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Beam loading is the phenomenon which limits the charge and the beam quality in plasma based

accelerators. An experimental study conducted with a laser-plasma accelerator is presented. Beam loading

manifests itself through the decrease of the beam energy, the reduction of dark current, and the increase of

the energy spread for large beam charge. 3D PIC simulations are compared to the experimental results and

confirm the effects of beam loading. It is found that, in our experimental conditions, the trapped electron

beams generate decelerating fields on the order of 1 ðGV=mÞ=pC and that beam loading effects are

optimized for trapped charges of about 20 pC.
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The concept of laser wakefield accelerator, as first de-
veloped by Tajima and Dawson [1] relies on the excitation
of a longitudinal plasma wave by the ponderomotive force
of a laser pulse. The driven electric field, exceeding hun-
dreds of GV/m, can be used to accelerate electrons to
relativistic energies in a millimeter scale. Over the past
few years, this compact acceleration technique has made
remarkable progress, producing quasimonoenergetic elec-
tron bunches at the 100 MeV level [2–4] and then up to the
GeV [5], as well as increasing stability and tunability [6].

A fundamental limit of these accelerators is due to the
field perturbation driven by the accelerated electron bunch
itself. Indeed, when a bunch of electrons is accelerated, it
drives a plasma oscillation which can cancel out the laser
wakefield. This phenomenon, known as ‘‘beam loading,’’
ultimately limits the charge that can be accelerated since
for a given charge, the longitudinal field will no longer be
accelerating over the whole bunch length. Before reaching
this limit, beam loading also impacts the beam quality
since the trailing electrons of the bunch witness the super-
position of the laser wakefield and the plasma wave driven
by the leading electrons of the bunch. Therefore, when the
bunch is carefully shaped, the total electric field can be
made constant over the bunch length, which minimizes the
energy spread [7–9]. However, when uncontrolled, this fast
varying beam loading field might lead to an undesirable
growth of the energy spread. This effect is therefore of
major importance for designing the next generation of
laser-plasma accelerators delivering a high quality electron
source.

In this Letter we give, to our knowledge, the first ex-
perimental observation of beam loading in a laser-plasma
accelerator. To obtain those conclusive evidences, we have
used an optical scheme to control the injection of electrons
[10]. In this scheme, electrons gain momentum in the
ponderomotive beat wave created by the collision of the
main laser pulse (pump pulse) with a second laser pulse

(injection pulse) [11,12], and therefore have enough energy
to be trapped in the wakefield. This injection mechanism
has proven to inject electrons in a stable and reproducible
manner [6,13,14]. Moreover, by decoupling the injection
and acceleration processes, it is possible to gain control
over electron beam parameters by only changing the injec-
tion pulse parameters [15]. It therefore enables us to load
various charges in the plasma wakefield without changing
the laser driving the plasma wave, nor the plasma
parameters.
The experiment was conducted with the Laboratoire

d’Optique Appliquée ‘‘Salle Jaune’’ Ti:sapphire laser sys-
tem, that delivers two linearly polarized pulses of 30 fs.
The pump pulse is focused to intensities up to I0 ¼ 4:6�
1018 W cm�2, giving a normalized amplitude of a0 ¼
eA0=mec ¼ 1:5. The injection pulse is focused to a maxi-
mal intensity of I1 ¼ 4� 1017 Wcm�2, giving a normal-
ized amplitude of a1 ¼ 0:4. A half-wave plate followed by
a polarizer enables us to continuously reduce the injection
pulse intensity. We injected helium with a 3-mm super-
sonic gas nozzle that rapidly produces a fully ionized
plasma having a well-defined, 2.1-mm-long, electron-
density plateau of ne ¼ 5:7� 1018 cm�3. Electrons are
injected at the collision of the two laser pulses colliding
at an angle of 176�. The collision position, hence the
acceleration distance and the final energy, can be tuned
by changing the synchronization of the two pulses [6].
After acceleration, electrons are deflected by a dipole
magnet of 1.1 T over 10 cm before hitting a LANEX
screen, which gives access to the spectral information of
the electron bunch above 45 MeV [16].
As stated before, beam loading can manifest itself

through a correlation between the bunch energy spread
and charge. In our experiments, the loaded charge is con-
trolled by a1, which also affects the initial volume of
electrons in phase space (injection volume) and thus di-
rectly leads to a change of energy spread [15].
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Disentanglement of the two processes would require ex-
tensive use of simulations for which the energy spread is
unfortunately the observable less robust to initial parame-
ters fluctuations. Thus, in this Letter, we have concentrated
on other means to experimentally observe beam loading.

Beam loading reduces the energy of the trailing elec-
trons of the bunch since they experience the field pertur-
bation of the leading electrons. Therefore, through beam
loading, the mean energy and peak energy of the electron
bunch should be correlated with the load.

The inset of Fig. 1 represents the electron spectra ob-
tained with three different injection amplitudes. It clearly
shows a decrease of energy with increasing injection am-
plitude and beam charge. Here, the peak energy of the
quasimonoenergetic component goes from 197 MeV, for
an injected charge of 8 pC (a1 ¼ 0:1), to 151 MeV, for a
charge of 38 pC (a1 ¼ 0:4). To represent more data and
give statistically clearer results, we represent in Fig. 1 the
peak energy versus the charge of the quasimonoenergetic
peak for two complete data sets. One set of data (circles) is
obtained by looking at the fluctuations of charge and
spectra over 30 shots, for which the only variations are
the laser intensity and pointing fluctuations at the collision
position of 400 �m before the center of the nozzle (zcoll ¼
�400 �m). The other set of data (squares) is obtained for
injection at zcoll ¼ �250 �m by varying a1, and thus
forcing a change of trapped charge in the first bucket
over a wider range. Those curves clearly confirm the strong
correlation between trapped charge and energy. These data
points also exhibit, for small charges, a linear slope
(dashed lines). When normalized by the acceleration
length, those slopes are similar: 1:6 ðGV=mÞ=pC for injec-
tion at zcoll ¼ �400 �m (circles), 1:55 ðGV=mÞ=pC for
injection at zcoll ¼ �250 �m (squares).

The inset of Fig. 1 also gives a typical evolution of the
energy spread. For small loads, the energy spread stays
small and in this case, close to the spectrometer resolution
(5%). For higher loads, here above 25 pC, the energy
spread grows fast and substructures appear in the quasi-
monoenergetic component of the spectrum.
Another possible way to diagnose beam loading is to

monitor the charge trapped in the trailing plasma buckets.
As the load of the first bucket also damps the field in the
trailing plasma buckets, beam loading should prevent the
trapping of large charge after the first bucket and therefore
reduce the dark current of the accelerator.
The inset in Fig. 2 represents spectra with low injected

charges. Whereas for a peak charge of 13 pC most elec-
trons are contained in the high energy peak, the dark
current increases when the peak charge is smaller.
Figure 2 represents the ratio Qtrail=Q1st versus Q1st , where
Q1st is the charge in the high energy peak and Qtrail is the
charge in the rest of the distribution (above 45 MeV). This
ratio represents a measurement of relative dark current, and
it clearly decreases with the charge trapped in the first
peak, as expected from the beam loading effects.
These experimental observations reveal the effects of

beam loading but simulations are needed to fully test this
interpretation and exactly understand the role of the varia-
tion of the injection volume which might also change the
energy of the electron bunch. To model the experiment, 3D
particle in cell (PIC) simulations have been performed with
the code CALDER [17] for similar parameters: a normalized
amplitude of a0 ¼ 1:3 and an electron density ne ¼ 7:5�
1018 cm�3 for a collision position zcoll ¼ �575 �mwhich
gives a trapped charge similar to the experimental results
[18]. Simulations are performed for different values of the
injection pulse intensity but, to limit the computational
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FIG. 1 (color online). Experimental results: Bunch peak en-
ergy versus charge trapped in the peak. Red squares correspond
to the varying a1 data set, blue circles to 30 consecutive shots
with laser fluctuations. Inset: electron spectra obtained for three
different injection laser amplitude, from left to right a1 ¼ 0:4
(38 pC), 0.24 (21 pC), and 0.1 (8 pC).
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FIG. 2 (color online). Experimental results: Evolution of the
ratio between the charge trapped in the trailing buckets (above
45 MeV) and in the first peak as a function of charge trapped in
the first peak. Red squares correspond to the varying a1 data set,
blue circles to 30 consecutive shots with laser fluctuations. Inset:
electron spectra for different charge loads.
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time, the simulations are stopped only 300 �m after injec-
tion, resulting in limited acceleration, typically to 70 MeV.

To first give a global overview of the beam loading
effects, we represent in Fig. 3(a) the phase space of the
electrons after a 300 �m acceleration for two different
simulations: both are performed with a1 ¼ 0:4 but in the
second (pale gray), electrons with longitudinal momentum
above 12mec are treated as test particles, i.e., they do not
contribute to the plasma fields, so that the loading of the
wake is artificially removed after injection. The longitudi-
nal on-axis electric field is also represented, the solid line
corresponding to the loaded case and the dotted line to the
test particle case. Whereas in the simulation without beam
loading, we have the most energetic electrons at the back of
the bunch, beam loading tends to flatten, and in this case
even invert the electric field, so that trailing electrons are
heavily slowed down. As expected, the second period of
the wakefield is also damped by the loading of the first
wake.

To have a closer look on the effect of beam loading over
the resulting spectra, we represent in Fig. 3(b) the spectra
of the electrons in the first plasma period after 300 �m for
five different values of a1. The figure confirms that increas-
ing a1 permits to increase the injection volume and there-
fore the charge. It also shows that the energy of the bunch
decreases with the injection pulse amplitude, as in the
experiment. We first concentrate on the small loads, with

a1 ¼ 0:05, 0.1, 0.2, for which the electric field stays mono-
tonic over the bunch length. Two effects are combined to
explain the decrease of the bunch energy: (i) when a1 and
thus the injection volume is increased, electrons can be
trapped closer to the laser pulse, in lower energy gain
orbits, (ii) beam loading due to the leading electrons of
the bunch can slow down the trailing electrons.
To remove the ambiguity between these two effects, we

also represent the spectrum computed in the test particle
simulation (a1 ¼ 0:4) in Fig. 3(b). Comparing it to the
simulation with a1 ¼ 0:05, for which beam loading is
also negligible, allows us to witness the influence of a
change of injection volume only. In both cases, the most
energetic orbits, that need the lowest initial momentum to
be populated, are loaded. The only difference, linked with
the electrons gaining the highest momentum in the colli-
sion of the lasers, lies in the low energy cutoff. The fact
that, in the simulations and in the experiments (see inset of
Fig. 1), the high energy cutoff of the spectra is shifted to
lower energy as the injected charge increases, is therefore a
clear signature of beam loading.
From the simulations, one can also deduce that the peak-

energy decrease with trapped charge can be accounted
approximately for one half to the injection volume, and
for the other half to beam loading. The decrease of peak
energy as a function of charge trapped in the first bucket is
represented in Fig. 4(a). Considering that only half of it is
due to beam loading, it gives a beam loading field per
charge of approximately 1 ðGV=mÞ=pC. Using the same
rough estimate, the beam loading field per charge in the
experiment is close to 0:8 ðGV=mÞ=pC, in good agreement
with the simulations.
The simulations with a1 ¼ 0:3 and a1 ¼ 0:4 enlighten

the physics of beam loading for high loads: the injected
charge is indeed so large that it leads to a flattening (a1 ¼
0:3) and even to an inversion of the electric field (a1 ¼ 0:4)
as shown in Fig. 3(a). When the electric field is inverted,
the trailing electrons are less accelerated than the leading
electrons and the spectrum, showing peaks at the electric
field extrema, evolves in a different manner. The most
energetic electrons are now the leading ones and they are
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FIG. 3 (color online). Simulations results: (a) Phase space of
trapped electrons for a1 ¼ 0:4, with (color) and without beam
loading (pale gray) and corresponding wakefields (solid and
dotted lines, respectively). (b) Spectra of the electrons trapped
in the first bucket for a1 ¼ 0:05, 0.1, 0.2, 0.3, and 0.4. The thick
solid line corresponds to the test particle case (without beam
loading) with a1 ¼ 0:4.
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FIG. 4 (color online). Simulation results. (a) Bunch peak en-
ergy versus charge trapped in the first bucket. (b) Evolution of
the ratio between the charge trapped in the trailing buckets
(above 10 MeV) and in the first bucket as a function of charge
trapped in the first bucket.
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not undergoing beam loading effects. Thus, the high en-
ergy cutoff and the peak energy are nowmainly determined
by the injection volume, whereas the low energy cutoff is
now affected by beam loading. This behavior explains the
change of slope in Fig. 4(a) around 40 pC which is highly
reminiscent of the change of slope in the experimental data
shown in Fig. 1 at approximately 20 pC. This change of
slope occurs for the optimal (field flattening) beam loading
case, and the simulation case a1 ¼ 0:3 indeed results in the
smallest energy spread. This indicates that in our experi-
ment, the optimal load for our accelerator is around 20 pC.
This is also consistent with the experimental fact that, for
higher injected charges, structures appear in the first peak
and energy spread is rapidly increasing, see inset in Fig. 1.

The simulations also show electrons trapped in the
trailing buckets (up to five buckets are considered due to
the finite size of the simulation window). Figure 4(b)
represents again the relative dark current of our accelerator
versus the charge trapped in the first bucket. The anticor-
relation between the charge in the peak and the charge in
the following buckets is again a clear manifestation of
beam loading in the simulations, in agreement with the
experiment.

The experimental measurements presented in Figs. 1 and
2 have now been reproduced by simulations and they can
be interpreted as solid observations of beam loading.

In this Letter, the evolution of the electron bunch energy
and dark current of the accelerator with the beam load of a
well-defined wakefield are used to diagnose beam loading
effects. 3D PIC simulations show that the evolution of
energy is due for one half to the variation of the injection
volume and for the other half to beam loading. This enables
us to infer an experimental beam loading field of
0:8 ðGV=mÞ=pC. The evolution of the bunch energy versus
charge also tells us that the optimal load for our accelerator
of about 20 pC. If we assume a bunch duration of some fs
(the simulations give a typical rms bunch duration of
1.5 fs), this value is in good agreement with the optimal
longitudinal density of the bunch derived by Tzoufras et al.
in [9]. Finally, at this charge level, the dark current linked
with the electrons trapped in the following buckets is also
reduced.

The implications of these observations of beam loading
are crucial for future laser-plasma accelerator designs. The
evolution of energy spread can indeed be understood as an
interplay between injection volume and beam loading. For
charges below the optimal load, increasing the injection
volume will result in a larger energy spread after accelera-
tion and rotation in phase space, but it will also increase the
charge, resulting in field flattening and improvement of the

energy spread. The balance of the two effects will produce
a reasonably good beam quality. On the contrary, for
charges above the optimal load, both effects will result in
an increase of energy spread, explaining the fast deterio-
ration of beam spectral quality. In our experiment, this
limit is reached at 20 pC because the injected electron
beam is extremely short. To further increase the charge
while maintaining a good beam quality, longer electron
beams should be injected (from scaling (10) of [9], 10
times more charge could be accelerated). But it is also
mandatory to control the injection volume thoroughly to
avoid any irreducible energy spread. Current directions for
downsizing the injection volume in optical injection
schemes are to use a cold injection scheme [19] to limit
the initial energy spread. One can also reduce the plasma
density: in a longer plasma period, the injection volume,
determined by the sizes the two colliding laser pulses,
would be indeed comparatively smaller.
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