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Injection in a shock front : principle
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50 consecutive shots

Experimental Set-up and Results

Peak energy : ~ 290 MeV Energy spread : ~ 20 MeV (6%)
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Principle of ionization injection
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Electrons ionized when the laser 
crosses the shock front spend more 
time in the acceleraing eld, they are 
therefore more likely to be be trapped.
They can thus be injected below the 
threshold for classical ionization 
injection, leading to localized trapping 
and low energy spread

Properties 
 - Possibly high charge (>100 pC)
 - Low transverse emittance
 - Stable
 - Large energy spread

Injection in a shock front with ionisation assistance 
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N5+ and N6+ are ionized only when the laser 
intensity is maximum



-5
0
5

 

-5
0
5

An
gl

e 
(m

ra
d)

80 100 120 140
-5
0
5

Energy (MeV)

-5
0
5

 -5
0
5

 -5
0
5

 -5
0
5

 -5
0
5

 -5
0
5

 -5
0
5

 
  

  80 100 120 140 Energy (MeV)

    
  
  

      

He + 1% N2 He

RMS Stability 
δE/E = 2.5% 
δQ/Q = 12%

Pointing 
1.5 mrad RMS
(down to 0.7)

Divergence 
2.6 x 5 mrad2

Energy spread 
14 ± 2 MeV 

RMS Stability 
δE/E = 7% 
δQ/Q = 24%

Pointing 
3.2 mrad RMS

Divergence 
3.2 ± 0.7 mrad

Energy spread 
20 ± 10 MeV 

Gas mixture Pure helium
Experimental Results : Pure helium vs gas mixture (1% N2) 
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A density step rephases 
 the electron bunch 



Electron rephasing in a Laser-Wakefield Accelerator
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Electron energy in a laser-plasma accelerator is generally
:::
can

::
be

:
limited by the dephasing length,

after which electrons start to decelerate. In theory, this limit can be overcome by increasing the
plasma density along the laser propagation axis. Experimental results on electron acceleration
using a simplified version of this so-called tapered accelerator are presented. A step density profile
is obtained by forming a shock front close to the middle of a supersonic gas flow. The density step
allows to rephase the electron beam with the accelerating field and leads to an energy boost of
almost 50 percent.

Laser-Wakefield Accelerators allow the production of
relativistic electron beams over a short acceleration dis-
tance (a few millimeters

:::::::::
millimeter

:::
to

:::::::::
centimeter

:::::
scale) by

focusing a high-intensity laser pulse in an under-dense
plasma [1–3]. The maximum attainable energy is lim-
ited by three processes: laser pulse depletion, laser de-
focusing and dephasing. Each of theses processes occur
after a characteristic propagation length and the final
electron energy is determined by the process that sets in
first. Firstly, the depletion length is the distance over
which the laser pulse transfers most of its energy to the
wakefield and subsequently cannot sustain the wakefield
any further. Further increasing the energy transfer in
a depletion-limited accelerator would require to increase
the laser energy [4, 5]. Secondly, di↵raction of the laser
during propagation will reduce the intensity. This ef-
fect is generally mitigated by self-focusing. However,
self-focusing is not e�cient over arbitrarily long distance
because the laser power decreases during the propaga-
tion, due to pump depletion, eventually becoming smaller
than the critical power for self-focusing. Therefore accel-
erating electron beam over long lengths require plasma
waveguides [6, 7]. Pump depletion and defocusing deter-
mine the distance over which the wakefield structure can
be maintained. Yet, the excitation of a wakefield is not
su�cient to guarantee that the electron beam is acceler-
ated, because of dephasing. Actually, as the laser group
velocity and thus the wake velocity are smaller than the
electron beam velocity, the electron beam outruns the
plasma wave during the acceleration and reaches a phase
of the wake where the field is decelerating. This last e↵ect
is the dominant

::::
e↵ect

::
is
:::
an

::::::::::
important limiting factor in

most
:
a
:::::::::::
considerable

::::::
range

::
of

:
experimental conditions.

The laser group velocity and hence the dephasing
length depend on the plasma density, getting longer for
low densities. It has been proposed years ago to use a
spatially tapered plasma density profile to increase this
limit and overcome electron dephasing [8]. The idea be-
hind this method is to use an accelerating medium with
an upward density ramp along the laser propagation. As

Lb,1 Lb,2

(a)

(b)

FIG. 1. (Color online) (a) Schematic representation of the
bubble before and after the density step. The driving pulse
(red) generates a bubble with a size Lb,1, which shrinks
(Lb,2 < Lb,1) by crossing the density step. The accelerat-
ing (green gradient) and decelerating (blue gradient) regions
are shown. The electron bunch (purple) reaches the end of
the accelerating region before the density step and is shifted
back to the accelerating field when crossing the density step.
(b) Schematic representation of the experimental setup. The
blade can move in and out the gas jet.

the driving laser pulse encounters higher plasma density,
the wakefield period shrinks and the frontier between the
accelerating and decelerating region moves as fast as the
electron bunch itself, keeping it at the same phase inside
the ion cavity. The phase matching between wakefield
and the electron bunch can be kept for a longer accel-

Experimental set-up
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tron energies. To get perfect matching the density profile
must be parabolic, which experimental realization is not
straightforward. The density tapering e↵ect has been
extensively studied numerically [9–13], however its ex-
perimental demonstration has been sparsely studied.

In this Letter, we explore a simpler way to increase
electron energy, with a plasma presenting a low density
region followed by a high density one, separated by a
sharp density jump. This profile is obtained by creating
a shock front in a supersonic gas jet, generated by plac-
ing a blade perpendicular to the gas flow emanating from
the nozzle. Ideally, the density step is placed close to the
dephasing length, where the head of the bunch enters the
decelerating region. When the laser crosses the density
jump, the bubble shrinks abruptly (Fig. 1(a)). Without
the density step, the most energetic electrons at the head
of the bunch would eventually enter the decelerating zone
and their energy would decrease. In contrast, with the
density step, electrons exit the decelerating region and
shift to the rear of the cavity where the accelerating field
is larger, as shown in Fig. 1(a). The maximum electron
energy is therefore larger than in an uniform plasma den-
sity.

The experiment has been performed with the ’Salle
Jaune’ Ti:Sa laser system (laser wavelength l

0

= 813 nm)
at Laboratoire d’Optique Appliquée. A linearly polar-
ized, 1.2 J on target, 30 fs (corresponding to a peak power
P = 40 TW) laser pulse is focused at the entrance of a
1.5 mm supersonic Helium gas jet using a f/10 o↵-axis
parabola (as seen in the experimental setup sketched in
Fig. 1(b)). The Full Width at Half Maximum (FWHM)
focal spot size is 18 mm, with a peak intensity on target
of I = 1⇥ 1019 W.cm–2, equivalent to a normalized vec-
tor potential a

0

= 2.2. A 500 mm thick silicon wafer is
placed on the leaving side of the gas jet to create a sharp
density transition, by using a setup similar to the one
in Ref. [14, 15]. Note that in these previous studies the
shock front is created on the entering side of the gas jet to
trigger electron injection in the downward density jump,
whereas here the shock is on the leaving side of the jet
and creates a sharp upward density ramp. The longitudi-
nal position of the shock is adjusted by moving the blade
in and out. Electron spectra are measured with a spec-
trometer consisting of a permanent magnet (1.1 T with
a length of 100 mm) combined with a phosphor screen
imaged on a 16 bit CCD camera. The phosphor screen
and detection system are calibrated so that the electron
beam charge and energy distribution are measured for
each shot.

The plasma density spatial distribution is character-
ized using Nomarski interferometer. The phase maps
are recovered from the corresponding interferograms with
a Continuous Wavelet Transform algorithm, shown in
Fig. 2(a) for three blade positions. The density transi-
tion is measured to be smaller than 10 mm, the resolution
of the imaging system. Plasma density is then calculated

FIG. 2. (Color online) (a) Phase maps calculated from the
interferometry measurements for di↵erent positions of the
blade. (b) Longitudinal plasma density profiles on axis for
di↵erent positions of the blade, measured from the center of
the gas nozzle at z = 0 mm approximately 3 mm above the
nozzle.

though Abel inversion assuming a cylindrical symmetry
of the plasma around laser propagation axis. Measured
longitudinal plasma density profiles for di↵erent positions
of the blade in the jet are shown in Fig. 2(b), with the
laser propagating from left towards right. The ratio of
plasma densities in front of and behind the shock front is
about 3, and tends to go down when the blade is shifted
out of the gas jet. Note that because of an imperfect sym-
metry, the density step width may be smoothed in the
Abel inversion process. Beyond the shock, the plasma
density gently decreases with a characteristic length of
around 1 mm.

Firstly a scan of the gas density is performed in or-
der to determine the optimum plasma density for which
the electron energy cut-o↵ is the highest. The energy
spectrum with a uniform plasma density is shown in the
top panel of Fig. 3(a) (angle resolved spectrum) and in
red in Fig. 3(b) (spectrum integrated over the transverse
direction). The electron spectrum is monotonously de-
creasing and rather flat, with a cut-o↵ energy around
230 MeV. The cut-o↵ energy is defined as the electron
energy where the charge of the beam becomes smaller
than 6 femtocoulombs per MeV. Such a spectrum indi-
cates the transverse self-injection of a long bunch [16],
which is consistent with an electron plasma peak density
n
e

= 8.5⇥ 1018 cm–3 along few millimeters.

When the blade is placed such as the shock is cre-
ated slightly beyond the center of the gas jet, the spec-
trum changes drastically, as shown in the bottom panel of
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FIG. 3. (Color online) (a) Experimental angle resolved elec-
tron spectra in logarithmic scale without (top panel) and with
the shock at 0.47 mm after the gas jet center (bottom panel).
(b) Corresponding angle integrated electron spectra in loga-
rithmic scale.

When the blade is placed such as the shock is cre-
ated slightly beyond the center of the gas jet, the spec-
trum changes drastically, as shown in the bottom panel of
Fig. 3 (a) (corresponding to a shock position of z

s

= 0.47
mm). The number of electrons between 100 MeV and
200 MeV substantially drops by a factor 20, and a quasi-
monoenergetic peak appears around 300 MeV, with an
energy-spread FWHM around 30 %. The cut-o↵ energy
at 6 fC/MeV is around 100 MeV higher (up to 360 MeV)
than with the flat density profile. The high energy peak is
well-collimated (divergence lower than 4 mrad FWHM),
whereas the low energy branch of the spectrum (between
50 and 100 MeV) presents a larger divergence (about
15 mrad FWHM) than for the case without shock (5
mrad FWHM). Moreover, the number of low energy elec-
trons -with energies lower than 70 MeV- is larger for the
density step profile.

:::::
Note

::::
that

:::
the

:::::
total

:::::::
charge

:::::::
without

:::::::::::
(Q = 55± 20

::::
pC)

::::
and

:::::
with

::::::::::::
(Q = 64± 12

::::
pC)

::::
the

:::::
shock

:::
are

:::::::
similar.

:
As we show in the following, these features

are well reproduced by simulations and can be under-
stood by inspecting the electron distribution in the lon-
gitudinal phase space (z, E).

To get insight on the details of the acceleration process,
we perform simulations of the injection and acceleration
of electrons along the gas jet by using the Particle-in-Cell
(PIC) code CalderCirc [17]. This fully electromagnetic
3D code uses cylindrical coordinates (r, z) and Fourier
decomposition in the poloidal direction. The simulations
are performed using a mesh with Dx = 0.3 k–1

0

and Dr =
1.5k–1

0

(with k
0

= 1/l
0

), and 2 Fourier modes (m =
0 – 1). The plasma density profile is defined from the
experimentally measured profiles, with a peak density
n
e

= 8.5 ⇥ 1018 cm–3 for the uniform plasma
::::::
plasma

FIG. 4. (Color online) Electron density in the phase space
(z, E) for a gas jet without (a) and with (b) the shock. Green
curve shows the longitudinal electric field on the laser axis.
Simulated spectra obtained at the exit are shown in (c). The
density transition is at z = 0.900 mm.

:::::::
without

:::::::
density

:::::::::
transition. The laser intensity is set to

I = 1.0⇥ 1019 W.cm–2 and the laser waist to 15 mm.
Figure 4 shows a snapshot of the electron density dis-

tribution in the longitudinal phase space (z, E) resulting
from simulations, for a gas jet without (a) and with the
shock (b). The simulated energy spectra of the extracted
electrons are shown in Fig. 4(c), presenting a distribu-
tion similar to those obtained in the experiment. Self-
injection of electrons into the bubble begins relatively
late during the pulse propagation, around the middle of
the gas jet (at z = 0 mm). For the case without shock,
self-injection of electrons will continue up to z ⇠ 1.3 mm.
Accordingly, this lengthy self-injection process results in
a long electron bunch, as shown in Fig. 4(a). In the case
without shock, the head of the bunch reaches the deceler-
ating region of the bubble after ⇠ 0.9 mm of acceleration
with an energy around 250 MeV (the limit between the
accelerating and decelerating regions is the point where
the longitudinal field sign switches). As a result, elec-
trons at the head of the bunch dephase and at the end
of the gas jet their energy has decreased below 200 MeV,
as shown in Fig. 4(c).
In the shock case, the phase space drastically changes

3
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Simulated spectra obtained at the exit are shown in (c). The
density transition is at z = 0.900 mm.

:::::::
without

:::::::
density

:::::::::
transition. The laser intensity is set to

I = 1.0⇥ 1019 W.cm–2 and the laser waist to 15 mm.
Figure 4 shows a snapshot of the electron density dis-

tribution in the longitudinal phase space (z, E) resulting
from simulations, for a gas jet without (a) and with the
shock (b). The simulated energy spectra of the extracted
electrons are shown in Fig. 4(c), presenting a distribu-
tion similar to those obtained in the experiment. Self-
injection of electrons into the bubble begins relatively
late during the pulse propagation, around the middle of
the gas jet (at z = 0 mm). For the case without shock,
self-injection of electrons will continue up to z ⇠ 1.3 mm.
Accordingly, this lengthy self-injection process results in
a long electron bunch, as shown in Fig. 4(a). In the case
without shock, the head of the bunch reaches the deceler-
ating region of the bubble after ⇠ 0.9 mm of acceleration
with an energy around 250 MeV (the limit between the
accelerating and decelerating regions is the point where
the longitudinal field sign switches). As a result, elec-
trons at the head of the bunch dephase and at the end
of the gas jet their energy has decreased below 200 MeV,
as shown in Fig. 4(c).
In the shock case, the phase space drastically changes

3

FIG. 3. (Color online) (a) Experimental angle resolved elec-
tron spectra in logarithmic scale without (top panel) and with
the shock at 0.47 mm after the gas jet center (bottom panel).
(b) Corresponding angle integrated electron spectra in loga-
rithmic scale.

When the blade is placed such as the shock is cre-
ated slightly beyond the center of the gas jet, the spec-
trum changes drastically, as shown in the bottom panel of
Fig. 3 (a) (corresponding to a shock position of z

s

= 0.47
mm). The number of electrons between 100 MeV and
200 MeV substantially drops by a factor 20, and a quasi-
monoenergetic peak appears around 300 MeV, with an
energy-spread FWHM around 30 %. The cut-o↵ energy
at 6 fC/MeV is around 100 MeV higher (up to 360 MeV)
than with the flat density profile. The high energy peak is
well-collimated (divergence lower than 4 mrad FWHM),
whereas the low energy branch of the spectrum (between
50 and 100 MeV) presents a larger divergence (about
15 mrad FWHM) than for the case without shock (5
mrad FWHM). Moreover, the number of low energy elec-
trons -with energies lower than 70 MeV- is larger for the
density step profile.
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that
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the
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total

:::::::
charge

:::::::
without

:::::::::::
(Q = 55± 20

::::
pC)

::::
and

:::::
with

::::::::::::
(Q = 64± 12

::::
pC)

::::
the

:::::
shock

:::
are

:::::::
similar.

:
As we show in the following, these features

are well reproduced by simulations and can be under-
stood by inspecting the electron distribution in the lon-
gitudinal phase space (z, E).

To get insight on the details of the acceleration process,
we perform simulations of the injection and acceleration
of electrons along the gas jet by using the Particle-in-Cell
(PIC) code CalderCirc [17]. This fully electromagnetic
3D code uses cylindrical coordinates (r, z) and Fourier
decomposition in the poloidal direction. The simulations
are performed using a mesh with Dx = 0.3 k–1

0

and Dr =
1.5k–1

0

(with k
0

= 1/l
0

), and 2 Fourier modes (m =
0 – 1). The plasma density profile is defined from the
experimentally measured profiles, with a peak density
n
e

= 8.5 ⇥ 1018 cm–3 for the uniform plasma
::::::
plasma

FIG. 4. (Color online) Electron density in the phase space
(z, E) for a gas jet without (a) and with (b) the shock. Green
curve shows the longitudinal electric field on the laser axis.
Simulated spectra obtained at the exit are shown in (c). The
density transition is at z = 0.900 mm.

:::::::
without

:::::::
density

:::::::::
transition. The laser intensity is set to

I = 1.0⇥ 1019 W.cm–2 and the laser waist to 15 mm.
Figure 4 shows a snapshot of the electron density dis-

tribution in the longitudinal phase space (z, E) resulting
from simulations, for a gas jet without (a) and with the
shock (b). The simulated energy spectra of the extracted
electrons are shown in Fig. 4(c), presenting a distribu-
tion similar to those obtained in the experiment. Self-
injection of electrons into the bubble begins relatively
late during the pulse propagation, around the middle of
the gas jet (at z = 0 mm). For the case without shock,
self-injection of electrons will continue up to z ⇠ 1.3 mm.
Accordingly, this lengthy self-injection process results in
a long electron bunch, as shown in Fig. 4(a). In the case
without shock, the head of the bunch reaches the deceler-
ating region of the bubble after ⇠ 0.9 mm of acceleration
with an energy around 250 MeV (the limit between the
accelerating and decelerating regions is the point where
the longitudinal field sign switches). As a result, elec-
trons at the head of the bunch dephase and at the end
of the gas jet their energy has decreased below 200 MeV,
as shown in Fig. 4(c).
In the shock case, the phase space drastically changes

2D dispersion corrected spectra
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FIG. 3. (Color online) (a) Experimental angle resolved elec-
tron spectra in logarithmic scale without (top panel) and with
the shock at 0.47 mm after the gas jet center (bottom panel).
(b) Corresponding angle integrated electron spectra in loga-
rithmic scale.

When the blade is placed such as the shock is cre-
ated slightly beyond the center of the gas jet, the spec-
trum changes drastically, as shown in the bottom panel of
Fig. 3 (a) (corresponding to a shock position of z

s

= 0.47
mm). The number of electrons between 100 MeV and
200 MeV substantially drops by a factor 20, and a quasi-
monoenergetic peak appears around 300 MeV, with an
energy-spread FWHM around 30 %. The cut-o↵ energy
at 6 fC/MeV is around 100 MeV higher (up to 360 MeV)
than with the flat density profile. The high energy peak is
well-collimated (divergence lower than 4 mrad FWHM),
whereas the low energy branch of the spectrum (between
50 and 100 MeV) presents a larger divergence (about
15 mrad FWHM) than for the case without shock (5
mrad FWHM). Moreover, the number of low energy elec-
trons -with energies lower than 70 MeV- is larger for the
density step profile.
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total
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without
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and
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with
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(Q = 64± 12
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pC)
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the
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shock
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are
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similar.

:
As we show in the following, these features

are well reproduced by simulations and can be under-
stood by inspecting the electron distribution in the lon-
gitudinal phase space (z, E).

To get insight on the details of the acceleration process,
we perform simulations of the injection and acceleration
of electrons along the gas jet by using the Particle-in-Cell
(PIC) code CalderCirc [17]. This fully electromagnetic
3D code uses cylindrical coordinates (r, z) and Fourier
decomposition in the poloidal direction. The simulations
are performed using a mesh with Dx = 0.3 k–1

0

and Dr =
1.5k–1

0

(with k
0

= 1/l
0

), and 2 Fourier modes (m =
0 – 1). The plasma density profile is defined from the
experimentally measured profiles, with a peak density
n
e

= 8.5 ⇥ 1018 cm–3 for the uniform plasma
::::::
plasma

FIG. 4. (Color online) Electron density in the phase space
(z, E) for a gas jet without (a) and with (b) the shock. Green
curve shows the longitudinal electric field on the laser axis.
Simulated spectra obtained at the exit are shown in (c). The
density transition is at z = 0.900 mm.

:::::::
without

:::::::
density

:::::::::
transition. The laser intensity is set to

I = 1.0⇥ 1019 W.cm–2 and the laser waist to 15 mm.
Figure 4 shows a snapshot of the electron density dis-

tribution in the longitudinal phase space (z, E) resulting
from simulations, for a gas jet without (a) and with the
shock (b). The simulated energy spectra of the extracted
electrons are shown in Fig. 4(c), presenting a distribu-
tion similar to those obtained in the experiment. Self-
injection of electrons into the bubble begins relatively
late during the pulse propagation, around the middle of
the gas jet (at z = 0 mm). For the case without shock,
self-injection of electrons will continue up to z ⇠ 1.3 mm.
Accordingly, this lengthy self-injection process results in
a long electron bunch, as shown in Fig. 4(a). In the case
without shock, the head of the bunch reaches the deceler-
ating region of the bubble after ⇠ 0.9 mm of acceleration
with an energy around 250 MeV (the limit between the
accelerating and decelerating regions is the point where
the longitudinal field sign switches). As a result, elec-
trons at the head of the bunch dephase and at the end
of the gas jet their energy has decreased below 200 MeV,
as shown in Fig. 4(c).
In the shock case, the phase space drastically changes
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FIG. 5. (Color online) Electron cut-o↵ energy at 6 fC/MeV
(red dots) and energy of the quasi-monoenergetic peak (blue
triangles) as function of the shock position in the gas jet. The
error bars show the standard error of the mean over about 10

:::::::::
consecutive

:
shots (30 shots when the blade is out).

as soon as the bunch crosses the density jump. The left
side of the snapshot shown in Fig. 4(b) is about 50 mm
far from the shock rising edge (z = 0.9 mm). Because of
the reduction of the bubble size and the resulting posi-
tive shift of null field point, when the wakefield crosses
the sharp density transition, the head of the bunch shifts
back to the accelerating region. After the density step,
it finds itself at the tail of the contracted bubble, and is
rapidly accelerated by the the very large longitudinal field
occurring there (E

x

⇡ 2 TV.m–1). The result is a very
fast rotation of the head of the bunch in the phase-space
(z, E), resulting in a quasi-monoenergetic spectrum, as
can be seen in Fig. 4 (c). Beyond the shock, the back
half of the bunch is in the region with decelerating field.
It experiences also a strong defocusing field when cross-
ing the rear of the bubble. The corresponding electrons,
in the range between 100 and 200 MeV, are both decel-
erated and defocused, resulting in a divergence growth
and a decrease of the number of low energyelectrons as
found in the experiment (Fig. 3(a)). The reduction
of the number of low energy electrons is also visible in
the simulated spectrum in Fig. 4(c

:
at

::::
low

:::::::
energy.

::::::
When

::::::::
electrons

:::
are

::::::::
strongly

:::::::::
defocused,

:::::
some

:::
of

:::::
them

::::
may

::::
exit

:::
the

:::::::::
wakefield.

:::::
Note

::::
that

:::
the

:::::::::::
down-ramp

::::::
density

::::::::
gradient

::::
after

::::
the

:::::::::
transition

::::
may

:::::
also

::::
lead

:::
to

:::::::
electron

:::::::::
injection,

:::::::
however

:::::
their

::::::
energy

:::::
would

:::
be

::::
very

:::
low

:::::::
(below

:::
150

:::::
MeV).

The peak energy of the quasi-monoenergetic part of the
electron beam can easily be varied by changing the posi-
tion of the blade in the gas jet. Figure 5) shows the influ-
ence of the shock position on the cut-o↵ energy and the
peak energy. When the blade is moved so far into the gas
jet that the shock is almost at the center of the nozzle, the
energy cut-o↵ is lower than for an uniform density profile

:
a
:::::::
density

::::::
profile

::::::::
without

:::::::::
transition. Indeed, the density

transition is far before the position where the dephasing

length is reached. As a result, electrons are less acceler-
ated before the density transition, and only the very head
of the bunch is re-accelerated in the high density plasma.
As the shock is moved towards the end of the gas jet, the
cut-o↵ energy increases up to 400 MeV for z

shock

⇡ 0.65
mm, corresponding to an energy enhancement of 45 %
compared to the uniform

::::::::::::
transition-free

:
density acceler-

ator. The energy of the quasi-monoenergetic peak is also
found to be maximum for z

shock

⇡ 0.65 mm, where it
reaches 360 MeV.
However, if the shock is placed too far away from the

nozzle center, the energy of the quasi-monoenergetic peak
decreases. Indeed, the electrons at the head of the bunch
(those which can be accelerated after the density tran-
sition) already started to experience the decelerating re-
gion of the bubble, resulting in a lower final energy. The
optimal energy boost corresponds to the case where the
shock is placed close to the dephasing length. Moreover,
the peak energy may decrease when the shock is too close
to the jet edge due to the remaining acceleration length
after the density jump being too short to reach as large
electron energies as before. The plasma density after the
shock also diminishes when the blade is placed close to
the jet edge (as seen in Fig. 2), leading to a lower ac-
celeration field, and then lower electron energies, than
when the blade is more inserted. The peak energy of
the boosted part of the electron bunch is then easily tun-
able by moving the blade in the gas jet, with an opti-
mum when the density transition position approximately
matches the dephasing length position.
In conclusion, experimental demonstration of a sim-

ple density tailored wakefield accelerator was presented.
More precisely, a sharp upward density gradient was used
to rephase the electron beam with the accelerating field
and increase its energy. Experimental results highlight a
maximum energy enhancement of almost 50 % compared
with a uniform

::::::::::::
transition-free

:
plasma density. PIC sim-

ulations underline the fast rotation of the front half of
the electron bunch in the longitudinal phase-space (z, E)
when crossing the density transition, leading to the gen-
eration of a quasi-monoenergetic peak. The energy of
the peak could easily be varied by shifting the position
of the blade in the gas jet, with an optimum position
where the shock was placed close to the dephasing po-
sition in the low density part of the accelerator. In this
demonstration experiment, only the head of the bunch
was rephased and further accelerated. This shortcom-
ing is due to the broad energy spread of the electron
bunch. It could be overcome by using a controlled in-
jection technique, as for instance shock front [14, 15] and
colliding [18–20] injections, to trap an electron beam with
a low energy spread. This way the entire beam could be
rephased and re-accelerated.
This work was supported by the European Research

Council through the X-Five ERC project (Contract No.
339128), LA3NET (GA-ITN-2011-289191), EuCARD2/

Shorter acceleration length 
 in the first stage

Electrons reach the dephasing  
region in the first stage 

Density and length of the second stage decreases
with increasing shock position

2

tron energies. To get perfect matching the density profile
must be parabolic, which experimental realization is not
straightforward. The density tapering e↵ect has been
extensively studied numerically [9–13], however its ex-
perimental demonstration has been sparsely studied.

In this Letter, we explore a simpler way to increase
electron energy, with a plasma presenting a low density
region followed by a high density one, separated by a
sharp density jump. This profile is obtained by creating
a shock front in a supersonic gas jet, generated by plac-
ing a blade perpendicular to the gas flow emanating from
the nozzle. Ideally, the density step is placed close to the
dephasing length, where the head of the bunch enters the
decelerating region. When the laser crosses the density
jump, the bubble shrinks abruptly (Fig. 1(a)). Without
the density step, the most energetic electrons at the head
of the bunch would eventually enter the decelerating zone
and their energy would decrease. In contrast, with the
density step, electrons exit the decelerating region and
shift to the rear of the cavity where the accelerating field
is larger, as shown in Fig. 1(a). The maximum electron
energy is therefore larger than in an uniform plasma den-
sity.

The experiment has been performed with the ’Salle
Jaune’ Ti:Sa laser system (laser wavelength l

0

= 813 nm)
at Laboratoire d’Optique Appliquée. A linearly polar-
ized, 1.2 J on target, 30 fs (corresponding to a peak power
P = 40 TW) laser pulse is focused at the entrance of a
1.5 mm supersonic Helium gas jet using a f/10 o↵-axis
parabola (as seen in the experimental setup sketched in
Fig. 1(b)). The Full Width at Half Maximum (FWHM)
focal spot size is 18 mm, with a peak intensity on target
of I = 1⇥ 1019 W.cm–2, equivalent to a normalized vec-
tor potential a

0

= 2.2. A 500 mm thick silicon wafer is
placed on the leaving side of the gas jet to create a sharp
density transition, by using a setup similar to the one
in Ref. [14, 15]. Note that in these previous studies the
shock front is created on the entering side of the gas jet to
trigger electron injection in the downward density jump,
whereas here the shock is on the leaving side of the jet
and creates a sharp upward density ramp. The longitudi-
nal position of the shock is adjusted by moving the blade
in and out. Electron spectra are measured with a spec-
trometer consisting of a permanent magnet (1.1 T with
a length of 100 mm) combined with a phosphor screen
imaged on a 16 bit CCD camera. The phosphor screen
and detection system are calibrated so that the electron
beam charge and energy distribution are measured for
each shot.

The plasma density spatial distribution is character-
ized using Nomarski interferometer. The phase maps
are recovered from the corresponding interferograms with
a Continuous Wavelet Transform algorithm, shown in
Fig. 2(a) for three blade positions. The density transi-
tion is measured to be smaller than 10 mm, the resolution
of the imaging system. Plasma density is then calculated

FIG. 2. (Color online) (a) Phase maps calculated from the
interferometry measurements for di↵erent positions of the
blade. (b) Longitudinal plasma density profiles on axis for
di↵erent positions of the blade, measured from the center of
the gas nozzle at z = 0 mm approximately 3 mm above the
nozzle.

though Abel inversion assuming a cylindrical symmetry
of the plasma around laser propagation axis. Measured
longitudinal plasma density profiles for di↵erent positions
of the blade in the jet are shown in Fig. 2(b), with the
laser propagating from left towards right. The ratio of
plasma densities in front of and behind the shock front is
about 3, and tends to go down when the blade is shifted
out of the gas jet. Note that because of an imperfect sym-
metry, the density step width may be smoothed in the
Abel inversion process. Beyond the shock, the plasma
density gently decreases with a characteristic length of
around 1 mm.

Firstly a scan of the gas density is performed in or-
der to determine the optimum plasma density for which
the electron energy cut-o↵ is the highest. The energy
spectrum with a uniform plasma density is shown in the
top panel of Fig. 3(a) (angle resolved spectrum) and in
red in Fig. 3(b) (spectrum integrated over the transverse
direction). The electron spectrum is monotonously de-
creasing and rather flat, with a cut-o↵ energy around
230 MeV. The cut-o↵ energy is defined as the electron
energy where the charge of the beam becomes smaller
than 6 femtocoulombs per MeV. Such a spectrum indi-
cates the transverse self-injection of a long bunch [16],
which is consistent with an electron plasma peak density
n
e

= 8.5⇥ 1018 cm–3 along few millimeters.

When the blade is placed such as the shock is cre-
ated slightly beyond the center of the gas jet, the spec-
trum changes drastically, as shown in the bottom panel of

Energy gain 
 = 130 MeV 

 (~50%)

Rephasing AND Energy Boost

http://loa.ensta.fr/ UMR 7639 

2nd European Advanced Accelerator Concepts Workshop, Elba, Italy, September 14-19 (2015) 



I. Injection in a shock front 
w/wo ionization assistance

III. Laser plasma lens

II. Electron beam rephasing
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Principle of Laser Plasma Lens

Estimate of final divergence
from emittance conservation

Longer drift lenght     
smaller possible divergence
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Laser beam
0.9 J, 28 fs, 12 microns FWHM

Focused with a 1 m OAP at the 
entrance of a 3 mm gas jet 
n1 = 9.2⇥ 1018 cm�3

Acceleration stage

Focusing stage
1 mm nozzle with variable n2

Variable Ld
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Focusing stage parameters :

Ld = 1.8 mm
n2 = 3.9 x 1018 cm-3

Divergence after the lens (FWHM)

�✓ = 1.6± 0.2 mrad
Divergence reduction ~ 2.6 ± 0. 7
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Demonstration of beam focusing
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Influence of the lens density

electron density (x1018cm-3)

D
iv

er
ge

nc
e 

FW
H

M
 (

m
ra

d)

0 1 2 3 4 5 6

2

3

4

2nd European Advanced Accelerator Concepts Workshop, Elba, Italy, September 14-19 (2015) 



Two effects governed the
divergence reduction : 

- decrease of the minimum 
achievable divergence 

- decrease of the laser 
intensity with increasing Ld

�
✓,min

= "
x

/��
✓

L
d

excessive focusing 
Ld too short

insufficient focusing
Ld too long
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Influence of the free drift length
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Electrons of different energies are 
not focused to the same extend

Stronger divergence reduction 
at higher energies

�✓,min / (�✓�)
�1

Optimal Ld decreases as electron 
energy increases
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Chromaticity of the laser-plasma lens
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Shock assisted ionization injection 
• More stable than shock front injection
• Much smaller energy spread than 

ionization injection

Electron beam rephasing 
• Simple setup to increase the  

beam energy by 50%

Laser plasma lens 
• Divergence reduced by 2,6
• No emittance growth for drift length  

 <10 cm (and ΔE/E<2%) 

3

FIG. 3. (Color online) (a) Experimental angle resolved elec-
tron spectra in logarithmic scale without (top panel) and with
the shock at 0.47 mm after the gas jet center (bottom panel).
(b) Corresponding angle integrated electron spectra in loga-
rithmic scale.

When the blade is placed such as the shock is cre-
ated slightly beyond the center of the gas jet, the spec-
trum changes drastically, as shown in the bottom panel of
Fig. 3 (a) (corresponding to a shock position of z

s

= 0.47
mm). The number of electrons between 100 MeV and
200 MeV substantially drops by a factor 20, and a quasi-
monoenergetic peak appears around 300 MeV, with an
energy-spread FWHM around 30 %. The cut-o↵ energy
at 6 fC/MeV is around 100 MeV higher (up to 360 MeV)
than with the flat density profile. The high energy peak is
well-collimated (divergence lower than 4 mrad FWHM),
whereas the low energy branch of the spectrum (between
50 and 100 MeV) presents a larger divergence (about
15 mrad FWHM) than for the case without shock (5
mrad FWHM). Moreover, the number of low energy elec-
trons -with energies lower than 70 MeV- is larger for the
density step profile.
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Note
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that
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the
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total
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charge
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without
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(Q = 55± 20

::::
pC)

::::
and

:::::
with

::::::::::::
(Q = 64± 12

::::
pC)

::::
the

:::::
shock

:::
are

:::::::
similar.

:
As we show in the following, these features

are well reproduced by simulations and can be under-
stood by inspecting the electron distribution in the lon-
gitudinal phase space (z, E).

To get insight on the details of the acceleration process,
we perform simulations of the injection and acceleration
of electrons along the gas jet by using the Particle-in-Cell
(PIC) code CalderCirc [17]. This fully electromagnetic
3D code uses cylindrical coordinates (r, z) and Fourier
decomposition in the poloidal direction. The simulations
are performed using a mesh with Dx = 0.3 k–1

0

and Dr =
1.5k–1

0

(with k
0

= 1/l
0

), and 2 Fourier modes (m =
0 – 1). The plasma density profile is defined from the
experimentally measured profiles, with a peak density
n
e

= 8.5 ⇥ 1018 cm–3 for the uniform plasma
::::::
plasma

FIG. 4. (Color online) Electron density in the phase space
(z, E) for a gas jet without (a) and with (b) the shock. Green
curve shows the longitudinal electric field on the laser axis.
Simulated spectra obtained at the exit are shown in (c). The
density transition is at z = 0.900 mm.

:::::::
without

:::::::
density

:::::::::
transition. The laser intensity is set to

I = 1.0⇥ 1019 W.cm–2 and the laser waist to 15 mm.
Figure 4 shows a snapshot of the electron density dis-

tribution in the longitudinal phase space (z, E) resulting
from simulations, for a gas jet without (a) and with the
shock (b). The simulated energy spectra of the extracted
electrons are shown in Fig. 4(c), presenting a distribu-
tion similar to those obtained in the experiment. Self-
injection of electrons into the bubble begins relatively
late during the pulse propagation, around the middle of
the gas jet (at z = 0 mm). For the case without shock,
self-injection of electrons will continue up to z ⇠ 1.3 mm.
Accordingly, this lengthy self-injection process results in
a long electron bunch, as shown in Fig. 4(a). In the case
without shock, the head of the bunch reaches the deceler-
ating region of the bubble after ⇠ 0.9 mm of acceleration
with an energy around 250 MeV (the limit between the
accelerating and decelerating regions is the point where
the longitudinal field sign switches). As a result, elec-
trons at the head of the bunch dephase and at the end
of the gas jet their energy has decreased below 200 MeV,
as shown in Fig. 4(c).
In the shock case, the phase space drastically changes
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