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Lesson from yesterday: It‘s all about luminosity…

...but where do lasers come in?

Injector

+ Low emittance
+ High g-factor
+ High charge
∿ Average fluence
− Wallplug efficiency*

Accelerator (stages)

− Average power
− Wallplug efficiency
− Staging is lossy ↯ Luminosity

State of the art laser :

new ideas
(multipulse driver

etc., new laser
architectures, flying

focus)

Leave the field to
PWFA

?

Future collider :

Plasma accelerator R&D, 
diagnostics development,
staging*RF accel: 10-30% electrical to beam 

efficiency (or more for ERLs)
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Electron peak energy scales roughly linear with peak laser power:

E peak(M
eV) ∼ 10 x P L(T

W)

Data source: 60+ LWFA publications of the past 14 years
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Q peak
(pC) ∼ 2 x P L(T

W)

For electron charge in monochromatic peak, the scaling is less obvious:

Data source: 60+ LWFA publications of the past 14 years
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Bunch duration in LWFAs
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the plasma wave. The modulation depth is proportional to the
amplitude of the nonlinear plasma wave as calculated by ray tracing
(Fig. 2f). Although, as Fig. 2f indicates, the measured oscillations
are smoothed owing to limited resolution and do not reflect the
strong nonlinearity of the real plasma wave, they still reflect its
original period and position.

In the current study, the electron accelerator was driven by 8.5 fs
(FWHM) laser pulseswith an energy of 65mJ on the target delivered
by Light Wave Synthesizer-20 (LWS-20; ref. 25) focused onto a
supersonic helium gas jet (see Methods), where electron bunches
with a quasi-monoenergetic spectrum of Epeak = (19.2±6.7)MeV
were produced. A 2-mJ probe pulse with the same duration ⌧probe
was split from the beam through a hole in one of the plane mirrors
before focusing and directed onto the gas jet perpendicularly to
the main beam (Fig. 1).

The trapped relativistic electron bunch generates an azimuthal
magnetic field localized around the electron bunch (Fig. 2b,c),
which rotates the probe beam polarization as a result of the Faraday
effect by the angle

'rot =
e

2mecnc

Z

l

neB' ·ds (1)

where B' is the azimuthal magnetic field surrounding the electrons,
e,me,c and nc the electron charge, electron mass, vacuum speed
of light and critical density (here: nc = 1.76⇥1021 cm�3) and ds a
path element along the path l of the probe through the plasma. The
rays of the probe beam passing the electron bunch above or below
the laser axis are rotated in opposite directions. For a sensitive,
low-background measurement of 'rot, this region was also imaged
onto two CCD cameras by using a non-polarizing beam splitter
behind the imaging lenses22 (Fig. 1). Polarizers in front of the CCDs
were rotated away from extinction of the original probe beam
polarization in opposite directions by ✓pol,i =±(7.0±0.3)�, slightly
greater than the expected rotation angles. Thus, the intensity in the
images is modulated and regions with positive polarization rotation
seem brighter on one camera than on the other. The measured
intensity Ipol,i(y,z) on the two cameras (i=1,2) is given by

Ipol,i(y,z)= I0(y,z) ·Ti ·[1��i ·cos2('rot(y,z)�✓pol,i)] (2)

where I0(y,z) is the initial probe beam intensity,Ti the transmission
through/reflection off the beam-splitter, and �i = 1� 1/ER,i, with
ER,i being the polarization contrast of the beam in the corresponding
arm. The rotation angle 'rot can be deduced by inversion of
the intensity ratio of the two images Ipol,1(y,z)/Ipol,2(y,z) (see
Methods). The experimentally obtained polarization rotation is
plotted in Fig. 3a, regions of positive and negative angle stand out
from the background.

A raw image of camera 1 (see Fig. 1) combined with the
polarization rotation signal is plotted in Fig. 3b. The plasma wave
trailing the laser pulse and the electron bunch—visualized by
shadowgraphy (Fig. 2f)—is visible to the left of the region with
rotated polarization. From the large number of plasma oscillations
(typically 10–20), we learn that the plasma wave does not decay
completely after the first wake. This indicates that the wake is not
heavily loaded26, as this would lead to rapid destruction of the
subsequent plasma oscillations. To obtain firm evidence for the
origin of the observed oscillations, we measured their period as a
function of electron density while all other experimental parameters
were kept constant (Fig. 3c). The period of the plasma wave—in the
non-relativistic limit—is given by

Tplasma = 2⇡
r

"0me

e2ne
(3)

where "0 is the vacuum permittivity and ne the electron density. The
good agreement of the time-resolved plasma oscillation period with
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Figure 3 |Visualization of the electron bunch and the plasma wave.
a, Polarization rotation angle of the probe beam due to the Faraday effect.
Insets: Transverse and longitudinal lineout of the rotation angle.
b, Combined rotation angle with background subtracted raw image
showing the plasma wave and the rotated polarization (from the same shot
as in a) at an electron density after fully ionizing the He gas of
3.2⇥1019 cm�3. c, Plasma wavelength/period versus electron density. Error
bars are one standard deviation combined with scaling uncertainty. Each
point is an average of 4–7 shots. The red line shows the theoretical
non-relativistic plasma period according to equation (3).

equation (3) corroborates that the oscillations originate from the
plasmawave and reveal that the period is not significantly elongated
by relativistic effects under our experimental conditions27. This
observation is in agreement with the results of our simulations,
which predict that the plasma period depends only weakly on
the laser intensity (at least) up to Ipeak = 1.0 ⇥ 1019 W cm�2

(a0 = 2.1). Although the unparalleled spatio-temporal resolution
of our probing makes plasma dynamics and accelerated electron
bunching directly observable for the first time, this resolution still
has to be further improved to unravel details of these dynamics such
as non-sinusoidal plasma oscillations.

As shown in Fig. 2c, the electron pulse duration can be directly
inferred from the polarization rotation signal. Averaging over 85
shots, the rotation signal seems to have a longitudinal extent of
1rot = (3.8±0.2) µm (FWHM). The deconvolution (see Methods)
of the longitudinal extent yields a mean FWHM electron bunch
duration of ⌧bunch = 5.8+1.9

�2.1 fs (2.5
+0.8
�0.9 fs root mean square), which

is in excellent agreement with the simulated value. The simulation
shows that contributions to the region of rotated polarization from
the electrons constituting the plasma wave at the bubble vertex
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Shadowgraphy + Faraday rotation

5.8±2 fs

Buck et al, Nature Physics 7, 543 (2011)
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Figure 2 |Measured CTR spectrum. Experimental spectrum using the
infrared monochromator (circles) and the visible spectrometer (triangles),
and analytical CTR spectra for different bunch durations (solid lines). Error
bars indicate shot fluctuations and spectral range of the measurement. The
bunch shape is taken to be Gaussian with r.m.s. duration, � , as indicated by
the legend. Other bunch characteristics used for the calculation are the
experimentally measured mean values. Data in the inset has been divided
by the solid angle of respective instrument. Grey area indicates the
incoherent intensity level.

Equation (1) also shows that the shape of the CTR spectrum
contains information on the shape of the electron bunch. By
independently measuring the bunch charge, energy spectrum
and transverse distribution, it is possible to fit the theoretical
model to the experimental results and retrieve information
on the bunch shape23.

To generate high-quality and stable electron bunches, we use
the colliding pulse injection scheme9. The 30 fs (full-width at
half-maximum (FWHM)) pump pulse and injection pulse collide
at an angle of 135� in the centre of a 3mm helium gas jet (see
Fig. 1). The geometry of this arrangement allows a 100 µm Al foil,
used for generation of transition radiation, to intercept the electron
beam 15mm from the exit of the gas jet. The accelerated electron
beam is highly relativistic, stable and quasi-monoenergetic (see
Methods and Supplementary Fig. S1). On average, the peak charge
and peak energy are 15 pC and 84MeV respectively. We estimate
that temporal stretching during transport to the radiator due to
energy spread and divergence is negligible. The beam diameter on
the radiator is estimated to 90 µm(FWHM) (seeMethods).

The forward CTR propagates along the direction of the electron
beam, through a ZnSe window (which has flat transmission in the
infrared) and is collected and collimated outside the interaction
chamber by a 1.5m-focal-length spherical silver mirror. The
collimated radiation is then sent to three different diagnostics,
measuring the infrared spectrum, visible spectrum and spatial
distribution of the CTR.

First, we confirm that themeasured radiation is indeed coherent.
A lens is used to image the spatial distribution in an intermediate
plane between the foil and the collecting mirror onto an absolutely
calibrated 16-bit CCD (charged-coupled device) camera. An
interference filter in front of the camera transmits a 1⌦ = 10 nm
(FWHM) spectral band, centred at ⌦0 = 546 nm. Within a 17mrad
half-angle of collection we measure a total number ofNph = 2⇥107
photons. No CTR signal and no electron beam is observed when
the injection laser is blocked. Integration of the first term of
equation (1) gives the total number of incoherent photons emitted
byNe electrons. For a bunch with charge 15 pC and energy 84MeV,
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Figure 3 | Influence of the bunch shape. a,b, Symmetric (a) and
asymmetric (b) temporal bunch shapes, with an r.m.s. duration of 1.5 fs.
The curves are vertically offset for clarity. c,d, The corresponding CTR
spectra all show a global peak around 3 µm. The bunch parameters used for
the calculation are the measured mean values for energy, charge
and divergence.

the incoherent contribution to the measured number of photons
is Nph

inc = 5 ⇥ 103, within the solid angle of collection of the
instrument. This is more than three orders of magnitude below
the measured number.

The CTR spectrum is diagnosed using two instruments. An
absolutely calibrated, scanning monochromator is used to measure
the spectrum in a wide infrared wavelength range, 1.4–5.5 µm,
within a half angle of collection of 2mrad (ref. 24). Up to 15 laser
shots are averaged at each wavelength position. Simultaneously,
on every laser shot, an imaging spectrometer measures the CTR
spectrum in the wavelength range 0.55–1.0 µm, within a half angle
of 17mrad.On some shots, the spectrum ismodulated.Our analysis
indicates that thesemodulations come from the interference of CTR
generated by multiple electron bunches separated by the plasma
period25 (Lundh,O. et al.manuscript in preparation).Here, wewish
to determine the duration of a single bunch, and consequently shots
for which spectral modulations are observed on this diagnostic are
rejected from the dataset.

The measured CTR spectrum, shown in Fig. 2, has a distinct
peak around 3 µm which is up to seven orders of magnitude
brighter than the incoherent level (grey area in the inset). The inset
shows data from both the spectrometer and the monochromator,
normalized to the solid angle covered by each instrument. Using
the measured mean values for peak energy, bunch charge and
divergence, the CTR spectrum is calculated for Gaussian bunch
shapes, f (t ) / exp[�t 2/2� 2], with different root mean square
(r.m.s.) durations � . A good agreement, in intensity andwavelength
of peak intensity, is found for a bunch duration of � = 1.5 fs. For a
bunch charge of 15 pC, this leads to an inferred peak current of 4 kA
(for a Gaussian pulse shape).

We now look into the influence of bunch shape on the CTR
spectrum. As shown in equation (1), the bunch charge influences
the intensity of the spectrum, but not the wavelength of peak
intensity, ⌦pk. Likewise, one can show that for highly relativistic
bunches (v ⇡ c) and small collection angles (✓0 ⌧ ⌦/⇡�r, where
�r is the bunch radius on the radiator), the temporal bunch shape
dominates and determines the form factor23. At the frequency
corresponding to the peak intensity, !pk = 2⇡c/⌦pk, we have
d2W /d⌦2 = 0, which, for a Gaussian shape, leads to a simple
frequency-duration relation: !pk� = 1.0. This product has a
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CTR spectroscopy (multi-shot)

4.4 fs

Lundh et al, Nature Physics 7, 219 (2011)

CTR spectroscopy (single-shot)
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Electron acceleration: Self (wavebreaking) injection:

Length-variable gas cell: up to >1 GeV beams with multi-100 pC
charge
→ Drive the wakefield into breaking by high intensity pulses in high 
density plasma

+ simple implementation
+ high charge

- generally broad spectra
- relies on self-focusing/-

compression instability →
unstable

- offers little control over
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Getting rid of self-injection:

Controlled injection schemes
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Ionization Induced Injection
If electron is “born” (ionized) inside the potential, it is accelerated less in backward direction.

e.g. Clayton et al., PRL 105, 105003 
(2010)

+ more electrons
- drawbacks similar to

self-injection
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Colliding Pulse Injection
Two colliding pulses
create a standing wave
with scale length of λL/2

Strong ponderomotive
force Fpond∝ 2a0 a1 / λL
pre-accelerates electrons

These e- can be trapped

Colliding Laser Pulses Scheme

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

Theory : E. Esarey et al., PRL 79, 2682 (1997),  H. Kotaki et al., PoP 11 (2004)
Experiments : J. Faure et al., Nature 444, 737 (2006) 

The$first$laser$creates$the$accelera,ng$structure,$a$second$laser$beam$is$used$to$heat$electrons

Wakefield 

Pump beam  Injec2on  
beam 

1st European Advanced  Accelerator Concepts Workshop, La Biodola, Isola d’Elba - Italy, June 2-7 (2013)

lundi 3 juin 13

Colliding Laser Pulses Scheme

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

Theory : E. Esarey et al., PRL 79, 2682 (1997),  H. Kotaki et al., PoP 11 (2004)
Experiments : J. Faure et al., Nature 444, 737 (2006) 

The$first$laser$creates$the$accelera,ng$structure,$a$second$laser$beam$is$used$to$heat$electrons

Wakefield 

Pump beam  Injec2on  
beam 

Injec&on phase 

Beatwave 

1st European Advanced  Accelerator Concepts Workshop, La Biodola, Isola d’Elba - Italy, June 2-7 (2013)

lundi 3 juin 13

Images courtesyV. Malka

Tunability of Laser Plasma Accelerators : electrons energy

http://loa.ensta.fr/ UMR 7639 
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1st European Advanced  Accelerator Concepts Workshop, La Biodola, Isola d’Elba - Italy, June 2-7 (2013)
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Faure, J. et al., Nature 444, 737–9 (2006).
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Shock-front injection
a simpler alternative to colliding pulse injection

3D-PIC Simulation

• H. Suk et al. Plasma electron trapping and acceleration in a plasma wake field using a density transition. PRL Vol 86, 6 (2001)
• K. Schmidt et al. Density-transition based electron injector for laser driven wakefield accelerators. PR-STAB 13, 091301 (2010)
• A. Buck et al. Shock-Front Injector for High-Quality Laser-Plasma Acceleration. PRL 110, 185006 (2013)
• F. Massimo et al. Numerical studies of density transition injection in laser wakefield acceleration. PPCF 59, 085004 (2017)
• K.K. Swanson et al. Control of tunable, monoenergetic laser-plasma-accelerated electron beams using a shock-induced density downramp injector. PR-AB 20, 061301 (2017)

Setup: laser pulse + supersonic gas jet + blade

• Shock in supersonic gas flow causes sharp density 

transition

• Density downramp increases plasma wavelength

• Wake expands and phase velocity is reduced

• Electrons get locally trapped and accelerated

• Injection mainly in 1st plasma period (but also in 2nd)



14

Setup: laser pulse + supersonic gas jet + blade

• Stable, monoenergetic, high charge electron beams
• Charge: 256 ± 36 pC (14 %)
• Peak energy: 210 ± 8 MeV (4 %)
• Energy spread (rms): 13.4 ± 1.6 MeV (6.5 %)

• Spectral Charge density > 10 pC/MeV 
+ 1 mrad divergence! 

Shock-front injection
pointing

corrected
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Shock front scalings
Laser Energy Scan from 0.3 – 2.0 J

• Injection threshold at 500 mJ
• Charge scales linearly with energy
• Data seem to show beam-loading effects

Focus scan over 3 mm (~1 zR)

• Injected charge depends on a0 at shock
• In blowout regime bubble size scales with a0

• Peak energy scales with charge
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• Data from a less stable run (compared to other run)

• Charge: 142 pC ± 43 (30 %) (14 %)

• Peak energy: 198 ± 26 MeV (13 %) (4%)

• Energy spread (rms): 16 ± 19 MeV (13 ± 1.6 MeV )

beam loading effects

• When sorted by peak energy a pattern emerges
• Both energy and energy spread scale with charge
• Peak skewed towards low energy side is a spectral 

effect of beam-loading 

Injection into second bucket, 
less affected by beam loading
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Let’s try something new

Combined injection schemes
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3

Figure 2: Demonstration of double-beam injection. In-
dividual electron beams for di↵erent settings of the optical
collision position and fixed shock-front as sketched in the rect-
angles on the top. Positions (grey boxes, given in mm) are
normalized to the shock-front. For negative collision posi-
tion settings, i.e., in the density upramp, no optically injected
electrons are observed. Collision at 0 mm shows enhanced in-
jection, while the peak energy (blue line) is reduced due to
beam-loading. At positive values: Demonstration of the tun-
able optically injected beam behind the leading electron beam
from the shock-front injection scheme (peak energy shown as
red line).

To understand the physics underlying the di↵erent op-
eration regimes of the injector, we have performed a
series of quasi-3D particle-in-cell simulations. The re-
sults, which are depicted in Figure 3, accurately repro-
duce the experimentally observed behavior. Before the
shock, the plasma density is increasing and hence, the
plasma wavelength decreases. Analogous to the plasma
wave expansion during shock-front injection, this causes
a wake contraction at a velocity vramp / d�p/dt. Elec-
tron injection and acceleration only occurs if the elec-
trons can reach a velocity ve close to the wake’s phase
velocity v� ' vg � vramp, where vg is the group veloc-
ity of the laser. During the upramp (vramp < 0), the
phase velocity is increased and can even reach superlu-
minal speed28. So despite electrons gaining momentum
after the pulse collision, injection is inhibited during this
phase. The situation changes close to the peak density
of the shock, where the relaxed injection conditions al-
low these pre-accelerated electrons to get trapped in the
second wakefield period.

Once the pulse collision occurs at the density down-
ramp, the injection behavior changes. A single injection
event is observed, with increased charge and lower final
beam energy. Simulations suggest that we are operat-
ing in the regime of optical transverse injection, where

upramp downramp plateau 
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Figure 3: Particle-in-cell simulations. (a) Parameter scan
for di↵erent collision positions. As in the experiment, three
distinct regimes for collision in the upramp, during the down-
ramp of the shock and in the plateau are observed. (b) En-
ergy evolution in the first bubble for the three cases. For a
collision in the upramp electrons are initially accelerated, but
are quickly lost due to the super-luminal phase velocity of
the wake. If the collision occurs during the downramp, the
amount of injected charge increases and if the collision occurs
on the plateau, two separate beams emerge. (c) Longitudinal
phase space (false color), on-axis plasma field lineouts (blue)
and laser field (red) at the end of the accelerator for each case.

the pulse collision causes a rapid contraction and re-
expansion of the wakefield24. Accordingly, this regime
can be understood as optically-assisted shock-front injec-
tion. As this combined injection occurs inside the same
plasma cavity, the increased charge causes beam-loading
and thus, lowers the energy gain.

Moving the collision point towards the end of the jet,
the two injection events separate, resulting in two dis-
tinct peaks in the spectrum. The temporal delay of
both bunches is determined by the amount of dephas-
ing occurring between the injection events, leading to
a robust temporal synchronization. For a distance �x
between shock and collision, the ultrashort bunch de-
lay can be estimated as (1 � vg/c0) · �x/c0 ' 2 fs
·ne[1018cm�3]·�x[mm]. Note that this is likely to slightly
overestimate the delay, because optical transverse injec-
tion does not strictly occur at the rear side of the bubble.
The experimental data also showed that beam charge and
energy are reduced compared to pure colliding pulse in-

Excellent match between experiment 
and simulation

Colliding pulse + shock-injection
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Figure 2: Demonstration of the hybrid injection scheme. Left: Individual electron beams for di↵erent settings (grey
boxes) of the optical collision position and fixed shock-front as sketched on the top left. For collision position settings of (32.09-
32.24) mm, i.e., in the density upramp (refer to the density profile on the top right) no optically injected electrons are observed.
Collision at 32.29 mm shows evidence of the optically enhanced shock-front injection. Here the peak energy (blue line) is
reduced due to increased bunch charge which causes beam loading and reduces the acceleration gradient. At (32.39-32.69) mm:
Demonstration of the tunable optically injected beam behind the leading electron beam from the shock-front injection scheme.
Right: Lineouts of the averaged integrated spectra (solid blue line) with their reference spectra (dashed lines) obtained with
respective injection schemes alone. The peak energy and charge values are obtained from a bi-Gaussian fit (red curve).

To understand the physics underlying di↵erent opera-
tion regimes of the hybrid injector, we have performed
a series of particle-in-cell simulations using the quasi-3D
code Calder-Circ57. The results, which are depicted
in Figure 3, accurately reproduce the experimentally ob-
served behavior.

Before the shock, the plasma density is increasing
and hence, the plasma wavelength decreases. Analo-
gous to the plasma wave expansion during shock-front
injection, this causes a wake contraction at a velocity
vramp ' d�p/dt. Electron injection and acceleration only
occurs if the electrons can reach a velocity ve close to
the wake’s phase velocity v� ' vg � vramp, where vg is
the group velocity of the laser. The injection threshold
is therefore increased during the upramp (vramp < 0)
and can even reach superluminal speed58. Even though
electrons gain momentum after the pulse collision, they
cannot co-propagate with the wakefield. This situation
changes close to the peak density of the shock, and the
electrons start to get trapped in the second period of the
wakefield.

If the pulse collision occurs at the density downramp,
we identify a new regime of optically-assisted shock-front
injection. In this regime, a single injection event is ob-
served, with increased charge and lower beam energy.
The latter is typical for beam-loading and even though
we did not measure the temporal profile of the electron
beam during the experiment, this signature strongly in-

dicates that both optical and shock injection occur in the
same plasma cavity. Indeed, the simulations show that
pulse collision additionally lowers the phase velocity of
the wake, leading to enhanced electron injection into the
first wake period.
Moving the collision point further outwards the jet,

the two injection events separate, forming two distinct
peaks in the spectrum. The temporal delay between both
bunches is determined by the amount of dephasing oc-
curring between the injection events. For a distance �x
between shock and collision, the estimated bunch delay is
given by (1�vg/c0)·�x/c0. However, simulations suggest
that we operate close to the regime of optically transverse
injection. Accordingly, electrons are not injected strictly
at the rear of the bubble and the beams partly overlap.
The experimental data also show that beam charge and
energy are reduced compared to pure optical injection,
which is a further sign of the beam-loading caused by
the first, shock-injected beam.
More recently, we have repeated the experiment using

an upgraded laser and larger gas nozzles. In this config-
uration we could increase the electron energy by almost
an order of magnitude, with the peak from shock front
injection at 350 MeV. The new experiment reproduced
the tendencies seen in the first one and the energy of the
optically injected beam could be widely tuned.
An outstanding application of twin-beams as presented

in this paper would be the generation of radiation suit-
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• Data from ATLAS-300 laser at 2.5J, 5 mm 
nozzle

• Collider tunable over 50-200 MeV, while 
shock injection at 350 MeV

• Clear correlation between charge of 1st

beam and energy of 2nd beam: both beams 
sit in the same bubble

• Pulse delay given by dephasing between 
both injection points (down to a few fs!)

• Very difficult for conventional accelerators!

Colliding + shock-injection
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Electron-driven plasma waves
Basic Setup
• Two nozzles with shock-injection
Schmid et al. (2012). PRST-AB 13(9), 91301.

• Transverse sub 10fs probe
Buck et al. (2011), Nature Phys, 7(7), 543-548.
Sävert et al. (2015), PRL, 115(5), 1-5
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§Simulation of an Electron-Driven Plasma Wave

• Cylindrical 2D simulation
• 4 particles per cell
• 60 cells per ω"/c

• Peak density n&'/n' = 0.2
• n' = 6 ⋅ 10/0cm23

• 14µm×14µm×2µm FWHM

• Beam focuses up to n&'/n' ≫ 1 in the 
center

• Peak accelerating fields of ∼ 100 9:;
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§Shadowgraph of an Electron-Driven Plasma Wave

High-pass 
filtered

No filter

Electron bunch with 
• ∼ 200pC charge
• ∼ 1mrad FWHM divergence
• ∼ 250MeV energy

Gas jets with
• ∼ 6 ⋅ 1012cm45 density
• ∼ 6mm separation

67 ∼ 149:

Max F. Gilljohann et al., Direct 
observation of plasma waves and 
dynamics induced by laser-
accelerated electron beams, 
in preparation
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Well, that might just be remaining laser, right…? 

§Shadowgraph of an Electron-Driven Plasma Wave

→ block the laser with a tape

∼ 6mm

tape
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Electron bunch with 
• ∼ 600pC charge
• ∼ 2.5mrad FWHM divergence
• ∼ 250MeV energy

Gas jets with
• ∼ 6 ⋅ 1023cm56 density
• < 1mm separation with tape

Ta
pe

. . . no wave

§Electron-Driven Plasma Wave with Blocked Laser

In neutral gas → ionization by driver is too weak to cause rapid self-focusing
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§Shadowgraph of an Electron-Driven Plasma Wave

• Block the laser with a tape
• Use a counterpropagating laser to pre-ionize the plasma

∼ 6mm
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§Electron-Driven Plasma Wave with Blocked Laser + 
ionization beam

Ionizer

Ta
pe

In preionized plasma → driver starts to self-focus immediately → drives large-amplitude wake
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Ta
pe

Collider

§ Ion Dynamics
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No channel is observed for laser-driven waves!

§Differences to Laser-Driven Plasma Waves
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!"#$

• Cylindrical 2D simulation
• 8 ppc for e" & driver, 1 ppc for H$
• 40 cells per ω(/c

• Peak density n,-/n- = 0.2
• n- = 6 ⋅ 1056cm"8
• 14µm (×14µm)×2µm FWHM

ra
di

al
 fo

rc
e

Laser spot is much larger than the self-focused electron 
beam. 
Large driver → shallow channel

Observation of channel allows to identify the driver!

Gorbunov, L. M., Mora, P., Solodov, A. A. (2001). PRL, 86, 3332.

δn
n-

∼ aAf
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Can LWFA-electrons become a witness beam? (assume E = 200 MeV, Q = 100 pC, cσt= 1.5 µm)

Case 1: FlashForward, ne=4x1016 cm-1, Edriver=1,25 GeV,  Qdriver=0.5 nC,  cσt=24 µm, nb = 500 n0

ne

Ez

Case 1I:  AWAKE, ne=7x1014 cm-1, Edriver=400 GeV,  Qdriver=2.34 nC,  cσt=40 µm, nb = 0.83 n0

Plasma is well-behaved even for witness
density 500 times background density

Still requires beam-loading matching! 

Plasma is severely overloaded (witness
drives its own wake) due to incomplete
blowout by driver.

Stretching by magnetic chicane is
mandatory! 
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