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Matched beam loading in laser wakefield acceleration, characterizing the state of flattening the
accelerating electric field along the bunch, leads to the minimization of energy spread at high-bunch
charges. Here, we experimentally demonstrate by independently controlling injected charge and
accelerating gradients, using the self-truncated ionization injection scheme, that minimal energy spread
coincides with a reduction of the normalized beam divergence. With the simultaneous confirmation of the
micrometer-small beam radius at the plasma exit, deduced from betatron radiation spectroscopy, we
attribute this effect to the minimization of chromatic betatron decoherence. These findings are supported by
rigorous three-dimensional particle-in-cell simulations tracking self-consistently particle trajectories from
injection, acceleration until beam extraction to vacuum. We conclude that beam-loaded laser wakefield
acceleration enables highest longitudinal and transverse phase space densities.
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I. INTRODUCTION

The concept of laser wakefield acceleration (LWFA)
exploits ultrahigh accelerating field gradients of up to a few
hundred Gigavolt-per-meter generated in the wake of a
high-intensity laser pulse as it propagates through an
optically transparent plasma [1,2]. Electron bunches can
thus be accelerated to GeVenergies within centimeters [3].
Beam quality with respect to bunch charge, energy band-
width, emittance, and pulse-to-pulse stability has improved
substantially during the last decade and is closely linked to
a variety of controlled electron injection techniques [4–9].
Only recently it was demonstrated that laser-plasma accel-
erators can be tailored for minimum energy spread at high-
bunch charges by reshaping the local accelerating field via
matched beam loading [9–12]. This combination of high
charge, essential for the beam loading regime, and the short
bunch duration in the range of 10 fs [13–17] results in high
peak–current beams exceeding 10 kA. Future applications,
such as high-field THz sources [18], laboratory-size
beam-driven plasma accelerators [19–21] and compact

free-electron lasers [22–26], will benefit from such com-
pact and further improved high-brightness electron sources.
For realizing such high-quality beams, not only beam

energy spread but also transverse emittance, dominated by
beam divergence [27,28], has to be minimized. In trans-
verse phase space ðx; pxÞ, a polychromatic bunch can be
divided into slices representing different energy classes,
schematically illustrated in Fig. 1. The wakefield provides a
strong linear focusing force [29], such that off axis
electrons perform transverse (betatron) oscillations around
the beam axis and emit radiation while being accelerated
[2,30–33]. Due to the coupling of longitudinal acceleration
and linear focusing, the relativistic mass increase of the
electrons results in energy-dependent angular frequencies,
amplitudes, and phases. Hence, the beam undergoes
significant envelope oscillations [Fig. 1(c)] [34,35]. As a
consequence, the betatron oscillations can eventually lose
phase coherence for a polychromatic beam. For energy-
chirped bunches typical in LWFA, a phase difference
Δϕ ≥ π between the highest and the lowest energy slice
leads to full decoherence andmaximizes the occupied phase-
space area, i.e., in beam divergence and size. Only for
Δϕ < π, the phase space is not filled entirely and thus the
beam can be coupled out either at minimum beam size or
divergence. Simulation studies suggest that a minimum
phase difference is only achievable for a very short injection
duration that results in both a small initial phase spread and a
similar accelerating field thus leading to a small final energy
spread [34,35]. This, however, has the disadvantage of only
providing small charges of a few picocoulomb.
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Here, we report on experimental findings in the beam
loading regime that show improved transverse beam quality
by restoring beam coherence while providing a high
charge. Despite having hundreds of picocoulomb charges,
control on the beam coherence decreases beam divergence
by about 20%. At the matched beam loading condition, a
balance between the bunch’s self-fields and the accelerating
field of the wakefield is reached, resulting in a constant
longitudinal accelerating field along the bunch [36,37]. As
a result, all electrons within the bunch experience the same
accelerating field so that no energy bandwidth is added

during the acceleration process. Completing the examina-
tion of ðx; pxÞ, betatron radiation spectroscopy confirms a
beam radius of <0.7 μm at the plasma exit. The simulta-
neous measurements of the small beam size and the
minimized divergence demonstrate an increased transverse
beam quality and reduce emittance, facilitating beam
transport and novel applications. Since beam loading can
reduce the energy spread, the control of this spread
provides a unique opportunity to study electron beam
coherence. For further investigating the coherence-restor-
ing process close to the experimental conditions, we
performed systematic high resolution, self-consistent par-
ticle-in-cell (PIC) simulations that confirmed our findings.
To completely study the coherence restoration, we exam-
ined electron ionization, trapping, and acceleration from
low to high energies in detail. The effect of space charge
during field-free propagation to the detector system is
assessed by tracing particles with a particle tracker code.
The combination of experimental and simulation data
provides valuable insight into the evolution of the phase
space and thus enhances the understanding of coherence
and decoherence in high-charge LWFA.

II. EXPERIMENTAL SETUP

Experiments were performed with the Dresden laser
acceleration source (DRACO) laser system [38] at the
Helmholtz-Zentrum Dresden – Rossendorf (HZDR).
Figure 2(a) shows a schematic of the setup reproducing
conditions as in Ref. [10]. Laser pulses of 30 fs full-width at
half-maximum (FWHM) duration with 2.5 J energy on
target were focused with an off axis parabolic mirror (f=20)
to a vacuum focal spot size of 20 μm (FWHM) yielding a
normalized laser intensity of a0 ≃ 2.6. The Strehl ratio of

FIG. 1. Beam decoherence: (a) illustrates the transverse phase
space of a bunch with finite energy spread consisting of many
slices of different electron energy which rotate in phase space
with the energy-dependent betatron frequency directed by the
focusing force. The beam envelope encircles the sum of all slices,
(b) shows the projection dQ=dpx of the beam on px, which is
typically recorded in experiments and used for determining the
normalized beam divergence γσΘ, and (c) shows the time-
dependence that is caused by the phase-space rotation of the
beam envelope. When the slices in (a) span over Δϕ ≥ π, full
decoherence is reached and the modulation in (c) vanishes. For
Δϕ < π, the beam can be extracted at a phase with reduced
momentum spread and small σΘ.

FIG. 2. The experimental setup is presented in (a) the laser is focused on a gas jet and drives a wakefield. Accelerated electrons are
energy-analyzed in a magnet spectrometer, (b) illustrates a typical angle-resolved energy spectrum of electrons. An aluminum foil
reflects residual laser light to a beam dump behind the spectrometer. As shown in (c), the betatron profiler intercepts the angular profile
of the betatron radiation and on axis betatron radiation passes through a hole in the scintillator which is indicated by the black circular
area in the center. Only the on axis part of the betatron spectra is detected by the x-ray camera, which is separated from the interaction
chamber by a beryllium window. The reconstructed betatron spectrum is shown in (d). The gray area indicates photon energies that are
not transmitted by the beam line. An aluminum filter foil attenuates the betatron flux.
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the wavefront-corrected and transversely symmetric beam
was measured to be 0.9. The laser beam was focused
1.5 mm beyond the center of a 3 mm long de Laval gas
nozzle. The nozzle was operated with He-N2 gas mixtures
containing 0.2%–1.5% of N2. The gas density profile at
1.5 mm above the nozzle exit, i.e., the laser beam axis,
exhibits a 1.6 mm flat-top region [39]. Electrons were
injected into the wakefield using self-truncated ionization
injection [10,40,41], which enabled stable and reproducible
shotswith high charges of up to 500pC (withinFWHM).The
contribution of other injectionmechanisms to the chargewas
found to be negligible in the experiment [10]. In order to
measure the energy distribution and divergence, a 40 cm long
permanent magnet dipole, positioned downstream of the
plasma accelerator, dispersed the accelerated electrons to a
set of charge calibrated scintillator screens (Konica Minolta
OG 400) [38,42].
A back-illuminated, deep depletion x-ray CCD

(Princeton Instruments Pixis-XO 400BR) with 1340 ×
400 pixel recorded betatron radiation emitted from the
LWFA process. The camera was placed inside a dedicated
radiation-shielded area 12 m downstream of the plasma
target, covering a solid angle of 1.5 × 0.8 mrad. A 76 μm
thick beryllium window sealed the charge coupled device
(CCD) chip, allowing for cooling and background
noise reduction. An aluminum filter foil of 200 μm
thickness attenuated the high betatron flux of up to
20 000 photons=eV at the peak with critical energies from
5 to 15 keV. The attenuation was necessary to enable
single-shot reconstruction of the betatron spectrum by
counting single-photon events [43–45]. Behind the electron
spectrometer, a scintillator screen was located, oriented at
45° with respect to the beam axis, to record the angularly
resolved betatron profile. A 5-mm aperture in this screen
allowed the transmission of the on axis betatron radiation
toward the x-ray CCD camera.

III. EXPERIMENTAL RESULTS

To access the beam loading regime in a controlled
manner, the amount of injected charge was tuned by
varying the nitrogen concentration, while keeping laser
parameters and plasma density constant [9]. Applying our
approach, the location, volume, and duration of the
injection do not alter significantly between various dopings.
Thus the electron dynamics during injection, acceleration,
and extraction are predominantly influenced by the beam
charge and the consequent local modification of the
accelerating field, as also supported by simulations.
Alternative approaches to acceleration studies with variable
plasma length gas cells [46] are more challenging, because
residual laser light typically damages the cell’s aperture,
affecting the plasma density and profile. In the data analysis
for electron and betatron spectra, only shots were evaluated
that showed a narrow band energy feature and were
oriented on axis. Hence, we excluded spectrally modulated

electron beams [47] and off-center shots that may originate
from asymmetric plasma waves [48,49] induced by higher-
order transverse fluctuations of the laser beam or shot-to-
shot pointing jitter. Electron beam parameters such as
maximum energy, bandwidth, divergence, and beam size
at the accelerator exit are studied as a function of injected
charges for a set of three plasma densities.
The effect of beam loading on the suppression of the

accelerating field [37] is evident in energy E and energy
bandwidth ΔE=E of the accelerated electron bunches.
While E decreases from 400 to 300 MeV with increasing
charge [50], ΔE=E reduces reaching a minimum at
300� 50 pC, as presented in Fig. 3(a). This charge value

(a)

(b)

(c)

(d)

FIG. 3. Measured relative energy spread ΔE=E (a), normalized
divergence γσΘ (b), betatron radius rβγ−1=4, (c) and calculated
betatron phase difference Δϕ according to Eq. (2) (d) obtained
from electron bunches with different charges and at three
different plasma densities, 3.7 × 1018 cm−3 (red line), 4.4 ×
1018 cm−3 (blue line), and 5.0 × 1018 cm−3 (green line). Every
data point represents the average of up to 15 shots with constant
experimental parameters and the error bars denote the standard
error of the mean. The error bars in (c) include the systematic
error obtained from sensitivity analysis [14]. The maximum beam
energy ranges from 300 MeV to 450 MeV.
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is referred to as matched beam loading [10] for our
experimental parameters. Injection of less or more charges
from this optimum results in field gradients that can lead to
a broadening of the bunch energy bandwidth.
In order to investigate the transverse electron dynamics,

the geometric divergenceof thebeamσΘ is extracted from the
nondispersive plane of the electron spectrometer after having
left the plasma accelerator. Defocusing effects of the mag-
netic fields are corrected during data analysis. Figure 3(b)
shows the normalized beam divergence γσΘ for various
plasma densities where γ ≈ E=ðmec2Þ is the relativistic
Lorentz factor,me and c are the electron mass and the speed
of light, respectively. In particular, a similar charge-depen-
dent trend as in ΔE=E is clearly seen. At matched beam
loading, a drop of up to 20% of the normalized beam
divergence is measured alongside the minimal energy
bandwidth. This consistently occurs for all plasma densities,
which suggest that the accelerator geometry, i.e., cavity size,
plasma wavelength, and the plasma down-ramp length, does
not play a dominant role in the measured divergence
reduction. In addition, deduced from the measured betatron
spectrum [32,44], the betatron source size and thus the
electron beam radius is compared for themeasured charges at
the end of the accelerator. Figure 3(c) presents the recon-
structed betatron source radii rβγ−1=4, where the γ−1=4 factor
normalizes differences due to the relativistic acceleration [2].
Note that the betatron radius exhibits no extremum at 300 pC
but maintains a micrometer-small source size. For this
spatially compact bunch, the normalized divergence reduces
at thematchedbeam loading charge. This indicates that space
charge does not dominate the beam divergence during
acceleration in the plasma as well as during propagation
in the drift space, as confirmed below by simulations.
Otherwise, a monotonic increase of the beam divergence
with charge should be expected.
In order to explain the reduced normalized divergence

observed at matched beam loading, we investigate the beam
decoherence. The degree of decoherence is defined by the
maximum difference of the betatron phase Δϕ ¼ ϕmax−
ϕmin.As shown in Fig. 1, an electron in a slice iwith energy γi
rotates in the transverse phase space ðx; pxÞwith the energy-
dependent betatron frequency ωβ;i ¼ ωp=

ffiffiffiffiffiffi
2γi

p
, where ωp is

the plasma frequency. It thereby gains the phase ϕi ¼R lacc
0 dtωβ;i over the acceleration length lacc;i. Assuming this
electron experiences a constant accelerating fieldEz;i, it gains
the energy γi ¼ γ0 þ γ0ilacc;i with γ0i ¼ eEz;i=mec2 denoting
the Lorentz factor gain per distance. The integration of ϕi
then yields

ϕi ¼
ffiffiffi
2

p
kp

γ0i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ0 þ γ0ilacc;i

q
þ ϕ0; ð1Þ

where kp ¼ ωp=c, γ0, and ϕ0 are the plasma wave number,
initial electron energy, and initial phase, respectively. For full
decoherence (Δϕ ≥ π), the injected electrons fill the entire

phase space available during betatron oscillation and tem-
poral minima in divergence cannot be reached anymore.
Assuming an injection duration much smaller than the
inverse betatron frequency, reaching full decoherence
requires an acceleration length of ldc ¼ 2.35λβhEi=ΔE
[34,51], with λβ ¼

ffiffiffiffiffi
2γ

p
λp being the betatron wavelength,

λp ¼ 2πc=ωp is the plasma wavelength, and hEi is the
average energy of the peaked spectrum at the end of
acceleration. For the electrons observed in experiment, ldc
is longer than two millimeters and thus longer than the
acceleration length lacc ¼ 1.6 mm. Therefore, the acceler-
ated electron bunches will not fully experience beam
decoherence assuming an instantaneous injection. When
further assuming that electrons are injected at rest (γ0 ¼ 1;
Δϕ0 ¼ 0) and that the energy spread is small (ΔE ≪ hEi), an
estimation of the phase difference Δϕ can be determined
solely on values measured in the experiment [35]:

Δϕ ≈
ffiffiffi
2

p
kp

γ0max

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ γ0maxlacc

p
−

ffiffiffi
2

p
kp

γ0min

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ γ0minlacc

q
; ð2Þ

where γ0min =max ∝ Ez;min =max are deduced from themeasured
energy gain and spread. Representing Eq. (2), Fig. 3(d)
presents the phase difference Δϕ as a function of charge,
exhibiting a minimum in the vicinity of the matched beam
loading condition as described by the charge corresponding
to minimal energy spread. This similarity in the behavior of
Δϕ and beam divergence γσΘ suggests that a reduction of the
phase difference below the decoherence threshold (Δϕ ¼ π)
under optimal beam loading conditions could be responsible
for the observed divergence minimum. For a phase advance
Δϕ0 ≠ 0 accumulated during injection, highly relativistic
energies (γ0lacc ≫ 1) and small relative energy spreads
(Δγ0 ≪ γ̄0), Eq. (2) can be simplified to

Δϕ ≈ Δϕ0 − Δϕbeam ¼ Δϕ0 −
kpΔγ0ffiffiffi
2

p
γ̄02

ffiffiffiffiffiffiffiffiffiffi
γ̄0lacc

p
ð3Þ

with Δγ0 ¼ γ0max − γ0min and γ̄0 ¼ ðγ0max þ γ0minÞ=2.
Equation (3) indicates that Δϕ0 can be compensated by
careful tuning of energy and energy spread. It directly
expresses the scaling of twomain quantities of beam loading:
the γ̄0 is proportional to themean accelerating field andΔγ0 is
proportional to the accelerating field gradient, which leads to
energy spread during acceleration. The scaling of Eq. (3)
shows two trends. First, at injected charges far below beam
loading, the mean accelerating field is at maximum. When
increasing the injected charge toward beam loading,Δγ0 and
γ̄0 decrease. Second, while ϕbeam vanishes for ideal beam
loading (Δγ0 ¼ 0), the counteracting scalings of γ̄0 and Δγ0
indicate the existence of a maximum in Δϕbeam before
optimal beam loading is reached. The detailed phase pro-
gression with injected charge depends on the beam loading
dynamics and can be evaluated fromexperimental data on the
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final electron energy and energy spread varyingwith injected
charge.
In Sec. IV, the hypothesis of minimized phase spread will

be further investigated. In particular, the previous model
assumptions will be expanded by dedicated simulations
focusing on the injection dynamics and subsequent phase
advance during acceleration.

IV. SIMULATIONS

For testing the decoherence hypothesis, we performed
rigorous three-dimensional PIC simulations with the
PIConGPU code [52,53] modeling realistic experimental
parameters, as explained in Ref. [50]. This setup can be
found under Ref. [54]. As in the experiment, to inject more
charge into the wakefield, the nitrogen doping concen-
tration was increased for fixed laser-plasma parameters.
Moreover, a particle identification scheme implemented in
the code allows for tracking the nitrogen K-shell electrons,
source of the self-truncated ionization injection injected
bunch, through the simulation. For beam propagation in
vacuum toward a virtual 2D spectrometer, the general
particle tracer (GPT) code [55] was deployed which is
fed by the PIC particle data at the accelerator exit using an
openPMD-based particle reduction [56,57]. This start-to-
end simulation enables us to investigate the complete six-
dimensional phase space dynamics in detail, starting from
electron injection and trapping, acceleration, until extrac-
tion and vacuum propagation.

A. Injection

Figure 4(a) presents the injection rate, i.e., number of
electrons trapped from the nitrogen K-shell as the laser
propagates along the z axis, for nitrogen doping concen-
trations of 0.25% (blue line), 0.5% (orange line), 1.0%
(green line), and 3.0% (red line). Once trapped in the
wakefield, these electrons are accelerated to form a high
energy and small bandwidth bunch at the accelerator exit,
where the total accumulated charges of 30, 50, 100, and
150 pC within FWHM energy bandwidth are generated
from the lowest to the highest doping, respectively. The
comparatively lower charges obtained here than in the
experiment can be attributed to idealized laser pulse
modeling. The resulted higher electron energy in simula-
tions imply that electrons are injected and accelerated at
higher fields. For a given plasma density, the optimal
loading charge can strongly depend on the accelerating
field and plasma cavity [37]. Idealized, spatially limited
laser pulses can cause stronger acceleration and a smaller
cavity, thus reducing the beam loading charge in simu-
lation. Also, note that the longitudinal electron beam
profiles in the experiment do not necessarily follow the
ideal trapezoidal charge distribution [37] and, similarly, the
measurements can deviate from the simulation results
which assume more ideal laser pulses. Thus, the total

beam charge can vary despite achieving similar minimal
electron beam energy spreads at optimal beam loading.
Hence in our experiment-to-simulation comparisons, we
show how the observables scale relative to a working point
at optimal beam loading rather than the same absolute beam
charges.
At the end of the plasma channel, the macroparticles in

the FWHM of the energy are selected and traced back to the
injection to deduce dQ=dz. While the total injection length
is about 300 mm for all dopings, three distinct regions of
high injection rate dQ=dz with an injection length of less
than 100 mm can be identified. Particularly, the majority of
electrons is injected within the second region peaked at

I II III(a)

(b)

(c) (d)

(e) (f)

FIG. 4. K-shell ionization and electron injection: (a) shows the
injection rate dQ=dz of all trapped electrons and three distinct
injections (I, II, and III). (b) indicates the evolution of the laser
peak intensity a0. The gray dashed lines indicate the ionization
threshold for the first and second nitrogen K-shell electrons.
(c)–(f) presents the electron transverse phase space distribution
ðx; pxÞ in the laser polarization plane for the 0.5% nitrogen
doping at z ¼ 0.87; 0.89; 0.92, and 0.94 mm. The gray scale
represents macroparticles from region II marked in (a). The red
and green scale represent slices of earliest and latest injected
electrons as indicated in (a), respectively. Extracted from
the simulation, the red line represents the path of sample
macroparticles that are injected (dot) in the earliest slice at (c)
and rotation until the actual time (cross) shown in (d), (e),
and (f). The simulations were performed for a plasma density
of 4.4 × 1018 cm−3.
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z ≈ 0.84 mm and dominates the transverse beam dynamics.
The analysis of the betatron phase will focus on this group
of electrons.
The dQ=dz peaks are closely linked to the evolution of

the laser peak intensity, as presented in Fig. 4(b). During
propagation inside the plasma, the peak intensity of the
laser pulse increases due to self-focusing which conse-
quently impacts the shape of the wakefield. When the
intensity exceeds the ionization threshold of the first
nitrogen K-shell and the trapping condition is satisfied
[58–60], electrons from this shell are injected with the rate
presented by the regions I and II. While the laser pulse
further self-focuses, the peak intensity increases and this
eventually leads to the injection of the second K-shell
electrons in the region III. Injection self-terminates once the
trapping condition is lost due to the wakefield evolution.
Concentrating on region II, Figs. 4(c)–4(f) show the

transverse phase space ðx; pxÞ on the laser polarization
plane for the 0.5% doping during injection, i.e., at
z ≈ 0.87–0.94 mm. Comparing the phase space of earliest
injected electrons (red) to the last (green), the red slice has
rotated by almost π before the green slice was injected at
the end of region II. The injection duration leads to an
initial phase advance of Δϕ ≈ π and thus acceleration starts
with a fully decoherent bunch. As an example, the magenta
line indicates the path of a small sample of macroparticles
traced by the simulation. The same injection evolution also
applies for other doping concentrations.

B. Acceleration

During acceleration, the focusing forces of the wakefield
ensure that the beam stays close to the axis. Figure 5(a)
illustrates the focusing field map of the wakefield at z ¼
1.7 mm which is loaded with a relatively high charge of
100 pC, generated by the 1% nitrogen doping. The blue and
orange line outs in Fig. 5(b) are sampling the focusing force
F at different longitudinal positions ζ ¼ z − ct, i.e., in the
front of the bunch and at the bunch center, respectively,

emphasizing the linearity and independence of F on space
charge. Despite that the accelerating field being locally
modified due to the beam loading, the focusing remains
radially linear and longitudinally constant. This important
feature can preserve the transverse slice emittance for the
acceleration of high-quality beams and thereby allows to
study the beam evolution, i.e., beam matching and
decoherence. In the case of beam matching, F balances
beam defocusing driven by finite emittance and the beam
size remains constant along the acceleration distance [30].
An unmatched beam oscillates in beam size similar to a not
fully decoherent bunch. Figure 5(c) shows the rms beam
envelope of the 100 pC charge case confined within the
wakefield focusing field F at z ¼ 1.0 mm. The red line
represents the beam size σbeamðζÞ and the green line shows
the matched beam size σmatchðζÞ given by [30]

σmatchðζÞ ¼ γ

�
mec2

ϵnðζÞFðζÞ
�

1=3

; ð4Þ

where ϵnðζÞ is the rms normalized transverse emittance of
the particle distribution at ζ. Even for large dopings as
shown for the 100 pC case in Fig. 5(c), the beam matching
condition is already satisfied at the beginning of the
acceleration and maintained during the adiabatic acceler-
ation (σbeam ∝ γ−1=4). Together, the initially matched beam
and the decoherent phase space distribution immediately
after injection allow us to study the beam decoherence
during the subsequent acceleration process since the
reversal of beam decoherence can be attributed solely to
the acceleration gradient set by the beam loading.
Figures 6(a) and 6(b) exemplify the evolution of the

transverse momentum and beam envelope for the bunch
charge of 50 pC from injection until extraction to vacuum.
Periodic modulations in the electron beam size are visible,
indicating that the bunch is partially coherent during
acceleration [35] consistent with the estimation of the
decoherence length ldc. Furthermore, in Fig. 6(c), the red
and green lines represent the orbits of selected particles
from the first and last slice of the region II in Fig. 4(a),
respectively. As shown in Fig. 6(d), the betatron phase ϕ
and difference Δϕ are calculated from ðx; pxÞ. After
injection, the difference in phase rapidly reduces within
500 mm from an almost fully decoherent bunch (Δϕ ≈ π)
to a partially coherent bunch (Δϕ ≈ π=4). This is a result of
the highly relativistic energy during acceleration which
reduces ωβ, the rate of increase _ϕ, and thus the relative
rotation speed of the slices in ðx; pxÞ with respect to each
other. Partial coherence (Δϕ < π) typically decreases the
divergence in the case of a phase space ellipse aligned
along the spatial coordinate. Therefore, the bunch partly
restores coherence during acceleration while starting fully
decoherent at injection. Summarizing the simulation results
at the accelerator exit, Fig. 6(e) plots the energy bandwidth
where the simulated matched beam loading is obtained at

FIG. 5. Beam loading in PIC simulation: (a) illustrates the
focusing field map F ¼ eðE − cBÞ for an injected charge of 100
p C at z ¼ 1.7 mm. The density of injected electrons and the
focusing force are indicated by the gray and color scale at
the bottom right, respectively, (b) presents two line outs of the
focusing force in front of the bunch (orange) and at the bunch
(blue) emphasizing its linearity. The black dashed line in
(b) indicates the theoretically predicted value −E0=2kpr [61],
and (c) shows the beam size σbeamðζÞ (red line) and the matched
beam size σmatchðζÞ (green line) after injection (z ¼ 1.1 mm).
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50 pC charge. Defined by the transverse momentum spread
σfp at the plasma exit, the normalized divergence γσΘ ¼
σfp=ðmecÞ reaches a minimum at this matched beam
loading charge, shown in Fig. 6(f), consistent with the
experiment. In Fig. 6(g), it can be seen that the normalized
beam size σrγ

−1=4 does not increase significantly with
charge and is about 0.15 mmwhich is in agreement with the
experimental measurements.

C. Extraction and vacuum propagation

In our experiment, accelerated electrons are detected
after propagation in a vacuum much longer than the plasma
channel and space charge effects could affect the measured
beam parameters. For an efficient simulation of the beam
dynamics in such a drift space, particle tracing simulations
were performed with the GPT code [55], taking the space
charge effect via the space charge three-dimensional model
into account. From the previously performed PIC

simulations as shown in Fig. 6, the macroparticles at the
plasma exit were extracted, reduced to a set of 5000 and fed
into GPT [57]. The charge of this particle distribution was
upscaled to 100, 300, and 500 pC in order to mimic
experimentally observed maximal charges and to accu-
rately study the space charge effect. Reflecting experimen-
tal conditions, these macroparticles were tracked from the
plasma exit throughout a 50 cm long drift space. Table I
lists the transverse beam parameters of a typical electron
bunch from these simulations. Energy and energy spread
increase by 5%–20% for higher bunch charges, respec-
tively. The beam size and geometrical divergence after
propagation seem to be charge independent and the
normalized divergence monotonically increases by about
10% when the charge increases by a factor of five. For a
high-bunch charge, electrons are accelerated by the
Coulomb repulsion which causes electrons to gain trans-
verse and longitudinal momentum [62]. The monotonic
increase is in contrast to the nonlinear charge-dependent
betatron decoherence described before. Thus, space charge
effects during propagation in the drift space cannot explain
the minima in the normalized divergence.

V. SUMMARY

In summary, we experimentally demonstrated that
matched beam loading in a laser-wakefield accelerator,
identified via its characteristic charge-dependent minimum
in beam energy spread, additionally yields a minimum in
normalized beam divergence. The experiment relied on
control over the injected charge in the self-truncated ioniza-
tion injection regime and on monitoring the beam diameter
inside the plasma via betatron x-ray spectroscopy. Combined
with simplified analytical modeling of the betatron phase
advance per given acceleration length, the experiment
suggests that the observation of reduced divergence is a
result of the suppression of betatron phase decoherence.
Detailed studies of the complete six-dimensional phase space
dynamics of injected electrons using high-resolution PIC
simulations revealed that despite the injection extending over
the full initial betatron period, the decoherent bunch is
partially restoring its betatron coherence during acceleration
in the beam-loaded field.
This finding substantiates the importance of operating

plasma accelerators in the matched beam loading regime

FIG. 6. PIC particle tracking for 50 pC charge, (a) and
(b) showcase the evolution of transverse momentum px and
coordinate x, respectively. The green line indicates one standard
deviation σpðzÞ and σxðzÞ. The vertical gray dashed lines indicate
the plasma density up- and down-ramp. In (c), the red and green
line represent particle orbits in ðx; pxÞ from the earlier and later
injected slice in Fig. 4(c). (d) shows the phase ϕ ¼
arctanpx=xγ1=2 of the two orbits from (c). The gray shaded area
z > 2.5 mm indicates the field-free space outside the plasma
accelerator. The thick blue line shows the phase difference Δϕ,
which indicates a decreasing decoherence during acceleration.
The dashed blue line is calculated with Eq. (2) using an averaged
γ0. The vertical gray dashed line indicates the beginning of the
plasma density down-ramp. Close to the end of acceleration
(z ¼ 2.0 mm), (e), (f), and (g) present the beam energy band-
width ΔE=E, the normalized divergence γσΘ, and the normalized
beam radius σrγ

−1=4, respectively. Error bars indicate one
standard deviation in (g).

TABLE I. Space charge effects in the drift space: beam
parameters after 50 cm of free propagation simulated using GPT.

Charge
[pC]

Normalized
divergence

[rad]

Geometrical
divergence
[mrad]

Beam
size
[mm]

Average
energy
[MeV]

Energy
spread
[MeV]

100 3.29 4.4 2.2 380 20
300 3.34 4.4 2.2 389 22
500 3.49 4.4 2.2 397 24.5
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for the simultaneous optimization of beam charge and
transverse emittance. High-beam quality and in particular
low divergence is essential for the realization of the next
generation of high-brightness light sources and facilitates
beam transport to subsequent stages or insertion devices
like undulators. In combination with the high-peak currents
of the beam-loaded regime, this demonstration of opti-
mized electron beam quality opens a pathway to the
realization of high-brightness radiation sources.
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