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PRELIMINARY RESULTS



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

 HighLight: Sergei Kalmykov
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A"osecond)Electron)Sheets)and)A"osecond)Light)
Pulses)from)Laser)Wakefield)Accelera;on))

Feiyu&Li&
SUPA,&Department&of&Physics,&University&of&Strathclyde,&&

Glasgow&G4&0NG,&UK&

Controlled)injec-on)of)a0osecond)electron)sheets)

•  The)ramping7up)density)provides)the)control)and)makes)sure)that)the)
density)wave)crests)are)stably)compressed)without)premature)injec-on)

Superluminal+region� Sub/luminal+region�
Superluminal� Sub/luminal�

Li,+et+al.+PRL+2013+
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Li,$et$al.$APL$2014$

Plasma:'
ne'~'7×1019'cm13'
'
Laser:'''
~'7×1019'W/cm2,''
w0'~15'µm,''
peak'power'~300TW,''
energy'~5J'
'
ADosecond'pulse:''
'~10mJ,''
'saturated'at'~'4×1019'W/cm2,''
'>'7×1020'W/cm2''converging'
!!
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Generation of the collimated quasi-monochromatic beams of 
accelerated electrons in the interaction of an intense 

femtosecond laser pulse with an inhomogeneous plasma 
 

A. N. Stepanov 

  

Institute of Applied Physics, Nizhny Novgorod, Russia 
 

e

Preplasma

Electrons

Imax~1017 W/cm2

10#мрад

0 5 10 15 20
0

100

200

О
тс

че
ты

'к
ам

ер
ы
'(
у.
'е
.)

У гол '(мрад)

6&мрад

0,4 0,6 0,8 1,0 1,2

0,1

1

(E
le
ct
ro

n
)e
n
er

g
y)
d
is
tr
ib
u
ti
o
n
,)a

.u
.

 ��	�
�����



0 50 100 150 200 250 300 350

0

5

10

15

20

25

30

&

&

P
h
as

e,
'r
ad

Z ,'mkm

&0mkm
&10mkm
&20mkm

Phase distribution for solid state plasma 
            τ = -100 ps 1D distribution of ne along the surface 

                  nemax≈1020 cm-3 

Plasma density 

ϕ, rad 

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

A. N. StepanovExperimental measurements of the density

                             Simulated electron energy distribution
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 HighLight: PhD 1
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 Density Gradient Injection
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Sven!Steinke*!
J.!van!Tilborg,!C.!Benede7,!C.!G.!R.!Geddes,!C.!B.!Schroeder,!J.!
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MulKstage!Coupling!of!Laser!Plasma!Accelerators!

 HighLight
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Compact setup for staging two LPAs in sequence 

 

2 

Coupling)I:)Tape%driven+
plasma+mirror+

Stage II: discharge 
capillary- accelerator  

Stage I:  gas jet - injector 

Coupling I: active plasma lens 

Coupling II: tape-driven plasma mirror 

Stage II: discharge capillary- accelerator  

85mm 

TREX: 
laser 1: 1.3J, 45fs 
laser 2: 0.6J, 45fs 
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Developed Active Plasma Lens for efficient e-beam 
coupling to the 2nd stage and emittance measurement 
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Quasi-linear wake properties probed and energy gain/loss 
of witness beam observed 

4 

reference 

1pC of trapped charge is consistent with  
•  area ratio of e-beam and transverse wake 

radii at cap2 entrance 
•  energy interval of 10MeV 

•  Modulation period of 80fs consistent with a plasma frequency at a 
density of 2x1018cm-3  

ref. 
(d) (g) 

reference 
subtracted 
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Numerical*inves.ga.on*on*forma.on*and*stability*of*a*
hollow*electron*beam*in*the*presence*of*a*plasma*
wake*field*driven*by*an*ultra;short*electron*bunch!

F.!Tanjiaa,b,*R.*Fedelea,b,*S.*De*Nicolac,b,*T.*Akhtera,b,*and*D.*
Jovanovićd*
*

a*Dipar.mento*di*Fisica,*Università*di*Napoli*Federico*II,*Napoli,*Italy*
b*INFN*Sezione*di*Napoli,*Italy*
c*CNR;SPIN,*Sezione*di*Napoli,*Napoli,*Italy*
d*Ins.tute*of*Physics*Belgrade,*Serbia*

*
*

2nd!European!Advanced!Accelerator!Concepts!Workshop!!
13;19*September*2015,*La*Biodola,*Isola*d'Elba*
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Formation of filaments and voids (𝜏′ = 0 − 0.5)
Coalescence of voids and channeling (𝜏 = 0.75 − 5 )
Hollow beam formation (𝜏 = 7.5 − 20)
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‣  Beam generation using ionization injection in LPAs:
•  Initial transverse phase-space distribution 
following ionization and passage through the 
laser determines final saturated emittance. 

•  Initial transverse beam momentum dominated 
by quiver motion — asymmetric emittance

•  >1 micron emittance (~order-of-magnitude 
larger than self-trapped beam)

Transverse emittance of electron beams generated 
by ionization injection in laser-plasma accelerators 
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C. Schroeder et al., PRST-AB 17, 101301(2014)
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normalized laser spot size, kpw!

points = PIC (modeled using INF&RNO) 
dashed curves = theoretical model 

normalized+emi,ance+(out+of+pol.+plane)+

normalized+emi,ance+(in+laser+pol.+plane)+

a0=3
�/�p=20
(n=4x1018 cm-3)
gas: H2

 + N2

ionize N+6 (Ui=667 eV) trapped

Chen, Esarey, Schroeder, et al., Phys Plasmas (2012) 
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Effect of the laser wavefront in a  
high repetition rate laser-plasma 

accelerator 

Laboratoire d’Optique Appliquée 
 

Palaiseau – FRANCE http://loa.ensta.fr 
      

UMR 7639 

EAAC Workshop 2015 

B. Beaurepaire, A. Vernier, A. Lifschitz and J. Faure 
Laboratoire d’Optique Appliquée  

Ecole Polytechnique, France 

Z. He, J. Nees, B. Hou, K. Krushelnick and A. Thomas 
Center for Ultrafast Optical Science 

University of Michigan Ann Arbor, MI, USA 

 HighLight: PhD 11
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Reconstruction of the laser wavefront: 
The Gerchberg-Saxton algorithm 
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Phase reconstruction 
 
! input for PIC simulations  

Phase Intensity 

R.W. Gerchberg and W. O. Saxton, Optik 35, 237 (1972) 

laser 

Propagation 

Propagation 
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Transverse fields tailored by wavefront 

Accelerating structure: 
transverse fields 

Distorted wavefront 
Distorted  
Low quality e-beam 

E?

E?

Flat wavefront 
Axi-symmetric   
High quality e-beam 

E?
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Setup for the pump-probe experiment 

020 

220 

200 

Solenoid 

Chirped e-
beam 

Ultra thin 
sample 

Diffraction 
pattern 

Pump beam 

A"er%10%cm%propaga.on%τsample ≈ 200 ps 
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Pump-probe experiment on single crystal Si 

No dynamics recorded yet: the experiment is still under progress 
But it will be difficult to reach a resolution < 1ps (very long exposure) 

Bragg peaks and 0-order selected by a slit: 

1s exposure (500 shots) 

Bragg peaks streaked by the magnets: 

Can we observe the 7ps peaks intensity oscillations?  
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Injection, Acceleration and Collimation of 
Electrons in Laser-Plasma Accelerators

C. Thaury1, E. Guillaume1,  A. Doepp1, R. Lehe1 

K. Ta Phuoc1,  A. Lifschitz1, L. Veisz2, S. W. Chou2, 
M. Hansson3, O. Lundh3,  V. Malka1,4

1LOA, Laboratoire d'Optique Appliquée, ENSTA ParisTech, CNRS, Ecole polytechnique, Université Paris-
Saclay, France
2MPQ, Garching, Germany
3Lund Laser Center, Lund University, Lund, Sweden
4Weizmann Institute of Science, Rehovot, Israel

http://loa.ensta.fr/ UMR 7639 
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I. Injection in a shock front 
w/wo ionization assistance

III. Laser plasma lens

II. Electron beam rephasing
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Outline

http://loa.ensta.fr/ UMR 7639 
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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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Electron rephasing in a Laser-Wakefield Accelerator

E. Guillaume,1 A. Döpp,1, 2 C. Thaury,1 K. Ta Phuoc,1 A. Lifschitz,1 J-P.
Goddet,1 A. Tafzi,1 D. Douillet,1 G. Rey,1 S.W. Chou,3 L. Veisz,3 and V. Malka1

1Laboratoire d’Optique Appliquée, ENSTA ParisTech - CNRS UMR7639
- École Polytechnique, Chemin de la Hunière, 91761 Palaiseau, France

2Centro de Laseres Pulsados, Parque Cientfico, 37185 Villamayor, Salamanca, Spain
3Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Strasse 1, 85748 Garching, Germany

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

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

:::::
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
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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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