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A. Abstract / Executive Summary 

The advances in CHARPAC on the stability control of laser-accelerated electrons is presented 
with a detailed discussion on the experimental progress obtained on the improvement of the 
LWFA beams in capillaries and the determination of the key beam parameters for that specific 
configuration. A new variable length gas cell was developed and characterized, showing very 
low density fluctuations. Using two independent sources of gas, it is demonstrated that by 
controlled injection can produce stable, reproducible and tunable electron beams. From a 
numerical point of view, the implementation of a novel algorithm allowing for numerical studies 
of very long propagation lengths and thus stability of electron beams over realistic laser plasma 
accelerator conditions of relevance for multi GeV energies is also described. Finally, progress 
on a theoretical model to describe self-injection in LWFA and thus determine the trapping 
conditions is also presented, with the aim of providing a theoretical framework capable of 
describing the injection conditions that can determine the stability of the beams in the bubble 
regime. 

 
B. Deliverable Report 

1 Introduction 
Laser driven acceleration of particles has opened important new perspectives for major 
applications in science, technology and healthcare. By focusing intense laser pulses onto a 
target, it is possible to produce high quality and energetic particle beams. However, 
applications in these areas are hampered by the present limitations  of laser–accelerated 
beams. The control of the beam parameters such as energy, energy spread, divergence, 
emittance, and current are essential requirements for unraveling and determining potential 
applications. The aim of this JRA is to address in two tasks several of these important 
questions for the case of ion and electron beams. In this report we present the progress in 
CHARPAC on stability control of laser-accelerated electrons, a critical topic to take laser 
wakefield acceleration to the realm of applications, in particular in terms of possible 
biomedical and bioimaging applications. 
The efforts to be deployed in the first task of CHARPAC are focused on the improvement of 
the properties and the stability of these electron beams, and this report addresses specifically 
the second critical issue by new ideas and measuring the ultimate stability of the electron 
beams. Leveraging on the recent improvements in laser chains, the ultimate measurement of 
the electron beam stability (electron beam stability and reproducibility – shot-to-shot fluctuation 
of electron energy, energy bandwidth, beam charge, profile and beam pointing minimization) 
is now possible. Having a very reproducible electron beam is crucial for fine physical studies 
of the beam/plasma interaction. The role of space charge and the initial phase space volume 
are also important in connection with the electron beam longitudinal and transverse emittance. 
The influence of the bubble environment (electric and magnetic fields) is also of significance. 
Within CHARPAC, we are reporting already significant progresses on the studies of the 
improvement of the stability of laser plasma accelerators and on the theoretical models 
that can support a more detailed understanding of the parameters determining the 
stability of LWFA beams. 
 

2 Objectives 
The main objective is to improve the plasma wakefield accelerator stability and in helping to 
evaluate its scalability for future projects of interest to the high-energy physics community, for 
the design of compact free-electron lasers and their numerous applications, resorting to a 
combination of experiments performed by the CHARPAC teams supported by state-of-the-art 
simulations and theoretical models. 
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3 Work performed / results / description  
The presented work is the result from a considerable collaborative effort, involving cooperation 
and collaboration between many partners in Laserlab-Europe and in the framework of the 
CHARPAC JRA. The experiments and theoretical studies are aimed at achieving increased 
control and stability of the laser-accelerated electron beams. The approach is to control and 
stabilize the most important components of a laser-plasma accelerator: the laser pulse, the 
plasma source and the electron injection process.  

3.1 Stability and control of the laser 
An important effort on the improvement of the stability of laser plasma accelerators was 
undertaken by the Lund Laser Centre (LLC-LU). Here we report on a study of the stability of 
beams of laser-plasma accelerated electrons using dielectric capillary tubes as laser 
waveguides. The experimental study was performed as a Laserlab access experiment at 
LLC, and was a collaboration between LLC, LPGP (Orsay, France) and CEA-Saclay. 

Dielectric capillary waveguides have the advantage that the plasma density inside the tubes 
can be arbitrarily low, as the laser beam is then guided purely by reflection from the tube 
walls. The absence of a minimum density requirement for guiding makes the capillary tube 
relevant for laser wakefield acceleration over long distance since the maximum achievable 
electron energy scales with the inverse electron density. The capillary tube also provides a 
shock-free gas medium which is very important for stable laser propagation and particle 
acceleration. 

The experiments were conducted at the Lund Laser Centre, using a Ti:Sapphire multi-
terawatt laser system, set to deliver pulses with energy of 750 mJ and duration of 40 fs. The 
laser beam was focused to an estimated peak intensity of 4×1018 W/cm2 in a 19 µm (FWHM) 
focal spot. Controlling the laser pointing is essential when performing experiments in 
dielectric capillaries to prevent damage to the guiding structure. For this reason, an active 
pointing stabilization system was developed and used to achieve a short-term scatter of the 
transverse focal spot position of less than 3 µrad, while any long-term drift was essentially 
eliminated, see Fig. 1. 

 
Figure 1: (a) Measurements of the laser pointing in the focal plane, with the stabilization controller turned off, showed 
fluctuations of 3.7 µrad (RMS). (b) With the pointing stabilization turned on, a laser pointing was improved to 2.6 
µrad. (c) With the controller turned on, stable electron beams with average charge of 43 pC were generated using 
gas-filled capillary tubes. Turning off the controller lead to damage of the capillary tube and significantly larger 
electron beam fluctuations and eventually a loss of the electron beam.  

Electron beams were produced using different glass capillary tubes with diameters in the 
range 76 to 254 µm and lengths in the range 8 to 20 mm. The leakage from a dielectric 
mirror in the beam path was used to record spatial and spectral intensity distributions of 
every laser pulse. A large set of data was acquired for statistical analysis of the electron 
beam stability and the dependence on experimental parameters. Some results are 
summarized in Fig. 2. Electron beams with an average charge of 43 pC and a standard 
deviation of 14% were generated. The fluctuations in charge are partly correlated to 
fluctuations in laser pulse energy which illustrates the importance of not only stabilizing the 
pointing but also the laser pulse energy. The pointing scatter of the electron beams is 
measured to be as low as 0.8 mrad (RMS). High laser beam pointing stability clearly 
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FIG. 3. (Color online) Filtering of the laser shots is necessary to avoid the
short but intense burst of high frequency vibrations produced by the cryo-
genic cooler. The main shutter of the laser delivers shots only when the vi-
brations are minimal.

illustrated in Fig. 3. The vibrations are recorded and a gate
signal is produced which allows the main shutter of the laser
to deliver shots only when the vibrations are minimal. The
calm period starts about 400 ms after the beginning of the
shock and lasts 100 ms. This allows a laser shot to be de-
livered during this calm period. The dominant fluctuations
are thus simply avoided. The control loop runs all the time
but it is not able to regulate well during the shocks. However
when the calm period starts, it has enough time to settle be-
fore the laser shot arrives. This mode of operation works well
for single shot operation or repetition rate below 2 Hz. This
is indeed the case for most types of ultrahigh intensity exper-
iments. Modifications will be necessary if 10 Hz operation is
required.

To summarize, the system works in the following way:
two piezo mirrors are regulating and compensating for fluc-
tuations in the beam pointing, one controls the near-field and
one the far-field. When a high power laser shot is requested,
the main shutter delivers a pulse during the calm time win-
dow of the cryogenic cooler. Right before the pulse comes,
the voltages to the mirrors are fixed while fast shutters close
to protect the detectors from the high power laser shot. Once
the laser pulse has passed, the shutters open and the mirrors
start regulating again.

III. EXPERIMENTAL RESULTS AND DISCUSSION

In order to assess the quality of the beam stabilization,
signals recorded with the reference beam on the PSDs are not
enough, actual laser shots must be recorded. To do so, a beam
splitter was placed in the beam and the focal spot imaged by a
40 times microscope objective and recorded with a CCD cam-
era. Two hundred consecutive laser shots in the high power
configuration (the laser was attenuated, but everything else
was running in the full power experimental conditions) were
recorded with 3 s between each shot. The results are presented
in Fig. 4. In the panels on the left, each point represents one
laser shot. The origin (0,0) corresponds to the mean position
of all the points. The positions recorded by the CCD camera
are divided by the focal length of the laser focusing optics
used and the scales are, therefore, shown in µrad, which is

Horizontal deviation (µrad) 

stohs res al fo  r eb
m u

N
sto hs r es al f o re b

m u
N

N
um

be
r o

f l
as

er
 s

ho
ts

Deviation from the mean (µrad) 

Deviation from the mean (µrad) 

Horizontal deviation (µrad)

Horizontal deviation (µrad) 

V
er

tic
al

 d
ev

ia
tio

n 
(µ

ra
d)

  
V

er
tic

al
 d

ev
ia

tio
n 

(µ
ra

d)
 

V
er

tic
al

 d
ev

ia
tio

n 
(µ

ra
d)

 

0
(a)

(c)

)f()e(

(d)

(b)
5 10

0

5

10

0 5 10
0

10

20

30

40

0 5 10

0

5

10

0 5 10
0

10

20

30

40

0 5 10

0

5

10

0 5 10
0

10

20

30

40

Deviation from the mean (µrad) 

FIG. 4. (Color online) Pointing of 200 consecutive laser shots recorded by
a microscope objective and a CCD camera. On the right side corresponding
distributions of deviations from the mean. In (a) and (b) no active stabilization
is used, in (c) and (d) the laser shots are gated in time in order to avoid firing
when intense vibrations are produced by the cryogenic cooler in the laser
amplifier. Finally, in (e) and (f), active stabilization is added with the help of
two piezo mirrors. The circle represents the deviation corresponding to one
standard deviation and its radius decreases for each step of the stabilization.

independent of the focusing optic used. In (a) no active stabi-
lization is used. The beam pointing is, however, already fairly
good thanks to all the work done on passive stabilization of
the laser system. (c) Shows laser shots recorded with the gat-
ing system, delivering shots only in the calm section of the vi-
bration cycle of the cryogenic cooler. (e) Presents shots with
both gating and piezo mirror stabilization active. Each step of
the stabilization shows an improvement in both the extremes
and the mean of the distances between the laser shots.

On the right-hand side in Fig. 4, the distribution of the
laser shots as function of their distance from the mean po-
sition is presented. This gives a better understanding of the
effect of each step of the stabilization. We see that the gating
of the shots already reduce the extreme points. The active sta-
bilization further reduces it and no laser shots are more than
7.3 µrad away from the center. If we calculate the standard
deviation of the distribution, we also observe a clear improve-
ment: 3.7 µrad for (a), 3.2 µrad in (c), and 2.6 µrad in (e),
which corresponds to an overall improvement of 30%. At the
beginning of this project, i.e., before passive stabilization, the
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are thus simply avoided. The control loop runs all the time
but it is not able to regulate well during the shocks. However
when the calm period starts, it has enough time to settle be-
fore the laser shot arrives. This mode of operation works well
for single shot operation or repetition rate below 2 Hz. This
is indeed the case for most types of ultrahigh intensity exper-
iments. Modifications will be necessary if 10 Hz operation is
required.

To summarize, the system works in the following way:
two piezo mirrors are regulating and compensating for fluc-
tuations in the beam pointing, one controls the near-field and
one the far-field. When a high power laser shot is requested,
the main shutter delivers a pulse during the calm time win-
dow of the cryogenic cooler. Right before the pulse comes,
the voltages to the mirrors are fixed while fast shutters close
to protect the detectors from the high power laser shot. Once
the laser pulse has passed, the shutters open and the mirrors
start regulating again.

III. EXPERIMENTAL RESULTS AND DISCUSSION

In order to assess the quality of the beam stabilization,
signals recorded with the reference beam on the PSDs are not
enough, actual laser shots must be recorded. To do so, a beam
splitter was placed in the beam and the focal spot imaged by a
40 times microscope objective and recorded with a CCD cam-
era. Two hundred consecutive laser shots in the high power
configuration (the laser was attenuated, but everything else
was running in the full power experimental conditions) were
recorded with 3 s between each shot. The results are presented
in Fig. 4. In the panels on the left, each point represents one
laser shot. The origin (0,0) corresponds to the mean position
of all the points. The positions recorded by the CCD camera
are divided by the focal length of the laser focusing optics
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FIG. 4. (Color online) Pointing of 200 consecutive laser shots recorded by
a microscope objective and a CCD camera. On the right side corresponding
distributions of deviations from the mean. In (a) and (b) no active stabilization
is used, in (c) and (d) the laser shots are gated in time in order to avoid firing
when intense vibrations are produced by the cryogenic cooler in the laser
amplifier. Finally, in (e) and (f), active stabilization is added with the help of
two piezo mirrors. The circle represents the deviation corresponding to one
standard deviation and its radius decreases for each step of the stabilization.

independent of the focusing optic used. In (a) no active stabi-
lization is used. The beam pointing is, however, already fairly
good thanks to all the work done on passive stabilization of
the laser system. (c) Shows laser shots recorded with the gat-
ing system, delivering shots only in the calm section of the vi-
bration cycle of the cryogenic cooler. (e) Presents shots with
both gating and piezo mirror stabilization active. Each step of
the stabilization shows an improvement in both the extremes
and the mean of the distances between the laser shots.

On the right-hand side in Fig. 4, the distribution of the
laser shots as function of their distance from the mean po-
sition is presented. This gives a better understanding of the
effect of each step of the stabilization. We see that the gating
of the shots already reduce the extreme points. The active sta-
bilization further reduces it and no laser shots are more than
7.3 µrad away from the center. If we calculate the standard
deviation of the distribution, we also observe a clear improve-
ment: 3.7 µrad for (a), 3.2 µrad in (c), and 2.6 µrad in (e),
which corresponds to an overall improvement of 30%. At the
beginning of this project, i.e., before passive stabilization, the
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During this sequence, the laser pulses were focused into
a 20 mm long dielectric capillary tube with a diameter of
152 μm filled with hydrogen gas at a backing pressure
of 340 mbar, resulting in a fully ionized plasma density of
1.3 × 1019 cm−3. At this plasma electron density and the
given peak power, the ratio between the peak power and
the critical power for relativistic self-focusing [15,16] is
P=Pc ≈ 7. Under these experimental conditions, the laser
pulse is expected to self-focus soon after entering the
plasma, resulting in an increased peak intensity. The laser
pulse expels electrons from regions of high intensity,
leading to a bubble structure following the laser pulse,
in which electrons are self-injected at multiple locations
along the propagation through the plasma [10,17]. The
density threshold for injection of electrons into the accel-
erating structure was experimentally determined to
be ≈0.85 × 1019 cm−3.
The amount of charge in the resulting electron beams,

with energy above 40 MeV, is shown in Fig. 2(b) as a
function of the shot number. The electron beam parameters
show larger fluctuations than the laser pulse parameters.
Immediately after the active pointing system is turned off,
the quality and stability of the electron beams degrade
significantly and after ∼25 shots the capillary tube is
damaged beyond being operational. This shows that con-
trolling the scatter and drift of the laser focal spot is
crucially important when accelerating electrons in dielec-
tric capillary tubes using laser pulses of high intensity and
energy. The active stabilization system employed in the
present study enabled long sequences of data collection and
an enhanced endurance of the capillaries.
The average charge for the first 90 shots in the sequence

was determined to 43 pC with a standard deviation of only
14%. This small spread in charge was found to be typical
also for dielectric capillary tubes of different dimension
after similar optimization. For example, in another
sequence the charge of electrons, with energy above
40 MeV, accelerated inside a capillary tube with a larger

diameter, 254 μm, and a shorter length, 10 mm, was
measured to be higher, 107 pC, while the standard
deviation was still only 18%. We did not observe any
significant correlation between the amount of accelerated
charge and the dimensions of the capillary tube. The
difference in amount of accelerated charge between the
different series of data reported here can instead be
attributed to small differences in experimental parameters,
such as laser energy and plasma density, that affect the
amount of accelerated charge [17,18]. The experimental
parameters were optimized for best stability before acquir-
ing each series of data, which resulted in slightly different
values of these parameters.
The stability in charge using the capillary tube is very

good compared to the results achieved when, in the same
setup and with identical laser parameters, the capillary tube
is replaced with a 3 mm gas jet as a target, which showed a
standard deviation in charge of 55%, with an average value
of 68 pC. The charge stability of beams accelerated in
capillary tubes is very good also when compared to
published studies on laser wakefield acceleration in gas
jets and gas cells showing stable beams [11,19,20]. The
average value and stability of measured parameters of the
beams of electrons accelerated in dielectric capillary tubes
of different sizes, and in a gas jet, are summarized in
Table I.
The energy stability of the accelerated electron beams

is shown in Fig. 3. False color images of traces of the
dispersed electrons on the scintillating screen, from 15
consecutive laser shots (number 25 to 39 in Fig. 2), are
shown in Fig. 3(a) using the same color scale for all images.
The electron energy spectra in this study show continuous
energy distribution, as shown in Fig. 3(b), rather than

(a) (b)

FIG. 2. Laser pulse energy delivered to the entrance of a 20 mm
long, 152 μm diameter capillary tube (a) and the corresponding
accelerated charge with an energy above 40MeV (b) as a function
of shot number. The active stabilization system is on during the
first 90 pulses, and thereafter off. The stability of the electron
bunch charge is significantly decreased by turning this system off.

TABLE I. Summary of electron beam stability parameters
acquired in three series using capillaries of different diameter
(ø) and lengths (l) (A–C) in comparison with one series of data
acquired using gas jet. The stabilities of the electron beams were
studied using the same regime of acceleration. Before acquiring
each series of data, the experimental conditions were optimized
for best stability, yielding slightly different values of, e.g.,
backing pressure and laser intensity. The average and standard
deviation of charge (Q) corresponds to electrons with an energy
above 40 MeV measured with the dispersing dipole magnet in the
electron beam path. The divergence (θ) and the RMS pointing
stability (ϕ) was measured without the dispersing dipole in the
electron beam path.

Parameter A B C Gas jet

ø [μm] 152 178 254 ! ! !
l [mm] 20 10 10 3
hQi [pC] 43 88 107 68
std (Q) [%] 14 14 18 55
hθi [mrad] 11 10 10 14
std ðθÞ [%] 13 14 11 64
hϕi [mrad] 1.2 ! ! ! 0.8 4.4

ENHANCED STABILITY OF LASER WAKEFIELD … Phys. Rev. ST Accel. Beams 17, 031303 (2014)

031303-3

a) b) c)

Controller	turned	off
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improved the stability of the electron beams. A comparative study of electron beam stability, 
summarized in Fig, 3, was performed using several different capillary geometries and a 
supersonic gas jet. The beams of electrons accelerated in capillary tubes during this 
experiment were more stable in charge, divergence, and pointing than beams generated in a 
gas jet. The stable and uniform gas density distribution, which is also shock-free, that can be 
achieved in a dielectric capillary tube, or a gas cell of similar dimensions, is expected to 
contribute to this stability of the resulting electron beams. 

 
Figure 2: (a) False color images of the dispersed electrons on a scintillating screen from 15 consecutive shots, all 
using the same colorscale. (b) The average electron spectrum of all 90 shots in the sequence is plotted as a solid 
red line. The shaded area, bounded by dashed lines, shows the corresponding standard deviation from the average 
spectrum. Over the full energy range, the maximum standard deviation from the average spectrum is 27%. In (c), 
the charge of the electrons in the beam, with energy above ~40 MeV, is plotted as a function of laser pulse energy 
for 90 consecutive shots. The estimated measurement error in laser energy of 1% is marked as a solid red line only 
in one data point for clarity. This figure shows a clear correlation to laser energy. In (d), a typical beam profile is 
shown together with a scatter map of the centroids of a sequence of 30 shots. 

 
Figure 3: Summary of electron beam stability parameters acquired in three series using capillaries of different 
diameter (ø) and lengths (l) (A–C) in comparison with one series of data acquired using gas jet. The stabilities of 
the electron beams were studied using the same regime of acceleration. Before acquiring each series of data, the 
experimental conditions were optimized for best stability, yielding slightly different values of, e.g., backing pressure 
and laser intensity. The average and standard deviation of charge (Q) corresponds to electrons with an energy 
above 40 MeV measured with the dispersing dipole magnet in the electron beam path. The divergence (θ) and the 
RMS pointing stability (φ) was measured without the dispersing dipole in the electron beam path. 

 

3.2 Stability and control of the plasma 
In experiments on laser wakefield acceleration, laser pulses are typically focused onto gas 
targets, which are either pre-ionized or become ionized by the laser field. Such experiments 
depend highly on the density of the target. For stable and reproducible acceleration of 
electrons, homogeneous density distribution of the target in the interaction region is typically 
desired. Motivated by the comparative study presented in Section 3.1, a new variable length 
gas-cell for stable electron acceleration, was developed at LLC. The cell consists of two 
cylinders which can move with respect to each other, see Fig. 4. The main laser beam enters 
and exits the cell through two 100 µm diameter holes in 500 µm thin sapphire windows. The 
distance between the inner surfaces of the sapphire windows can be changed in the range 0-
15 mm. Glass windows allow optical access transversely to the main beam optical axis. The 
gas cell was characterized in collaboration between LLC and LOA-ENSTA. In the experiments 
it is important to know exactly the density at the time the laser pulse is fired into the cell. It is 
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therefore necessary to measure the gas filling time and the gas density, for different gas 
species (primarily helium and hydrogen), for different lengths and reservoir backing pressures. 
This was done in a precise and reliable way using optical interferometry. The cell was placed 
in a vacuum chamber, in one arm of a Mach-Zender interferometer, see Figure 4b. When gas 
is injected, the optical path difference change and thus also the intensity on the photodiode 
after the interferometer. By analyzing and unwrapping the time-dependent signal from the 
photodiode, it is possible to deduce the time-dependent gas density filling curve. The 
measurements showed that the density in the gas cell reached a stationary state after ~50 ms, 
although the filling time was weakly density dependent. The filling time was also the same for 
both hydrogen and helium gas. At the stationary state, 90% of the reservoir pressure was 
obtained in the cell. The density in the cell was reproducible and 50 consecutive measurements 
gave the same result within only 0.6% RMS fluctuation, see Figure 4c. These results are very 
promising and the gas cell, developed and characterized in the frame of the CHARPAC JRA, 
is now ready to be used for laser-plasma acceleration experiments. 

 

 
Figure 4: (a) 3D rendering of the variable-length gas cell. (b) Experimental setup to characterize the gas density 
and filling time. (c) Reproducibility of the gas density was measured to be ±0.6% (RMS). 

 

3.3 Stability and control of the electron injection 
In a laser-plasma accelerator, the interaction between the laser and the plasma is strongly 
non-linear. Small fluctuations in the laser pulse parameters or the plasma density can lead to 
significant fluctuations in the electron beam emerging from the interaction. One route towards 
minimizing fluctuations is to lower the density and control the injection and trapping of electrons 
in the plasma wave. Controlled injection is a very important subject and several different 
schemes for controlled injection were explored in detail during the CHARPAC JRA, and it is 
also the main subject of the deliverable report 31.5. Here we focus on the improvement in 
electron beam stability using controlled injection. The activities at the Lund Laser Centre 
(LU-LLC), focused on the density down-ramp injection mechanism. The physics of this 
technique is explained in detail in deliverable 31.5 “Report on the injection schemes studies”. 
Here we explain the experimental setup for density down-ramp injection that was used at the 
LLC, and the degree of electron beam stability that was obtained. The laser pulses, each 
containing 650 mJ of energy and with a duration (FWHM) of 40 fs, were focused to an almost 
circular spot with 19 μm diameter (FWHM), using an f=765 mm off-axis parabolic mirror. The 
peak intensity of the laser pulses, when focused in vacuum, was determined to 3.7×1018 

a) b)

c)



Deliverable number: 31.6  LASERLAB-EUROPE (284464) 

 6 

W/cm2, corresponding to a normalized vector potential of 1.3. The laser pulses were focused 
on the front edge of a gas jet provided from a 2 mm nozzle with its orifice located 1 mm from 
the optical axis. A narrow, 0.4 mm diameter tube was inserted into the jet, with its orifice 0.2 
mm from the optical axis, providing locally an additional amount of gas. The measured total 
density distribution, shown in Fig. 5b, contains a peak and a plateau joined together by a 230 
µm long down-ramp. Under suitable chosen conditions, density down-ramp injection of 
electrons into the accelerating phase of a laser plasma wakefield occurs in this gradient and 
the electrons are subsequently accelerated in the remaining plasma.  

Electrons were first injected and accelerated in a target where gas was supplied only from the 
2 mm gas nozzle. The threshold in electron number density in the plateau for required self-
injection was found to be approximately 11×1018 cm−3. The observed beams of electrons had 
the typical characteristics of self-injection in gas jets, with limited reproducibility and a bunch 
charge of the order of 30 pC with a standard deviation higher than 50%. 

The electron number density provided from the 2 mm nozzle was lowered well below threshold 
for injection (to 3×1018 cm−3). When adding gas also from the narrow tube, beams of 
accelerated electrons were observed for 100% of the laser pulses sent onto the target. The 
bunches of accelerated electrons injected using this composite gas target contain only of the 
order of 1 pC and their spectra typically contain a broad peak (see Fig. 5c). Furthermore, the 
shot-to-shot stability in charge and energy of the electron beams, with standard deviations 13% 
and 5%, respectively, is far better than the stability of the beams injected through the self-
injection mechanism in a single gas jet. The very high degree of shot-to-shot reproducibility is 
illustrated in Fig. 5d which shows 100 consecutive electron beams. 

In addition to improving the stability, this scheme also allows precise control of the electron 
beam charge and peak energy. The amount of charge in the electron beams could be 
controlled, within a certain range, by varying the peak density while keeping the plateau density 
constant (see Fig. 5e). The kinetic energy of the accelerated electrons could be separately 
controlled by moving the 2 mm gas nozzle, while keeping the position of the down-ramp fixed 
with respect to the laser focus in vacuum. The resulting dependence of the peak electron 
energy on the length of the remaining plasma is shown in Fig. 5f for two different densities in 
the plateau. The average accelerating electric field is estimated by fitting a line to each series 
of data. This gives a value of 37 MV/mm at a density of 2.6×1018 cm−3 in the plateau and 50 
MV/mm at a density of 3.25×1018 cm−3. 

Numerical simulations were performed to support the experimental findings and to further 
explore the physics of density down-ramp injection. The simulations were performed at CEA-
DAM using the Calder-CIRC particle-in-cell code. As a direct and very positive result from the 
CHARPAC JRA meetings, an agreement was made between LLC, LOA, and CEA, to use the 
Calder-CIRC code for plasma simulations on computing resources in Sweden. The simulation 
results, summarized in Fig 6, show that the laser pulse undergoes self-focusing and self-
compression and drives a highly nonlinear plasma wave when the pulse reaches the density 
peak. However, no electrons are injected into the accelerating structure in this region (see Fig. 
6b). In the density down-ramp, the wakefield structure increases in size and a certain portion 
of the background electrons become located within the electron void behind the laser pulse 
(see Fig. 6c). The injection of electrons into the wakefield stops when the rear end of the first 
plasma period reaches the end of the density down- ramp, whereas the already injected 
electrons become further accelerated in the remaining plasma. 
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Figure 5: (a) Schematic illustration of the experimental setup for controlled injection using two sources of gas. (b) 
The typical neutral gas density distribution, along the optical axis, consists of a peak and a plateau, separated by a 
density down-ramp. The tube can be moved along the optical axis to change the position of the density peak and 
thus also the density down-ramp. Furthermore, the density in the peak and plateau can be varied independently. 
(c) Energy spectra from 5 consecutive measurements. (d) 100 consecutive images of the dispersed electrons 
impacting on the scintillating screen behind a bending magnet, illustrating the high degree of shot-to-shot stability 
that was obtained using this method for injection. (e) The charge, above 40 MeV, is controlled by changing the 
density in the peak 
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gas jet. The conclusions presented in this article are based
on experiments, performed using a multi-terawatt laser at
the Lund Laser Centre, and supported by particle-in-cell
(PIC) simulations using the code CALDER-CIRC [19].
The laser pulses, each containing 650 mJ of energy and

with a duration (FWHM) of 40 fs, are focused to an almost
circular spot with 19 μm diameter (FWHM), using an
f ¼ 0.765 m off-axis parabolic mirror. The peak intensity
of the laser pulses, when focused in vacuum, is determined
to 3.7 × 1018 W=cm2, corresponding to a normalized
vector potential of 1.3.
Two separate nozzles are used to provide the desired

density distribution of hydrogen gas in the interaction
region, as illustrated in Fig. 1(a), and is ionized by the
leading edge of each laser pulse. The main part of the gas is
supplied by a nozzle with an exit diameter of 2 mm, with its
orifice located 1 mm from the optical axis. This nozzle
provides an almost cylindrically symmetric jet of gas
toward the optical axis, and is typically positioned such
that the laser pulse is focused on the front edge of the
density distribution. Additionally, a narrow metallic tube,
with an orifice diameter of 400 μm, is inserted into the jet,
perpendicular to both the optical axis and the direction of
the main jet. Gas is supplied through this tube to provide an
additional, localized, contribution to the density in the
interaction region with the laser pulse.
The total neutral density distribution, along the optical

axis, of the gas provided from these two nozzles is
characterized off-line by measuring, using a wavefront
sensor, the additional optical path length introduced by the
gas in an optical probe beam [20]. The optical path length
introduced by the gas provided from the 2 mm nozzle is
first measured and the density distribution is calculated
assuming circular symmetry. The narrow tube is inserted

into the flow from the 2 mm nozzle and the wavefront is
again measured, first without any gas supplied from the
narrow tube. By comparing the wavefront with and without
the narrow tube inserted in the flow we conclude that the
gas distribution is essentially unaffected by inserting this
tube. Finally, the difference in optical path length is
measured with gas supplied simultaneously from the main
nozzle and from the narrow tube, as shown in Fig. 1(b).
This allows the contribution from the narrow tube to the
total gas density to be determined assuming circular
symmetry close to the orifice, and the final total density
profile, shown in Fig. 1(c), to be calculated.
The total density distribution along the optical axis

contains a peak and a plateau joined together by a gradient.
As will be shown, under suitable chosen conditions, density
down-ramp injection of electrons into the accelerating
phase of a laser plasma wakefield occurs in this gradient
and the electrons are subsequently accelerated in the
remaining plasma.
The backing pressures supplied independently to each

nozzle are used to control the density in the peak and the
plateau. The density profile from the 2 mm gas nozzle is
approximately flat over 0.7 mm which corresponds to
the maximum plateau length. The density in the plateau
is used to control the plasma wavelength in this region and is
also used to tune the strength of the accelerating field.
Furthermore, the two nozzles are separately mounted on
3-axis translation stages which allow full control of the
position of the two density distributions both relative to each
other and relative to the laser focus. By moving the 2 mm
nozzle along the optical axis, while keeping the narrow
nozzle fixed, the length of the density plateau is varied. This
degree of freedom provides a mean to perform studies of the
acceleration independently of the injection of electrons.

FIG. 1. A schematic illustration of the experimental setup is shown in (a). The laser pulses (red) are focused on the front edge of the gas
jet provided from a 2 mm nozzle with its orifice located 1 mm from the optical axis. A narrow tube is inserted into the jet, with its orifice
0.2 mm from the optical axis, and provides locally an additional amount of gas. The electrons (blue) accelerated in the interaction
propagate along the optical axis. Measurements, using a wavefront sensor, of the additional optical path length introduced by the gas in
an optical probe beam allows the neutral gas density profile to be determined. In (b) the additional path length (Δs) introduced by the
gas, supplied from both nozzles simultaneously, is shown in the color scale in the part not obstructed by the narrow tube. The 2 mm
nozzle is located just below the edge of the image and supplies a flow of gas along the vertical (z) axis. The shadow of the narrow tube
marks its position in the left part of the figure. The optical axis of the main laser beam is perpendicular to the plane of the figure and its
position in the plane is marked as a white cross. The typical neutral gas density (nneutral) distribution along the optical (x) axis used in this
experiment is shown in (c). The tube can be moved along the optical axis to change the position of the density peak and thus also the
density down-ramp. Furthermore, the density in the peak and plateau can be varied independently.
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wavelength in the peak and the plateau regions. As the
plasma wavelength increases from 11 μm in the peak
where the electron number density is 11 × 1018 cm−3 to
19 μm for the electron number density in the plateau of
3.25 × 1018 cm−3, the injected electrons will be distributed
along 8 μm in the first plasma period. Thus, the injected
electrons are distributed over approximately 40% of the
first plasma wave period, and the average electric field
experienced by the injected electrons is lower than if they
were all placed in the back of the first plasma wave period,
which is the case for self-injection.
The influence of the electron number density in the

plateau after the density down-ramp was studied while
keeping the electron number density in the peak constant at
11 × 1018 cm−3. The resulting kinetic energy of the accel-
erated electrons showed a strong dependence on this
electron number density (see Fig. 4).
While varying the energy of the electrons, using either of

the methods described above, the charge did not show
significant variations compared to the standard deviation.
We conclude that the energy of the electrons could be
controlled independently of the amount of injected charge,
by changing either the electron number density in the
plateau or the length of the plateau. The amount of charge
in the electron beams could be separately controlled, within
a certain range, by varying the peak density while keeping
the plateau density constant. No trend is observed in the
electron energy spectra while varying the peak density,
whereas the beam charge shows a clear dependence on the
electron number density in the peak as shown in Fig. 5. Up
to an electron number density of 10 × 1018 cm−3, the
charge increases linearly with electron number density in
the peak. By increasing this density by only 40% (from

7.1 × 1018 cm−3 to 10 × 1018 cm−3), the observed charge
was increased by more than a factor of 3. Furthermore, the
standard deviation of the shot-to-shot fluctuations in charge
around the fitted linear dependence on peak electron
number density is smaller than 0.1 pC (standard deviation).
Thus, the relative charge fluctuations are significantly
smaller using this setup than in our experiments for self-
injection using a single gas jet.
An interesting feature is observed in the charge depend-

ence as the electron number density in the peak is increased
beyond 10 × 1018 cm−3, shown in the inset in Fig. 5. At
these densities the shot-to-shot fluctuations in charge are
much larger than for lower densities. Remarkably, there

FIG. 3. Peak energy against relative jet position along the
optical axis for two different plateau densities. The acceleration
length in the plateau after the density down-ramp is controlled by
the position of the gas jet. Zero on the x-axis corresponds to the
position where the density down-ramp is approximately centered
in the density distribution from the jet. Each data point corre-
sponds to 10 consecutive shots and the error bars indicate one
standard deviation in each direction. While the electron number
density in the peak is kept constant at 11 × 1018 cm−3, the peak
energy increases linearly (dashed blue line) with the relative jet
position.

FIG. 4. Peak energy (blue) and total charge (red) against
electron number density in the plateau. Each data point corre-
sponds to 10 consecutive shots and the error bars indicate one
standard deviation in each direction. The peak energy increases
linearly (dashed blue line) with the electron number density,
whereas the total charge shows no such trend. The electron
number density in the peak is kept constant at 11 × 1018 cm−3.

FIG. 5. Charge, above 40 MeV, as a function of electron
number density in the peak. The positions of the two nozzles
are kept fixed and the electron number density in the plateau is
kept constant at 3.25 × 1018 cm−3. At low peak densities, the
amount of injected charge increases linearly with only small shot-
to-shot fluctuations (standard deviation of 0.09 pC) around the
fitted line (red dashed). At densities above 10 × 1018 cm−3

(shown in the inset), large fluctuations occur. However, the
fluctuations only contribute to an increase in the total charge
and indicate two different mechanisms of injection. The onset of
the large fluctuations coincides with the electron number density
threshold for self-injection.
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wavelength in the peak and the plateau regions. As the
plasma wavelength increases from 11 μm in the peak
where the electron number density is 11 × 1018 cm−3 to
19 μm for the electron number density in the plateau of
3.25 × 1018 cm−3, the injected electrons will be distributed
along 8 μm in the first plasma period. Thus, the injected
electrons are distributed over approximately 40% of the
first plasma wave period, and the average electric field
experienced by the injected electrons is lower than if they
were all placed in the back of the first plasma wave period,
which is the case for self-injection.
The influence of the electron number density in the

plateau after the density down-ramp was studied while
keeping the electron number density in the peak constant at
11 × 1018 cm−3. The resulting kinetic energy of the accel-
erated electrons showed a strong dependence on this
electron number density (see Fig. 4).
While varying the energy of the electrons, using either of

the methods described above, the charge did not show
significant variations compared to the standard deviation.
We conclude that the energy of the electrons could be
controlled independently of the amount of injected charge,
by changing either the electron number density in the
plateau or the length of the plateau. The amount of charge
in the electron beams could be separately controlled, within
a certain range, by varying the peak density while keeping
the plateau density constant. No trend is observed in the
electron energy spectra while varying the peak density,
whereas the beam charge shows a clear dependence on the
electron number density in the peak as shown in Fig. 5. Up
to an electron number density of 10 × 1018 cm−3, the
charge increases linearly with electron number density in
the peak. By increasing this density by only 40% (from

7.1 × 1018 cm−3 to 10 × 1018 cm−3), the observed charge
was increased by more than a factor of 3. Furthermore, the
standard deviation of the shot-to-shot fluctuations in charge
around the fitted linear dependence on peak electron
number density is smaller than 0.1 pC (standard deviation).
Thus, the relative charge fluctuations are significantly
smaller using this setup than in our experiments for self-
injection using a single gas jet.
An interesting feature is observed in the charge depend-

ence as the electron number density in the peak is increased
beyond 10 × 1018 cm−3, shown in the inset in Fig. 5. At
these densities the shot-to-shot fluctuations in charge are
much larger than for lower densities. Remarkably, there

FIG. 3. Peak energy against relative jet position along the
optical axis for two different plateau densities. The acceleration
length in the plateau after the density down-ramp is controlled by
the position of the gas jet. Zero on the x-axis corresponds to the
position where the density down-ramp is approximately centered
in the density distribution from the jet. Each data point corre-
sponds to 10 consecutive shots and the error bars indicate one
standard deviation in each direction. While the electron number
density in the peak is kept constant at 11 × 1018 cm−3, the peak
energy increases linearly (dashed blue line) with the relative jet
position.

FIG. 4. Peak energy (blue) and total charge (red) against
electron number density in the plateau. Each data point corre-
sponds to 10 consecutive shots and the error bars indicate one
standard deviation in each direction. The peak energy increases
linearly (dashed blue line) with the electron number density,
whereas the total charge shows no such trend. The electron
number density in the peak is kept constant at 11 × 1018 cm−3.

FIG. 5. Charge, above 40 MeV, as a function of electron
number density in the peak. The positions of the two nozzles
are kept fixed and the electron number density in the plateau is
kept constant at 3.25 × 1018 cm−3. At low peak densities, the
amount of injected charge increases linearly with only small shot-
to-shot fluctuations (standard deviation of 0.09 pC) around the
fitted line (red dashed). At densities above 10 × 1018 cm−3

(shown in the inset), large fluctuations occur. However, the
fluctuations only contribute to an increase in the total charge
and indicate two different mechanisms of injection. The onset of
the large fluctuations coincides with the electron number density
threshold for self-injection.
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Measurements of the density distributions show that the
gradient between the two regions is approximately 230 μm
long and is unaffected by changing the backing pressure
within the range used in this experiment. Thus, the density
down-ramp becomes sharper as the backing pressure to the
narrow tube is increased, which allowed for studies to be
performed of the dependence of the number of injected
electrons on the gradient.
The electrons accelerated in the plasma are observed

by letting them impact on a scintillating screen (KODAK

LANEX REGULAR), imaged onto a 16-bit CCD-camera
(PRINCETON PHOTONMAX 1024). The amount of charge
impacting on the scintillating screen is determined using
published calibration factors for the screen [21] and by
calibration of the response of the CCD-camera through the
imaging optics. Furthermore, a 10 cm long dipole magnet
with a peak field strength of 0.7 T can be inserted in the
electron beam to disperse the electrons according to energy
before impacting on the scintillating screen. This allows
for the energy spectrum, above a cutoff energy of 40 MeV,
of the electron beams to be determined. The electron energy
dispersion on the scintillating screen was calibrated by
numerically tracing electrons of different energies through
the dipole magnetic field, according to the experimental
geometry.
Electrons were first injected and accelerated in a target

where gas was supplied only from the 2 mm gas nozzle.
The threshold in electron number density in the plateau
for required self-injection was found to be approximately
11 × 1018 cm−3. The observed beams of electrons had the
typical characteristics of self-injection in gas jets [22,23],
with limited reproducibility and a bunch charge of the order
of 30 pC with a standard deviation higher than 50%.
The electron number density provided from the 2 mm

nozzle was lowered well below threshold for injection (to
3 × 1018 cm−3). When adding gas also from the narrow
tube, beams of accelerated electrons were observed [see
Fig. 2(a)] for every laser pulse sent onto the target. The
bunches of accelerated electrons injected using this
composite gas target contain only of the order of 1 pC
and their spectra typically contain a broad peak [see
Fig. 2(b)]. Furthermore, the shot-to-shot stability in charge
and energy of the electron beams, with standard deviations
13% and 5%, respectively, is far better than the stability
of the beams injected through the self-injection mechanism
in a single gas jet. This indicates that the local increase of
gas in the interaction region facilitates the injection of
electrons into the accelerating wakefield, and the repro-
ducibility suggests that the mechanism is different from the
self-injection observed when only supplying gas from one
nozzle.
The kinetic energy of the accelerated electrons could be

controlled by varying the remaining plasma length after the
density down-ramp. This was done by moving the 2 mm
gas nozzle, while keeping the position of the down-ramp

fixed with respect to the laser focus in vacuum. The
resulting dependence of the peak electron energy on the
length of the remaining plasma is shown in Fig. 3 for two
different densities in the plateau. The result shows that a
longer plasma, after the density down-ramp, provides
higher energy of the electrons. This corresponds well with
the estimated dephasing length [24] Ld ≈ 3 mm, i.e., the
maximum length an injected electron can stay in the
accelerating phase of the wakefield, which is much longer
than the plateau.
Assuming that the movement of the 2 mm gas nozzle

has minor effects on the position of injection, the average
accelerating electric field is estimated by fitting a line to
each series of data. This gives a value of 37 MV=mm at a
density of 2.6 × 1018 cm−3 in the plateau and 50 MV=mm
at a density of 3.25 × 1018 cm−3.
These accelerating electric fields are quite low compared

to most other studies of laser wakefield acceleration using
similar laser parameters [15]. This can be explained by two
parts; first, the electron number density in the plateau is
relatively low compared to studies in which the accelerator
is operated close to the threshold for self-injection. This
leads to a lower peak electric field in the accelerating region
in our experiments. Second, as the electrons are injected
when the plasma wake is growing longitudinally behind
the laser pulse, in a long gradient, the electrons will be
distributed longitudinally over a length approximately
equal to Δλp, where Δλp is the difference in plasma

FIG. 2. Typical image of the dispersed electrons impacting on
the scintillating screen (a) in a color map representing amount of
charge per area. The total amount of charge is approximately
1.5 pC and the beams have a divergence of 10 mrad. Calculated
energy spectra of electrons accelerated in five consecutive shots
(b). The energy spectra of the electrons accelerated using this
target typically contains a broad peak at an energy that is tunable
from 50 to 80 MeV. The shot-to-shot fluctuations in charge and
average energy achieved using this setup are significantly better
compared to self-injection.
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gas jet. The conclusions presented in this article are based
on experiments, performed using a multi-terawatt laser at
the Lund Laser Centre, and supported by particle-in-cell
(PIC) simulations using the code CALDER-CIRC [19].
The laser pulses, each containing 650 mJ of energy and

with a duration (FWHM) of 40 fs, are focused to an almost
circular spot with 19 μm diameter (FWHM), using an
f ¼ 0.765 m off-axis parabolic mirror. The peak intensity
of the laser pulses, when focused in vacuum, is determined
to 3.7 × 1018 W=cm2, corresponding to a normalized
vector potential of 1.3.
Two separate nozzles are used to provide the desired

density distribution of hydrogen gas in the interaction
region, as illustrated in Fig. 1(a), and is ionized by the
leading edge of each laser pulse. The main part of the gas is
supplied by a nozzle with an exit diameter of 2 mm, with its
orifice located 1 mm from the optical axis. This nozzle
provides an almost cylindrically symmetric jet of gas
toward the optical axis, and is typically positioned such
that the laser pulse is focused on the front edge of the
density distribution. Additionally, a narrow metallic tube,
with an orifice diameter of 400 μm, is inserted into the jet,
perpendicular to both the optical axis and the direction of
the main jet. Gas is supplied through this tube to provide an
additional, localized, contribution to the density in the
interaction region with the laser pulse.
The total neutral density distribution, along the optical

axis, of the gas provided from these two nozzles is
characterized off-line by measuring, using a wavefront
sensor, the additional optical path length introduced by the
gas in an optical probe beam [20]. The optical path length
introduced by the gas provided from the 2 mm nozzle is
first measured and the density distribution is calculated
assuming circular symmetry. The narrow tube is inserted

into the flow from the 2 mm nozzle and the wavefront is
again measured, first without any gas supplied from the
narrow tube. By comparing the wavefront with and without
the narrow tube inserted in the flow we conclude that the
gas distribution is essentially unaffected by inserting this
tube. Finally, the difference in optical path length is
measured with gas supplied simultaneously from the main
nozzle and from the narrow tube, as shown in Fig. 1(b).
This allows the contribution from the narrow tube to the
total gas density to be determined assuming circular
symmetry close to the orifice, and the final total density
profile, shown in Fig. 1(c), to be calculated.
The total density distribution along the optical axis

contains a peak and a plateau joined together by a gradient.
As will be shown, under suitable chosen conditions, density
down-ramp injection of electrons into the accelerating
phase of a laser plasma wakefield occurs in this gradient
and the electrons are subsequently accelerated in the
remaining plasma.
The backing pressures supplied independently to each

nozzle are used to control the density in the peak and the
plateau. The density profile from the 2 mm gas nozzle is
approximately flat over 0.7 mm which corresponds to
the maximum plateau length. The density in the plateau
is used to control the plasma wavelength in this region and is
also used to tune the strength of the accelerating field.
Furthermore, the two nozzles are separately mounted on
3-axis translation stages which allow full control of the
position of the two density distributions both relative to each
other and relative to the laser focus. By moving the 2 mm
nozzle along the optical axis, while keeping the narrow
nozzle fixed, the length of the density plateau is varied. This
degree of freedom provides a mean to perform studies of the
acceleration independently of the injection of electrons.

FIG. 1. A schematic illustration of the experimental setup is shown in (a). The laser pulses (red) are focused on the front edge of the gas
jet provided from a 2 mm nozzle with its orifice located 1 mm from the optical axis. A narrow tube is inserted into the jet, with its orifice
0.2 mm from the optical axis, and provides locally an additional amount of gas. The electrons (blue) accelerated in the interaction
propagate along the optical axis. Measurements, using a wavefront sensor, of the additional optical path length introduced by the gas in
an optical probe beam allows the neutral gas density profile to be determined. In (b) the additional path length (Δs) introduced by the
gas, supplied from both nozzles simultaneously, is shown in the color scale in the part not obstructed by the narrow tube. The 2 mm
nozzle is located just below the edge of the image and supplies a flow of gas along the vertical (z) axis. The shadow of the narrow tube
marks its position in the left part of the figure. The optical axis of the main laser beam is perpendicular to the plane of the figure and its
position in the plane is marked as a white cross. The typical neutral gas density (nneutral) distribution along the optical (x) axis used in this
experiment is shown in (c). The tube can be moved along the optical axis to change the position of the density peak and thus also the
density down-ramp. Furthermore, the density in the peak and plateau can be varied independently.
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Figure 6: (a) Simulated evolution of the electron spectrum as the laser pulse propagates through the plasma and 
local electron number density distribution before (b) and after (c) the density down-ramp along with the laser field 
(red) and accelerating electric field (blue). Injection of electrons into the wakefield structure occurs in the density 
down-ramp, located between ≈1.1 mm and ≈1.35 mm. The injected electrons are accelerated in the density plateau 
and the final electron energy spectrum contains a peak centered around 105 MeV and a FWHM of 20 MeV. In (c) 
electrons have been trapped after being injected as the plasma wavelength gradually increased in the density down- 
ramp. 

 

3.4 Numerical simulations and theoretical analysis 
Full particle-in-cell (PIC) simulations of laser wakefield acceleration need to accurately resolve 
very short distances on the order of the laser wavelength (~1 micrometer) for comparatively 
long propagation distances ranging from a few millimetres (for proof-of-principle experiments) 
to a few meters (for experiments aiming at reaching the energy frontier). This modeling is 
critical to understand all the parameters that affect the stability of the LWFA. These disparate 
scale lengths lead to numerically demanding simulations which can be challenging even the 
largest available supercomputers. Development of new techniques capable of reducing 
the computational requisites for these simulations is thus important to design and to 
understand current and future experiments focused on the stability of LWFA. Several 
techniques have been developed for this purpose, including the use of the Quasi-Static 
Approximation, which is valid when the laser pulse profile changes can be neglected during 
the transit of plasma electrons across the laser pulse. Although this approximation is very 
effective to explore external injection regimes, it nevertheless precludes the physics of self-
injection. An approach allowing for large computation speed-ups without physical 
approximations (i.e. also including self-injection) is the boosted frame technique. Although 
promising results have been achieved, these simulations are very challenging because of 
numerical instabilities associated with ultra-relativistic plasma streams in a grid. In order to 
relax computational requirements, while retaining the physics of self-injection, at the expense 
of assuming an envelope approximation for the laser pulse, we implemented a ponderomotive 
guiding center (PGC) laser solver and particle pusher in Osiris. 

The PGC approximation is valid as long as the laser pulse frequency remains within 50 % of 
its initial central frequency, a valid assumption for most of the acceleration in LWFAs. Since 
only the laser pulse envelope (but not its wavelength) needs to be resolved under the PGC 
approximation the cell size on the laser propagation direction can be much larger in 
comparison to full PIC simulations. Computation speed-ups are then associated with the use 
of lower resolutions in the laser propagation direction and from correspondingly larger 
numerical time-steps. Computation speed-ups are similar to those achieved with the boosted 
frame technique, and scale with the square of the ratio between laser and plasma frequencies. 
We performed ponderomotive guiding center simulations in Osiris which are in very good 
agreement with full simulations with no approximations, even in the non-linear blowout regime. 
This is shown in Fig. 7 which shows a comparison between full PIC Osiris simulations and 
simulations using the ponderomotive guiding center approximation. In this example, the 
ponderomotive guiding center simulation uses 10 x less cells in the laser propagation direction 
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and was almost 100 times faster than an equivalent full PIC simulation. Agreement between 
both simulation is, nevertheless, very good. 

 
Figure 7: Comparison between PGC approximation and full PIC Osiris simulations of a Laser Wakefield Accelerator. 
(a) and (b) show plasma electron density for PGC and full PIC. (c) and (d) show corresponding laser pulse intensity 
profiles. 

The dynamics of the bubble also determines the stability of the LWFA beams. Under 
CHARPAC, the HHUD team studied the temporal and spatial expansion of a 
multidimensional model for electron acceleration in the bubble regime. An extended 
analytical model for particle dynamics in fields of a highly-nonlinear plasma wake field (the 
bubble or blow out regime) is derived. The known piecewise model is generalized to include a 
time dependent bubble radius and full field solution in the acceleration direction. Incorporation 
of the cavity dynamics in the model is required to simulate the particle trapping properly. On 
the other hand, it is shown that the previously reported piecewise model does not reproduce 
the formation of a mono energetic peak in the particle spectrum. The mono energetic electron 
beams are recovered only when the full longitudinal field gradient is included in the model. 

 
Figure 8: (a) Trajectory in the piecewise model, particle is not trapped. (b) Trajectory in the time-dependent 
piecewise model, particle is trapped. The black solid circle shows the initial bubble radius R0. The blue dotted circle 
is the bubble after the simulation ends. (c) Simulation configuration: Bubble running into a grid of electrons. 

To analyse the energy spectra in the time-dependent piecewise model a grid of electrons with 
zero momentum is placed in front of the bubble (see Fig. 8c). Afterward, we solve the equations 
of motion for every individual particle, i.e. we neglect the interaction of the test electrons. The 
electron spectra we receive after the electron bunch of trapped electrons has passed its 
acceleration length look like that in Fig. 8a. Here, we do not observe any mono energetic 
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electron beams but a quasi-equal distribution of the particles in energy. The mono-energetic 
spectra can be recovered in the full gradient model. The full gradient model is however quite 
difficult to treat analytically. Thus, we introduce another extension of the time-dependent 
piecewise model that is still analytically treatable and preserves a production of mono energetic 
electron beams.  In the half-pieceweise model (hPWM) we still replace the perpendicular field 
E⊥ by the constant field-strength parameter F. In longitudinal direction, however, we take the 
full field gradient. The resulting wake-field potential is 

44
||2)(

22 RF
−

+
=Φ

ρξr  

Here, the coordinate ξ = z − V t always contains the group velocity of the generating laser pulse 
at the bubble front because the bubble radius is assumed to be fixed.  If we now repeat the 
simulations of the electron grid in the the hPWM, we get energy spectra similar to those shown 
in Fig. 9. As we see, both PIC-simulated spectra in Fig. 9b and our spectrum from a simulation 
with F = 4, R0 = 8, and γ0 = 15 exhibit the same structure. 

 

 
Figure 9: (a) Energy distribution for F = 4, R0 = 4, and γ0 = 5 in the time-dependent piecewise model. (b) PIC energy 
spectra taken from Fig.2 in [A. Pukhov and S. Gordienko, Phil. Trans. R. Soc. A 364, 623 (2006).]. (c) Energy 
spectra in the hPWM for γ0 = 15, R0 = 8, and F = 4. 

Summarizing our expansions of the original piecewise model we note two things. First, we see 
that it is possible to treat an enhanced interaction between the electron bunch and the bubble 
potentials. This in turn leads to a growing trapping cross-section and thus to a more efficient 
self-injection. 

Energy spectra in our simulations show that no mono energetic electron beams are generated, 
if all field gradients are neglected. To fix this problem, we invent a hybrid model that includes 
the right fields in moving direction and replaces the transverse field gradients by a field strength 
parameter. In this modification we observe the generation of mono energetic electron beams 
and are able to calculate trapping conditions analytically. 

The next steps of our work will be to go back to the original full gradient model and to try to 
find the envelope approximation functions by other means than the introduction of a field 
strength parameter. If we succeed, trapping cross-sections and trapping conditions for the 
most physical model will be available without thinking about an arbitrarily set field strength 
parameter.  

4 Conclusions 
In CHARPAC, an important focus of the activity was on the improvement of the stability of laser 
plasma accelerators. An experimental effort on LWFA in capillaries was able to demonstrate 
electron beams with an average charge of 43 pC and a standard deviation of 14%, with the 
fluctuations in charge are partly correlated to fluctuations in laser pulse energy. The pointing 
scatter of the electron beams was measured to be as low as 0.8 mrad (rms), also with a 
correlation between the high laser beam pointing stability and the stability of the electron 
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beams. A new variable length gas cell was developed, which allows reproducible gas density 
profile within only 0.6% fluctuations. Controlled density down-ramp injection was used to 
obtained stable electron beams with fluctuations of 13% in charge and 5% in peak energy. The 
scheme was also used to demonstrate tunable electron beams (control of charge and peak 
energy). A new numerical technique to explore the stability of LWFA beams in realistic 
configurations e.g. long propagation distances was also implemented in one of the PIC codes 
in use in CHARPAC. A temporal and spatial expansion of a multidimensional model for electron 
acceleration in the bubble regime was also pursued, including an extended analytical model 
for particle dynamics in fields of a highly-nonlinear plasma wake field (the bubble or blow out 
regime) which can predict particle trapping and thus the conditions at injection that can perturb 
the stability of the self-injected beam. 
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