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Since the emergence of laser-plasma accelerators (LPAs), substantial work has been dedicated to using
LPAs to drive free-electron lasers (FELs) for a broad range of applications. Despite recent breakthroughs,
which have proven the fundamental feasibility of operating FELs with an LPA source, stable FEL operation
over multiple hours without operator input had yet to be achieved. In this work, we report significant
improvements to the stability of a hundred terawatt laser system, resulting in successful demonstration of
reliable, long-term operation of an LPA-driven FEL in the self-amplified spontaneous emission (SASE)
regime at 420 nm. The LPA source delivered 100 MeV electron beams at 1 Hz with high stability over more
than 10 h, enabling over 8 h of continuous FEL operation without operator input. The acquired data were
subsequently used to investigate correlations between the measured undulator radiation and parameters of
the drive laser, plasma source, and electron beam. The revealed connections between LPA and FEL
performance gave important additional insights into ways to further improve and stabilize the system, thus
demonstrating the capability of our setup to serve as a powerful platform for future studies of LPA-driven
FEL operation. The one-of-a-kind integration of multiple stabilization concepts onto the LPA facility
discussed in this manuscript yielded significant accelerator and light source improvements (with residual
correlations suggesting even more is possible), which will positively impact LPA applications at large.

DOI: 10.1103/z2d3-bhyt

I. INTRODUCTION

Laser-plasma accelerators (LPAs) [1,2] provide a com-
pact source of electron beams with energies up to 10 GeV
[3-6]. The charged particles are accelerated in plasma
wakefields excited by laser drivers, exploiting the high field
strengths of 10-100 GVm™', far exceeding the values
achievable in radio-frequency (rf)-based accelerators [2].
Due to the demonstrations of high beam quality achievable
in LPAs [7-12] and their intrinsic advantages of small
footprint and potential to generate ultrashort and high
brightness electron beams, they quickly became a prom-
ising source for novel light sources, including compact
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x-ray free-electron lasers (FELs) [13—19]. Despite their
many promising characteristics, LPAs face inherent chal-
lenges in shot-to-shot stability, especially in the context of
the strict tolerance requirements of FELs. The properties of
the plasma wake are intrinsically connected to the driving
laser pulse, making the generated electron beams highly
sensitive to instabilities of the drive laser. Fluctuations of
transverse focal position [20], longitudinal focal position
[21], pulse energy [22], and pulse duration [23] of the laser,
among others, have been demonstrated to impact LPA
performance. Because reliable FEL operation requires
exceptional electron beam stability, not only in energy,
bunch length, and charge, but also in transverse beam
position, a high degree of stability of the laser-plasma
interaction is necessary [24,25]. First experimental results
of electron beams from laser-plasma accelerators used to
drive FELs demonstrated the general viability of the
technology [15-17], and an experiment conducted and
recently published by Barber et al. [17] pushed the
boundaries of shot-to-shot stability and the level of

Published by the American Physical Society
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observed gain, but further improvements, especially in
performance and reliability [18], are required for them to
emerge as practical options for future light source facilities.
Aside from their application specifically for FEL light
sources, LPAs have been proposed to power the next
generation of particle accelerators and colliders, as well
as a host of other near-term applications in the medical,
security, and microelectronics domain. Impacted by the
above-mentioned fundamental sources of instability,
improving the reliability of LPAs and the quality of their
generated electron beams has been identified by the
community as key steps toward realizing the technology’s
full potential [26,27].

In a recent publication by Barber e al. [17], the authors
of the work presented here demonstrated a breakthrough
in shot-to-shot reliability and peak performance of LPA-
driven FELs on the 1 h timescale. In this work, we report
significant advances toward achieving the same level of
reliable, high-gain performance of LPA-driven FELs over
many hours of continuous operation, without the need for
active operator intervention. To enable the high level of
long-term stability demonstrated here, a variety of different
methods were employed to stabilize the LPA interaction,
including active stabilization of the transverse and longi-
tudinal position of the laser beam, as well as the laser pulse
duration and energy. The results discussed here serve as
evidence that the strict requirements for stability of the
electron beam, plasma source, and laser pulse stability can
be realized reliably over many hours of continuous oper-
ation. Furthermore, the large amount of gathered diagnostic
data enables excellent opportunities to study and identify
correlations between LPA parameters and FEL perfor-
mance. From these studies, informative models of the
LPA-FEL process can be developed to assist in improved
overall characterization of the system. This work thereby
represents a critical step, not only toward the development
of LPA-driven FELs as a competitive light source tech-
nology, but also for LPAs in general to reach their full
potential as powerful, next-generation accelerators.

II. EXPERIMENTAL SETUP

This section will give an overview of the experimental
setup of the LPA-FEL system used for the experiments
described in this work. The following tables identify key
parameters for the experiment that are actively stabilized
(see Table I) or monitored only (Table II), and the related
acronyms.

A. Laser system and electron beamline

As shown schematically in Fig. 1, the laser used for
electron generation and acceleration on the BELLA
Center’s Hundred Tera-Watt Undulator (HTU) system is
a titanium-sapphire (Ti:Sapph)-based chirped pulse ampli-
fication [28] system delivering pulses in the 100 TW

TABLE I. Active stabilization systems.
System Stabilized parameter Details
TSS;  Transverse beam position 100 Hz commercial

and angle after stretcher correction system

TSS,  Transverse beam position on Custom long-term drift
first amplifier (Amp1) correction
TSS;  Transverse beam centroid 300 Hz commercial two-

r on second amplifier
(Amp2)

LSS Longitudinal position of
laser focus via radius of
curvature (ROC) control

stage stabilization

32 Hz closed-loop wave
front sensor (WES)
feedback

Custom stabilization
using “ghost beam”

TSS,;  Transverse beam position

at focus 7gpoq

TABLE II. Diagnostic systems (monitored-only parameters).

System Monitored parameter Details

Energy meter (E)  Laser pulse energy = Noninvasive

Ep measurement

GRENOUILLE Temporal (D26,y,,), Noninvasive single-
spectral (D26,eey)  shot SHG-FROG

pulse properties

Wave front sensor Plasma density Noninvasive
(WES) profile (shock synchronized (D)
angle, density An,  probe beam

slope)

Charge monitor Electron bunch Upstream and

(ICT 1 and charge ¢ downstream of
ICT 2) undulator

Magnetic Electron bunch Upstream and
spectrometer energy E;, rms downstream of
(MagSpec 1 and energy spread op undulator
MagSpec 2)

VISA probes YAG:Ce screens,
optical
spectrometer

along undulator

Electron beam
profile, undulator
signal energy
U(q)

regime to the target area. The laser front-end is based on
an 80 MHz Ti:Sapph oscillator followed by a regenerative
amplifier, delivering 38 fs, 800 nm, 2.5 mJ pulses at a
repetition rate of 1 kHz. To avoid damaging sensitive optics
during and after the next amplification stage, the pulses are
subsequently stretched to a pulse duration 7 of 290 ps. A
Pockels cell (PC) after the stretcher increases the ns-scale
pulse contrast of the kHz pulse train. Three multipass stages
make up the main amplifier chain, pumped at 532 nm by a
16 J, 16 ns frequency-doubled Nd:YAG laser operating
at 1 Hz. These amplifiers increase the final pulse Ep to a
maximum of 5 J. Each of the three amplifiers (Amp1-3)
shown schematically in Fig. 1 represents a more complex,
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FIG. 1. Schematic display of the Hundred Terawatt Undulator (HTU) laser beamline. The beam angle and centroid position are
actively corrected by a transverse stabilization system (TSS;) through the Pockels cell (PC). A custom (TSS,) and a commercial (TSS3)
setup are used to stabilize transverse beam positions on the three amplifier crystals (Ampl, 2, and 3). T| and T, are transmissive and T;
is a reflective beam expander telescope. The second lens in T, is mounted on a motorized stage to act as a longitudinal stabilization
system (LSS). After amplification, the beam energy is noninvasively monitored (E). A leakage beam sent to the chirped mirror
compressor (CMP) and GRENOUILLE allows monitoring of spectral and temporal pulse properties. The deformable mirror (DM)
optimizes pulse wave front quality. After the DM, a synchronized, leaked copy of the laser beam is timed through a delay line (D) and
used as a probe for the plasma density profile through detection by a wave front sensor (WFS). A wedged mirror (W) creates a low-
intensity copy of the main beam (ghost beam), with both the high-intensity front-surface reflection and this low-power ghost beam
replica focused by the off-axis parabolic mirror (OAP). The final steering mirror (TSS,) is used for active stabilization of the main beam

transverse position on target.

four-pass amplification setup, which was simplified for
display purposes. To reduce beam intensity on the optics
during and after the amplification process, the beam
diameter is expanded multiple times from 6 to 23 mm
via three telescope stages interleaved with the amplification
stages. After the final amplification stage, the beam is
expanded by a reflective mirror telescope T; to a diameter
of 81 mm FWHM, and subsequently transmitted into the
vacuum system. The grating-based compressor returns the
pulse duration 7z from 290 ps back to its bandwidth-limited
value of 38 fs. Afterward, the beam is sent onto a
deformable mirror (DM) which optimizes the pulse wave
front. A 3 m focal length OAP focuses the beam and
delivers an amplified 38 fs pulse of energy Ep up to 2.5 J at
1 Hz to a spot of 40 pm FWHM onto the gas jet target.
The LPA target assembly, as schematically displayed in
Fig. 2(a), consists of a rigidly mounted blade above the
supersonic gas jet. This creates a density shock An in the
gas profile and enables generation of electron beams
through the down-ramp injection process [25,29-31]. To
control and tune the injection, the position of the gas jet
assembly and the relative position of the blade are adjust-
able. Helium gas at 200 psi (1.38 MPa) is supplied to the
gas jet, and the assembly is tuned to produce electron

beams of 100 MeV central energy E;, as can be seen in
Fig. 2(b). These beams exhibit a central energy rms jitter on
the order of 5 MeV, with 3%—6% rms energy spread oy and
average bunch charge g of 80 pC and rms jitter of 30 pC.
Beams of finite energy spread and divergence are subject to
intrinsic chromatic emittance growth [32]. To reduce this
effect and control the electron beam divergence after the
plasma target, a permanent magnet quadrupole (PMQ)
triplet is placed as close as 3.5 cm behind the interaction
point. For precise alignment to the beam axis, the PMQ
triplet is mounted on a hexapod that provides full trans-
lation and rotation control (6 degrees of freedom).

A magnetic chicane [33] 1 m behind the plasma source
serves multiple purposes for the experiment. Most impor-
tantly, it reduces the electron bunch slice energy spread by
stretching the bunch, which can reduce the FEL gain length
[34]. By adjusting the field strength of the dipole pairs,
which controls the momentum compaction factor of the
chicane (Rsq), the transmitted electron bunch can be
stretched by a controlled amount. For the experiments
discussed in this work, the chicane was set to generate an
Rsq of 150 um. This value was found experimentally to
deliver the best FEL performance. Additionally, the mag-
netic chicane separates the electron beam path from the
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FIG. 2. (a) A schematic of the target assembly used on the HTU system and the subsequent electron beamline to the VISA undulator,
including diagnostics. The laser pulse (red dashed line) is focused onto the density down-ramp plasma target, and the generated electron
beam (black solid line) is focused (PMQ), longitudinally stretched (magnetic chicane), and refocused (EMQ) before being sent into the
VISA undulator. Integrating current transformers (ICT 1 and ICT 2) and magnetic spectrometers (MagSpec 1 and MagSpec 2) measure
electron beam charge and energy before and after the undulator. A thin pellicle (P1) upstream of the VISA can be used to spoil the beam
emittance, and a reflective pellicle (P2) downstream to measure undulator signal while transmitting the electron beam. (b) 100
consecutive electron beam spectra recorded with the magnetic spectrometer upstream of the undulator (MagSpec 1, which can be turned
on/off remotely). The two scans were taken 10 h 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 emission from the YAG:Ce screen from the undulator radiation and sends it to an imaging
camera. (d) Representative example spectrum of a high gain shot recorded in this dataset. The FEL radiation is transmitted through the
dichroic mirror onto an energy calibrated optical spectrometer. The optical spectrometer is mounted on a 4 m translation stage that

allows placement at any of the probe locations.

laser axis, as can be seen schematically in Fig. 2(a). 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,
limiting unwanted background signal and preventing dam-
age to more sensitive electron beam diagnostic equipment.
After the chicane, the electron beam passes through an
electromagnetic quadrupole (EMQ) triplet, which matches
it to the undulator.

The undulator used in the HTU beamline, originally
named visible to infrared SASE amplifier (VISA) undulator
[35], was designed and built to be used at Brookhaven
National Lab for one of the first experimental demonstra-
tions of full saturation in the SASE regime [36,37]. It
consists of four 1 m long sections that are embedded in a
vacuum chamber. There is no free drift space between the
segments, and each section contains 55 periods (220 total).
With a root-mean-square (rms) undulator parameter
K = 0.9 and undulator period 4, = 1.8 cm, the resonant
wavelength when using electrons at 100 MeV is 420 nm.
Because the magnetic structure of the VISA undulator has
integrated external periodic focusing, matching the electron
beam Twiss parameters to its FODO lattice via the EMQ
triplet is crucial [38,39].

B. System stabilization and diagnostic capabilities

This section introduces the currently employed “trans-
verse stabilization systems” (TSS) to actively control the
laser position centroid r at multiple positions throughout
the laser system (TSS;-TSS,), as well as the “longitudinal
stabilization system” (LSS) to control the laser pulse radius
of curvature (ROC). Additional parameters, like the laser
pulse energy Ep, duration 7z, plasma density n, as well as
energy E;, and charge g of the electron beam, are monitored
passively for correlation studies.

The HTU laser system includes multiple stages of
stabilization for the transverse beam position before the
final focus and LPA target location. As can be seen in
Fig. 1, the transverse position of the beam and incident
angle on the Pockels cell (PC) are actively stabilized after
the stretcher using a commercial two-stage system (repre-
sented schematically by a single mirror in Fig. 2 as TSS;)
offering ~100 Hz correction bandwidth through fast acting
piezo actuators. The position of the beam on the first
amplifier crystal is stabilized against long-term drift using a
custom, single-stage beam pointing stabilization (TSS,).

During and after amplification of the laser pulse in
the main amplifier, the unamplified 1 kHz, mJ-level pulse
train co-propagates with the 1 Hz amplified pulses,
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as schematically shown in Fig. 1. This unamplified back-
ground signal is employed for multiple diagnostic and
stabilization systems because it enables a much higher
correction bandwidth than using the amplified pulses at
1 Hz. To prevent saturation or damage to diagnostics
detecting the 1 kHz unamplified pulses caused by the
much stronger amplified 1 Hz signal, different techniques,
such as mechanical shutters or a separate trigger signal,
which stops acquisition for a few milliseconds around the
amplified pulses, are employed. The transverse beam
position centroid r between the first (Ampl) and second
multipass amplifier crystal (Amp2) is controlled by a
commercial, two-stage active stabilization system (TSSj
in Fig. 1), which includes position sensitive device detec-
tors with <0.5 pm spatial resolution. The mirrors for
active stabilization are piezo-driven and support >300 Hz
correction bandwidth by using the unamplified 1 kHz pulse
train for active feedback.

The laser pulse energy Ep is monitored noninvasively
by a calibrated, commercial energy meter (E) following the
final stage of amplification. After passing through the
compressor, leakage of the beam through a high-reflective
optic in the compressor chamber is picked up for noninva-
sive, single-shot characterization of temporal and spectral
pulse dynamics, based on a GRENOUILLE diagnostic. It
acquires images through the nonlinear second-harmonic
generation (SHG) frequency-resolved optical gating
(FROG) technique, allowing full characterization of the
laser pulse spectral amplitude and phase with a single shot
[40,41]. The design and characterization of this diagnostic
setup has been described in detail by Kohrell et al.
in Ref. [23].

Before the final focusing optic, a 99% beam splitter in
the OAP chamber creates a 1%-leakage probe beam which
traverses the plasma target orthogonally to the main laser.
A delay stage (D in Fig. 1) synchronizes the probe and
main laser pulse, and a high resolution wave front sensor
(WFES) monitors the phase imprint on the probe beam from
the plasma target, which can be used to estimate the
plasma profile [42].

For monitoring and stabilization of the beam position in
the focal plane of the OAP, a low-intensity copy of the main
beam is created using a wedged optic (W, see Fig. 1). Its
front surface has a 99% reflective coating, and its back
surface one of >99.5%. The angle of the wedge was
designed such that the front (main beam) and back surface
(ghost beam) reflection overlap on the OAP, with an
angular separation of 1.21°. To monitor the beam position
at focus nondestructively, 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 1 kHz
unamplified component of this ghost beam is used for
stabilization of the transverse and longitudinal beam
position at focus (TSS, and LSS in Fig. 1, respectively).
The transverse centroid of the ghost beam rgpo is

monitored with a camera and actively stabilized to a chosen
setpoint via the motorized optic used for TSS,, its ROC is
monitored with a WEFS on the ghost line and used for
closed-loop operation of the adjustable telescope T, (see
Sec. IIT A for a more detailed description) [20,21,43].

Diagnostics for the electron beam after the LPA target
include a pair of integrating current transformers (ICT 1
and ICT 2) that measure charge g, and two magnetic
spectrometers (MagSpec 1 and MagSpec 2) which enable
measurement and comparison of the electron bunch energy
E, before and after the undulator. A 10 pm thick nitro-
cellulose pellicle (P1) was installed on a pneumatic actuator
before the undulator entrance, close to where the electron
beam comes to a focus. As discussed and experimentally
verified by Barber et al. [17], it serves as an emittance
spoiler by scattering the transmitted electron beam, without
having significant impact on its energy or trajectory. Thus,
it can serve as a way to quickly distinguish between
incoherent undulator light and coherent FEL radiation.

Along the length of the undulator, eight evenly spaced
ports allow characterization of the e-beam transverse
profile and position with respect to the a straight line
reference, as well as the generated FEL radiation spectrum
and energy. This is enabled by the design of insertion
probes mounted to pneumatic actuators at each port. They
consist of a 0.2 mm thick, 3 x 3 mm YAG:Ce screen and a
right angle prism mirror mounted behind it, to image the
electron beam profile and collect undulator radiation at the
same time. Each one of the eight ports has a diagnostic
setup outside the vacuum chamber with a dichroic mirror
[see Fig. 2(a)], which directs the 550 nm YAG:Ce emission
(e-beam profile) to a camera imaging the screen’s surface
[Fig. 2(c)], and the 420 nm undulator radiation to an optical
spectrometer [Fig. 2(d)]. The spectrometer is custom built,
energy calibrated, and has a range of 300-550 nm. A 2”
diameter lens 35 cm from the undulator axis focuses the
undulator signal through a transmission grating onto the
chip of a CCD camera. The entire undulator radiation
detection setup is mounted on a 4 m long linear translation
stage, which allows moving the spectrometer assembly
to any port along the length of the undulator and to an
additional, ninth location at the undulator exit. The final
port uses a reflective pellicle (P2), reflecting the FEL
radiation and transmitting the electron beam to the final
magnetic spectrometer.

III. STABILIZATION OF KEY LPA PARAMETERS

As described in Sec. I, in addition to their promising
characteristics, LPAs come with their own set of unique
challenges, namely the reliable and reproducible generation
of high quality electron beams. Because of tight alignment
tolerances due to micron-scale high-gradient cavities and
the inherent property of the LPA process that a new plasma
structure, which acts as the accelerating cavity, is formed on
every shot, the stability of the LPA interaction strongly
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affects the electron beam parameters. This also includes
plasma density (n) variations of the target. In contrast to
rf accelerators, this can lead to significant shot-to-shot
fluctuations. Drive laser properties (which we mainly
focused on in this work), including pulse energy Ep,
duration 7, and longitudinal and transverse beam point-
ing, contribute most strongly [20,22].

This section gives an overview of the work done on the
HTU system to mitigate these fluctuations. Work focused
on the laser focal position, both longitudinal and trans-
verse, is described in Sec. III A. Improvements to the
stability of the laser pulse Ep and duration 7 are discussed
in Sec. III B.

A. Longitudinal and transverse focus position

Observations on the HTU system confirmed previously
reported impact of the longitudinal focal position Zgy..
jitter and drift, quantified through measurement of the ghost
beam ROC, on the stability of the e-beam source [44,45].
To address this issue, the longitudinal stabilization system
(LSS) was designed and implemented. The second lens in
the transmissive telescope T, (see Fig. 1) was mounted on a
motorized translation stage with cm-scale range of motion
to enable control over the laser pulse radius of curvature
(ROC). A WFS, sampling at 32 Hz, was installed on the
ghost beamline. Closed loop operation of the two enables
stabilization of the pulse’s ROC to a defined value at a
correction bandwidth of 0.59 Hz, completely eliminating
long-term drift of zg,.,s and reducing its rms jitter by 40%.
This significantly improved the stability of electron beam
energy E;, and energy spread o, making the LSS system a
crucial part of enabling stable, long-term LPA operation
and LPA-driven FEL studies in our system. Its design,
setup, and characterization are discussed extensively by
Jensen et al. in Ref. [21].

Similar to the change of the laser pulse ROC (and in turn
the longitudinal position of the laser focus zg,,), the shot-
to-shot and long term variation in transverse position 7,
of the laser beam has shown direct impact on the electron
beam. This effect significantly limited the stability of the
electron beams delivered to the undulator and prohibited
reliable FEL operation. Using the unamplified, 1 kHz
component of the ghost beam described in Sec. II, the
transverse beam position r,;, can be actively stabilized
(TSS, in Fig. 1). The design of the passive monitoring and
active stabilization system has been extensively studied and
discussed by Isono et al. [43] and Berger et al. [20]. They
were able to show the strong correlation between the
transverse position of the ghost (rghs) and main laser
beam (7,,in), proving that the ghost beam can be used as an
effective, higher frequency proxy for the high-power laser
on target. Furthermore, the active stabilization of r,,,;, on
target, utilizing the ghost beam, was shown to drastically
reduce the transverse jitter Ar,- of the electron beam.
This makes it a powerful tool for increasing the stability

80 A °

70 ooy :
.:;:%5 .
600 ofe s 0
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2‘0 4I0 6IO
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FIG. 3. Correlation between the laser pulse duration 7,
measured with the noninvasive, single-shot GRENOUILLE
diagnostic, and electron bunch charge. The strength of the
correlation is quantified by the parameter p.

of matching the electron beam to the magnetic structure
of the undulator.

B. Laser pulse energy and duration

In addition to the position of the laser focus r,,, key
parameters of the laser pulse, especially its energy Ep and
duration z, affect the laser-plasma interaction [22].

The laser pulse duration 7, in particular, has been
previously found to affect LPA performance on the HTU
system, as can be seen by the strong inverse correlation in
Fig. 3, which matches theoretical expectations. Note that
the measured pulse duration z,, differs from the pulse
duration on target = (which is compressed to its bandwidth
limited duration of 7y, ~ 38 fs), due to a constant offset
in dispersion added by transmission through additional
material in the diagnostic line. This way of operating the
diagnostic has proven advantageous to resolve small
changes in dispersion witnessed by the laser pulse and
has been investigated and discussed in detail by Kohrell
et al. in Ref. [23].

In addition to the above-discussed variations of the
measured pulse duration 7,, and their impact on LPA
performance, in the past we observed noticeable change
of the pulse energy Ep on the order of 5% accumulating
over a whole day of operation, as well as simultaneous
slow drift of the beam position on the amplifier table. The
correlation between beam centroid r on final amplifier
crystal and Ep can be seen in Fig. 4(c), and explained by the
changes in gain when the overlap between the pump and
seed laser profile varies. Note, the pump beam position
and profile are far more stable than the seed beam over
these timescales. Manual corrections of the transverse beam
position in the amplifier were able to counteract the
observed energy drift, which motivated the implementation
of a more robust, active solution.

A commercial, two-stage beam stabilization system
(TSS; in Fig. 1) was installed between the first and second
amplifier stage. It has been shown to reduce the shot-to-
shot rms jitter of the beam centroid r by a factor of 9.25.
To investigate its effectiveness in reducing long-term
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FIG. 4. Impact of the TSS; beam stabilization system on

stability of key laser parameters. (a) Long-term behavior of
the retrieved pulse duration (z,,) and beam centroid on final
amplifier crystal (r). The stabilization system was turned OFF
during the white areas of the plots (1) and (3), and turned ON
during the green shaded area (2). (b) Correlation between
D26, and the laser pulse duration 7,,. (¢) Correlation between
the laser pulse energy Ep and r. The two correlation plots are
based on a dataset from a different high-power run.

instabilities, a designated long-term measurement of
over 3 h of continuous, 1 Hz laser operation was conducted.
The impact of this stabilization system was tested by
turning it off for the first ~90 min (1), then activating it
for roughly 1 h (2), and turning it off again for an additional
~45 min (3), see Fig. 4(a).

The impact of this stabilization system on the laser
pulse energy Ep and measured duration 7,, was quantified
through noninvasive monitoring after the main amplifier
(E in Fig. 1) by recording GRENOUILLE images and using
the energy meter described in Sec. II B. Using a retrieval
algorithm developed by Trebino et al. [46,47], information
about the duration z,, and spectrum of the measured pulse
can be extracted from the acquired images. However, this
technique requires a complicated and time-consuming
postanalysis. By calculating the second moment D26,
of the temporal axis, and D26, of the spectral axis for
each image, the dynamics of the laser pulse duration z,, and
spectrum can be monitored qualitatively in real time and
with a high degree of accuracy, as discussed in detail by
Kohrell et al. in Ref. [23]. Therefore, this technique is
employed during the experiment to monitor the spectral and
temporal dynamics of the laser pulse. For the discussion in

this work, the more cumbersome postretrieval has been
executed to show the trend of the measured pulse duration
7,, over time in Fig. 4(a) directly. The strong correlation
between D26y, calculated from the raw images in real
time and 7,, from the postanalyzed GRENOUILLE data has
been experimentally verified and can be seen in Fig. 4(b).

As can be seen in Fig. 4(a) section (1), long-term drift of
7,, and the beam centroid r occurs over the first 14+ h of
continuous operation when TSS; is off. Activating it,
represented by the green shaded area (2), immediately
causes a drastic improvement of the shot-to-shot stability of
r (consistent with the order of magnitude improvement
reported above) and eliminates long-term drift as well.
The impact on the measured pulse duration 7,, is more
subtle; no obvious improvement of the shot-to-shot
stability can be observed. However, the scale of long-
term drift of 7,, is reduced, underlined clearly by the drop
and systematic decrease observed after the TSS; is
deactivated at 2.5 h, marked by the unshaded area (3).
In addition, turning the TSS; off again causes the return
of strong shot-to-shot and long-term instabilities of r.
This indicates a connection between the change in r and
the observed drift of 7,,. A possible explanation is that
with a slow change of the beam centroid r, the laser pulse
witnesses a different thickness and varying pump inten-
sity on the crystals. The resulting difference in nonlinear
effects would change the effective amount of dispersion,
causing a drift of the pulse duration z,,.

By actively stabilizing the transverse beam position r in
the amplifier chain and using the advanced diagnostic
capabilities of the HTU laser system described in Sec. II,
we achieve the following: improved (i) stability of the laser
pulse energy Ep on long term and shot-to-shot timescales
[confirmed by the strong correlation between r and Ep
shown in Fig. 4(c)] and (ii) long-term stability of temporal
properties of the laser. These parameters are crucial for the
LPA process. This new stabilization system serves as a key
tool to enable stable, long-term LPA-driven FEL operation.

IV. RESULTS OF LONG-TERM STABILITY STUDY

The following section will focus on the recent results
demonstrating full-day (>8 h) of LPA-driven FEL oper-
ation on the HTU system. They provide a follow-up to the
work published recently by Barber et al. [17], specifically
focusing on improvements to the long-term stability of the
LPA-FEL system, while maintaining a level of performance
comparable to the unprecedented shot-to-shot stability and
gain demonstrated there.

After tuning the parameters of the LPA target and
magnetic chicane, the produced electron beams were
characterized on the magnetic spectrometer (MagSpec 1)
before being sent to the VISA undulator, exhibiting
105 MeV average central energy, 5% central energy jitter,
and about (5+1)% energy spread. After 10 h, the
measured electron beams were exhibiting an average
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central energy of 102 MeV with 7% jitter, and (5 +2)%
energy spread. This level of reliability was enabled through
the extensive efforts to improve the long-term stability of
key LPA parameters discussed in Sec. III and is essential to
enable long term FEL studies.

Figure 2(b) shows the 100 consecutive shots taken on
the MagSpec 1 before and after the measurement of FEL
performance. Despite the various stabilization systems
employed on the HTU beamline, we still noticed a modest
drift in the total electron bunch charge ¢ over more than
10 h of LPA operation, from about (804 30) pC to
(50 £ 25) pC. The exact origin of this effect is unknown
at this point, but it could be caused by a number of factors.
In particular, the e-beam transport system includes several
apertures, such that even minor changes of the electron
beam trajectory can result in charge loss. Furthermore, not
all parameters of the LPA interaction are actively stabilized,
the angle of the laser pulse incident on the gas jet, and the
plasma target itself could be additional sources of slow drift
in the system.

The thin reflective pellicle (P2 in Fig. 2) allowed us to
record the reflected undulator radiation and transmitted
electron beam spectrum at the same time. We optimized the
undulator pulse energy U(q) using a subset of controls,
including the EMQ triplet and the steering magnets con-
trolling the launch trajectory into the undulator. Afterward,
no more manipulations of the drive laser, plasma target, and
electron beamline were conducted.

We measured the linear scaling of incoherent undulator
radiation U, versus charge g by introducing a scattering
foil. The scattering foil sufficiently spoils the emittance to
prevent FEL gain [17]. The linear fit extracted from the
measured data is displayed as a black dashed line in Fig. 5.

g ﬁﬁ&wg

I
| 10!

Shots

F :ﬂ
jﬂ"; 3

]
= .I‘

Undulator Signal [n)]

0 20 40 60 80 100 120 140
Charge [pC]

FIG. 5. Histogram of integrated undulator radiation energy
U (q) (blue) for all shots taken over the >8 h of continuous
operation, plotted against electron bunch charge g. The black
dashed curve represents the experimentally determined scaling of
incoherent undulator radiation. The colorbar represents the
number of shots included in each binned pixel.

It helps to visualize the shots exhibiting coherent emission,
which correspond to FEL signal levels exceeding this linear
scaling. To quantify the level of coherent over incoherent
emission, it is useful to introduce the coherent enhance-
ment factor F¢. It represents the ratio between measured
FEL signal and the level of incoherent emission at a certain
charge value:

= 6]

where U,y,i(q) is the total measured undulator radiation
pulse energy for charge ¢ and Uy (q) is the expected
incoherent undulator radiation pulse energy for the same
charge g. The value Ugyon(q) is calculated based on the
linear fit (counts per pC) extracted from the dataset taken
using the emittance spoiler.

The measured undulator radiation energy in nJ versus
charge is shown in Fig. 5.

Over half of the roughly 15,000 shots taken during this
campaign exceed the level of incoherent emission, repre-
sented by the black dashed line in Fig. 5, by more than a
factor of 2 (Fc > 2).

During the experiment, a noticeable drop in average
undulator radiation energy U,y (f) over the first 3 h of
operation time ¢ (~6000 shots) is observed, see Fig. 6.
Afterward, there was a break in normal operations to collect
ancillary data, represented in Fig. 6 by the vertical split in
the plot. During this time, there were no changes to the
system. Over the following 4 to 5 h of operation, the
undulator signal remained largely unchanged. To quantify
this change in FEL performance throughout the measure-
ment period, we compare the average of F' for the first and
last thousand shots of the day (corresponding to a meas-
urement period of 30 min). During the first half hour of
data collection, the average coherent enhancement was
Fc1 =9.0. The last half hour, after 7.5 h of continuous
operation, exhibited an average coherent enhancement
of F¢, = 4.2. These results demonstrate continuous and
reliable LPA-driven FEL operation on the many-hour
timescale. Similar to the undulator radiation signal U, (7),
a reduction in the average bunch charge ¢(¢) was observed
over time, as can be seen by the blue curve in Fig. 6 and the
spectra displayed in Fig. 2(b), and has been discussed
above. Directly comparing the trend of ¢(¢) to the undulator
signal Uy, (f) immediately reveals a strong correlation.
The charge g exhibits a similar decrease over the first 3 h,
or 6000 shots, of operation. From an average of ~80 to
~50 pC, this drop in LPA performance represents the most
likely explanation for the observed reduction in U . The
recorded instabilities of electron beam parameters should
also impact the undulator radiation central energy and
bandwidth. However, the low spectral resolution of the
optical spectrometer during this campaign does not allow
any definitive statements. In the future, efforts will be made
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FIG. 6. Measured undulator pulse energy U, (red) and electron bunch charge ¢ (blue) over roughly 8 h of continuous operation. The
gap after 6000 shots represents about an hour break, during which the electron beam trajectory through the VISA undulator was

measured.

to add this capability to the diagnostic suite. Despite the
53% reduction of the measured undulator radiation energy
U oial» after 8 h of operation, the performance and stability
of both the LPA source and FEL signal nonetheless
represent excellent reliability. The overall performance is
still comparable to what was reported by Barber ef al. in
[17], which significantly exceeds any previously reported
LPA-driven FEL performance [16,48]. And no demonstra-
tion of continuous operation for more than 1 h has ever
been reported in this field. Establishing LPA-driven FELs
as a viable light source technology will require reliable
performance, on a level comparable to current facilities
based on classical rf machines. Successfully demonstrating
the HTU system as a reliable platform for full-day
operation of an LPA-driven FEL therefore provides an
important step toward this overarching goal. Furthermore,
we have shown the capability to monitor critical laser,
plasma, electron beam, and FEL radiation parameters on
every shot, which gives us a unique ability to investigate
potential correlations and push toward the further advance-
ment of the field of LPA-driven light sources.

V. INVESTIGATION OF PARAMETER
CORRELATIONS

With this large dataset (>15,000 shots) including a
wide variety of diagnostics (discussed in Sec. IIB),
we attempted to gain deeper insight into the dynamics
of the system.

We calculated the Pearson correlation coefficient p
between the measured undulator pulse energy U, and
over 100 recorded diagnostic parameters. Twelve of
them showed a noticeable correlation and are displayed
below in Table III.

The strongest correlations, exceeding an absolute value
of |p| = 0.5, are all directly connected to electron bunch
properties. They include the charge ¢ measured upstream
and downstream of the undulator with the respective ICTs
(see Fig. 2), which can be seen in Fig. 5 to be naturally
correlated to the undulator signal Uy, (g). Furthermore,
the electron beam energy E,, after the undulator (measured

on every shot using MagSpec 2, see Fig. 2) shows similar
correlations. Due to two noticeable peaks observed in the
energy distribution, as can be seen in a spectrum recorded
on MagSpec 2 averaged over 200 consecutive shots
(Fig. 7), we separated the recorded spectra into two
individually analyzed regions-of-interest (Rol), which
allowed us to gain insight into which bunch energy
distributions correlate to higher measured undulator pulse
energies. However, the recorded spectra are subject to
convolution with the electron beam transport up to and
through the VISA undulator. Varying the steering or
focusing of beam will result in changes to the observed
spectrum, which are not accurate representations of actual
changes of the bunch energy distribution. This convolution
of E;, and beam transport, both impacting the FEL process,
makes definitive statements about the origin of the two
observed Rols and their different respective correlation
strengths to the undulator signal U, (¢q) very challenging.
This example was picked, however, to display the capabil-
ity of utilizing the data collected during this campaign to
discover previously unknown effects which are worthy of
further investigations, to find pathways for future improve-
ments of FEL stability and performance.

The laser and plasma properties showed lower correla-
tion factors, |p| < 0.2. Impactful parameters include the

TABLEIIl. Measured parameters of the electron bunch, as well
as laser pulse and plasma target, and their correlations p to the log
of the total measured undulator radiation pulse energy U,y

Electron bunch Laser and plasma

Parameter | Parameter |

Charge ¢ (ICT 1) 0.69 Pulse energy (Ep) 0.09
Charge ¢ (ICT 2) 0.79 D26y 0.10
Energy E, (total Rol) 0.76 D26 e 0.15

Energy E, (low E Rol)  0.68
Energy E, (high E Rol) 0.58

Shock density (An)  0.19
Plasma shock angle  0.11
Shock slope 0.11
Centroid rgpo 0.02
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FIG. 7. Averaged electron beam spectrum of 200 consecutive
shots, recorded on MagSpec 2 (downstream of the VISA
undulator, see Fig. 2). The low (green) and high-energy Rol
(blue) referenced in Table III have been highlighted through
dashed outlines. The energy axis is based on a calibration of the
phosphor screen using the dipole field strength.

laser pulse duration z,, and spectrum (extracted from
GRENOUILLE images temporal and spectral D2¢s), as
well as laser pulse energy Ep (measured noninvasively after
the multipass amplifier, see E in Fig. 1), and the centroid
Tehost Of the laser beam measured on the ghost line. The
plasma parameters with the strongest correlations to the
undulator signal are 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 (An), and gradient (slope) of the density shock.

The number of parameters we were able to identify that
show a noticeable correlation to the undulator radiation
signal U, 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 show-
case some particularly interesting parameters, their corre-
lation to the undulator radiation pulse energy U,y is
plotted in Fig. 8.

The correlations of temporal and spectral second
moments D2¢ of the laser pulse, extracted from the raw
GRENOUILLE images discussed in Sec. III B, are shown
in Figs. 8(a) and 8(b), respectively. Of the two only the
temporal second moment D26,.,,, strongly correlated to
the laser pulse duration 7,, [see Fig. 4(b)], is stabilized
through the active control of the laser beam centroid r in
the multipass amplifier [Fig. 4(a)]. This could explain the
lower correlation factor p for D26y, of 0.1, compared
to p=0.15 for D20, This result motivates further
investigation of the laser pulse spectrum fluctuations, and
another potential avenue to further stabilize the LPA
interaction.

Figure 8(c) displays the noticeable correlation between
the undulator signal U,,, and plasma density difference
(An) between the shock feature and plasma column. There
appears to be about a 20% variation of this parameter
during the experiment, affecting the measured level of
U oal- 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.

1.2 1(a)

D20temp [pix]

1.4 (b T p=015

Dzaspectr [PlX]

10!

0.2 T T T T

Shots
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Shock Density An [arb. units]
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MagSpec High-E Rol [counts]
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FIG. 8. Histogram of correlations between four selected LPA
parameters and the undulator radiation signal, and their corre-
sponding Pearson parameter p. (a) Shows the temporal, (b) the
spectral second moment D2¢ extracted from the raw GRE-
NOUILLE images. (c) Displays the plasma density difference An
between the shock and plasma column. (d) Displays the counts
captured on the high-energy Rol of the magnetic spectrometer
MagSpec 2 (Fig. 2).

The final parameter displayed, as can be seen in
Fig. 8(d), is the counts measured on the magnetic spec-
trometer after the VISA undulator (MagSpec 2 in Fig. 2).
Specifically, the high-energy regions-of-interest (Rol)
defined based on the averaged electron beam spectra
(see Fig. 7, blue dashed outline), which shows a correlation
factor of p = 0.58. In contrast, as can be seen in Table III,
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the counts measured in the low-energy Rol (see Fig. 7,
green dashed outline) for the same shots display a higher
correlation factor of p = 0.68. As discussed earlier, due to
the convolution of bunch energy E;, and electron beam
trajectory, explaining this observation will require further
investigation.

Overall, these results are shown to demonstrate the great
potential for gaining crucial new insights into how to
further improve FEL performance and stability. The dis-
covery of the apparently high impact of plasma source
instabilities on LPA and in turn FEL performance is an
example for further investigation and stabilization, to
further increase system performance. Another goal is to
develop predictive capabilities utilizing the valuable param-
eter correlation data discussed above, to learn if they can
give us meaningful insight into crucial parameters of the
FEL process, like brightness, emittance, current, and
energy chirp, which are not directly monitored by our
e-beam diagnostics.

VI. SUMMARY AND OUTLOOK

In this work, we have demonstrated an unprecedented
level of long-term stability of an LPA-driven FEL, starting
with stable electron beam generation over more than 10 h
and FEL operation of more than 8 h without operator
intervention. This was achieved while maintaining a high
level of shot-to-shot stability and FEL gain, comparable
to the performance demonstrated earlier by Barber et al.
in [17] over about 1 h of operation. Key to significantly
exceed previously reported durations of continuous
LPA-FEL operation [16,17,48] was the integration of
multiple active stabilization techniques simultaneously,
which drastically improved long-term stability of the LPA
source and generated electron beams. The results re-
present a crucial step toward reliable operation of an FEL
light source using electron bunches from an LPA. We
discussed some of the techniques applied on the HTU
system to stabilize the laser pulse, which have proved
crucial in enabling this degree of reliability of the LPA.
The setup and stabilization techniques presented here are
fundamentally capable of delivering stable electron
beams at energies up to 500 MeV, which will enable
planned future efforts to reduce the undulator radiation
wavelength toward 4 = 30 nm.

Investigation of the correlations between the undulator
radiation and large number of LPA parameters recorded on
every shot have proven to give valuable insights into the
dynamics of the FEL process and will motivate and enable
future efforts of LPA stabilization. Overall, these results
serve as another powerful indication of the ability of the
HTU system to act as a capable platform for long-term,
LPA-driven FEL studies, and represent a big step toward
the level of performance required for LPAs in general, to
fulfill their promise as highly powerful, compact, and
versatile next-generation particle accelerators.

Encouraged by the number of LPA parameters identi-
fied to show significant correlation to the FEL perfor-
mance, we plan to develop sophisticated modeling
techniques in the future, including digital twins, to
conduct in-depth studies of the complex connections
between LPA parameters, the experimental setup, undu-
lator alignment, and the FEL performance.
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