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Density down-ramp injection

• Bubble expands in density 
down-ramp 

• Background electrons 
trapped and accelerated 

✓Shock-front injection: 
Sharp density gradients 
(~λp)  

✓Long density gradients 
(~10λp)
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Abstract

The laser wakefield acceleration technology has taken big leaps since
the beginning of the millennium, however current experiments still lack the
reproducibility needed in order to create a dependable electron source. In
this work a tailored target density profile consisting of two di↵erent density
plateaus separated by a density down-ramp has been studied numerically.
A parametric scan of the density gradient has been performed using the
fully relativistic 3D cylindrical particle-in-cell code CALDER-Circ. We
study the density down-ramp’s e↵ect on the injected electron bunch’s
parameters, such as charge, pulse duration and energy spread.

350 360 370 380
�10

0

10

y
[µ
m
]

�1

0

1

E
x

[a
.u
.]

0

0.5

1

E
l

[a
.u
]

0

0.5

1

n
e

[a
.u
]

410 420 430
�10

0

10

y
[µ
m
]

�1

0

1

E
x

[a
.u
.]

0

0.5

1

E
l

[a
.u
]

0

0.5

1

n
e

[a
.u
]

530 540 550
�10

0

10

x [µm]

y
[µ
m
]

�1

0

1

E
x

[a
.u
.]

0

0.5

1

E
l

[a
.u
]

0

0.5

1
n
e

[a
.u
]



Ionisation-induced trapping
3

Injection and Trapping of Tunnel-Ionized Electrons into Laser-Produced Wakes
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A method, which utilizes the large difference in ionization potentials between successive ionization

states of trace atoms, for injecting electrons into a laser-driven wakefield is presented. Here a mixture of

helium and trace amounts of nitrogen gas was used. Electrons from the K shell of nitrogen were tunnel

ionized near the peak of the laser pulse and were injected into and trapped by the wake created by

electrons from majority helium atoms and the L shell of nitrogen. The spectrum of the accelerated

electrons, the threshold intensity at which trapping occurs, the forward transmitted laser spectrum, and the

beam divergence are all consistent with this injection process. The experimental measurements are

supported by theory and 3D OSIRIS simulations.

DOI: 10.1103/PhysRevLett.104.025003 PACS numbers: 52.38.Kd, 41.75.Jv, 52.35.Mw

Acceleration of electrons using laser-driven plasma
wakes is an active area of research. The longitudinal
electric field of such wakes has been used to accelerate
plasma electrons to energies up to 1 GeV in a few centi-
meters [1]. Currently, significant effort is being directed
towards developing new methods of injecting electrons
into a laser wakefield accelerator (LWFA) for improving
the reliability and efficiency of this scheme [2–6]. Control-
ling the injection process could be used to vary the charge,
divergence, and energy of the accelerated electrons. Recent
work in both electron and laser-driven wakefields has
indicated that in a partially ionized plasma, electrons can
be injected into the wake due to ionization by the electron
or the laser field [7,8]. Here we extend this idea to the
LWFA operating in the self-guided blowout regime, where
the field of the laser is used to control the injection process
into the wakefield. This additional degree of freedom will
permit the trapping of electrons at lower plasma densities,
using lower laser intensities than are currently required for
the self-trapping of plasma electrons that form the wake.
This technique has the potential to generate GeV class
electron beams with low beam divergences and will allow
studies of energy extraction efficiency by beam-loading of
such wakes.

Figure 1 illustrates the principles of the tunneling ion-
ization injection and trapping of electrons into a LWFA
using the code OSIRIS [9]. The wakefield is excited in a
plasma created from a gas or a gas mixture that has
multiple ionization states. Experiments reported here
were carried out in a mixture of helium and trace amounts
of nitrogen gas, although it may be desirable to use other
trace atoms with multiple ionization states depending on
the plasma density and laser conditions that are used. The
leading edge of the ultrashort laser pulse is intense enough
to fully ionize helium atoms and the outer five electrons of
nitrogen. The ponderomotive force of the laser pushes out
these electrons, creating a wake. There is a large difference

between the ionization potential (IP) and thus the ioniza-
tion appearance intensity of the 5th (L-shell) electron that
producesN5þ (IP 98 eV) and the twoK-shell electrons that
produce N6þ and N7þ (IP 552 and 667 eV, respectively).
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FIG. 1 (color online). OSIRIS simulation of the injection of
tunnel-ionized electrons (ne ¼ 7# 1018 cm$3; a0 ¼ 2). As the
laser pulse propagates to the right it ionizes a 9:1 mix of He and
N2 and drives a wake. (a) The envelope of the normalized vector
potential ao of the laser (dashed line) and the ionization state of
nitrogen atoms (solid line) on axis. The superimposed trajecto-
ries (1) and (2) in frame (b) represent simulation electrons
ionized into the wake from the K shell of nitrogen. Electron
(1) is ionized close to the axis and is trapped by the wakefield,
while electron (2), ionized earlier and off axis, slips over the
potential well and is not trapped. The solid line labeled Ez refers
on axis longitudinal electric field of the wake. (c) The normal-
ized wake potential !" on axis, with particular points relevant to
the physics of the trapping mechanism depicted.
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• Background plasma created 
by front edge of the laser 
pulse 

• Core e- ionized close to laser 
peak are trapped and 
accelerated by in bubble 

• High charge possible 
• Not localised, lead to 

continuous spectrum

Illustration: A. Pak et al., Phys. Rev. Lett. 104, 025003 (2010)



Outline
• Interferometric characterisation of a gas cell 

• Study of ionisation injection in a variable length gas cell 

• Ionisation induced trapping in a density gradient
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Lund Multi-Terawatt Laser
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30 TW 
30 fs 
50 mm beam 
10 Hz 
1019 W/m2 
109 contrast 
Adaptive optics 
Pointing stabilization



Gas cell
6

• Variable length 0 - 15 mm 
• Optical windows for diagnostics and interferometry



Measurement of the gas density
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• Mach-Zender interferometer 
• Phase shift proportional to the gas density

Continuous 
HeNe-laser

Pulsed  
gas flow

Photo 
diode

Main beam  
optical axis



Measurement of the gas density

• Valve opens: Gas flows into the cell 
• Equilibrium: Inflow equals outflow (100 µm pinholes) 
• Valve closes: Cell is evacuated
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2.3. DENSITY RECONSTRUCTION

The gas used in the major part of the experiments was nitrogen as the expected phase
shifts for this gas was large. The analysis is therefore more accurate. Moreover, this gas is
not dangerous compared to hydrogen for which almost the same number of oscillations is
expected.

The typical raw signal recorded on the oscilloscope can be seen in Fig. 2.8. The graph
consists of two curves, one representing the trigger and the other, the photodiode signal.
On the photodiode signal, two series of oscillations can be noticed : the first one is the
consequence of the gas filling and the second one the consequence of the gas leaking out.

Figure 2.8: Example of the typical raw data recorded during the experiments.

Some estimation of the peak density can be given only using this raw data. Indeed, on
this example, the number of oscillations to the short stationary state (reached at 100 ms)
is around 4. The gas used to get this curve being nitrogen, the peak density is around
1 ◊ 1019 molecules/cm3 (see App. A p.43). The 100 ms delay is often used as a reference
in this report as it is the delay aimed for shooting during LWFA experiments, because of
the 10 Hz repetition rate of the laser.

2.3 Density reconstruction

To begin to decipher the raw signal, it is essential to know what exactly the photodiode
is sensitive to and what the signal does represent.

2.3.1 Normalization of the raw signal

As it was said before, the signal over time will come to the measured changes in the
intensity over time. While the density changes, the optical path length in the sample
beam (see Fig. 2.1) will change, hence the displacement of the fringes. If, thanks to the
narrowness of the photodiode -or to an iris if it is not su�cient-, only one tiny part of the
interference pattern is saved, the intensity will go from maximum to minimum each time a
fringe moves in front of the diode.

The main MATLAB script that was written and used for analysing the data is explained
in detail in App. C p.45. Here is quickly presented the theory that was used to build the
scripts.

21
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Retrieving the density
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2.3. DENSITY RECONSTRUCTION

Figure 2.9: The six main steps to correct the raw phase shift. Fig. 1 shows the normalized intensity in an

easy example. Fig. 2 shows the raw phase shift. The red diamonds highlight the "stationary points". Fig. 3

is the unwrapped phase shift where all the segments have been corrected. Fig. 4 is the phase o�set. Fig. 5 is

the corrected phase shift, proportional to the density Fig. 6.

23

2.3. DENSITY RECONSTRUCTION

Figure 2.9: The six main steps to correct the raw phase shift. Fig. 1 shows the normalized intensity in an

easy example. Fig. 2 shows the raw phase shift. The red diamonds highlight the "stationary points". Fig. 3

is the unwrapped phase shift where all the segments have been corrected. Fig. 4 is the phase o�set. Fig. 5 is

the corrected phase shift, proportional to the density Fig. 6.

23

2.3. DENSITY RECONSTRUCTION

Figure 2.9: The six main steps to correct the raw phase shift. Fig. 1 shows the normalized intensity in an

easy example. Fig. 2 shows the raw phase shift. The red diamonds highlight the "stationary points". Fig. 3

is the unwrapped phase shift where all the segments have been corrected. Fig. 4 is the phase o�set. Fig. 5 is

the corrected phase shift, proportional to the density Fig. 6.

23

Filling Equilib. Evacuation

Schematic illustration

Diode signal

Wrapped phase

Unwrapped density



2.4. RESULTS AND DISCUSSION FOR DENSITY MEASUREMENTS

Influence of the backing pressure

The density reached the cell could be estimated knowing the backing pressure thanks
to the ideal gas law. If there is no leak, for a given backing pressure P0, the density can
be expected to be around P0

T ·kB
, were T is the temperature and k

B

Boltzmann’s constant.
These values are plotted and labelled as "Theory".

(a) (b)

Figure 2.14: 2.14a Comparison between the best sealed cell measurements and the theory.

2.14b Evolution of neutral gas density over time for di�erent backing pressures.

Fig. 2.14b illustrates the first point that had to be checked : the neutral gas density is
proportional to the backing pressure. The peak density of each curve is highlighted with a
red dot. It shows that there is a tendency for the cell to be filled more rapidly when the
backing pressure increases. Furthermore, the backing pressures used for this illustration
are not precisely hundreds of millibars. The pressure regulator was always overshooting.
In all the measurements, the true backing pressures were noted down but that explains the
possible little variations in height in the gaps between the curves from 2.14b.

Many di�erent attempts for sealing the cell were made. Fig. 2.14a represents the
measurements obtained with the best seal set-up : windows with the exactly adapted size
were set, these windows had no holes, and grease was added in all parts that were supposed
to leak. The peak density reached was superior to 90% of the theoretical value expected
(given there is no leak).

Influence of the cell’s volume

The cell’s volume could be changed thanks to the motorised piston. Theoretically, this
parameter should not have an influence on the peak density. This have been experimentally
confirmed : on Fig. 2.15a, the fluctuations are very small. The main di�erences seem to
happen for small lengths, however the length scans are not accurate in those cases because
the laser beam has then to go through a tiny space between the two cylinders.

As shown in Fig. 2.15b, the long cell requires more time to be filled and emptied. This
is important to know when shooting at 100 ms. Indeed, the aim is to send the pulse when

28
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Influence of the backing pressure
10

• Linear dependence on backing pressure 
• ~90% of static reservoir density measured in cell 
• 100-200 ms filling time to maximum pressure
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Influence of the cell length
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2.4. RESULTS AND DISCUSSION FOR DENSITY MEASUREMENTS

(a) (b)

Figure 2.15: 2.15b Results for a cell length scan.

2.15b Evolution of neutral gas density over time for di�erent cell lengths.

the density is at its maximum. However, with nitrogen, the density at 100 ms is always
within 95% of its maximum density (ref : App. G p.52), whatever the cell’s length is.

Influence of the valve opening time

The opening time for the valve was not supposed have an influence too, and this was
experimentally shown (ref : App. F p.49 Fig. 4). The maximum variation is about 1% of
the average measured density when changing the opening time from 100 ms to 800 ms.

Influence of the gas nature

As the cell will be mostly used with helium and hydrogen, those gases had to be tested
too. The main results are presented below. On Fig. 2.17c, the markers embody the
moment when the density reaches the peak and the error bars represent the time during
which the density is 95% of the peak density on the rising edge of the slope.

It is noticeable that helium and hydrogen quicker reach the stationary state. The filling
for those gases occurs earlier than the one for nitrogen and the gradient is steeper. In
addition, the densities reached for hydrogen and helium are higher than for nitrogen (see
Table 2.2). This behaviour can be seen also in Fig. 2.17a.

A model has been made to try to explain those di�erences. The reasoning is based on
the schematic diagram Fig. 2.16 and detailed in App. H p.55. The cell, represented by a
box, is filled by the gas coming from a first box, embodying the reservoir and the pipes. A
leak empties the cell and the molecules are pumped by the vacuum pump.

As it is shown on Fig. 2.17c, the model explains why the three gases had a di�erent
filling time and a di�erent o�set from the moment the valve opened to the first increase of
density. In fact, according to the kinetic theory, the velocity of a gas molecule along the x

axis can be written as v

x

=
Ò

kB ·T
m

with k

B

the Boltzmann constant, T the temperature
and m the mass of the molecule. So the heavier the molecule is, the slower it will be.

29

• Maximum density is the same for all cell lengths 
• Longer filling time for longer cells

8.5 

8.4 

8.3 

8.2 

8.1 

8.0N
eu

tra
l g

as
 d

en
si

ty
 (x

10
18

 c
m

-3
)

0 5 10 15 20
Cell length (mm)

8 

7 

6 

5 

4 

3 

2 

1 

0N
eu

tra
l g

as
 d

en
si

ty
 (x

10
18

 c
m

-3
)

0 100 200 300 400 500 600
Time (ms)



Influence of the gas medium
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2.4. RESULTS AND DISCUSSION FOR DENSITY MEASUREMENTS

(a) (b)

(c)

Figure 2.17:
2.17a Evolution of neutral gas density over time for di�erent gases.

2.17b Comparison between the three di�erent gases thanks to the model.

2.17c Comparison of the di�erent filling characteristics for di�erent gases with a 5mm cell.

31

• H2, He: ~50 ms filling time 
• N2:      ~100 ms filling time
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Reproducibility
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2.4. RESULTS AND DISCUSSION FOR DENSITY MEASUREMENTS

Figure 2.18: Chronological results of the 50 shots sequence at 240 mbar for a 5mm cell.

A reservoir was added, as previously explained, to have a more stable stationary state.
Thanks to it, the density stays within 95% of the peak density during a longer time (see
Fig. 2.19a). It is then possible to get a high density and a stationary gas target shooting
at 100 ms. However, it will maybe be useful to add a second reservoir considering the fast
filling and emptying for helium and hydrogen.

Once the cell characterized, it will be implemented in LWFA as a gas target. The general
proceeding for these experiments is described in the following chapter, as well as the usual
results for a gas jet target. Unfortunately, the experiments with the cell did not have time
to be carried out during the internship.
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Entrance gradients
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Introduction Experimental set-up Results Summary

Target characterization
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• Density gradients estimated using computational fluid dynamics
• Plateau density measured interferometerically
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Experimental setup
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Localized ionization-induced trapping in density down-ramps 3

Scintillator

Dispersed e�

Dipole magnet

Gas cell

Laser beam

Laser polarization

Gas compartment

Entrance/Exit

Figure 1. Schematic illustration of the experimental set-up. The laser pulses are
focused, through an entrance aperture, into a cell filled with gas. The electrons,
accelerated in the interaction, exit the cell along the optical axis and are dispersed
by a dipole magnetic field before impacting on a scintillating screen imaged by a 16-bit
CCD-camera. The gas cell is designed to allow the inner length to be varied under
vacuum during the experiment.

From the measured pulse duration and energy together with images of the focused

laser pulse, the peak intensity is estimated to (3±0.5)⇥1018 W/cm2 when the laser pulse

is focused in vacuum, corresponding to a peak normalized vector potential a0 = 1.2±0.1.

The leakage through the final dielectric folding mirror is used to focus a co-

propagating reference beam using a lens, and the focal plane is imaged onto a camera.

The images of the focus of the reference beam is used, together with a piezoelectrically

actuated mirror, to steer the position of the focused pulses and thus prevent long term

drifts of the pointing.

The laser pulses are focused through an entrance aperture, with a diameter of

either 100µm or 200µm, into a gas cell of variable length (see Fig. 1). The gas cell

is mounted using a 5-axis holder to accurately position the cell along the optical axis

with the entrance of the cell approximately at the beam waist. Gas is filled from a

reservoir through an electronically controlled valve that is opened well before the laser

pulse arrives at the target, to reach a stationary gas density of gas in the cell. The

number density of neutral gas molecules was characterized using interferometry as a

function of backing pressure o↵-line before the experiment started, and showed that the

stabilized pressure in the cell is 85% of the pressure in the reservoir at the time of arrival

of the laser pulses. Furthermore, the density gradients at the entrance and exit were

characterized using computational fluid dynamics simulations (using both OpenFOAM

SonicFOAM solver and COMSOL CFD). The length of the gradients (from 10% to

90% of the plateau density) are between 0.5mm and 0.7mm depending on the size of

the apertures. The determined density profile was used also in the simulations (see

Target parameters 
• L = 0.5 – 4 mm 
• H2 or H2 + 1%N2 
• P = 100 – 300 mbar

Laser pulse parameters 
• E = 600 mJ 
• TFWHM = 37 fs 
• DFWHM = 17 µm 
• Ipeak = 4 • 1018 W/cm2 

• a0 = 1.2



Density dependence
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Figure 2. (a) Accelerated charge as a function of electron number density in the
density plateau of the cell with the inner length set to 2mm. The threshold in electron
number density is clearly lower when 1% of nitrogen is present in the gas as compared
to pure hydrogen. Furthermore the threshold for trapping is not as sharp as when
pure hydrogen is used. (b) Typical shape of dispersed electron beams of electrons,
and corresponding spectra, accelerated in the gas mixture and in pure hydrogen for
beams containing approximately 40 pC of charge. The electron number densities are
9 · 1018 cm�3 when the gas mixture is used and 13 · 1018 cm�3 when pure hydrogen is
used. The colormap in each image is normalized to its maximum value. The beams of
electrons accelerated in the gas mixture typically have a large divergence and a wide
electron energy spectrum whereas the beams of electrons accelerated in pure hydrogen
typically consists of multiple peaked features.

electron number density of 13 · 1018 cm�3. A typical image of a dispersed electron

beam accelerated under these conditions is shown in Fig. 2(b). These beams typically

contain multiple, peaked, components as self-trapping occurs at multiple locations along

the plasma and the energy and number of the peaks are fluctuating from shot to

shot. However, each of these components has a rather low energy spread (< 10%)

and divergence (<10mrad).

3.2. Studies in short gas cells

The length of the cell is varied in a sequence of shots with the cell filled with the gas

mixture of 1% of nitrogen and the typical spectral shapes are studied. The electron

number density is set to 11 · 1018 cm�3 to operate the accelerator well above the

threshold for ionization-induced trapping. At this density, the power of the laser pulse

exceeds the critical power for self-focusing, P/Pc ⇡ 4. The peak normalized vector

potential is therefore expected to increase rapidly as the laser pulse enters the gas

cell to approximately the value for a matched pulse, containing 585mJ of energy, of

a0 = 3.2 according to the theory by Lu et al. [18]. For this value of the normalized

Mixture H2+1%N2 
• Threshold ≈ 3･1018 cm-3 
• Broad energy spectrum 
• Stable

Cell length = 2 mm

Pure H2 
• Threshold ≈ 1･1019 cm-3 
• Narrow spectral features 
• Fluctuations



Density dependence
16

Localized ionization-induced trapping in density down-ramps 5

0 5 10 15
0

10

20

30

40

50

n

e

[1018 cm�3]

Q
[p
C
]

H2

H2 + 1%N2

H2

15 mrad

50 75 100 150

H2 + 1%N2

E [MeV]

(a) (b)

50 100 150 200
0

0.5

1

E [MeV]

d
Q
/
d
E

[p
C
/M

eV
]

H2

H2 + 1%N2

Figure 2. (a) Accelerated charge as a function of electron number density in the
density plateau of the cell with the inner length set to 2mm. The threshold in electron
number density is clearly lower when 1% of nitrogen is present in the gas as compared
to pure hydrogen. Furthermore the threshold for trapping is not as sharp as when
pure hydrogen is used. (b) Typical shape of dispersed electron beams of electrons,
and corresponding spectra, accelerated in the gas mixture and in pure hydrogen for
beams containing approximately 40 pC of charge. The electron number densities are
9 · 1018 cm�3 when the gas mixture is used and 13 · 1018 cm�3 when pure hydrogen is
used. The colormap in each image is normalized to its maximum value. The beams of
electrons accelerated in the gas mixture typically have a large divergence and a wide
electron energy spectrum whereas the beams of electrons accelerated in pure hydrogen
typically consists of multiple peaked features.

electron number density of 13 · 1018 cm�3. A typical image of a dispersed electron

beam accelerated under these conditions is shown in Fig. 2(b). These beams typically

contain multiple, peaked, components as self-trapping occurs at multiple locations along

the plasma and the energy and number of the peaks are fluctuating from shot to

shot. However, each of these components has a rather low energy spread (< 10%)

and divergence (<10mrad).

3.2. Studies in short gas cells

The length of the cell is varied in a sequence of shots with the cell filled with the gas

mixture of 1% of nitrogen and the typical spectral shapes are studied. The electron

number density is set to 11 · 1018 cm�3 to operate the accelerator well above the

threshold for ionization-induced trapping. At this density, the power of the laser pulse

exceeds the critical power for self-focusing, P/Pc ⇡ 4. The peak normalized vector

potential is therefore expected to increase rapidly as the laser pulse enters the gas

cell to approximately the value for a matched pulse, containing 585mJ of energy, of

a0 = 3.2 according to the theory by Lu et al. [18]. For this value of the normalized

Localized ionization-induced trapping in density down-ramps 5

0 5 10 15
0

10

20

30

40

50

n

e

[1018 cm�3]

Q
[p
C
]

H2

H2 + 1%N2

H2

15 mrad

50 75 100 150

H2 + 1%N2

E [MeV]

(a) (b)

50 100 150 200
0

0.5

1

E [MeV]
d
Q
/
d
E

[p
C
/M

eV
]

H2

H2 + 1%N2

Figure 2. (a) Accelerated charge as a function of electron number density in the
density plateau of the cell with the inner length set to 2mm. The threshold in electron
number density is clearly lower when 1% of nitrogen is present in the gas as compared
to pure hydrogen. Furthermore the threshold for trapping is not as sharp as when
pure hydrogen is used. (b) Typical shape of dispersed electron beams of electrons,
and corresponding spectra, accelerated in the gas mixture and in pure hydrogen for
beams containing approximately 40 pC of charge. The electron number densities are
9 · 1018 cm�3 when the gas mixture is used and 13 · 1018 cm�3 when pure hydrogen is
used. The colormap in each image is normalized to its maximum value. The beams of
electrons accelerated in the gas mixture typically have a large divergence and a wide
electron energy spectrum whereas the beams of electrons accelerated in pure hydrogen
typically consists of multiple peaked features.

electron number density of 13 · 1018 cm�3. A typical image of a dispersed electron

beam accelerated under these conditions is shown in Fig. 2(b). These beams typically

contain multiple, peaked, components as self-trapping occurs at multiple locations along

the plasma and the energy and number of the peaks are fluctuating from shot to

shot. However, each of these components has a rather low energy spread (< 10%)

and divergence (<10mrad).

3.2. Studies in short gas cells

The length of the cell is varied in a sequence of shots with the cell filled with the gas

mixture of 1% of nitrogen and the typical spectral shapes are studied. The electron

number density is set to 11 · 1018 cm�3 to operate the accelerator well above the

threshold for ionization-induced trapping. At this density, the power of the laser pulse

exceeds the critical power for self-focusing, P/Pc ⇡ 4. The peak normalized vector

potential is therefore expected to increase rapidly as the laser pulse enters the gas

cell to approximately the value for a matched pulse, containing 585mJ of energy, of

a0 = 3.2 according to the theory by Lu et al. [18]. For this value of the normalized

Mixture H2+1%N2 
• Threshold ≈ 3･1018 cm-3 
• Broad energy spectrum 
• Stable

9･1018 cm-3

13･1018 cm-3

Typical beams with Q ≈ 40 pCCell length = 2 mm

Pure H2 
• Threshold ≈ 1･1019 cm-3 
• Narrow spectral features 
• Fluctuations
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Figure 4. Typical traces of the dispersed electron beams using (a) a mixture of
hydrogen and 1% nitrogen and (b) pure hydrogen, at an electron number density of
11 · 1018 cm�3 in a cell with an inner length of 0.7mm. Each trace is normalized to its
peak value. Typical energy spectra of beams of electrons accelerated in pure hydrogen
and in a mixture of 1% nitrogen in hydrogen are shown in (c). The energy spectra of
all beams features a peak at 160MeV. In addition, the beams accelerated in the gas
mixture typically contains another peak at a lower energy (⇡90MeV).

Typical spectra from the two cases are shown in Fig. 4(c) normalized at the peak

at high energy. Here it can be observed that the energy spread of the component at

150MeV is approximately 50MeV in both cases. The component at low energy, for this

shot at 90MeV, has an energy spread of only 15MeV, which is significantly smaller.

3.3. 3-dimensional particle-in-cell simulations

Simulations are performed using the fully relativistic 3-dimensional particle-in-cell code

CALDER-CIRC [19], which is based on Fourier decomposition azimuthally around the

optical axis. In the simulations the time-step is set to 52 as and a window moving at

the speed of light in vacuum, with a size of 50µm longitudinally and 75µm radially, is

used. The spatial grid size is set to 16 nm in the longitudinal direction and 190 nm in

the radial direction, and 3 azimuthal Fourier modes are used.

The results from a simulation corresponding to a cell with an inner length of 0.8mm

at an electron number density of 9.1 · 1018 cm�3 are shown in Fig. 5. The laser pulse is

defined in this simulation to have a pulse duration of 34 fs and a size of 17µm (FWHM)

when focused in vacuum, with a peak normalized vector potential of 1.25. Under these

conditions, ionization-induced trapping occurs continuously in the plateau between the

two windows and provide a wide, but very weak background in the electron energy

spectrum. In addition, the resulting electron energy spectrum contains two, slightly

separated peaks, consistent with the experimental results. The peak at higher energy is

identified to contain electrons ionized from hydrogen and the first ionization states of

nitrogen (N�N4+). These electrons are released into the plasma, by ionization from their

corresponding atoms or ions, far from the peak of the laser pulse, and the simulation
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Figure 4. Typical traces of the dispersed electron beams using (a) a mixture of
hydrogen and 1% nitrogen and (b) pure hydrogen, at an electron number density of
11 · 1018 cm�3 in a cell with an inner length of 0.7mm. Each trace is normalized to its
peak value. Typical energy spectra of beams of electrons accelerated in pure hydrogen
and in a mixture of 1% nitrogen in hydrogen are shown in (c). The energy spectra of
all beams features a peak at 160MeV. In addition, the beams accelerated in the gas
mixture typically contains another peak at a lower energy (⇡90MeV).

Typical spectra from the two cases are shown in Fig. 4(c) normalized at the peak

at high energy. Here it can be observed that the energy spread of the component at

150MeV is approximately 50MeV in both cases. The component at low energy, for this

shot at 90MeV, has an energy spread of only 15MeV, which is significantly smaller.

3.3. 3-dimensional particle-in-cell simulations

Simulations are performed using the fully relativistic 3-dimensional particle-in-cell code

CALDER-CIRC [19], which is based on Fourier decomposition azimuthally around the

optical axis. In the simulations the time-step is set to 52 as and a window moving at

the speed of light in vacuum, with a size of 50µm longitudinally and 75µm radially, is

used. The spatial grid size is set to 16 nm in the longitudinal direction and 190 nm in

the radial direction, and 3 azimuthal Fourier modes are used.

The results from a simulation corresponding to a cell with an inner length of 0.8mm

at an electron number density of 9.1 · 1018 cm�3 are shown in Fig. 5. The laser pulse is

defined in this simulation to have a pulse duration of 34 fs and a size of 17µm (FWHM)

when focused in vacuum, with a peak normalized vector potential of 1.25. Under these

conditions, ionization-induced trapping occurs continuously in the plateau between the

two windows and provide a wide, but very weak background in the electron energy

spectrum. In addition, the resulting electron energy spectrum contains two, slightly

separated peaks, consistent with the experimental results. The peak at higher energy is

identified to contain electrons ionized from hydrogen and the first ionization states of

nitrogen (N�N4+). These electrons are released into the plasma, by ionization from their

corresponding atoms or ions, far from the peak of the laser pulse, and the simulation
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Figure 4. Typical traces of the dispersed electron beams using (a) a mixture of
hydrogen and 1% nitrogen and (b) pure hydrogen, at an electron number density of
11 · 1018 cm�3 in a cell with an inner length of 0.7mm. Each trace is normalized to its
peak value. Typical energy spectra of beams of electrons accelerated in pure hydrogen
and in a mixture of 1% nitrogen in hydrogen are shown in (c). The energy spectra of
all beams features a peak at 160MeV. In addition, the beams accelerated in the gas
mixture typically contains another peak at a lower energy (⇡90MeV).

Typical spectra from the two cases are shown in Fig. 4(c) normalized at the peak

at high energy. Here it can be observed that the energy spread of the component at

150MeV is approximately 50MeV in both cases. The component at low energy, for this

shot at 90MeV, has an energy spread of only 15MeV, which is significantly smaller.

3.3. 3-dimensional particle-in-cell simulations

Simulations are performed using the fully relativistic 3-dimensional particle-in-cell code

CALDER-CIRC [19], which is based on Fourier decomposition azimuthally around the

optical axis. In the simulations the time-step is set to 52 as and a window moving at

the speed of light in vacuum, with a size of 50µm longitudinally and 75µm radially, is

used. The spatial grid size is set to 16 nm in the longitudinal direction and 190 nm in

the radial direction, and 3 azimuthal Fourier modes are used.

The results from a simulation corresponding to a cell with an inner length of 0.8mm

at an electron number density of 9.1 · 1018 cm�3 are shown in Fig. 5. The laser pulse is

defined in this simulation to have a pulse duration of 34 fs and a size of 17µm (FWHM)

when focused in vacuum, with a peak normalized vector potential of 1.25. Under these

conditions, ionization-induced trapping occurs continuously in the plateau between the

two windows and provide a wide, but very weak background in the electron energy

spectrum. In addition, the resulting electron energy spectrum contains two, slightly

separated peaks, consistent with the experimental results. The peak at higher energy is

identified to contain electrons ionized from hydrogen and the first ionization states of

nitrogen (N�N4+). These electrons are released into the plasma, by ionization from their

corresponding atoms or ions, far from the peak of the laser pulse, and the simulation
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Figure 4. Typical traces of the dispersed electron beams using (a) a mixture of
hydrogen and 1% nitrogen and (b) pure hydrogen, at an electron number density of
11 · 1018 cm�3 in a cell with an inner length of 0.7mm. Each trace is normalized to its
peak value. Typical energy spectra of beams of electrons accelerated in pure hydrogen
and in a mixture of 1% nitrogen in hydrogen are shown in (c). The energy spectra of
all beams features a peak at 160MeV. In addition, the beams accelerated in the gas
mixture typically contains another peak at a lower energy (⇡90MeV).

Typical spectra from the two cases are shown in Fig. 4(c) normalized at the peak

at high energy. Here it can be observed that the energy spread of the component at

150MeV is approximately 50MeV in both cases. The component at low energy, for this

shot at 90MeV, has an energy spread of only 15MeV, which is significantly smaller.

3.3. 3-dimensional particle-in-cell simulations

Simulations are performed using the fully relativistic 3-dimensional particle-in-cell code

CALDER-CIRC [19], which is based on Fourier decomposition azimuthally around the

optical axis. In the simulations the time-step is set to 52 as and a window moving at

the speed of light in vacuum, with a size of 50µm longitudinally and 75µm radially, is

used. The spatial grid size is set to 16 nm in the longitudinal direction and 190 nm in

the radial direction, and 3 azimuthal Fourier modes are used.

The results from a simulation corresponding to a cell with an inner length of 0.8mm

at an electron number density of 9.1 · 1018 cm�3 are shown in Fig. 5. The laser pulse is

defined in this simulation to have a pulse duration of 34 fs and a size of 17µm (FWHM)

when focused in vacuum, with a peak normalized vector potential of 1.25. Under these

conditions, ionization-induced trapping occurs continuously in the plateau between the

two windows and provide a wide, but very weak background in the electron energy

spectrum. In addition, the resulting electron energy spectrum contains two, slightly

separated peaks, consistent with the experimental results. The peak at higher energy is

identified to contain electrons ionized from hydrogen and the first ionization states of

nitrogen (N�N4+). These electrons are released into the plasma, by ionization from their

corresponding atoms or ions, far from the peak of the laser pulse, and the simulation
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11 · 1018 cm�3 in a cell with an inner length of 0.7mm. Each trace is normalized to its
peak value. Typical energy spectra of beams of electrons accelerated in pure hydrogen
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all beams features a peak at 160MeV. In addition, the beams accelerated in the gas
mixture typically contains another peak at a lower energy (⇡90MeV).
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Simulations with CALDER-Circ
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Background plasma e- from ionised from N5+,6+

• Increased injection from N5+,6+ in downramp
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Simulations with CALDER-Circ
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Background plasma e- from ionised from N5+,6+

• Increased injection from N5+,6+ in downramp 

• Longitudinal extent allows phase-space rotation 

• Two separate peaks in electron energy spectrum



Simulations with CALDER-Circ
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Localized ionization-induced trapping in density down-ramps 9
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Figure 5. Summary of a particle-in-cell simulation (a) showing the evolution of the
spectrum of the trapped electrons from released by ionization from H and N�N4+

(black) and from N5+ and N6+ (green). Three snapshots (b-d) from the simulation
showing trapping of electrons in the density down-ramp at the exit of the cell, with the
corresponding position of each snapshot marked in the density profile in (a). For each
snapshot, the density distribution of the background electrons is shown in black, and
the electrons released from N5+ and N6+ in green. The intensity distribution of the
laser pulse is shown in red. Before the density down-ramp (b), only a small fraction
of electrons, mainly released by ionization of N5+ and N6+, has been trapped. The
electrons released from H and N�N4+ and trapped in the density down-ramp (c) are
well separated in phase-space from the electrons released from N5+ and N6+ that are
also trapped in this ramp. After further acceleration, and phase-space rotation due to
the longitudinal extent of the injected electrons, these two populations form two peaks
in the energy spectrum (d).

in the density down-ramp at the exit of the cell (see Fig. 4(b-c)). These electrons

are subject to a stronger accelerating field and therefore contribute to a peak in the

spectrum at higher energy.

While the electron energy is higher for the electrons trapped from the background

plasma in the density down-ramp, the amount of charge is significantly higher when

e- ionised from N5,6+ 

Epeak = 75 MeV

• Increased injection from N5,6+ in the density ramp 

• Longitudinal extent allows phase-space rotation 

• Two separate peaks in electron energy spectrum

Background plasma 
Epeak = 90 MeV



Summary
• Interferometric characterisation of a variable length gas cell 
• Combined ionisation- and density down-ramp injection 
• Peaked spectra by localisation and phase-rotation 
• Reproducible beam structures

23

Talk in WG1 Wednesday (tomorrow) by Martin Hansson  

Controlled injection using 
Two gas jets: Density down-ramp injection 
Two laser beams: Colliding pulse injection



Thank you for the attention! 
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