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•  Laser wakefield acceleration 


•  Electron dephasing


•  Adapting the wake velocity


•  Experimental results & discussion
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 Laser wakefield acceleration

in the blowout regime
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 Laser wakefield acceleration

in the blowout regime
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Up to TV/m accelerating fields!




 
 Limits on energy gain

in a resonance accelerator
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Sustaining the accelerating structure:

•  Plasma length 

•  Defocusing

•  Depletion



Keeping resonance:

•  Match phase velocity with  

particle velocity








 
 Limits on energy gain

Electron dephasing
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•  Dephasing reduces 
efficiency of LWFA


•  Dephasing is the final 
limit on energy gain


•  But: Dephasing reduces 
energy spread


•  Can we increase the 
gain of a dephasing 
limited accelerator?


Injection length
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energy gain in the blowout regime*


* Using phenomenological framework introduced by Lu et al., PRL 96, 165002, 2006 / PoP 13, 056709, 2006.  
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electron dephasing

Limits on energy gain

Electron dephasing
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 Limits on energy gain

Electron dephasing
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What is the phase velocity of the wake?


Non evolving bubble: 

•  Group velocity

•  Etching
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 Limits on energy gain

Electron dephasing


Ld � c0

c0 � v�
rB

What is the phase velocity of the wake?


Non evolving bubble: 

•  Group velocity

•  Etching


1 � ne

2nc
�ne

nc

Evolving bubble:

•  Additional contraction / 

expansion term
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 Adjusting the wake velocity

Density downramp injection


* Bulanov et al. PRE (1998)., Geddes et al., PRL (2008) 


plasma density 
decreases


bubble 

expands


wake velocity = driver velocity – expansion rate


wake slowed down by 
cavity expansion!


•  Locally slow down plasma wake


•  Injection threshold lowered
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Supersonic 
gas flow 




500 μm  
Silicon wafer 

Shock front 
Laser 
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Adjusting the wake velocity

Injection in sharp density gradients
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* Suk et al. PRL (2001)., Schmid, K. et al PR-STAB (2010), Buck, A. et al., PRL (2013)




 
 Adjusting the wake velocity

PIC simulation of shock injection
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Shock injection
 Dephasing


v�

* 1500 x 250 cells, Δx = 0.3 k0
-1, Δr=1.5k0

-1. λ0=0.8μm.


e- 



 
 Adjusting the wake velocity

Electron rephasing


wake speeds up by 
cavity contraction!


plasma density 
increases


bubble 

shrinks


•  Invert principle of downramp 
injection : an increase of plasma 
density can lead to bubble contraction


•  Electron is rephased
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electron remains in 
accelerating phase


Adjusting the wake velocity

Electron rephasing


wake speeds up by 
cavity contraction!


•  Invert principle of downramp 
injection : an increase of plasma 
density can lead to bubble contraction


•  Electron is rephased


•  Theoretical framework only developed for 
phase locking in linear regime


•  Non-linear regime is more complex due 
to self-focusing
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* e.g. Sprangle et al., PRE 2001, Pukhov et al., PRE 2008,  Rittershofer et al. PoP 2010
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Gain estimation* for complete 
instantaneous phase reset at 
different position x :


maximum gain of ~ 30 percent 
close to dephasing length


Adjusting the wake velocity

Electron rephasing


Propose phase reset instead of 
phase locking!*
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* Ta Phuoc et al., PoP (2008) 



 
 Adjusting the wake velocity

PIC simulations of acceleration with density step
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Shock injection
 Dephasing


v�

* 1500 x 250 cells, Δx = 0.3 k0
-1, Δr=1.5k0

-1. λ0=0.8μm.


e- 



 
 Adjusting the wake velocity

PIC simulations of acceleration with density step
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Rephasing


Self-injection
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* 1500 x 250 cells, Δx = 0.3 k0
-1, Δr=1.5k0

-1. λ0=0.8μm.


e- 
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Rephasing


… so shocks might work better!


Adjusting the wake velocity

PIC simulations of acceleration with density step


* 1500 x 250 cells, Δx = 0.3 k0
-1, Δr=1.5k0

-1. λ0=0.8μm.


e- 



 
 Experimental setup
13




 
 Experimental setup

Turn around shock front injector setup
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raw LANEX data of 5 consecutive shots 

without density transition




Cut-off energy
 Laser axis


Experimental results

Raw data
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raw LANEX data of the next 5 shots 

with density transition




Cut-off energy


Electrons accelerated 

beyond cut-off





Experimental results

Raw data
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Laser axis
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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-
eration distance, and therefore leading to higher elec-
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 ex-
tensively investigated numerically [9–13], however it has
been sparsely studied experimentally yet [14].

In this Letter, we explore a simple way to manipu-
late the electron beam and increase electron energy, with
a plasma presenting a low density region followed by a
high density one, separated by a sharp density jump. Ide-
ally, the density step is placed close to the dephasing
length, where the head of the bunch enters the decelerat-
ing region. When the laser crosses the density jump, the
bubble shrinks abruptly (Fig. 1(c)). Without the den-
sity 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 den-
sity step, electrons exit the decelerating region and shift
almost instantly to the rear of the cavity where the ac-
celerating field is larger, as shown in Fig. 1(c). The max-
imum electron energy is therefore larger than in the case
without transition. In a first experiment, a large energy
spread electron beam is used to demonstrate the princi-
ple of this technique. The density profile is obtained by
creating a shock front in a supersonic gas jet, generated
by placing a blade perpendicular to the gas flow emanat-
ing from the nozzle. In a second experiment, the density
step is made with a second gas jet, which can be used to
enhance the energy of mono-energetic electron beams.

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 po-
larized, 1.2 J on target, 30 fs (corresponding to a peak
power P = 40 TW) laser pulse is focused at the en-
trance 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(a)). 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 nor-
malized vector potential a

0

= 2.2. A 500 mm thick silicon
wafer is placed on the leaving side of the gas jet to cre-
ate a sharp density transition, by using a setup similar
to the one in Ref. [15, 16]. 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 for now the shock is on the leav-
ing side of the jet and creates a sharp upward density
ramp. Measured longitudinal plasma density profiles for
di↵erent positions of the blade in the jet are presented
in Supplemental Material. The longitudinal position of

-20
0

20

 

-20
0

20

dN
/d

E 
(e

- /M
eV

)

 

 

Out

zs= 0.7 mm
3.300E

3.300E

 An
gl

e 
(m

ra
d)

3×104

3×106

dN
/(d

Ed
e)

100 200 300 400 500

 zs=0.3 mm
 zs=0.7 mm
 zs=0.8 mm
 Out

(b)

 

Electron energy (MeV)

(a)

106

107

108

 

FIG. 2. (Color online) (a) Experimental angle resolved elec-
tron spectra in logarithmic scale without (top panel) and with
the shock at 0.7 mm after the gas jet center (bottom panel).
(b) Angle integrated electron spectra in logarithmic scale for
four positions of the blade.

the shock is adjusted by moving the blade in and out.
Electron spectra are measured with a spectrometer con-
sisting 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.

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 en-
ergy spectrum with a plasma density without transi-
tion is shown in the top panel of Fig. 2(a) (angle re-
solved spectrum) and in red in Fig. 2(b) (spectrum in-
tegrated over the transverse direction). The electron en-
ergy distribution corresponds to the Force Laser Wake-
field (FLWF) regime [17], with a long plateau feature
and a Maxwellian decrease 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 [18],
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
Fig. 2 (a) (corresponding to a shock position of z

s

= 0.7
mm, measured from the center of the gas nozzle at z = 0
mm). Figure 2 (b) shows the integrated spectrum for this
shock position in blue. The number of electrons between
100 MeV and 200 MeV substantially drops by a factor
20, and a quasi-monoenergetic peak appears around 300

Experimental results

Deconvolved data


Boosted electrons

~ 50 % gain


* Submitted


decelerated

&


defocussed


re-accelerated 


•  Electrons accelerated 
beyond cut-off


•  Rear part of the bunch is 
decelerated and 
defocussed
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* 3672 x 400 cells, Δx = 0.3 k0
-1, Δr=1.5k0

-1. λ0=1μm.


� 50 (GV/m)/µm

� 190 (GV/m)/µm

Non-linear 
field increase 


•  Observe non-linear 
field increase at the 
rear of the bubble


•  Rotation in z/pz 
space reduces 
energy spread : 
(leads to quasi- 
monoenergetic beam)


Experimental results

Comparison to PIC for experimental parameters
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Non-linear 
field increase 


Experimental results

Energy gain of monoenergetic beams
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•  Electrons injected via 
shock front injection


•  Energy increases with 
backing pressure of 
second jet


Non-linear 
field increase 


Experimental results

Energy gain of monoenergetic beams
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Experimental results

Energy gain of monoenergetic beams
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Experimental results

Energy gain of monoenergetic beams
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Energy gain of monoenergetic beams
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•  Electrons injected via 
shock front injection


•  Energy increases with 
backing pressure of 
second jet


•  At high pressure 
electrons are entirely 
defocused




 
 Conclusions


•  Dephasing effects can be mitigated by density tailoring


•  Simple experimental setup (shock front)


•  Observed gain of ~50 %,  

exceeding linear E-field model (~30%)


•  Best suited for monoenergetic beams


By the way: electrons never leave the bubble, same laser, same jet – in contrast to staging …
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Contact: adoepp@usal.es | andreas.doepp@ensta-paristech.fr  


Thank you for your attention!
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Pump Laser 
1.2 J, 30 fs 

f/10 off-axis  
parabola 

Probe beam 

Dipole 
Magnet 

(b) 
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no shock (i) 

(ii) 

(iii) 

(iv) 

(v) 
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(e) Blade, jet and needle jet 

Setup for rephasing of shock injected beams
btw.



