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Laser-plasma acceleration promises compact sources of high-brightness relativistic electron beams.
However, the limited stability often associated with laser-plasma acceleration has previously prevented
a detailed mapping of the drive laser and electron performance and represents a major obstacle towards
advancing laser-plasma acceleration for applications. Here, we correlate drive laser and electron-beam
parameters with high statistics to identify and quantify sources of electron energy drift and jitter. Based on
our findings, we provide a parametrization to predict the electron energy drift with subpercent accuracy for
many hours from measured laser parameters, which opens a path for performance improvements by active
stabilization. Our results are enabled by the first stable 24-h operation of a laser-plasma accelerator and the
statistics from 100 000 consecutive electron beams, which, by itself, marks an important milestone.
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I. INTRODUCTION

Highly relativistic, high-brightness electron beams are an
essential tool for fundamental and life-science research.
Laser-plasma acceleration (LPA) [1,2] promises to increase
the availability of this important resource at significantly
reduced size and cost compared to modern radio-frequency
(RF) based accelerators.
In a LPA, the interaction of an intense laser pulse with

a plasma creates a trailing cavity, a plasma wave, which
traps and accelerates electrons from the plasma background
[2]. This cavity supports electric fields several orders
of magnitude higher than in a modern RF accelerator,
which reduces the distance required to generate giga-
electron-volt-level electron beams from kilometers to
centimeters [3–6].
Milestone experiments have verified key principles of

laser-plasma acceleration and the possibility to generate
high-brightness beams, featuring electron bunches of
low emittance [7,8], few-femtosecond (fs) length, and

kiloampere peak current [9–11]. Advanced concepts have
demonstrated novel injection techniques [12–14] and the
generation of plasma-driven x-ray pulses [15–18]. These
results show that laser-plasma accelerators are, in principle,
capable of generating electron beams with competitive
beam quality. However, it is still a major challenge to
produce those beams reliably and reproducibly.
Unlike RF-based machines, a laser-plasma accelerator

generates a new accelerating cavity with every shot. Thus,
small fluctuations in the experimental conditions, in par-
ticular, those associated with the drive laser properties,
can cause significant shot-to-shot variation (jitter) in the
electron-beam performance. In addition, longer-term evo-
lution in the complex drive laser often prevents consistent
operation of the setup. As a consequence, the number of
events in a typical experiment is low, and high-quality
electron beams represent the exception rather than the rule
for many laser-plasma acceleration results.
Operating with limited statistics is a major obstacle to the

desired goal of advancing laser-plasma acceleration for
applications. It hinders mapping correlations between
parameters and performance, results in an incomplete
picture of the precise mechanics underlying laser-plasma
acceleration, and prevents a detailed understanding ofwhich
key parameters must be controlled to reproducibly achieve
high-quality electron beams. Adopting a high-statistics
experimental approach is thus an important next step.
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Here, we correlate laser and electron parameters using
the unprecedented statistics from more than 100 000 con-
secutive electron beams generated at a 1-Hz repetition rate.
Our study is only enabled by the first continuous 24-h
operation of a laser-plasma-based accelerator, which per-
forms with sufficient stability to effectively limit parameter
variations while providing comprehensive diagnostics to
access a mapping of drive laser and electron parameters.
Based on these correlations, we accurately model the
electron energy using measured laser data and explain
and quantify main sources of the residual electron energy
drift and jitter. Our approach opens the path for feedback
loops and active performance control, which is a crucial
step required for laser-plasma acceleration to become a
driver for applications [19–22].

II. EXPERIMENTAL SETUP

The LUX accelerator [23], shown in Fig. 1, was devel-
oped explicitly for the purpose of isolating the sources of
variability in laser-plasma acceleration. The primary driver
underlying the design is the combination of the state of the
art in laser-plasma and modern accelerator technology. By
achieving reproducible operation, we limit the system’s
degrees of freedom, which is crucial to extract correlations
from the extensive data set.
The plasma accelerator is driven by the ANGUS laser, a

Ti:Sapphire-based chirped-pulse amplification system,
which, for this campaign, provided 2 J (�1.8% rms) pulse
energy on target (3.5 J before the compressor) at 42 fs
FWHM pulse length to deliver 48 TW peak power at a 1-Hz
repetition rate. The laser was focused (Strehl ratio 0.9) to a
spot size of 25 μm FWHMwith a 2-m focal length off-axis
parabolic mirror (parabola) into a plasma-cell target and
extracted for postinteraction analysis using a glass wedge
with an on-axis hole.
As a key to stable laser operation, we systematically

diagnosed the laser pulse as it evolved from its origin in the
femtosecond oscillator through the following amplification

and pulse-shaping stages. At each interface between
subsequent stages, we live monitored a defined set of laser
pulse properties, such as spectrum, energy, and beam
profile, and actively stabilized the laser path.
The plasma target was machined from a sapphire crystal.

A square (500-μm side length) channel was continuously
filled with hydrogen from two independently mass-flow-
controlled inlets to support a 4-mm plasma density plateau
of 2.7 × 1018 cm−3 electron density. The pressure, mea-
sured directly at the inlets, was 55.5 mbar and 56.5 mbar,
respectively. The first inlet was doped with nitrogen
(up to 3% concentration) to inject electrons from ionization
injection [24–26] and accelerate them to an energy of
368 MeV. A differential pumping stage removed the gas
load from the target chamber. The target supported in
excess of 200 000 shots before replacement.
To set up the electron beam for the data run, we had

access to different parameters. We scanned the laser focus
position and set it at a position within the plasma density
up-ramp where the resulting electron energy jitter was low
(compare also the discussion of our experimental results
below). In addition, we varied the laser energy using an
attenuator located just before the compressor. In general,
for a fixed spot size, a higher laser energy increases the
transverse injection volume, leading to higher charge,
larger divergence, and larger emittance. Operation at
lower laser energies supported less beam charge but was
preferred to increase the transverse quality of the injected
beam.We balanced the reduction in charge from lower laser
energies by slightly increasing the dopant concentration.
Furthermore, we could slightly adjust the resulting energy
spread by tuning the beam loading via the beam charge, i.e.,
with laser energy and dopant concentration.
Note, however, that the goal of this campaign was not to

optimize a particular electron-beam property like energy,
charge, energy spread, or emittance, but to demonstrate
continuous delivery of reproducible electron beams. The
optimization of the electron bunch properties by dedicated
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FIG. 1. The drive laser (red) is focused into a plasma-cell target, where it ionizes a nitrogen-doped hydrogen gas to form a plasma and
then traps and accelerates electrons to an energy of 368 MeV. After the target, the laser is extracted from the beam axis for diagnostics.
The electron beam (blue) is captured using a pair of electromagnetic quadrupoles and focused into a permanent magnet dipole
spectrometer. The electron beam is adjusted to the accelerator design axis using steering dipoles. Retractable scintillating screens and
cavity-type beam position monitors provide electron-beam profile, charge, and position information. For clarity, only a few of the
installed laser diagnostics are shown. The whole setup is integrated into a controls system to enable live monitoring, tuning, and
processing of the acquired data.
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tuning of the machine will be the subject of separate
publications.
Electron beams, generated from the laser-plasma inter-

action, were captured by a pair of electromagnetic quadru-
poles and focused into the spectrometer—a permanent
magnet dipole, which disperses the electron beam onto a
scintillating screen. At 368-MeVelectron energy, the spec-
trometer resolution was 1%.
Focusing the electron beams into the spectrometer is

essential to achieve the energy resolution required for our
analysis. The electron-beam optic defines a spectral trans-
mission function [27]. The transmission dropped to 75%
for energies below 300 MeV and was more than 90% for
energies around �10% of the focused electron energy. We
carefully ensured that the transmission of the electron beam
line did not affect our analysis. However, it effectively
suppressed the low-energy tail of the spectrum, which is
typical for many ionization-injection schemes.
To noninvasively measure the transverse position of the

electron beam, we use cavity-type beam-position monitors
(BPM), which derive the beam position from the electric
field induced by the electron beam as it passes the cavity.
The BPMs are absolutely calibrated to provide the charge
of the passing electron bunch.

III. RESULTS

We operated the LUX accelerator continuously to
generate 100 000 consecutive electron beams at a 1-Hz
repetition rate, shown in Fig. 2. The electron beams had, on
average, a peak energy of 368 MeV (�2.4% rms), a charge
of 25 pC (�11% rms), and a FWHM energy spread of
54 MeV (�15 MeV rms). Statistics were calculated over
the full set of shots. The absolute number of consecutive

shots outperforms previously reported laser-plasma results
by orders of magnitude and enables studies with unprec-
edented statistics.
The electrons had a divergence of 1.8 mrad and a

pointing jitter of 0.8 mrad rms and 0.7 mrad rms in both
transverse planes.
Figure 2(b) shows the peak energy of individual shots

(dots) and the rolling average (solid line) over a 6-min
window, i.e., 360 shots, which we define as the energy drift.
On average, the electron energy remained constant over the
run and featured only slow drifts on a few-percent scale.
This steady performance indicates the robustness of the
machine, despite the slow change of the environmental
conditions due to the passage from day into night and back,
which is a common cause of a degrading performance.
Since energy stability is a crucial figure of merit for

accelerator performance, we focused on the electron energy
as the primary output parameter. Laser-plasma acceleration
is governed by complex, yet deterministic, dynamics. It can
be expected that variations in only a few laser properties are
responsible for the bulk of the variation in electron energy.
In the following, we present an analysis of both the long-

term stability (energy drift) and the shot-to-shot stability
(energy jitter). We used a 2-h window of approximately
7000 shots from the 24-h run presented in Fig. 2 as a
training set to determine correlations between electron
energy and a few selected laser parameters. The primary
factors determining the electron energy seemed to be (a) the
laser energy, (b) the longitudinal focus position, and (c) the
laser direction at the focusing parabola. The correlations,
presented in Fig. 3, can be understood as follows.
First, a higher-energy laser drives a stronger wakefield,

i.e., accelerating gradient, and thus supports higher electron

(a)

(b)

FIG. 2. Panel (a) shows the energy spectra of 100 000 consecutive laser-plasma generated electron beams. Here, each line represents
one single shot. The camera images of the electron spectrometer screen are background corrected, projected onto the dispersive axis, and
calibrated to a linear energy scale. The peak energy of each spectrum (dots) is shown in panel (b), together with the energy drift (solid
line) calculated as the rolling average over a 6-min window, i.e., 360 shots. The percent-level energy drift can be attributed to a drift in
drive laser parameters (compare Figs. 3 and 4).

DECODING SOURCES OF ENERGY VARIABILITY IN A LASER- … PHYS. REV. X 10, 031039 (2020)

031039-3



energies [Fig. 3(a)]. In our experiment, the laser intensity
increased to a0 ≈ 3 due to self-focusing. For the nonlinear
blowout regime, Lu et al. [28] predict a scaling of the
electron energy E, with laser intensity E ∝ a01=2. Thus,
E ∝ P1=4 ∝ E1=4 × τ−1=4, with P the laser power, E the
laser energy, and τ the laser pulse length. It is straightfor-
ward to expand this relation to first order and linearly
approximate the electron energy as a function of laser
energy, ΔEðEÞ=E0 ≈ 1=4 × ΔE=E0, with ΔE ¼ E − E0,
ΔE ¼ E − E0, and E0 and E0 the mean electron peak
energy and mean laser pulse energy, respectively. The
linear fit to the correlation shown in Fig. 3(a), but expressed
in scaled variables ΔE=E0 and ΔE=E0, results in
ΔEðEÞ=E0 ≈ 0.24 × ΔE=E0. The experimentally derived
scaling matches well with the predicted scaling [28]. It
confirms that we operated in a regime where the energy
gain of the electron beam is determined by the length of the
acceleration distance not by dephasing.
Second, higher electron energies are generated for a

positive focus shift, Fig. 3(b). We define a positive focus
shift in the direction towards the plasma density plateau.
The mechanism behind this correlation is a combination of
laser self-focusing, the resulting evolution of the laser
intensity along the target, and the injection dynamics.
The maximum a0 increases as the focus is shifted in the

positive direction along the plasma density up-ramp. In
addition, simulations show that the injection dynamic
depends on the focus position: Shifting the focus in the
positive direction, the current profile steepens at the head
of the injected bunch, which changes the beam-loading
field and additionally increases the average accelerating
field at the head of the beam. Thereby, the energy in the
peak increases.

The slope of a correlation such as presented in Fig. 3(b)
corresponds to the electron energy jitter that is caused by
the wavefront-induced focus jitter. In our experiment, it was
about 200 μm rms—a result of air fluctuations and non-
linearities within the laser, which influence the shot-to-shot
jitter in the wavefront. As we have confirmed with a
dedicated scan, the electron peak energy increases slightly
nonlinearly as we shift the focus along the plasma density
up-ramp. The wavefront-induced focus jitter thus causes a
larger electron energy jitter for focus positions closer to the
plasma density plateau. During the initial tuning of the
experiment, we set the focus position such that the electron
energy jitter was small. Simulations show that this is
consistent with a focus position in the second half of the
density up-ramp, which also agrees with an independent
measurement of the focus position.
Third, we observed a correlation of the electron peak

energy with the laser direction (pointing) measured at the
focusing parabola. The electron energy depended on the
laser pointing in the x direction but seemed to be unaffected
by the laser pointing in the y direction [Figs. 3(c) and 3(d)].
Intuitively, a change in laser pointing should not directly
affect the electron-beam energy.
The laser pointing measured at the parabola is connected

to the laser pointing into the pulse compressor. The fact that
we observed a correlation of electron energy with the laser
direction in x (the dispersive plane of the compressor)
suggests that the laser direction couples via the pulse length
to the electron energy. This mechanism would be consistent
with our observation that the pointing jitter in the non-
dispersive plane (y direction) did not correlate with the
electron energy. The changes in pulse length induced by the
measured pointing jitter of 3 μrad are, however, too small
to explain the resulting energy jitter.
Other mechanisms that might also explain our observa-

tions include additional variations of the wavefront; a
transversely inhomogeneous target density; or pointing-
induced changes of spatiotemporal couplings in the drive
pulse, which are likely present due to heat-induced defor-
mations of the compressor gratings [29–31].
Note that the 3-μrad pointing jitter measured at the

parabola is small, but it is typical for a TW-class laser
system. It resulted in a subpercent electron energy
variation. Although a clarification of the exact mecha-
nism behind the correlation will require further study, it
highlights the benefits of using high statistics, which
enabled us to identify and quantify an effect that would
otherwise likely have been hidden in the data. As a
preventive measure, we actively stabilized slow changes
of the laser pointing before the compressor entrance. The
correlations in panels (c) and (d) are the result of
additional residual pointing variations or ones that are
not yet fully corrected.
To test the quality of our data, we used the measured

correlations, Fig. 3, to generate a first-order parametrization

(a) (b)

(c) (d)

FIG. 3. (a) Electron peak energy correlated with the laser
energy E, measured from a mirror leakage after the main
amplifier. (b) Longitudinal laser focus position, measured with
a wavefront sensor after the compressor. (c,d) Laser angle of
incidence θ (pointing), derived from the far field behind the
parabola. The correlations are based on a 2-h data subset, as
indicated in Fig. 4. The orange line is a linear fit to the correlation.
The positions of the wavefront and far-field measurement are
shown in Fig. 1.
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of the electron energy. In general, the electron energy is an
unknown function E of laser parameters. Assuming that the
electron energy is, to first order, already well described by
the laser energy, the focus shift, and the laser direction at
the parabola, the change in the electron energy, ΔE, can be
expanded in a Taylor series,

ΔEðE; Z; θÞ ≈ ∂E
∂EΔEþ ∂E

∂ZΔZ þ ∂E
∂θx Δθx þ

∂E
∂θy Δθy;

ð1Þ

where E is the laser energy, Z is the focus shift, and θx and
θy describe the laser’s angle of incidence at the parabola. To
obtain the partial derivatives ∂EE, ∂ZE, and ∂θE, we applied
a linear fit to the correlations in Fig. 3 (solid lines). The
measured laser data for ΔE, ΔZ, andΔθ could then be used
to model the electron energy from Eq. (1).
Figure 4 compares the measured energy drift (blue) with

the drift modeled from the four noninvasively measured
laser parameters (orange). Note that we used only a 2-h
window as a training set for our correlations but could
extrapolate the model for as many as 6 h, predicting the
electron energy drift with subpercent precision. This level
of accuracy indicates that we identified the main laser
properties responsible for the drift and that the drift could,
in principle, be eliminated by stabilizing those laser
properties in a feedback loop.
After 6 h, the accuracy of the model was reduced. Subtle

drifts of laser parameters throughout the amplification
chain and thermal effects, which included a slow heating
of the compressor gratings [30,31] and beam transport
optics, slightly changed the correlation terms shown in
Fig. 3. By updating the correlations, the accuracy of
the model can be recovered. Thereby, the model is extended
to cover the full 100 000 shots of the run, as shown
in Fig. 5.
In addition to reducing the energy drift, it is essential for

many applications to minimize the shot-to-shot energy

variation (jitter), and thus, it is important to understand the
origins of these variations. The analysis presented above
was based on the rolling average of measured laser
parameters and successfully predicted the electron energy
drift over a 6-h time window. We then used the single-shot
laser data and Eq. (1) to calculate the individual electron
energies for all 22 000 shots of this time interval.
The standard deviation of this set, 1.9% rms, can be

interpreted as the electron energy jitter over the 6-h time
window, predicted by Eq. (1).
Individually, the laser energy, focus position, and laser

direction caused 0.7%, 1.0%, and 0.8% of electron energy
jitter, respectively. For this estimation, we assumed that the
measured variations in laser parameters were large com-
pared to the repeatability of our diagnostics. However, as
the contributions of individual laser parameters to the
electron energy stability approach the subpercent level,
the resolution of current laser diagnostics will need to be
carefully considered for future, more-detailed studies. The
quadratic sum of the individual jitters was slightly smaller
than 1.9%, which indicates that the laser parameters we
used for our model were not completely independent.

FIG. 4. To model the measured electron energy drift (blue), we used Eq. (1), the correlations presented in Fig. 3, and the drift of the
measured laser energy, laser focus shift, and laser direction. As before, we calculated the drift as the 6-min rolling average (360 shots) of
the single-event data. Only four noninvasively measured laser parameters are sufficient to predict (orange) the evolution of the electron
energy with subpercent accuracy. The modeled electron energy is accurate for a 6-h (22 000 shots) time span, which significantly
exceeds the 2-h time window (7000 shots) we used to correlate the laser and electron data.

FIG. 5. Gray shaded areas mark the events used to derive the
correlations ∂EE, ∂ZE, and ∂θE. By regularly updating the
correlations, the parametrization of the electron energy drift
can be extended to the full data set.
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The difference between measured (2.4%) and predicted
jitter (1.9%) further implies that the electron energy
depends on additional laser parameters.
The laser pulse length τ, for example, is such an important

parameter, and is expected to affect the electron energy.
Unfortunately, it could not bemeasured online for every shot
and was thus not available for the above analysis. We can,
however, estimate the effect of a laser pulse length variation
onto the electron energy based on our findings.
After the run, we independently characterized the laser

pulse length jitter σðτÞ to be of order 3% rms. Since the
electron energy scales with the laser pulse energy and
length as E ∝ E1=4 × τ−1=4, we can, to first order, assume
that the laser pulse length and laser energy cause a similar
relative change in electron energy. Based on Eq. (1), we can
then approximate an additional energy jitter of about 0.8%
for a pulse length jitter of order 3% rms.

IV. CONCLUSION

In our experiment, we used the unprecedented statistics
from 100 000 consecutive electron beams to analyze the
mapping of laser parameters and electron-beam perfor-
mance. Stable accelerator operation was a key enabler for
this study, as it effectively limited parameter variations. In
combination with a comprehensive set of diagnostics, we
could then isolate correlations to explain and quantify the
most important parameters affecting the electron-beam
energy of our target.
Based on the correlations of laser and electron param-

eters, we could model the electron energy drift with
subpercent precision using measured laser data. Such a
parametrization of the electron-beam energy is a powerful
tool, which enables the future implementation of feedback
loops and fine-tuning of the accelerator to generate repro-
ducible electron beams that reach the demanding level of
performance required by applications.
Our results show the benefits of operating a laser-plasma

experiment with high statistics. It enables a mapping of
laser and electron parameters directly from the experiment, a
detailed exploration of the nuanced dynamics of laser-
plasma acceleration, and a parametrization of the elec-
tron-beam properties. Our approach is generally valid and
independent of the specific details of the laser-plasma
accelerator setup. It could be transferred to and thus benefit
other, more complex injection schemes, which are often
associated with high-quality beams but are also more
sensitive to subtle variations in the drive laser. Adopting
continuous high-statistics operation could help to decode the
sources of variability in those schemes and thereby signifi-
cantly improve the reproducibility of high-quality beams.
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