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Laser-wakefield acceleration
World-wide Research Activities
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•  laser ionized atoms as it moves 

through the gas

laser
power: ~ TW to PW 
energy: ~ J
pulse length: ~ 5-50 fs

gas jet or
capillary:
plasma

Laser-wakefield electron acceleration 
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Laser-wakefield electron acceleration 
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Experimental setup: LWFA
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field gradient: 500 T/m
aperture 6 mm

Setup Undulator Radiation
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Setup Undulator Radiation
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L = 30 cm

!u = 5mm

K = 0.55

gap = 1.2mm

Setup Undulator Radiation
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Series of  Measured Electron Spectra
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MF et al., 
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position 
of CCD

electron
beam

single
electron
emission

undulator beam size:

Σund(s) =
√

σ2
ph(s) + σ2

e(s)

6. EXPERIMENTAL UNDULATOR RADIATION RESULTS
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Figure 6.16. | Influence of magnetic lenses on electron beams with different
energies. The divergence of electron beams with energies of 190 MeV (red), 215
MeV (yellow) and 240 MeV (blue) are shown after propagating through a doublet of
magnetic lenses set to collimate an electron energy of 215 MeV.

6.1.4. Experimental Verification of Soft-X-Ray Undulator Radiation

In order to verify that the detected radiation is in fact undulator radiation in the soft-X-
ray range, several tests have been conducted. In order to distinguish the short wavelength
radiation from any background signal in other wavelength ranges, 150 and 450 nm Al and
Zr filters (see section 6.1.3) were used which both have narrow transmission curves in the
XUV range (figs. 6.8 & 6.9). Additionally a 5 cm long Quartz glass block was used to
filter out any XUV radiation and determine the optical background. By simultaneously
monitoring the signal on the X-ray spectrometer as well as the electron beam for these
filter combinations with the undulator in the beam path and the undulator removed from
the beam path, a soft-X-ray signal originating from the undulator when the electron
beam was present could be verified.

6.2. Magnetic Quadrupole Lenses as Energy-Bandpass
Filter for the Undulator Radiation

Calculation method for the bandpass filter
Analytical calculation
Simulation considering the on-axis flux peaks and beamline
Simulation considering the spectral broadening and overlapping
of the on-axis fluxes
Details of the SRW simulations

A doublet of magnetic quadrupole lenses was used for beam transport from the accel-
erator through the undulator. The lenses are highly chromatic which means that only
electrons with a particular energy are collimated, whereas the divergence of electrons
with different energies is markedly increased (see figure 6.16). As each individual elec-
tron emits its radiation in a narrow cone along its propagation direction, the varying
divergences of the electron beam strongly affect the undulator angular flux and even lead
to an effective energy-bandpass filter as discussed below. In this section, this effect is

94

Electron beam envelopes for different energies

Chromatic effects of  the Magnetic Lenses

on-axis flux:

3.5. Finite-Emittance Electron Beams & Propagation of Undulator Radiation

The spatial flux density after a free drift of length ! can be calculated by integration
of the brilliance (see equation (3.28)) which leads to (for a detailed calculation: see
Appendix, section B.1)

dΦ

dS =
Φ

2π(σ2
r + !2σ2

r′)
exp

(
− x2 + y2

2(σ2
r + !2σ2

r′)

)
. (3.41)

Inserting the divergence of the UR from a single electron (equation (3.14)), it can be
seen that the photon beam size after a free drift of length ! changes to

σr(s = !) =
√

σ2
r,0 + !2σ2

r′ =

√
λL

2π2
+

λ

2L
!2, (3.42)

where L is the undulator length and λ the wavelength of the emitted radiation. This
is the standard deviation of a Gaussian function resulting from the convolution of the
photon beam size at the undulator center σr,0 and the product of the divergence and
the drift distance, analogous to the propagation of Gaussian beams in optics [Saleh and
Teich, 1991].

UR by a Thick Electron Beam after a Drift

Similarly, UR from thick electrons beams can be propagated. As shown in Appendix,
section B.2, carrying out the convolution in the center of the undulator and propagating
the resulting brilliance is equivalent to first separately propagating the single-electron
brilliance and the electron beam to the observation point and then performing the con-
volution. For a thick electron beam, after a drift of a distance !, the
UR divergence is:

Σx′,y′ =

√
σ2
x′,y′ +

λ

2L
(3.43)

and the UR beam size is:

Σx,y(!) =

√
σ2
x,y(!) +

λL

2π2
+

λ

2L
!2 , (3.44)

where σx′,y′ are the rms electron beam divergences, σx,y(!) the rms electron beam sizes
at the position !, and σ2

r(0) the single-electron rms UR beam size in the undulator center.

The experimentally observable quantity, the on-axis spatial spectral flux, can thus be
written as

dΦ

dS

∣∣∣∣
!x=0

=
Φn

2πΣx(s) Σy(s)
, (3.45)

where Φn is the total flux, given by equation (3.24). Similarly, the the on-axis angular
spectral flux is

dΦ

dΩ

∣∣∣∣
!Ψ=0

=
Φn

2πΣx′Σy′
. (3.46)
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is the standard deviation of a Gaussian function resulting from the convolution of the
photon beam size at the undulator center σr,0 and the product of the divergence and
the drift distance, analogous to the propagation of Gaussian beams in optics [Saleh and
Teich, 1991].

UR by a Thick Electron Beam after a Drift

Similarly, UR from thick electrons beams can be propagated. As shown in Appendix,
section B.2, carrying out the convolution in the center of the undulator and propagating
the resulting brilliance is equivalent to first separately propagating the single-electron
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UR divergence is:

Σx′,y′ =

√
σ2
x′,y′ +

λ

2L
(3.43)

and the UR beam size is:

Σx,y(!) =

√
σ2
x,y(!) +

λL

2π2
+

λ

2L
!2 , (3.44)

where σx′,y′ are the rms electron beam divergences, σx,y(!) the rms electron beam sizes
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r(0) the single-electron rms UR beam size in the undulator center.

The experimentally observable quantity, the on-axis spatial spectral flux, can thus be
written as
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tuning by moving the lens’ position: 

! changing the response curve

Tuning of  the Undulator Radiation
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Tunability of  the Source
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Measured Spectra with Different Setups

!"210 MeV, position of undulator shifted
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Properties of  the Undulator Source
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on-axis peak intensity: 10,000 photons/(shot mrad2 0.1%b.w.)
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Laser-Plasma Accelerator: Bunch Duration

thePBWA,theplasmawaveisdrivenataconstantbeat
frequency!"="1−"2!"p.Asthewavegrows,how-
ever,theeffectiveplasmafrequencydecreases,"p,eff
=2#c/$Np.Hence,thedriver"i.e.,thelaserbeatwave#
becomesoutofphasewiththenonlinearplasmawave.
Thisleadstosaturationoftheplasmawaveamplitudein
thePBWA"RosenbluthandLiu,1972;Tangetal.,1985#.
Alternatively,iftheplasmawaveistobedriventolarge
amplitudesbyaseriesofindividuallaserpulses,the
changeinthenonlinearplasmaperiodcanaffectthe
optimalspacingbetweenpulsesaswellastheoptimal
durationofthepulses"Umstadteretal.,1994#.

Inthe3Dnonlinearregime,numericalcalculations
areusuallyrequired.Onepossibleapproachistousea
fullnonlinearplasmafluidmodel"Shadwicketal.,2002#
oranonlinearquasistaticfluidmodel"Sprangleetal.,
1992;Esarey,Sprangleetal.1993#,whichisdiscussedin
Sec.V.Analternative"morecomputationallyexpensive#
approachforwakefieldcalculationistouseparticle
simulations"PukhovandMeyer-ter-Vehn,1996;Tzenget
al.,1996;MoreandAntonsen,1997;Renetal.,2000#.
Anexampleofanonlinearplasmawaveintwodimen-
sions,ascomputedusingafluidmodel"Shadwicketal.,
2002#,isshowninFig.2.Figure2showsthedensity
perturbationexcitedbyaGaussianlaserpulsewitha0
=1.5,k/kp=20,kpr0=8,andkpLrms=1,whereLrmsisthe
root-mean-square"rms#lengthofthelaserintensitypro-
file.Theshortwavelengthoscillationsobservedatthe
frontoftheplasmawaveareathalfthelaserwavelength
andresultfromthelinearpolarizationofthepulse.

Theincreaseintheplasmawavelengthwithincreasing
waveamplitudehasanadditionaleffectonnonlinear3D
plasmawaves.Consideraplasmawavethatisdriven
morestronglyonaxisthanoffaxis,e.g.,alaser-driven
accelerator,wherethelaserintensitypeaksonaxisand
typicallyhasaGaussianradialprofile.Onaxis,the
plasmawaveamplitudeismaximumand,inthenonlin-
earregime,theplasmawavelengthonaxisislargerthan
offaxis.Thustheplasmawavelengthvariesasafunction
ofradius$Np"r#.Thiscausesthewavefrontsofthe
plasmawavetobecomecurvedandtakeona“horse-
shoe”shape.Foraplasmawaveoffixedamplitude,the
fartherbackwithintheplasmawavetrain,themore

curvedtheplasmawavefront,i.e.,after!periods,the
phasefrontatlargeradiiislocatedat!$p,whereason
axis,thephasefrontislocatedat!$Np"r=0#.Thiseffect
hasbeenobservedintwo-dimensional"2D#nonlinear
quasistaticfluidsimulations"Sprangleetal.,1992;Krall
etal.,1993;Esarey,Sprangle,etal.,1993#,2Dparticle
simulations"Deckeretal.,1994;Bulanovetal.,1995,
1997#,and2Dfullfluidsimulations"e.g.,seeFig.2#.Cur-
vatureoftheplasmawavefrontscanleadtotransverse
wavebreaking,asdiscussedinSec.II.D.

D.Wavebreaking

Plasmasarecapableofsupportinglargeamplitude
electrostaticwaveswithphasevelocitiesnearthespeed
oflight.Inthelinearregime,theelectricfieldofa
plasmawaveinaplasma-basedacceleratorhastheform
Ez=Emaxsin$"p"z/vp−t#%,wherevp!cisthephaseve-
locity.ThepeakfieldamplitudeEmaxoftheplasmawave
canbeestimatedfromthePoissonequation!·E
=4#e"n0−ne#.Asimpleestimateforthemaximumfield
amplitudeisgivenbyassumingallplasmaelectronsare
oscillatingwithawavenumberkp="p/c.Thisgives
""p/c#Emax=4#en0orEmax=E0,whereE0=cme"p/eis
thecoldnonrelativisticwavebreakingfield"Dawdson,
1959#.

Itispossibleforthemaximumamplitudeofanonlin-
earplasmawavetoexceedthevalueE0.Usingthenon-
linear,relativistic,coldfluidequationsinonedimension,
themaximumamplitudeofaperiodicplasmawaveis
"AkhiezerandPolovin,1956;EsareyandPilloff,1995#

EWB=&2"%p−1#1/2E0,"26#

whichisreferredtoasthecoldrelativisticwavebreaking
field,where%p="1−vp

2/c2#−1/2istherelativisticLorentz
factorassociatedwiththephasevelocityoftheplasma
wave.Theplasmawavephasevelocityisapproximately
thegroupvelocityofthelaser,whichinthe1Dlow-
intensitylimitis%p!"/"p,where"isthefrequencyof
thelaser.Asanexample,consideranLPAwithaplasma
densityofn0!1017cm−3.Foralaserwavelengthof
1&m,%p!100andEWB!14E0.Notethatwhenthe
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Acceleration in the Bubble Regime: 
Requirements on the Laser

of the wake can therefore be expressed as !" ’ !g ! !etch,
where !g is the linear group velocity of light in a very
underdense plasma !2

p " !2
0; therefore !" ’ c#1!

3!2
p=$2!2

0%&. The fact that the phase velocity of a wake
excited by an intense laser was less than even the linear
group velocity of a laser was first discussed in [31]. The
distance that the trapped electrons travel until they outrun
the wave (dephasing length) is
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the etching velocity and hence this dephasing estimate
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To illustrate the process of local pump depletion and its

relationship to photon deceleration [27], we plot the wave
number, kz$z%, of one component of the laser’s electric field
$Ex% after it has propagated through 0.18 cm of plasma for
three different laser intensities, a0 ' 1; 4; 10 in Fig. 2. For
the corresponding simulations in Figs. 2(a) and 2(b), a0 '
4 but the pulse length was 30 and 50 fs, respectively. For

 

FIG. 1. (Color) A sequence of 2-dimensional slices $x! z% reveals the evolution of the accelerating structure (electron density, blue)
and the laser pulse (orange). Each plot is a rectangular of size z ' 101:7 #m (longitudinal direction, z) and x ' 129:3 #m (transverse
direction, x). A broken white circle is superimposed on each plot to show the shape of the blown-out region. When the front of the laser
has propagated a distance (a) z ' 0:3 mm, the matched laser pulse has clearly excited a wakefield. Apart from some local modification
due to beam loading effects, as seen in (b) this wakefield remains robust even as the laser beam propagates though the plasma a
distance of 7.5 mm [as seen in (c) and (d)] or 5 Rayleigh lengths. After the laser beam has propagated 2 mm [as seen in (b)] into the
plasma, one can clearly see self-trapped electrons in the first accelerating bucket. The radial and longitudinal localization of the self-
trapped bunch is evident in part (c). After 7.5 mm the acceleration process terminates as the depleted laser pulse starts diffracting.

W. LU et al. Phys. Rev. ST Accel. Beams 10, 061301 (2007)

061301-4

W. Lu et al., Phys. Plasmas, 7 
(2009)

laser

ion background

Typical requirement on laser for bubble regime:
(from theory and PIC simulations)

• Laser Power:  >200 TW 

• PIC simulation: 300 pC with 1.5 GeV

   !" "500 mJ energy in electron beam

• Efficiency (laser !" electron beam): 10 - 15 %

• need >5 J energy in laser pulse (new technology) 
   !"#(Simulation: 200 TW !" 6J, 30 fs)

Most high-power laser system have pulses with less energy
!"#have to rely on highly nonlinear laser-plasma interactions that increase 
laser intensity 

(plasma density:1018 cm-3)
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Bubble Acceleration: The Details

transverse electron injection
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061301-4

laser

ion background

é v

electron gets injected on-axis 
with largest transverse momentum

é

Θ ! rβ

λβ
∝ rβ

√
n

γrβ

rβ ≈ 1µm
Θ ≈ 1mrad

typical source size:
(from PIC simulations)

!"#divergence:

!"#expected emittance: εn ≈ 1mm · mrad
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Bubble Acceleration: The Dirty Details

• transverse injection: large emittance

• self-injection in bubble regime
  !" no well-defined injection point (due to highly nonlinear modulations)
  !" termination of acceleration at different points in the acceleration phase           
$" shot-to-shot variation in energy and energy spread

• sometimes even continuous injection (injection at all accelerating phases)  
  !" large energy spread
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Improvement of LWFA Beam Parameters as 
Drivers of Lightsources

• Electron energy

• Charge

• Energy spread

• Shot-to-shot stability (pointing, energy, ...)

which parameters are left?

• bunch duration 

• emittance                    

10 pC     >100 pC

200 MeV   >1 GeV

5%   <1% 

εn <1 mm mrad

! <10 fs
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New Schemes: Improve energy spread, emittance, 
stability 

Plasma wave 

Principle: 
Pump beam 

Injection beam 
electrons 

LOA: 1%-rms 
energy spread

(10 pC)

n

z

Injector: plasma ramp

courtesy: W. Leemans

courtesy:  V. Malka
C.Rechatin et al, PRL 102 (2009)

Decouple injector from accelerator (no self-injection)

counter propagating

laser pulses

plasma density

downramp

• control over injection: well defined injection (no continuous injection)

• no transverse injection

• promise to improve: energy spread, emittance, stability

accelerator
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Path to Laser-Driven Lightsources
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