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Abstract 
Laser wakefield acceleration (LWFA) of electrons oc-

curs when an intense short laser pulse focused in an under-
dense plasma drives in its wake a plasma wave with an am-
plitude large enough to trap and accelerate electrons. Rela-
tivistic electron bunches are easily obtained through this 
mechanism and have given rise to a large number of studies 
and publications. Despite these efforts, the achievement of 
a high quality reliable electron source, ready for use in ap-
plications, still needs some developments. Electron beams 
with high quality, and tunable electron energy, have been 
achieved by the authors using the DRACO facility (HZDR 
Dresden), showing that the injection and acceleration pro-
cesses can be controlled consistently in a gas cell. Dark 
current free, relativistic electron bunches with energy 
peaked at tunable values between 60 MeV, and 200 MeV, 
40 pC charge in the peak and sub-mrad rms divergence, 
reaching up to 14pC/MeV/mrad, have been achieved ex-
perimentally and reproduced in Particle in Cell (PIC) sim-
ulations using measured input parameters. On going work 
is aimed at increasing the charge in the peak beyond  
100pC  through new gas cell development. 

INTRODUCTION 
Laser driven WakeField Acceleration (LWFA) [1] is a 

concept providing high gradient (> 1 GV/m) electron ac-
celeration through the interaction of intense, short laser 
pulses with plasmas. In this process, 10 micron-scale 
plasma cavities, with radial accelerating and focusing 
fields, are created in the wake of intense laser pulses, 
providing opportunities for compact accelerator develop-
ments. Most of the studies using LWFA include the devel-
opments of electron sources, as plasma electrons can be 
trapped and accelerated in the plasma cavity, generating 
electron bunches of a few femtosecond (fs) duration at rel-
ativistic energy over a few millimeters of plasma. 

The so-called mechanism of ionization injection [2] of 
electrons in a laser driven plasma cavity is a way to create 
locally a large number of electrons, which can be trapped 
and accelerated to hundreds of MeVs over millimeter 
scales. Without additional mechanisms, ionization 

injection cannot generate high charge density electron 
beams, and the charge in the beam is proportional to the 
spatial volume in the plasma over which injection occurs, 
resulting in energy spectra with large energy 
spread (100%). 

In order to control this process, and achieve electron 
beams with smaller energy spread, efforts from several 
groups [3] are aiming at structuring the plasma density pro-
file which contributes to control laser intensity along the 
propagation and separate the regions of the plasma where 
electron injection and acceleration take place. In addition, 
plasma ramps can be used as lenses and dechirpers to fur-
ther improve beam quality [4]. 

Coupling laser beams to structured plasmas provides a 
large number of parameters to tune the electron beam qual-
ity and is the main topic of the presented work. Experi-
mental results obtained at the HZDR using the LPGP gas 
cell are presented and discussed. Analysis of electron dy-
namics was performed using PIC simulations with the code 
SMILEI [5].  

EXPERIMENT 
Experiments were performed at the HZDR centrum us-

ing the DRACO laser as a driver for the laser wakefield 
electron source [6, 7]. A sketch of the experimental set-up 
is shown in Fig. 1. The laser beam, with a centre wave-
length of 𝜆0 = 0.8 µm, and an energy on target of maxi-mum 3 J, is focused inside the gas cell to a 24 μm FWHM 
spot size. The duration of each laser pulse is 30 fs FWHM, 
and a repetition rate of 0.1 Hz is used. The laser distribution 
in the focal volume is characterized by an almost constant 
peak intensity on the propagation axis and the transverse 
distribution is close to a focused flattened gaussian func-
tion (order N=8, 𝑤0=14 µm). Measurements of the input 
laser in vacuum were performed, showing that the laser 
distribution is characterized by a good symmetry around 
the propagation axis, with a rotational symmetry parameter 
[8] larger than 0.8 over a distance of 4 mm in the focal vol-
ume. On line diagnostics at focus, and at 2 mm away on 
each side of the focus were implemented to monitor the 
transverse and longitudinal focus fluctuations on each 
shot [9].  ___________________________________________  
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Figure 1: Sketch of experimental set-up illustrating the 
driver laser geometry and measurement of input parame-
ters through a leaky mirror, the gas cell used to confine and 
control gas parameters, and the electron spectrometer 
(magnetic dipole and lanex screen) used for electron en-
ergy analysis. 

The plasma is created by optical laser-field ionisation of 
the gas, whose distribution is determined by the geometry 
of the LPGP gas cell. The gas cell geometry can be changed 
to study different configurations. A first compartment, C1, 
of length 0.5 mm along the main axis, contains a mixture 
of hydrogen gas with a fraction of nitrogen up to 15%. A 
second compartment, C2, with adjustable length, typically 
1.5 mm, is filled with pure hydrogen. Each compartment is 
ended by faces with small holes to let the gas and laser go 
through. This creates density ramps with a scale length that 
can be controlled with the hole diameter (typically 0.5mm). 
A gap between the two compartments allows to control gas 
mixing between the two compartments.  

Figure 2 illustrates a typical electron density distribution 
(blue line) achieved inside this 2 compartment gas cell. 

 

 
Figure 2: Total electron density (blue line), electron density 
from ionisation of nitrogen outer shell (purple line) and la-
ser peak normalised electric field (green line, right-hand 
axis) as functions of position along the propagation axis 
inside the gas cell; x=0 corresponds to the inner entrance 
wall of the gas cell. 

The gas distribution is calculated from fluid simulations 
and plateau densities in C1 and C2 are measured off-line 
by interferometry. The purple line shows the electron den-
sity obtained from the ionisation of nitrogen contained in 
C1. This profile is characterized by a down ramp (3 mm < 
x < 4.5 mm), followed by a long, low density plasma tail 
(LPT) which contribute to shape the accelerated electron 
beam distribution. 

Electrons are detected after exiting the gas cell using a 
dipole magnet and a lanex screen imaged by CCD cameras. 
The variation of several parameters was studied: laser fo-
cus in vacuum with respect to gas cell, density values and 
shapes. 

ELECTRON BEAM CHARACTERISTICS 
The laser focus inside the gas cell is set as shown in 

Fig. 2, in order to release inner shell electrons from nitro-
gen inside the plasma cavity, which occurs for a value of 
the normalized peak field a0 above the ionization threshold 
of N5+. They are trapped in the plasma cavity and acceler-
ated to relativistic energies over a short distance. Experi-
mentally, these electrons are measured with an energy of 
around 45 MeV when no gas is injected in C2 (see Fig. 3). 

 

 
Figure 3: Spectra of electrons generated and pre-acceler-
ated in C1 with 25 mbar, when no hydrogen gas is injected 
in C2.  

When hydrogen gas is added in C2 the electron energy 
is increased as the plasma length is extended (see Fig. 4). 

 

 
Figure 4: Spectra of electrons accelerated in the same gas 
cell and conditions as Fig. 3, after injection of 10 mbar of 
hydrogen in C2.  

In addition to increasing the beam energy to  
96 +/-2 MeV, the peak height is increased to  
4.2 +/-0.5 pC/MeV (FWHM charge 27 +/-10 pC). 

The ability to control gas pressure in the two compart-
ments provides a way to tune the electron beam energy as 
illustrated in Fig. 5. It shows a stack of electron energy 
spectra measured for the pressure values (P1, P2) in mbar 
in (C1, C2) indicated in the inserted table. As the pressure 
is increased, the measured beams have a peak energy con-
tinuously tunable, between 79 and 345 MeV in this exam-
ple, an energy spread between 7 and 3%, and a divergence 
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between 1 and 0.5 mrad. In addition to pressure, the focus 
position of the laser beam can be adjusted. 

The small divergence, pointing stability, and reduced en-
ergy spread are characteristic of the electron beams accel-
erated in a gas cell. In the examples presented here, they 
result from the shaping of the electron beam in the down 
ramp, and the LPT, as shown in simulations [10]. 

 

 
Figure 5: Spectra measured for different gas pressures in 
C1 and C2 (indicated in the table in mbar) illustrating the 
possibility of tuning electron beam energy for a fixed gas 
cell length geometry (C1:0.5mm, gap 1mm, C2:1.5mm). 

SIMULATION ANALYSIS 
In order to study the dynamics of electron injection and 

acceleration in this density profile, PIC simulations with 
the code SMILEI have been performed [4, 10]. Simulations 
were initiated with a focused flattened gaussian beam 
model [11] fitting the experimental laser measurements 
and the density profile obtained from fluid simulations was 
used [4]. Figure 6 shows an example of electron distribu-
tion calculated for 20 mbar.  

Spectra of the electron beams in the energy-longitudinal 
coordinate space are plotted at different positions along the 
propagation axis to show the evolution of the energy 
spread. At 3.5 mm (red color spectra), the electron bunch 
is at the exit of the plateau (see Fig. 2), and entering the 
down ramp while the laser normalised field is still strong, 
around 2, and able to drive a plasma cavity with increasing 
size in the down ramp as the plasma density decreases. At 
the end of the down ramp (6 mm, blue color), the peak en-
ergy has decreased as the front of the bunch has lost energy. 
In the LPT located between 6 and 15mm, a low-density 
plasma is created by the laser beam. However, the laser in-
tensity is low and it drives a wakefield with an amplitude 
negligible compared to the electron beam wakefield. The 
back of the electron beam is then accelerated in this wake, 
leading to a spectrum at the end of the LPT with a higher 
energy and a smaller energy spread, and higher peak height 
than at the end of the accelerating plateau. The shape of the 
density profile can thus be used to reduce the chirp of the 
electron beam and achieve high spectral charge. 

 
Figure 6: a) Electron spectra calculated in simulations (col-
our lines) and b) corresponding electron distribution in the 
space energy-longitudinal position, over a size characteris-
tic of the plasma cavity size. Colours correspond to distri-
butions at different distances of propagation indicated in 
the legend and corresponding to the beginning of exit down 
ramp, end of down ramp, and end of LPT (see Fig. 2). The 
black dashed line is a measured spectrum for a pressure of 
20 mbar. 

SENSITIVITY TO FLUCTUATIONS 
The use of a gas cell provides several assets in favor of 

electron beam stability: 
 Low pressure operation, < 50 mbar, typically 20 mbar 

giving electron plasma density ne = 1018 cm-3; 
 Control of gas flow with several parameters allows 

one to tune finely the density value; 
 The shape of gas profile along laser propagation axis 

is constrained by geometry and reproduceable; 
 Tuning gas pressure allows one to tune electron en-

ergy for a fixed cell length. 
The experimental results presented here have been 

achieved consistently and reproducibly from day to day, 
particularly for the energy, pointing and divergence. How-
ever, shot-to-shot fluctuations are still large particularly 
concerning the electron beam charge. This parameter is the 
most sensitive to laser fluctuations as observed by several 
groups using different laser systems [12, 13]. In this exper-
iment a strong correlation has been measured between 
charge fluctuations and +/-100 µm fluctuations of focus 
position as illustrated in Fig. 7. 

The change from negative to positive slope between be-
fore and after focus is the signature of a change in focus 
position as illustrated in the drawing below the graphs. 
Simulations [10] performed with a change of laser focus of 
+/- 100 microns with respect to the case illustrated in Fig. 6 
confirm this sensitivity. 
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Figure 7: Measured values of total electron beam charge as 
a function of the corresponding radius of the incident laser 
beam, measured before, at, and after focus. The drawing 
illustrates how the measurement of beam size before and 
after focus is relevant to evaluate the change of focus posi-
tion. Figure adapted from ref. [10]. 

Figure 8: Comparison of measured electron characteristics 
for 2 different density profile shape at 20 mbar (blue) and 
35 mbar (red) for 136 and 30 successive shots, respectively, 
sorted by increasing energy.  From top to bottom, beam en-
ergy spectra, total charge, energy spread (Median Absolute 
Deviation) are plotted as functions of the shot index. 

The variation in injected charge leads to large variations 
in other electron spectra parameters. Examples of electron 
spectra measured at 20 mbar (blue) and 35 mbar (red) are 
shown in Fig. 8. 

For these data, the nominal parameters were held con-
stant, however laser fluctuations have a strong impact on 
the charge injected and consequently, on the other proper-
ties of the beam. The beams experience beam loading and 
dechirping in the LPT, that depend strongly on the amount 
of charge injected. These results show that the use of the 
LPT for dechirping is optimum in this example for a charge 

of the order of 40 pC, providing both the highest peak den-
sity and the lowest energy spread. In order to minimize the 
impact of laser fluctuations, different plasma profiles are 
under study. 

CONCLUSION 
The reported results show that the control of density pro-

file in gas cell provides high quality electron beams with 
charge up to 100 pC (10 pC/MeV), energy in the 200 MeV 
range with 5% spread, a divergence <1 mrad and no dark 
current. The electron beam energy is tunable by adjusting 
gas pressure without changing the accelerator geometry. 
The stability of some parameters (electron beam pointing, 
beam energy) is improved by using a gas cell operating at 
low pressure et low non linearity. However, charge fluctu-
ations are still large (25%), and have been shown to be sen-
sitive to fluctuations of laser parameters (wavefront, tem-
poral phase) through the resulting change of longitudinal 
focus position. Optimisation of density profiles more ro-
bust to laser fluctuations will be the topic of future studies. 
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