spread [%] 5.42 ± 1.38 3.77 ± 1.33

Peak Charge Density [pC/MeV] 6.78 ± 2.09 6.57 ± 2.60
Avg Bunch Charge [pC] 63.98 ± 20.99 51.08 ± 24.99

The importance of not only the demonstrated stability, but especially the ability for a quick
return to operation (turn-key) can not be overstated. It made a tremendous difference in how
much time during high-power operations can effectively be dedicated towards FEL optimization
and operation, instead of working with the LPA source to produce the electron beams of desired
parameters. The demonstrations of high LPA-driven FEL gain and reliability reported in the
following chapters, which represent a significant improvement of the technology, would not have
been possible without these discussed improvements in laser system stability and performance.
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7.4 Demonstration of reliable, high-gain FEL operation
The corresponding publication to the results discussed in this section is

S. K. Barber, F. Kohrell, C. Doss., K. Jensen, C. Berger, F. Isono, Z. Eisentraut, S. Schröder,
A. J. Gonsalves, K. Nakamura, G. R. Plateau, R. A. van Mourik, M. Gracia-Linares, L. Labun,
B. M. Hegelich, S. V. Milton, C. G. R. Geddes, J. Osterhoff, C. B. Schroeder, E. H. Esarey,
and J. van Tilborg
Greater than 1000-fold gain in a free-electron laser driven by a laser plasma accelerator with
>90% reliability, Phys. Rev. Lett. 135, 055001 (2025)

With the HTU system in the state of reliability and performance described in the previous
sections, eleven consecutive high power runs were conducted. During each of them, strong
undulator radiation signal was observed for many hours, allowing in-depth studies of the LPA-
driven FEL process for over a month. The key results of these first studies will be discussed
below.

7.4.1 Experimental Conditions

For the experiments presented here, the LPA was optimized to produce electron beams with a
central energy of 100 ± 2.5 MeV, 2 ± 1 % rms energy spread, and bunch charge of 90 ± 30 pC.
Due to the high level of laser beam and plasma source stability, enabled by the extensive efforts
discussed in Sec.6 and 7.2, more than five hours of operation showed less than one percent drift
of the bunch central energy.

The electron beams were subsequently sent through the transport line described in Sec.4.2.
Set to produce an R56 value of 150µm, the magnetic chicane, discussed in detail in Sec.2.2,
decompresses the bunch and thus reduces its slice energy spread. This R56 value was determined
experimentally to produce the most efficient and reliable FEL lasing. Assuming the ultra-short
bunches created by the LPA interaction are compressed, the measured FWHM energy spread
of ∼ 4% would cause the full bunch length to get stretched to approximately

le− =
√

(le−,0)2 + ((∆γ/γ) · R56)2

= (∆γ/γ) · R56 = 4% · 150µm = 6µm (for le−,0 ≪ (∆γ/γ) · R56)

with le−,0 the electron bunch length at the source. The investigation of undulator radiation
presented in this section was conducted in two different operational configurations of the FEL
system. In both cases, the EMQ triplet and steering magnets were used to optimize electron
beam focusing, position and angle leading up to the VISA undulator. All other parameters
connected to the LPA interaction were kept identical between the two experiments. However,
different target functions were chosen for the optimization.

In the first configuration (i), the above mentioned controls over the electron beam trajectory
and focus were scanned to maximize undulator signal on each of the first three diagnostic port
locations. They are located 0.25 m, 0.75 m, and 1.25 m into the 4 m long VISA undulator,
respectively.
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For the second configuration (ii), the optimization was conducted only on the final diagnostic
location after the undulator. The reflective pellicle (P 2 in Fig.7) used at this location transmits
the electron bunch while reflecting undulator signal to the optical spectrometer. This allows
measurement of the charge transmission (using ICT 1 and 2) and electron beam spectra (on
MagSpec 2), while recording undulator radiation signal.

The emittance spoiler (P 1 in Fig.7) was used in both configurations to establish the level
of incoherent undulator radiation at each analyzed diagnostic port.

7.4.2 Analysis of Gain Length

The results from operating in configuration (i) can be seen in Fig.44(a). The undulator signal
was taken with the energy calibrated optical spectrometer moved to the respective diagnostic
port location. 600 shots were taken at each location without and 200 shots with the emittance
spoiler inserted. When the emittance spoiler was removed, the measured undulator radiation
pulse energy (blue) exhibits exponential growth over the first three diagnostic locations, match-
ing expectations for the FEL gain process (Eq.3.7 in Sec.3.2).

In comparison, the signal measured with the spoiler inserted (orange) shows no noticeable
increase over the same distance. Despite theoretical expectations of linear scaling, this behavior
of the incoherent emission can be explained by the experimental configuration for the collection
of undulator signal. With the size of the diagnostic probes being only 3 mm × 3 mm and the
incoherent emission expected to show higher divergence than the coherent signal, on the order of
a few mrad, only signal from a few tens of centimeters upstream of the probe can effectively be
collected. Because the probes are located 50 cm apart, one would expect to measure about the
same signal strength on every port, which essentially matches the observed trend in Fig.44(a).

Figure 44: (a): Undulator radiation over propagation distance in the undulator measured in
configuration (i). Data taken with the emittance spoiler removed is displayed in
blue, with it inserted in orange. (b) The gain length calculated from subsets of
the data sorted by measured pulse energy. The green circle at 20% retained data
corresponds to the interval matching the data shown in (a) (blue), and the dashed
line shows expected exponential scaling for the corresponding gain length.

Detailed analysis of LPA-driven FEL data like this comes with specific inherent challenges,
based on the convolution of different sources of FEL signal instability. The two main factors
contributing are related to the electron beam parameters (bunch charge, energy, pointing, etc.),
and statistical variations in the SASE process (based on shot noise).

As discussed in Sec.6, the LPA process has many potential sources of instability connected
to the drive laser, and electron beams generated are prone to relatively high jitter of key
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bunch parameters. With the limited amount of diagnostics available, it is extremely difficult to
determine if an observed difference in FEL signal for two bunches of identical measured charge
is due to jitter of the LPA or SASE process.

To try and account for this issue, an attempt is made of determining a higher and lower
boundary for the gain length, matching the experimental data. For this purpose, all shots
of FEL signal at a certain diagnostic location were sorted from lowest to highest amount of
measured signal. By applying a filter that only includes a certain percentage of the highest
energies measured, the impact of LPA and SASE fluctuations on the expected gain length Lg

can then be estimated (discussed more in-depth in Sec.3.2.2, see Eqs.3.7 and 3.8). Fig.44(b)
shows the gain length as a function of the part of the retained, energy sorted undulator radiation
data. With P0

!= P (z = 0), and the interval of Lg between 16.7 cm and 22.5 cm (extracted from
the Fig.44(b)), using Eq.3.7 these values translate to an expected gain over the measured
propagation distance of 1.25 m of

P (z) = P0 · exp
(

z

Lg

)
=⇒ P0 · exp

(
z

Lg,max

)
≤ P (1.25 m) ≤ P0 · exp

(
z

Lg,min

)
=⇒ 258.7 · P0 ≤ P (1.25 m) ≤ 1781.2 · P0

The evolution of the highest 20% of FEL signal over the propagation distance in the undulator
are represented in Fig.44(a). The mean of the measured signal is shown as blue dots, the
error bars represent minimum and maximum signal contained in this subset of the data. The
exponential trend corresponding to the gain length expected for the specific retained interval
is represented as the blue dashed line. The 20% of the data showing the highest measured
FEL signal was chosen empirically due to its clear demonstration of exponential scaling of the
un-spoiled signal.

To calculate after which propagation distance through the undulator full FEL saturation
would occur, Eq.3.9 can be utilized. Using the undulator radiation pulse energy, as established
as the metric for FEL performance in this chapter, instead of the radiation power, the equation
can be simplified to

Esat ≈ ρFEL · Ebeam

= ρFEL · γmec2Qbeam

e

with Qbeam the total electron beam charge. Using the electron beam properties discussed in
this section and calculating the corresponding Pierce parameter ρFEL, this leads to a saturation
pulse energy of about Esat ≈ 9.2µJ. Utilizing Eq.3.7, again equivalent for the undulator
radiation energy instead of power, one finds for the distance z = zsat to reach FEL saturation
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El(z) = E0 · exp z

Lg

=⇒ Esat ≈ E0 · exp zsat

Lg

⇐⇒ zsat ≈ ln
(

Esat

E0

)
· Lg

Using the values for Lg and E0 corresponding to the exponential fit displayed in Fig.44(a), full
FEL saturation under the measured conditions would occur after about zsat ≈ 2.5 m, which is
well before the end of the 4 m long VISA undulator.

However, after the third diagnostic location the measured signal flattens out substantially.
This was attributed to an observed loss of overlap between transverse electron beam and un-
dulator radiation profile. Both can be monitored on the camera imaging the YAG:Ce screens
at each port, because the undulator radiation and electron bunch both cause the screen to
scintillate. This loss in spatial overlap, showing diverging trajectories of electron beam and
undulator radiation, is most likely caused by a misalignment between the 1 m long undulator
segments.

7.4.3 StatisticalAnalysisofElectronBunchandFELRadiationPa-
rameters
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Figure 45: Results of operating the FEL in configuration (ii). (a): Energy calibrated undu-
lator signal as a function of bunch charge, measured after the undulator without
(blue) and with the emittance spoiler inserted (orange). The black dashed line
represents the expected linear scaling of incoherent undulator radiation. (b):
Corresponding charge transmission to (a) measured over operation time. The av-
erage charge transmission η̄Q, displayed with its interquartile range for both cases,
shows no significant difference. (c): Histogram of FEL signal pulse energy data
shown in (a). A Gamma distribution fit (orange curve) with M = 2.06.
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The results of operating the system in experimental configuration (ii) are shown in Fig.45.
Total undulator signal measured at the final diagnostic port, after the full 4 m length of the
VISA undulator, as a function of charge is displayed in Fig.45(a). The displayed data was
taken over the course of an hour of operation, during which scans with the emittance spoiler
removed (blue) and inserted (orange) were taken in alternating order. Variations in measured
bunch charge are a result of LPA instabilities, caused by shot-to-shot variations in the laser
and plasma parameters. This is confirmed by quantifying the charge transmission in Fig.45(b),
showing an average of 87% charge transmission through the undulator, with no measurable
impact of inserting the emittance spoiler.

To quantify the FEL performance, it is helpful to introduce the "coherent enhancement"
factor FC :

FC = Stotal(q)
Sspont(q)

(7.1)

with Stotal(q) representing the total integrated counts of undulator signal on the optical spec-
trometer for a given shot of charge q and Sspont(q) the number of counts of incoherent undulator
radiation expected for a beam of charge q. The value Sspont(q) is calculated based on the linear
fit (counts per pC) extracted from the dataset taken using the emittance spoiler.

When comparing the measured undulator signal with the emittance spoiler removed (blue)
to the spontaneous emission, as measured when the spoiler is inserted (orange), values of FC

of up to 1000 can be observed for bunch charge below 20 pC, and about 100 for higher charge
values. In addition to these high levels of coherent enhancement, the reliability demonstrated
here is unprecedented. Of all of the shots without the emittance spoiler inserted, more than
90% exhibited FC > 2, showcasing a never before demonstrated level of performance for LPA-
driven FELs.

More specific insight into the FEL dynamics can be gained by investigating the distribution
of measured pulse energies. Fundamentally, as discussed in Sec.3.2.2, the SASE FEL process
arises from shot noise of the electron bunch. The observed FEL pulse energy varies based on
how much of the bunch contributes coherently to the SASE process, which is quantified by the
number of coherence lengths, or longitudinal modes, M . Therefor, this factor M is directly
connected to the rms fluctuation of FEL pulse energy, σFEL = 1√

M
. The overall probability

of observing a certain pulse energy in the exponential gain regime has been shown to follow a
Gamma distribution. [99, 100]

To determine the number of coherence lengths contributing to FEL lasing based on the ex-
perimental data shown Fig.45(a), the dataset had to be reduced to only include shots exhibiting
some level of gain (FC > 1). For this reason, the histogram of measured undulator radiation
pulse energies in Fig.45(c) only contains data from the charge interval between 40 and 80 pC.

Fitting a Gamma distribution to the experimental data (orange curve) delivers an rms
fluctuation of FEL pulse energy of σFEL ≈ 0.70, which corresponds to M ≈ 2.04. By comparing
the length of the bunch contributing to FEL lasing (as predicted by this statistical analysis) to
the total length of the bunch (as estimated using the Chicane R56 setpoint), will give an idea
how well the statistical results match the experimental reality.

With the gain length Lg = 18 cm, estimated from the results in the configuration (i) (see
Fig.44), undulator period λu = 1.8 cm and central wavelength of the undulator radiation at
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100 MeV bunch energy of λr = 420 nm, the value of the coherence length Lc for the experiments
discussed here is Lc = λr · Lg/λu ≈ 4.2µm.

These results suggest a bunch length of le− = M ·Lc = 8.6µm in comparison to the previous
estimate of le− ≥ 6µm made in Sec.7.4.1 (based on the assumption of minimum bunch length
at the source).

These results can also be expressed analogously in terms of M : the coherence length
Lc ≈ 4.2µm (based on the gain length estimated from configuration (i), see Fig.44) suggests
M = le−/Lc ≥ 6µm/4.2µm = 1.43, whereas the statistical distribution of FEL pulse energies
recorded in configuration (ii) (Fig.45) predict M ≈ 2.04.

Given that these two values are derived from experiments conducted on different days and
under different experimental conditions, they agree reasonably well. The changed electron beam
trajectory in configuration (ii) could affect the gain length, causing different coherence lengths
Lc between the two experiments. Another possible explanation for the difference in electron
bunch parameters, calculated based on the two different experimental configurations, could be
that the electron bunch is not actually fully compressed at the source. Assuming this already
stretched bunch is not ideally up-chirped (higher energies located in the tail of the bunch), this
would lead to the chicane further stretching it and therefor lead to the final bunch length being
larger than 6µm (only for up-chirped bunches a magnetic chicane acts as a compressor, see
Sec.2.2).

Despite the slight differences, the results from configuration (i) and (ii) are in agreement
about the beam quality being high enough to enable full FEL saturation over the 4 m of the
VISA undulator. However, just as mentioned in the discussion of configuration (i), significant
FEL lasing was only observed over a distance of roughly a meter upstream from the final
diagnostic location, where the signal had been optimized in configuration (ii). The observation
of gain exceeding 1000 over 1 m of propagation, as well as the analysis of M , confirm again
this to be most likely related to systematic issues of the undulator alignment. Being unable to
sustain the observed level of exponential gain over more than ∼ 1 m, either at the front or back
of the 4 m undulator, strongly suggests this to be the culprit.

This theory is further supported by observations made during all of the following experi-
ments conducted over the last year. Exponential increase of measured undulator signal with
propagation distance was only ever achievable either in the first or second half of the undulator.
Theoretical calculations confirm that misalignment of just one section by less than one millime-
ter can prevent sustained high gain over the full length of the undulator. To reach full FEL
saturation, extensive efforts to characterize and and correct the undulator segments alignment
will most likely be necessary.
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7.5 Stable, long-term operation of an LPA-driven FEL
After the many successful consecutive high power runs leading to the results documented in
the previous section, a dedicated campaign was planned to test how long the FEL can be
operated with the current level of stability of the HTU LPA source. Especially due to the chal-
lenges of reaching saturation, despite a demonstrated electron bunch quality with corresponding
gain length that should enable saturating the FEL emission over the 4 m of VISA undulator
(discussed in Sec.7.4.3), this seemed a valuable demonstration before focusing on solving the
suspected undulator alignment issue.

The FEL data presented in this section was gathered during a single day of LPA-driven FEL
operation, employing all the active stabilization techniques discussed in Sec.6 and demonstrat-
ing full-day (> 8 hrs) operation of an LPA-driven FEL on the HTU system. The corresponding
publication to the results discussed in this section is

F. Kohrell, S. K. Barber, C. Doss., K. Jensen, C. Berger, S. Schröder, Z. Eisentraut, K.
Nakamura, A. J. Gonsalves, F. Isono, G. R. Plateau, R. A. van Mourik, M. Gracia-Linares,
L. Labun, B. M. Hegelich, S. V. Milton, C. G. R. Geddes, J. Osterhoff, E. H. Esarey, C. B.
Schroeder, F. Grüner and J. van Tilborg,
Over 8 hours of continuous operation of a free-electron laser driven by a laser-plasma acceler-
ator, Phys. Rev. Accel. Beams - in review

7.5.1 Experimental Configuration

Fig.46(a) gives a schematic overview of the entire electron beamline from the LPA source
to the VISA undulator, as configured during the experiment discussed in this section. The
LPA target is operated using the down-ramp injection technique (discussed in Sec.1.2.2), by
supplying helium gas at 200 psi (1.38 MPa) to the gas jet and blade assembly. The electron
source was tuned to generate electron beams of 100 MeV central energy and high stability over
more than ten hours of continuous accelerator operation, as can be seen in Fig.46(b).

During this campaign, the magnetic chicane, discussed in-depth in Sec.2.2, was set to gen-
erate an R56 of 150µm. This value was determined experimentally to deliver the best FEL
performance, by scanning the R56 while monitoring the FEL signal on the optical spectrometer
for a defined, optimized electron beam trajectory through the VISA undulator.

After the LPA source and magnetic chicane had been optimized, the electron beams were
analyzed on the magnetic spectrometer (MagSpec 1 in Fig.46(a)) before being sent to the
VISA undulator, exhibiting 105 MeV average central energy, 5% central energy jitter and about
(5 ± 1)% energy spread. After more than ten hours without operator input, the measured
electron beams average central energy was measured to be 102 MeV with 7% jitter, and (5±2)%
energy spread. The corresponding electron beam spectra of 100 consecutive shots taken before
and after the measurement of FEL performance can be seen in Fig.46(b). The most noticeable
decrease in electron beam performance over more than ten hours of LPA operation was the
average electron bunch charge, reduced from about (80 ± 30)pC to (50 ± 25)pC.

For a full day of continuous operation, these results represent an unparalleled level of LPA
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stability on the HTU system, critical to enable the following long-term FEL studies. This level
of reliability was only made possible through the extensive efforts to improve the long-term
stability of key LPA parameters discussed in Sec.6, and the improvements to the laser beam
quality resulting in turn-key LPA operation (discussed in Sec.7.2).
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Figure 46: (a): Schematic of the LPA source, and the subsequent electron beamline to the
VISA undulator, including diagnostics. The laser pulse (red dashed line, see
Sec.4.1) is focused onto the density down-ramp target (Sec.4.2), and the gen-
erated electron beam (black solid line) is collimated, longitudinally stretched, and
focused before being sent into the undulator (Sec.4.3). (b): 100 consecutive elec-
tron beam spectra recorded with the magnetic spectrometer upstream of the un-
dulator (MagSpec 1). The two scans were taken ten hours apart, during which
period no changes were made to the laser or plasma target. (c): Example of a
transverse electron beam profile, recorded by inserting one of eight probes spaced
evenly along the length of the undulator. A dichroic mirror separates the emis-
sion from the YAG:Ce screen to an imaging camera. (d): Representative example
spectrum of a high gain shot recorded in this dataset. The FEL radiation is trans-
mitted through the dichroic mirror onto an energy calibrated optical spectrometer,
and the parabolic shape matches the expected trend due to angular dependence
of the coherence condition (see Sec.3.2.1 and Eq.3.3).

7.5.2 Results of Long-termStability Campaign

Because the thin reflective pellicle at the end of the undulator (P2 in Fig.46(a)) enables record-
ing the reflected undulator radiation and transmitted electron beam spectrum at the same time,
this location was chosen to monitor the FEL performance in this experiment. It allowed gaining
the largest amount of on-shot information during this demonstration of full-day FEL operation.
Using a subset of controls including the EMQ triplet and the steering magnets controlling the
launch trajectory into the undulator, the undulator radiation signal on the optical spectrome-
ter (as can be seen in Fig.46(d)) was maximized. No further manipulations of the drive laser,
plasma target and electron beamline were conducted for the following > 8 hrs of LPA-driven
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FEL operation.
Note that the single shot displayed in Fig.46(d) has a slightly asymmetric intensity distribu-

tion in the vertical axis. This is not representative of the average recorded undulator radiation
spectra, but instead the artifact of a slightly varying angle of the electron beam trajectory with
respect to the magnetic axis of the undulator. This shot was chose for display purposes only
based on its particularly strong total signal intensity.

Following this optimization, the emittance spoiler pellicle at the undulator entrance (P1 in
Fig.46(a)) was inserted and 200 consecutive shots recorded on the optical spectrometer. This
reference scan established the linear scaling between incoherent undulator radiation and elec-
tron bunch charge, displayed as the black dashed line in Fig.47, and discussed extensively in
Sec.5.3.2 and Sec.7.4. This incoherent emission scaling is a crucial tool to quantify the FEL
performance. By identifying the shots which show undulator radiation pulse energy values
exceeding the linear trend, one finds the shots which exhibit coherent enhancement or FEL
lasing (the different scaling of incoherent and coherent undulator emission is discussed in detail
in Sec.3.2). The level of coherent over incoherent emission can be quantified through the the
"coherent enhancement factor" FC introduced previously in Sec.7.4.3. It is defined as the ratio
between measured FEL signal and the level of incoherent emission at a certain charge value,
see Eq.7.1.

The FEL stability data presented in this section was taken at a repetition rate of 1 Hz and in
batches of 200 consecutive shots. Due to small breaks between the scans, dictated by automated
post-analysis of the last acquired dataset and control system procedures, about 2000 shots per
hour were taken on average.

Figure 47: Histogram of the integrated undulator radiation signal for all shots taken over
the > 8 hrs of continuous operation, plotted against electron bunch charge. The
color shows the number of shots contained in each binned pixel, the black dashed
curve represents the experimentally determined scaling of incoherent undulator
radiation.

After three hours of uninterrupted FEL operation, the eight probes along the undulator were
inserted consecutively to record the electron beam trajectory through the undulator, but no
changes were made to the LPA parameters or electron beam steering and focusing. This roughly
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one hour interruption was followed by another five hours of monitoring the undulator pulse
energy at the VISA exit location (P2).

Analyzing all shots taken on the energy calibrated optical spectrometer enables assessing
the performance of the LPA and FEL over the whole duration of the experiment. A plot of
undulator radiation signal in nJ versus electron bunch charge, recorded on the ICT after the
undulator exit (ICT 2 in Fig.46), can be seen in Fig.47. Of the roughly fifteen thousand shots
taken on the spectrometer, 92% show some level of coherent enhancement (FC > 1), and over
half of all recorded shots yielded FC > 2. When directly comparing the measured undulator
radiation signal to the incoherent emission scaling (black dashed line) in Fig.47, FC values
exceeding 100 can be observed for charge vales below 60 pC, with much more data points in
range of 20 < FC < 50. These results are not far from the level of performance demonstrated
in the previous work by Barber et al. [72], which were discussed in Sec.7.4, and displayed in
Fig.45(a). However, during the initial demonstration in Sec.7.4, this FEL performance was
only sustained for an hour or two without optimization by the operators, whereas the results
displayed above in Fig.47 were sustained for an entire day (> 8 hrs) of operation.

This data provides the first demonstration of continuous and reliable LPA-driven FEL op-
eration on the many-hour timescale.

Despite the observed general stability and performance, a noticeable drop in average undu-
lator radiation signal over the first three hours of operation (∼ 6000 shots) was observed during
the course of the experiment, see Fig.48. After the circa hour long interruption to measure the
electron beam trajectory along the full length of the undulator, the undulator emission seemed
to have stabilized at a lower signal level than at the beginning of the day. This previously
mentioned break in static operation, during which no changes were made to the LPA source
or electron beam transport, is represented in Fig.48 by the vertical split in the plot. Over
the following roughly five hours of operation the undulator signal appears to remain largely
unchanged, showing no further systematic decrease. To quantify this change in FEL perfor-
mance throughout the measurement period, the average of the coherent enhancement factor
FC was calculated. During the first thousand shots (roughly 30 mins) after optimization of
the LPA source and electron beam trajectory, the average observed coherent enhancement was
F̄C,1 = 9.0. The last one thousand shots of the day, after 7.5 hrs of continuous operation, still
exhibited an average coherent enhancement of F̄C,2 = 4.2.

Figure 48: Measured undulator radiation pulse energy (red) and electron bunch charge (blue)
over roughly eight hours of continuous operation, displayed as a rolling average
over 100 consecutive data points. The gap after 6000 shots represents about a
roughly one hour break, during which the electron beam trajectory through the
VISA undulator was measured.

Similar to the undulator signal, a reduction in the average bunch charge over time was observed,
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as can be seen by the blue curve in Fig.48 and the spectra displayed in Fig.46(b). Directly
comparing the trend of average bunch charge to the undulator signal immediately reveals a
strong correlation. The charge exhibits a similar, noticeable decrease over the first three hours,
or 6000 shots, of operation. From an average of ∼ 80 pC to ∼ 50 pC, this drop in LPA perfor-
mance represents the most likely explanation for the observed reduction in undulator signal and
average coherent enhancement. However, given the set of active stabilization systems reducing
long-term drift of laser parameters crucial to the LPA process, the exact reason for the observed
decrease in electron bunch charge is unclear. One parameter of the laser pulse currently not
actively stabilized against long-term drift is the laser angle incident on the gas target. A no-
ticeable drift in laser angle, despite fixed transverse and longitudinal position of the laser focus,
would be expected to significantly impact the trajectory of the electron beam from the LPA
source, as confirmed experimentally on the HTU system by Berger et al. in Ref.[97]. Without
continuous adjustments to the electron beam transport system to compensate for this effect, it
would affect the alignment of the beam to the undulator axis, reducing the FEL performance
and in turn observed signal over time.

Despite the observed reduction in FEL signal, quantified by the averaged coherent enhance-
ment decreasing by about 53% over eight hours of operation, the level of performance and
stability of both the LPA source and FEL signal shown in this chapter still represent a higher
than previously shown reliability and a crucial step towards a proof-of-concept demonstration of
a viable LPA-driven light source at 420 nm. Ultimately, this goal requires to also reach stable,
full FEL saturation in the SASE regime. As discussed in detail in Sec.7.4.2, electron bunches
at 100 MeV with the charge, energy spread and emittance which can be reproduced reliably
on the HTU system, should be able to achieve full FEL saturation in less than the 4 m of the
VISA undulator. However, as described in Sec.7.4, sustaining exponential gain over more than
about 1.5 m in the undulator remains elusive. To gain the necessary in-depth information about
the correlations between observed coherent enhancement and the electron beam and transport
parameters, extensive further studies of the LPA-driven FEL will be essential.

Having shown that the HTU system can be used as a reliable platform for FEL gain studies
over multi-hour timescales, and has the capability to monitor crucial laser, plasma, electron
beam, and FEL radiation parameters on every shot, gives us a unique ability to investigate
potential correlations and push towards the realization of reaching FEL saturation.

7.5.3 Study of Parameter Correlations

After gathering about 15k shots of LPA-FEL data, including a wide variety of on-shot diagnos-
tics (discussed in Sec.4 and 5), the goal was to identify the recorded parameters showing the
strongest correlation to the FEL signal and gain deeper insight into the dynamics of the HTU
system.

For this purpose, the correlation of each of the over one hundred parameters recorded on
every shot against the log of integrated undulator signal was calculated. Twelve parameters
with a noticeable correlation were identified and isolated for further analysis, and are displayed
in Tab.7. The strongest correlations, exceeding |ρ| = 0.5, are all directly connected to electron
bunch properties. They include the charge measured up- and down-stream of the undulator
with the respective ICTs (see Fig.46), which can be seen in Fig.47 to be naturally correlated to
the undulator signal. Furthermore, the electron beam energy after the undulator (measured on
every shot using MagSpec 2, see Fig.46) shows similar correlations, and separating the spectra
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into individually analyzed regions-of-interest (RoI) even allows to gain insight into which bunch
energy distributions correlate to higher measured undulator pulse energies. The laser and
plasma properties showed lower correlation factors, |ρ| < 0.2. Impactful parameters include
the laser pulse duration and spectrum (extracted from GRENOUILLE images temporal and
spectral D2σ), as well as pulse energy (measured non-invasively after the multi-pass amplifier,
see E in Fig.5), and the centroid of the laser beam measured on the ghost line. The angle
of the density shock (formed by the blade above the gas jet) with respect to the laser beam,
difference in density between the shock and plasma column (∆n), and gradient (slope) of the
density shock were the plasma parameters included in the further analysis.

Electron Bunch Laser and Plasma

Parameter |ρ| Parameter |ρ|
Charge (ICT 1) 0.69 Laser Energy (E) 0.09
Charge (ICT 2) 0.79 D2σtemp 0.10

Energy (total RoI) 0.76 D2σspectr 0.15
Energy (low E RoI) 0.68 Shock Density (∆n) 0.19
Energy (high E RoI) 0.58 Plasma Shock Angle 0.11

Shock Slope 0.11
Laser Beam Centroid 0.02

Table 7: Measured parameters of the electron bunch, as well as laser pulse and plasma target,
and their correlations ρ to the log of the total measured undulator radiation pulse
energy.

The amount of parameters identified that show a noticeable correlation to the undulator ra-
diation signal is an indication of the high capability of the HTU system diagnostics to give
valuable insights into the connections between the LPA and FEL process. To showcase some
particularly interesting parameters, their correlation to the log of the total undulator radiation
pulse energy is plotted in Fig.49.

The correlations of temporal and spectral second moments of the laser pulse, extracted from
the raw GRENOUILLE images and discussed in detail in Sec.5.2, are shown in Fig.49(a) and
(b), respectively. Of the two only the temporal second moment, strongly correlated to the laser
pulse duration (see Fig.29(a)), is actively stabilized. This could explain the lower correlation
factor ρ for D2σtemp of 0.1, compared to the ρ = 0.15 for D2σspectr. This result motivates
further investigations of potential instabilities of the laser pulse spectrum, and another potential
avenue to further stabilize the LPA interaction.

Fig.49(c) displays the noticeable correlation between the undulator signal and plasma den-
sity difference ∆n between the shock feature and plasma column. There is about a 20% varia-
tion of this parameter during the experiment, affecting the measured level of undulator signal.
Again, this reveals a previously unknown connection between an LPA parameter and the FEL
performance, and will inform further studies and potential attempts at stabilization.

The final parameter displayed, as can be seen in Fig.49(d), is the counts measured on the
magnetic spectrometer after the VISA undulator (MagSpec 2 in Fig.46). Specifically, the high-
energy region-of-interest (RoI) defined based on the averaged electron beam spectra. As can
be seen in Tab.7, the counts measured in the low-energy RoI for the same shots display a high
correlation factor of ρ = 0.68. This distinction between different regions of the electron beam
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Figure 49: Histogram of correlations for four selected LPA parameters and the undulator
radiation signal, and their respective ρ values: (a) the temporal, (b) the spec-
tral second moment D2σ extracted from the raw GRENOUILLE images, (c) the
plasma density difference ∆n between the shock and plasma column, and (d) the
counts captured on the high energy RoI of the magnetic spectrometer MagSpec 2
(Fig.46).

spectra contributing differently to the undulator signal has not been observed previously on the
HTU system and will be investigated further in follow-up campaign.

To investigate if the LPA parameters add any information about the FEL performance not
already contained in the electron beam parameters, a dedicated study was conducted. A simple
predictive model was developed, based on the least squares method and the electron bunch and
LPA parameters introduced above. The goal was to show if an improvement in correlation to
the measured FEL signal can be achieved this way, exceeding the highest value exhibited by
any individual parameter (ρ = 0.79 for the electron beam charge after the undulator).

By choosing the log of the FEL signal as the dependent variable y and the twelve parameters
mentioned above as the dependent variables xj , the residual function r for a shot i ∈ N (N
total number of shots) is defined as

ri = yi − f(xj,i,βj) (7.2)

with βj the parameters of the predictive function f . For the purpose of simplicity, f was chosen
as a linear equation including all parameters xj :

f = x1,i · β1,i + x2,i · β2,i + · · · + x12,i · β12,i (7.3)

This scheme represents the simplest way to model how the experimental parameters could affect
the dependent variable. Optimizing now to minimize the target function

S =
N∑

i=1
r2

i (7.4)
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delivers a function f with factors βj , determining the relative impact of each recorded ex-
perimental parameter on the observed FEL signal. By providing the measured values for the
experimental parameters xj for a certain shot, f can be used to calculate the predicted value for
the FEL signal ypred (dependent variable). Comparing ypred to the actually measured value of
the FEL signal, as can be seen in Fig.50, allows to quantify the quality of the models predictive
capability.

Figure 50: Histogram plot to compare the correlation between log of measured and predicted
undulator radiation signal. The twelve experimental parameters identified to have
the strongest correlation to the FEL signal were combined to calculate a predictive
function f from half of the shots taken during the long-term dataset presented in
this work, using the least squares method. The function f was then applied to the
second half of the data to calculate the "predicted" undulator signal. The color
represents the number of shots included in each binned pixel.

All shots taken during the experiment were randomly divided into two sets. One half was used
to "train" the model and determine f , which was in turn applied to the second half of data
points. By determining the correlation between the log of the total measured and predicted
FEL signal, the effectiveness of the model can be assessed. Adjusting the intervals of values
included in the analysis for each parameter (setting boundaries for the parameter space based
on reasonable assumptions) allowed further optimization the accuracy of the prediction.

The correlation between the log of predicted and measured FEL signal achieved this way
is ρ = 0.88, as can be seen in Fig.50, which provides a significant improvement over any of
the individual experimental parameters correlation to the FEL signal. By including laser and
plasma parameters in addition to electron beam data, a more accurate description of the FEL
performance on the HTU system has been demonstrated.

Furthermore, the model was to be specifically tested by quantifying how well it can predict
if a certain shot will exhibit coherent FEL emission. The ratio between shots with a predicted
coherent enhancement factor FC,pred > 1 that actually showed a measured FC,meas > 1 exceeds
90%.
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The impressive level of predictive capability demonstrated by such a simplistic model con-
firms the value of the broad range of on-shot diagnostics on the HTU system. It suggests that
more complex modeling techniques will be able to give meaningful new insights and benefit the
goal of further increasing FEL performance and reliability.

However, the correlation is not perfect and the model struggles with predicting the level
of coherent enhancement accurately. The mean predicted value of F̄C,pred = 2.6 is less than
half of the mean measured value F̄C,meas = 5.8, which is also represented by the range of the
FEL signal values displayed in Fig.50. The fact that the least squares model can predict with
high accuracy that a shot will lase, but not the exact level of coherent enhancement, is not too
surprising. The statistics of FEL pulse energy, as described in Sec.7.4.3, are heavily impacted
by non-deterministic noise of the electron charge distribution, or shot noise, which can not
be measured by our diagnostics and included into the model. Previous investigations on the
HTU system, discussed by Barber et al. in Ref.[72] and in this work in Sec.7.4, have shown
the impact of shot noise on FEL performance to follow the expected trend, and the predicted
bunch statistics to match experimental parameters.

101



8 Summary
When I started my PhD project three years ago, work on the HTU system was mainly focused
on improving diagnostic and stabilization capabilities for all parameters affecting the LPA
interaction, and high power operation was mainly dedicated towards optimizing electron bunch
quality. Therefore, Sec.5 focuses on key improvements and additions to the diagnostics suite
on the HTU beamline which were implemented during my thesis work.

As a part of this greater effort I upgraded the cameras in the magnetic spectrometers (see
Sec.5.1), which led to the incorporation of new hardware with a degree of compatibility with
the experimental control system, and a demonstrated increase in sensitivity by about 44%.
An extensive effort was made to cross-calibrate the new setup to maintain the precise charge
calibration conducted at the ALS by Nakamura et al. [83].

The most substantial diagnostic project I worked on during my thesis work was the design,
setup and characterization of an on-shot, non-invasive laser pulse duration diagnostic, docu-
mented in Sec.5.2. This setup allowed gaining insight into temporal and spectral dynamics of
the laser during high power operations, and immediately demonstrated its meaningful impact
by revealing systematic instabilities of the pulse duration that triggered a detailed investigation
and effort to stabilize them.

To enhance the capability of undulator diagnostics, I installed and calibrated a UV enhanced
optical spectrometer on the 4 m translation stage located parallel to the VISA undulator, see
Sec.5.3.1. This diagnostic has been used since for the measurement of undulator radiation
energy during all the demonstrations of high gain and high reliability of our LPA-driven FEL
setup.

The addition of a thin pellicle in front of the undulator discussed in Sec.5.3.2, to spoil the
electron beam emittance, has proven to be an invaluable tool to distinguish between coherent
and incoherent undulator emission, and quantify the FEL performance by determining the level
of coherent enhancement.

Having discussed additions to the diagnostics of the HTU system, Section 6 focuses on the
implementation of stabilization systems to improve the robustness and reliability of the LPA
interaction.

Through in-depth studies of the laser pulse energy and duration stability under varying
conditions in Secs.6.1, 6.2, and 6.3, I traced the observed effects to the multi-pass amplifier and
connected them to drift of the beam centroid on the amplifier crystals. The installation of a
commercial beam stabilization system allowed me to effectively eliminate drift of the transverse
beam position centroid, and thereby stabilize the laser pulse duration as well as energy.

Combined with further efforts by the HTU team, especially to reduce drift of the longitudinal
laser focal position, discussed in Sec.6.4 and by Jensen et al. in Ref.[101], these improvements
to the stability of key LPA parameters proved crucial to enable the generation of stable electron
beams on the many-hour timescale. This paved the way for the following demonstrations of
whole-day accelerator and long-term FEL operation.

After improving the diagnostic capabilities and stability of the LPA, Section 7 describes the
dedicated effort to achieve reliable LPA-driven FEL operation on the HTU system.

To eliminate time-consuming alignment of the laser system on every day of high power
operation, and the associated re-optimization of the LPA target, Sec.7.2 describes the dedicated
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attempt made to enable "turn-key" operation of the high-power laser system and LPA. This goal
was successfully achieved through the implementation of active stabilization systems, improved
operational procedures, and extensive maintenance of hardware components of the laser system,
leading to a demonstrated reduction of time between laser start-up and FEL operation to less
than two hours.

The above summarized work on the HTU system during my PhD project has culminated in
the production of electron beams with a reliability enabling full-day, stable accelerator opera-
tion. This level of source stability is critical for the time-consuming and ultra-precise alignment
and matching of the electron beam to the undulator, necessary to achieve high gain through
the SASE FEL process.

In Sec.7.4 I describe the demonstrated achievement of sustaining exponential FEL gain
over ∼ 1.25 m in the VISA undulator, leading to final observed gain levels exceeding 1000.
Furthermore, over 90% of the recorded shots exhibited a coherent enhancement of > 2, an
unprecedented level of reliability and major improvement of overall performance of LPA-driven
FELs.

Sec.7.5 documents the results of a dedicated campaign to show true long-term stability of
an LPA-driven FEL, which I successfully demonstrated as a part of my PhD work. Showing
highly stable electron beam generation over more than ten hours and FEL operation of more
than eight hours without intervention by the operators, these results represent an important
step towards achieving full FEL saturation using an LPA source.

A simple model I trained on a subset of the experimental results presented here delivered a
high degree (> 90%) of accuracy when predicting if a shot will display coherent FEL emission,
based solely on laser, plasma, and electron beam parameters monitored during the experiment.
This result serves as another powerful indication of the capabilities of the HTU system as a
capable platform for long-term, LPA-driven FEL studies, and the potential to improve the FEL
performance based on the existing diagnostic capabilities.

Over the three years of my PhD research on the BELLA Center’s HTU system, many
milestones have been achieved, including the first demonstration of high-gain LPA-driven FEL
operation by Barber et al. [72], and the most recent long-term stability results by Kohrell et
al. [98]. Especially the drastic progress on the HTU system development has opened the door
for a variety of exciting future projects, making use of the stable, high-quality LPA electron
beams.

Also, the recent demonstrations of LPA-generated electron beams exceeding 10 GeV by
Picksley et al. [12] opens the possibility of LPA-driven FELs reaching the hard x-ray regime.
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9 Outlook
The significant improvements made to the stability and performance of the LPA source, as well
as the achieved demonstrations of high-gain and reliability of the LPA-driven FEL enabled by
it, have paved the way for exciting follow-up campaigns and further progress towards advancing
LPA-based light source technology.

Encouraged by the success of demonstrating predictive capabilities, the HTU team plans to
deploy more sophisticated modeling techniques in the future to study the complex connections
between LPA parameters, the experimental setup, undulator alignment, and the FEL perfor-
mance more in-depth.

Despite the significant improvements of LPA-driven FEL performance shown in this work,
the results of the discussed experiments seem to suggest that further, major studies of electron
beam transport to and through the undulator will be required to reach full FEL saturation. We
have shown in Sec.7.4 that the quality of electron bunches, which can be reliably generated by
the LPA source, should saturate the FEL in noticeably less than the 4 m available in the VISA
undulator. But exponential gain could not be sustained for more than about 1.5 m, despite
excessive efforts made to increase it. The most recent achievements in long-term LPA-driven
FEL operation, and the corresponding ability for in-depth studies of parameter correlations,
are giving rise to hope that future electron beam transport, matching, and trajectory studies
will reveal important clues as to how to fulfill the potential of saturating the FEL at 420 nm.
This would provide another crucial milestone in the effort of establishing LPA-driven FELs as
a more compact alternative light source technology.

Ultimately, the goal should be to demonstrate the capabilities of such a light source to reach
a wavelength range useful for scientific or industrial applications (λl < 30 nm). The setup and
stabilization techniques presented in this thesis are fundamentally capable of delivering stable
electron beams at energies up to 500 MeV, which would enable reducing the undulator radiation
wavelength to below λl = 20 nm (Eq.3.2). However, because the gain length Lg scales effec-
tively linearly with the electron energy (see Eq.3.6 and 3.8 in Sec.3.2), even just increasing the
electron energy to > 300 MeV, which would reduce λl to about 50 nm, would render reaching
FEL saturation over the 4 m of the VISA undulator impossible, unless order-of-magnitude im-
provements to electron beam quality could be achieved. For this reason, the HTU system does
not aim to serve as a sub 20 nm light source user facility, and instead as a platform for further
research and development of LPA-driven light source technology in the future. We have demon-
strated its capability of pushing the boundaries of reliable LPA source operation, by advancing
the diagnostic capabilities and improving stability of the driving laser system, as well as the
ability to use it as a powerful platform for studying the correlations between LPA-parameters
and the FEL process. Enabling proof-of-concept results including full saturation at 420 nm,
and demonstrating some level of FEL gain at undulator radiation wavelengths approaching sub
50 nm will be the long-term goals for this experiment, while steadily improving LPA-generated
electron beam quality and stability, as well as studying transport, shaping, and matching of
these beams to the VISA undulator.
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List of Acronyms

ALS Advanced Light Source LFS Longitudinal Focal Stabi-
lization

BELLA Berkeley Lab Laser Accelerator LPA Laser-Plasma Accelerator

CCD Charge-Coupled Device NIR Near Infrared

CMOS Complementary Metal-Oxide
Semiconductor

OAP Off-Axis Parabola

CMP Chirped-Mirror Compressor PA Paraxial Approximation

CPA Chirped-Pulse Amplification PC Pockels Cell

DESY Deutsches Elektronen Syn-
chrotron

PID Proportional-Integral-
Derivative

DM Deformable Mirror PMQ Permanent Magnet
Quadrupole

EMQ Electromagnetic Quadrupole PSD Position Sensitive Detector

Eu-XFEL European XFEL RF Radio Frequency

FEL Free-Electron Laser rms Root Mean Square

FODO Focusing-Drift-Defocusing-
Drift

RoC Radius of Curvature

FROG Frequency-Resolved Optical
Gating

SASE Self-Amplified Spontaneous
Emission

FWHM Full Width at Half Maximum SAT Spectral Amplitude Thresh-
old

GDD Group Delay Dispersion SHG Second Harmonic Genera-
tion

GRENOUILLE Grating Eliminated No-
nonsense Observation of
Ultrafast Incident Laser Light
E-fields

SLAC Stanford Linear Accelerator

HR High Reflective UV Ultraviolet

HTT Hundred Terawatt Thomson VISA Visible to Infrared SASE
Amplifier

HTU Hundred Terawatt Undulator VIS Visible Spectrum

HVAC Heating, Ventilation, and Air
Conditioning

WFS Wavefront Sensor

ICT Integrating Current Trans-
former

XFEL X-ray FEL

LBNL Lawrence Berkeley National
Laboratory

XUV Extreme Ultraviolet

LCLS Linac Coherent Light Source YAG Yttrium Aluminum Garnet
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10 Appendix
HTGs, Procedures that I wrote (documenting the path to turn-key operation) TAU BELLA
reports (after removing all sensitive information, to document monthly progress) In-depths
analysis of the polynomial fit optimization for FROG traces (in case that gets too detailed for
the main chapter)

10.1 GRENOUILLEDiagnostic: Linear Chirp Retrieval
Continuing the discussion from Sec.5.2.5, Fig.51 studies the impact of changing the spectral
amplitude threshold (SAT) value on the β̄ retrieval. For the retrieval, three fits of different
polynomial order are used to approximate the spectral phase of the laser pulse in a wavelength
interval defined by the SAT.

(a) SAT=0.001 (b) SAT=0.01

(c) SAT=0.1

Figure 51: Change in normalized, absolute linear chirp parameter β̄ of the low power laser
pulse with the compressor grating separation d. Polynomial fits of three different
orders were used to extract the β̄ from the spectral phase, and the behavior of the
chirp parameters of different origin are being compared. The spectral phase traces
fitted were retrieved from SHG FROG images taken on the HTU GRENOUILLE
diagnostic line. The spectral amplitude threshold (SAT) value was changed to
study its effect on the accuracy of the β̄ retrieval, depending on the polynomial fit
order.
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As can be seen when comparing Fig.51(a),(b) and (c), the trend of β̄ values from the 2nd

order polynomial fit show only a weak dependence when changing the SAT value. The absolute
linear trend seems almost unaffected, showing an intersection with the x-axis (grating position
of ideal compression d0, for which β̄(d0) = 0) of close to d0 = 43 150µm in all three cases.

The behavior of β̄ from the 4th order polynomial fit is much more sensitive, showing an
increasing deviation from the expected trend with higher SAT values. A noticeable change can
be observed when going from SAT = 0.001 to 0.01, and in the case of SAT = 0.1, the trend
does not resemble an absolute linear trend at all.

For the 4th order, no clear evaluation of the dependence between the β̄ trend and SAT value
is possible. Even at the smallest SAT value, it does not show any similarities to the expected
relation. And even though it is significantly affected when further increasing the SAT value,
no reasonable statement can be made if that is increasing or further decreasing the deviation
from the expected trend.

10.2 HTU SystemOperation Procedures ("How-to Guides")
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How to: HTU Laser Startup  
 
Purpose: Record of current general startup procedure.  
Area used: Rm 148 
  
A) Vitara/Legend (aka, <frontend=, <regen=) Startup Procedure 

1. Arm interlock on the inside of 148 next to the door 
2. In HTW utilities room (aka 148B, <chiller room=, <power supply room=), turn on HTU revolution 

chiller (middle right, labeled <HTU REVO LEGEND=)  
3. Turn keys on Vitara and right revolution power supply box on the rack above amp table 

a. Vitara power supply is labeled <Verdi= 
4. Turn on pockel cell, dial to 8.5 kV 
5. Check that the Legend Beam Dump is flipped up 
6. Use laser PC, remote desktop to 192.168.6.71 (using LOASIS\loasis account) for laser 

software (shortcuts on desktop) 
a. VITARA 

i. Start labview software 
ii. Hit REMOTE 
iii. DIODE ON 
iv. Wait for modelocking 

b. SDG  
i. Start labview software using desktop shortcut 
ii. Note, need to select com port manually (com5) and baud rate to 19200 
iii. After Vitara is started, click <reset= button on <channel delays= tab (can also 

manually press reset button on SDG box) 
c. REVOLUTION 

i. Reset timing box if not already done above (software or on the SDG elite in the 
rack 

ii. Start labview software <Revo 1.0 - Legend=. Note, Legend revolution is on com 
port 4. 

iii. Click <evolution settings= to display settings 
iv. Under SYSTEMS tab, make sure to switch Q-switch mode to EXTERNAL 
v. Before starting revolution, ensure Legend beam dump inserted.  

vi. Hold RUN button until you hear loud beeping noise 
vii. When power stabilizes on analog power meter, can remove Legend beam 

dump. If everything is functioning well, this should occur in ~1 min. 
7. Check the power meter next to Legend box and take notes in <Vitara-RevolutionLOG.txt= file 

about the performance 
 
B) GAIA Startup Procedure 

1. Arm interlock on the inside of 148 next to the door 
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2. In HTW utilities room (aka 148B, <chiller room=, <power supply room=), enable key switch on 
GAIA controller, turn on all power supplies in power supply rack 

3. Start Gaia software (on desktop to of 192.168.6.71). If it software displays faults, click <reset= 
4. If all faults are cleared, click <start=. Verify software indicator switches to <lasing=. 
5. Allow lamps to flash for ~1hr before next steps 
6. After lamp warmup, enable pockels cell q-switch for both lines, wait 2 mins.  
7. Verify GAIA PPS shutters and 1Wire Gaia shutters are all inserted 
8. Before sending gaia beam to amplifier table, send beam to 1Wire Gaia shutters for 1 min by 

opening gaia internal shutters. 
 
 
C) Summarize the most critical 8DO9-s and 8DO-NOT9s  
 
DO-s : 

1. Make sure low power shutter is closed (on touchscreen box in the rack) 
2. If VITARA or REVOLUTION wont turn on, check chillers, interlock and shutters 
3. Always wear goggles and be especially careful when flipping up/down the mirror directing the 

pulsed beam onto the powerhead, your hand might be in the beampath! 
 
DONT-s: 

1. Never change any of the current or voltage settings for any of the lasers. If the lasers wont 
start, contact Art or Joe  

============== 
 
 
 
Version History:  

version 
# 

date writer(s)/contributor(s)  notes 

01 01/18/2023 Finn Kohrell Original issue 
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How to: HTU Daily Procedure (Startup, Alignment, 
Shut-Down) 

 
Purpose: Record of current general alignment procedure.  
Precedents: laser start up 
Area used: Rm 148, B-cave 
 
A) See 8startup procedure9 
 
B) Laser preparation  

1. Check that Amp4 dump is INSERTED 
2. Enable and open low power shutter (in) 

Location: touchscreen on box in the rack, under SDG elite 
3. Enable and open high power shutter (out) 

Location: touchscreen on box in the rack, under SDG elite 
4. Check that flip mirror is down, so that beam will be sent to the stretcher 

  
DETERMINE which set of GEECS devices needed for planned operations and 
ensure they are on. For basic laser operations (no e-beams planned), using the 
groups <HTULaserCams= and <HTUAuxiliaryHardware= 
 
 
ONLY REQUIRED ROUGHLY ONCE PER MONTH 
 
B) Blue diode alignment (Check Target chamber references correspond to straight line 
through undulator) 

5. Turn on the blue diode laser 
Location: B-cave by first turbo pump of compressor chamber 

6. Send camera presets for diode operation (HTU_148DiodeAlignment) 
7. Steer blue beam onto Visa1 and Visa8 (or Visa2 and Visa7), use <big blu= references  

a. If Visa1 is not roi9d, use the right of the two screens 
b. U_BlueDiodePicos for the picomotor controller 
c. Position.Axis 1 and 2 correspond to X and Y for first mirror, use for Visa1 (or Visa2) 

alignment 
d. Position.Axis 3 and 4 correspond to X and Y for second mirror, use for Visa 8 (or 

Visa7) alignment 
8. Move in ModeImager wedge 
9. Use the U_TCAlignStages device to move in <Target Out= stage (73mm). Look at 
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UC_TC_Output to update blue beam crosshair position 
10. Move <Target In= stage from 0 to 73mm and update blue beam reference position 
11. Remove both <Target In= and <Target Out= stages (from 75 back to 0mm) 
12. Set mode imager position in control center to focus of pulsed beam, near <-24= 
13. update virtual crosshair position on MI such that it correctly represents master axis 
14. leave MI wedge inserted to avoid losing reference (non-repeatable due to plunger 

inaccuracy) 
15. Turn off the blue diode laser 

 
 
E) Pulsed beam alignment  

16. Check that Amp 4 dump and MI wedge are inserted. (Extra Flippers panel of Control Center) 
17. Send presets for HTU_PulsedAlignmentAmpTableOnly in MC 
18. Open GUI_HTU_MutliCamAplifiers 
19. Open front end (low power) and high power shutter and send the beam to amplifier table by 

flipping down the mirror that directs pulsed beam onto powerhead 
20. Run stretcher exit Aligna (from computer 6.93, located by stretcher) 
21. Run HTU_diode_alignment GUI 

a. Load HTU_stretcher out.cfg in Beampointing.vi 
b. Suggested settings: 

i. Update speed: 1000 ms 
ii. img to avg: 5 for initial startup to get coarse alignment 

c. Set to 8Align9 mode and enable feedback 
d. Once aligned, disable feedback, change to 8Stabilize9 mode 

i. change update speed to 2000ms 
ii. enable feedback. 

e. Leave running. 
22. MRC setup see procedure here 

a. Turn MRC trigger on, wait a few seconds, turn back off 
23. Send presets for HTU_PulsedAlignment148PlusBCave 
24. Close Iris after amp4 output periscope 
25. Open Amp4 dump 
26. Check UC_TubeIn and steer beam to irised pulse reference using TubeIn mirror in control 

center GUI 
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27. Check UC_GratingMode and steer beam to irised pulse reference using CompIn mirror in 

control center GUI 

 
28. Check UC_DMSurface and steer beam to irised pulse reference using DM Surface mirror in 

control center GUI 

 
29. Check UC_OPAIn1 and steer beam to irised pulse reference using OAPIn1 mirror in control 

center GUI 
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30. Check UC_OPAIn2 and steer beam to irised pulse reference using OAPIn2 mirror in control 

center GUI 

 
31. Close Amp4 dump and open Iris back up 
32. Send beam to the TC, use U_TC In Stage (Step No.9,10) to align pulsed beam to blue beam 

reference on TC_Input, using BeamlineIn mirror, and to TC exit by centering the halo on 
TC_Output using BeamlineOut mirror, in control center GUI 

33. remove both TC stages and check the MI camera update reference crosshair to current beam 
position (only necessary if significantly off) 

34. From the control room, pull up a beampointing.vi GUI, load the HTU-TC_Focus configuration 
35. Update the alignment target crosshair to the current beam position (check if both motors say 

<No Move required=) and update default in master control. Now this can be used to stabilize 
beam on target against longterm drift  
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F) Shutdown  

36. Turn off stabilization 
a. Aligna (8.207), RegOn = False 
b. Blue beam off 
c. Feedback off in beampointing.vi 
d. Aigna (rm 148), RegOn = False 

37. Insert amplifier dump (HTU CC) 
38. Turn off (out) all valves in HTU CC 
39. Insert all GAIA flippers 
40. Insert high & low power shutters 
41. Insert Regen powermeter mirror 

Note: will be permanently up in near future 
42. Disable high & low power shutters (HMI in laser bay) 
43. Stop Revolution (GUI) 
44. Vitara diode off, and <local= 
45. Turn key switches off for the Revo, and the Verdi (Vitara) 
46. Power off GAIA power supplies and turn key switch off 
47. Turn off Revo Legend chiller off 
48. Turn off interlock 

 
 
G) Summarize the most critical 8DO9-s and 8DO-NOT9s  
 
DO-s : 

1. Double check camera presets. 
2. Always be aware of where you are blocking and/or sending the laser. Especially the pulsed 

beam. 
============== 
 
Version History:  

version 
# 

date writer(s)/contributor(s)  notes 

01 12/20/2022 Kyle Jensen Original issue 

02 01/18/2023 Finn Kohrell Updated after detailed walkthrough 

03 03/01/2023 Finn Kohrell Updated alignment procedure  
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04 03/05/2023 Guillaume Plateau Updated sections B, C, D. 
Added shutdown procedure (E) 

05 03/06/2023 Finn Kohrell Added Laser Startup, change to <Daily 
Procedure= 

06 01/11/2024 Curtis, Finn,Kyle, Chris Complete overhaul, up-to-date after long 
downtime 

07 04/04/2024 Finn Kohrell removed IR diode, since it has been 
decommissioned, and updated pulsed 
beam procedure 

08 09/18/2024 Finn Kohrell  update TC alignment procedure 
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How to:Amplifier Table Alignment + MRC 

 
Purpose: Record of current amplifier table alignment after extensive laser work 
with Bob in 07/2023 
Precedents: daily alignment procedure 
Area used: Rm 148 
 
!!!LOOK!!! BEFORE ADJUSTING ANYTHING IN THE AMPLIFIER TABLE 
THAT WOULD RESULT IN NEW MRC SET POINTS, YOU MUST Turn MRC 
off, MRC trigger ON. IF YOU DO NOT, YOU WILL NEED TO REPEAT YOUR 
MANUAL ALIGNMENT BEFORE MOVING ON TO THE MRC SET UP GUIDE. 
 
A) Documentation of all physical alignment targets and their respective camera 
references 
 

● Amp2_In: 
○ First pinhole I1 Symmetrize the iris. handled by beam pointing gui and aligna (in 

theory) 

 
 

○ first crosshair: C1  handled by beam pointing gui and aligna (in theory) 
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○ Amp2 C1  look at Amp2 ir input for alignment. Adjust using Amp2 M1 Overlap the 
virtual and physical crosshair. 

 
 

Amp2 C2: No camera reference. Instead, stick red ir paper after and adjust alignment 
using Amp2 M2 
Amp2 C3: No camera reference. Instead, stick red ir paper after and adjust alignment 
using Amp2 M3 
Amp2 C4: No camera reference. Instead, stick red ir paper after and adjust alignment 
using Amp2 M4 
 

● Amp3_In: 

 
 

○ Amp3 I2 look at Amp3 ir input for alignment. Adjust using Amp 2 M5. Symmetrize the 
iris  
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○ Amp3 C1 look at Amp3 ir input for alignment. Adjust using Amp 3 M0 Center the 
Intensity profile 

 
 

○ Amp3 C2 look at Amp3 ir input for alignment. Adjust using MRC2 Center the Intensity 
profile 

 
 

○ Amp3 C3 look at Amp3 ir input for alignment. Adjust using Amp3 M1 Overlap the 
virtual and physical crosshair  
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● Amp4_In: 

 
 

 
○ Amp3 C4 look at Amp4 ir input for alignment. Adjust using Amp3 M2 Center the 

Intensity profile 

 
 
 

○ Amp3 C5 look at Amp4 ir input for alignment. Adjust using Amp3 M3 Center the 
Intensity profile 
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○ Amp3 C6 look at Amp4 ir input for alignment. Adjust using Amp3 M4 Center the 
Intensity profile 

 
 

○ Amp3 C7 look at Amp4 ir input for alignment. Adjust using Amp3 M5. Overlap the 
virtual and physical crosshair. Note:(this should probably be <center intensity pattern= 
rather than <overlap crosshairs=, 2/3/25) 

 
 

○ Amp4 C1 look at Amp4 ir input for alignment. Adjust using Amp4 M1. Center the 
Intensity profile 
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● Amp4_Out: 
○ Amp4 C2 look at Amp4 ir output for alignment. Adjust using Amp4 M2. Center the 

intensity profile 

 
 
 

○ Amp4 C3 look at Amp4 ir output for alignment. Adjust using Amp4 M3. Center the 
intensity profile. 

 
 
 
 
 

---------------------------------------------------------------------------------------------------------------------------------------
------------- 
Step-by-Step instructions to MRC setup: 

1. Turn MRC off, MRC trigger ON 
2. make sure alignment on the amplifier table is at the desired positions 
3. close lids on amp table AND MAKE SURE ALL CROSSHAIRS AND IRISES ARE FLIPPED 

DOWN! 
4. open PARAMETERS tab on MRC software, set detector type to PSD and hit REFRESH 
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5. Hit SET on Stage1 (this will automatically refresh voltage values on stage2, dont worry about 
that). 

6. Make sure the P-Factor for Stage 1 doesnt automatically get set to 0.01. If it does, change to 
3.5 and hit apply  

7. Hit SET on Stage 2 
8. Now check the beam position on your virtual crosshairs. If its visibly off, you want to change 

the adjust-In values. In the process of setting the new set&hold it will automatically set the 
adjust in vales. make sure SOFTWARE is selected for both P-factor as well as ADJUST-IN 
values on both STAGE1 and 2.  

9. With the stabilization and MRC trigger ON, slightly change one value at a time (stepsize 
<0.1) and hit apply after each change. 

10. Once you are happy with the virtual crosshair overlap, turn MRC trigger OFF 
11. now you can flip in physical crosshairs and check position on the cameras, just make sure to 

flip them down before turning MRC trigger back ON 
12. iterations of this (trigger off, check position on physical crosshair, flip down, trigger On, slight 

tweak to Adjust-In, repeat) until youre satisfied 
13. Leave stabilization on and always make sure to practice good trigger discipline  

 
 
 
 
G) Summarize the most critical 8DO9-s and 8DO-NOT9s  
 
DO-s : 

1. Make sure to look at the right camera for a given crosshair 
 
DO NOT: 

1. leave the MRC trigger ON while performing any work on the amp table, even if its just 
checking a reference downstream from it. PSDs are super sensitive to stray light! 

2. change any of the virtual or physical crosshair locations! 
============== 
 
Version History:  

version 
# 

date writer(s)/contributor(s)  notes 

01 31/07/2023 Finn Kohrell Original issue 
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How to pump down the entire HTU vacuum line incl. 
VISA undulator 

 
Purpose: This guide is providing step-by-step instructions on how to walk 
through the entire process, to learn operating it and avoid mistakes  
Area used: 148, B- and A-cave 
 
A) Preparing for roughing 
 

1. Start in 148 and work your way downstream into B-cave, make sure all: 
1.1. Parts of the system are at atmospheric pressure 
1.2. turbos are turned off and spun down 
1.3. Gates to the turbos are CLOSED 
1.4. Roughing pumps are off 
1.5. Venting ports are closed 
1.6. Roughing lines are OPEN 

 
 

2. Go to A-cave, make sure that 
2.1. everything is at atmospheric pressure 
2.2. venting ports are closed 
2.3. Turbos are off and spun down 
2.4. Roughing lines are CLOSED 
2.5. Backing lines are OPEN 
2.6. Check pump station outside to make sure the clamp connecting both 

roughing pums is ON (meaning the lines are combined) before turning 
roughing pumps on (the two pumps outside A-cave are only used to 
back the turbos in A-cave, roughing the undulator will be done using the 
roughing pumps in B-cave!) 

 
3. Back to 148 and B-cave 

3.1. Now that all parts of the system are under atmosphere, vents and gates to 
turbos closed and roughing lines open (with pumps still off), we can 
connect all the chambers and the undulator by opening the respective 
gates 

3.2. Double-check that all turbos and the roughing pumps are off, then put on 
clamp to combine both roughing lines 

3.3. Now you can spin up both roughings, they are now evacuating the entire 
vacuum system all the way from the beam tube in 148 to the undulator, so 
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it will take a while for them to spin up and pump down 
3.4. Meanwhile, because the clamp is on, they will also back the turbos in 148 

and B-cave and the turbos in A-cave are backed by their roughing line 
(double-check that all backing-switches are OPEN) 

3.5. You can start to spin up the turbos while chambers are being pumped 
down by roughing, they are backed and the gates to the chambers still 
closed 

 
4. When pressure of entire system reaches 10^-2 Torr regime 

4.1. Start in 148 and work your way downstream, close all roughing ports (to 
make sure turbos will not fight against roughing pumps). This is only 
necessary in 148 and B-cave, because the A-cave roughing pumps have 
only been used to back their turbos 

4.2. Make sure turbos are fully spun up and the current is below 1A (this 
means they are not still fighting against pressure in the backing line, which 
we want to make sure before opening gates to chambers) 

4.3. Now open gate valves to turbo pumps (turbos are pumping down vacuum 
system, roughing pumps are only used to back the turbos and keep the 
roughing line evacuated) 

4.4. Go to A-cave and open gates to turbos as well 
 

5. This concludes the pump-down procedure 
 
 
 
B) Most critical 8DO9-s and 8DO-NOT9s  
 
DO-s : 

1. Make sure all venting ports are CLOSED 
2. Always work your way through the entire system, 148 to A-cave 
3. Before venting a part of the system, always make sure the turbos are protected (either 

turned off or backed and backing+roughing line separated by taking off clamp) 
DO NOT-s : 

1. NEVER open gate between chamber and running turbo if turbo isnt fully spun up or 
current still over 1A 

2. Don’t turn on turbos without double-checking that they are backed by running roughing 
lines and gates to chamber are closed 

 
 
 
 
 

10 Appendix

133



 
 
 
 
 
 
Version History:  

version 
# 

date writer(s)/contributor(s)  notes 

01 12/01/2022 Finn Kohrell Original issue 

    

    

    

    

 
Training History (if applicable): 

name status date notes 

Tyler Trainer 12/01/2022 Gave us the detailed 
walk-through of the entire 
procedure 

Kyle, Finn Were instructed by Tyler 12/01/2022  
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