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Laser wakefield electron acceleratorLaser wakefield electron accelerator
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compared to conventional accelerator:
high acceleration gradient (~1 GeV/cm, three orders of magnitude higher)
short pulse duration (~3 fs, three orders of magnitude shorter)
small transverse emittance (0.1 π-mm-mrad, one order of magnitude smaller)

Goal:
> 500-MeV monoenergetic electron pulse for table-top hard-x-ray and 
gamma-ray free electron laser



Experimental setupExperimental setup
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Experimental setupExperimental setup

red - pump pulse
yellow - machining pulse
orange - probe pulse
blue - reference pulse
green - electron bunch



Monoenergetic electron beam and beam pointing fluctuationMonoenergetic electron beam and beam pointing fluctuation

The electron beam with smaller divergence contains a monoenergetic (finite 
energy spread) component with a central energy of 55 MeV and a beam 
divergence of 4 mrad, and the electron beam with 50-mrad divergence has a 
continuum energy spectrum (Maxwellian energy distribution).

without B field

with B field

230 mJ, 45 fs
4x1019 cm-3 plasma density



Setup of the machining beam for tomographic measurementSetup of the machining beam for tomographic measurement

focal spot: 
20 μm×1.3 mm

function of the knife-edge: setting the interaction length

machining pulse

variable position
knife-edge or SLM

pump pulse

gas jet cylindrical 
lens pair



1. The machining beam ionizes and heats up the selected regions.
2. Hydrodynamic expansion of the heated region occurs. 
3. Several nanoseconds later the ionized region is evacuated.
4. The characteristics of immediate and final products as functions 

of  position in the gas jet are measured.

Scanning the interaction length for tomographic measurement Scanning the interaction length for tomographic measurement 
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Phys. Plasmas 12, 070707 (2005)
Phys. Rev. Lett. 96, 095001 (2006)



Electron energy spectra at various positions in the gas jet Electron energy spectra at various positions in the gas jet 

Although the resolution of energy spread is limited by the spot size of the 
electron beam on the LANEX screen, it can be seen that the monoenergetic 
electron beam has already a finite energy spread right after its injection and 
stays so during the acceleration.

machining 
beam off

230 mJ, 45 fs pump pulse
4x1019 cm-3 plasma density



Central energy of the monoenergetic electron beam at various posCentral energy of the monoenergetic electron beam at various positionsitions

The energy of the monoenergetic electron beam increases roughly linearly 
from 5 MeV at 950-μm position to 55 MeV at 1150-μm position, 
corresponding to an acceleration gradient of ~2.5 GeV/cm.

230 mJ, 45 fs pump pulse
4x1019 cm-3 plasma density



Numbers of monoenergetic electrons and continuum electrons at vaNumbers of monoenergetic electrons and continuum electrons at various positionsrious positions

The injection of continuum electrons starts at 300-μm position and occurs 
continuously until 800-μm position.

230 mJ, 45 fs pump pulse
4x1019 cm-3 plasma density

The monoenergetic electrons are injected at 800-μm position and no further 
injection occurs afterwards.
After the injection of the monoenergetic electrons the increase of number of 
continuum electrons ceases, in agreement with damping of plasma wave by 
beam loading.

monoenergetic electrons

continuum electrons



Physical picture portrayed by the experimental resultsPhysical picture portrayed by the experimental results

The tomographic measurement provides the direct evidence of the bubble-
regime mechanism.

self-compression
& self-focusing



Experimental setup for plasmaExperimental setup for plasma--waveguidewaveguide--based electron acceleratorbased electron accelerator

pump pulse:
700 mJ, 38 fs
pre-modification pulse:
44 mJ, 160 ps,
delay: -0.3 ns

ignitor pulse:
60 mJ, 38 fs
delay: -0.5 ns
heater pulse:
270 mJ, 160 ps
delay:-0.7 ns

1 cm
slit nozzle

dipole magnet

high energy

low energy

H2 Ar

axicon

electron energy spectrometer

plasma waveguide
on axis density: 2 x 1019 cm-3



200200--MeV monoenergetic electron beam generated from a 9MeV monoenergetic electron beam generated from a 9--mm plasma mm plasma 
waveguide with waveguide with ArAr dopingdoping

A plasma waveguide with a funnel-mouth entrance is formed 
by adding a modification pulse, leading to enhancement of 
the pump pulse coupling efficiency.

ΔE/E:15%
Epeak: 200 MeV

By using Ar/H2 mixture, we 
can generate a 200-MeV 
monoenergetic electron 
beam with a pump pulse 
energy of 750 mJ. No 
electron is injected without 
Ar doping.

beam divergence:
5 mradel
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The produced electron beam 
has no large-divergence 
component.



Monoenergetic electron beam generated from a pure hydrogen plasmMonoenergetic electron beam generated from a pure hydrogen plasma waveguidea waveguide

10-mm H2 gas jet
backing pressure: 610 psi
heater-pump delay: 1 ns

laser propagation direction

laser profile at 
the entrance

laser profile 
at the exitpulse energy: 1.4 J

pulse duration: 35 fs
focused spot size: 9 μmelectron beam profile

small beam 
divergence 
component

large beam 
divergence 
component

1/ 10 scaling of 
the original 
image color 
bar

The electron energy is limited to 140 MeV, as a result of high on-axis density and thus 
short electron dephasing length. To increase the electron energy the next step is to use 
externally controlled injection at the condition of lower on-axis density or quasi-phase-
matched electron acceleration at the condition of high on-axis density.

Production of a monoenergetic electron beam in a pure-hydrogen plasma waveguide with 
self-injection is achieved by using a significantly higher pump-pulse energy compared to 
that with a Ar/H2 plasma waveguide.



Dependence of the electron beam on Dependence of the electron beam on ArAr doping percentage (no waveguide)doping percentage (no waveguide)

There is an optimal Ar doping percentage (33%) for minimizing the intensity 
of the large-beam-divergence component.

with the plasma electron density fixed at around 5×1019 cm-3

The optimal laser energy for maximal beam contrast gets lower with 
increasing Ar doping percentage.



Electron beam profiles for with and without Electron beam profiles for with and without ArAr doping (no waveguide)doping (no waveguide)

with pure H2 with Ar doped H2

line profile of 
the electron 
beam image

electron beam 
profile images 
for 10 shots 

electron beam 
profile image 
for 10 shots 

line profile of 
the electron 
beam image

Compared to the electron beam produced by transverse wave-breaking (self-
injection), the electron beam produced in the case with Ar doping shows no 
large-divergence continuum-energy electron beam.

nAr:nH2 = 1:2
pump energy: 360 mJpump energy: 530 mJ



Pump energy dependence for with and without Pump energy dependence for with and without ArAr doping (no waveguide)doping (no waveguide)

For the case with Ar doping the monoenergetic electron beam appears 
before the continuum electron beam with increasing pump pulse 
energy. For the case without Ar doping it is the opposite.

with Ar doped H2 (nH2 : nAr = 2:1)pure H2

Intensity for small-beam-divergence component
Intensity for large-beam-divergence component



Plasma density dependence for with and without Plasma density dependence for with and without ArAr doping (no waveguide)doping (no waveguide)

For the case with Ar doping the monoenergetic electron beam can be 
obtained in a large range of plasma density. For the case without Ar
doping the workable plasma-density range is small.

with Ar doped H2 (nH2 : nAr = 2:1)pure H2



The inner-shell electrons with high ionization potentials are released at near the 
temporal peak of the laser pulse via optical-field ionization. The electrons 
released are at a phase with a low trapping threshold.

There is an optimal ratio of Ar atom density to hydrogen atom density for 
obtaining the maximum number of injected electrons, because abrupt 
overloading of electrons will disrupt the laser propagation and thus the coherence 
of the plasma wave.

Principle of ionization injection schemePrinciple of ionization injection scheme



Explanation of the preliminary data based on ionization injectioExplanation of the preliminary data based on ionization injectionn

The trapping threshold with ionization injection is smaller than that with RBS, 
which is smaller than that with transverse wave-breaking. Therefore, when 
doped with argon gas the monoenergetic electron beam appears before the 
continuum electron beam with increasing pump pulse energy.

The accelerator can be operated at a parameter space where the ionization 
injection is on and RBS injection is off, leading to a high-contrast 
monoenergetic electron beam.
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A plasma waveguide with arbitrary longitudinal on-axis density distribution

Such a programmable structure can be used for integrating 
electron injector, accelerator, and undulator in a single gas jet with 
optimal characteristics.

P

Axicon

ignitorheater

heater

cylindrical lens pair plasma waveguide

a 3D plasma
structure

spatial light modulator



high-peak-power 
laser facility

high-energy 
electron pulse

high-harmonic 
pulse

x-ray laser pulse
infrared and 

terahertz pulse

thermal neutron 
pulse

positron pulse

hard-x-ray free-
electron-laser pulse gamma-ray pulse

plasma plume 
pulse

biomedicine and 
biophysics

condensed 
matter physics

atomic and 
molecular physics nuclear physics

high-power laser technology

laser-plasma physics
and

high-field laser-plasma devices

application to other research fields

plasma-based 
laser amplifier

white-light 
generation

deep ultraviolet 
pulse generation

high-energy 
proton pulse



Principle of ion channel laserPrinciple of ion channel laser

x-ray

laser 
pulse

ion cavity act as a plasma wiggler

betatron frequency 

x-ray critical frequency 

x-ray photon number

strength parameter

:  plasma frequency 

:  period of betatron 
oscillation  

:  electron number 

betatron oscillation due to 
Coulomb restoring force



The x-ray yield starts to grow rapidly after the position of injection of 
the monoenergetic electron beam, consistent with the ion-channel 
laser model.

Growth of hardGrowth of hard--xx--ray pulse in the ion channel laserray pulse in the ion channel laser

Pump  beam: 680 mJ, 32 fs
Machining  beam  timing: - 8 ns
H2 atom  density:  3x1019 cm-3

15 mrad

To verify the underlying physics unambiguously, the next step is to 
perform spectrally resolved tomography.



Phys. of  Plasmas 15, 063102 (2008)

Enhancement of betatron radiation by density tailored plasma Enhancement of betatron radiation by density tailored plasma 

n0 = 1.5 × 1019 cm-3

γ = 170

n1 = n0/10

n1 = 0

It was predicted in simulation that the amplitude of electron betatron 
oscillation in the ion channel can be increased by fabricating a drift space for 
the electrons at the right phases, leading to enhancement of x-ray production.



Enhancement of ion  channel laser by plasmaEnhancement of ion  channel laser by plasma--density tailoringdensity tailoring

40% increase of hard-x-ray intensity is achieved by using the transverse 
machining beam to produce a electron drift space in the pump beam path. 
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pump  pulse:  680 mJ, 32 fs
machining  pulse timing:  -8 ns
machining  starting  position:  1000 μm
H2 atom  density:  3×1019 cm-3

Improvement of the enhancement factor may be achieved by controlling 
the position and angle of electron injection and also by doing this in a 
plasma waveguide which may suppress the breaking-up of the laser pulse. 
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Generation of subGeneration of sub--ps MIR pulsesps MIR pulses

 Free-electron lasers:

0.2－2 ps

pulse duration

100－300 μJ1－14 mJefferson Lab (USA)

energy/pulsetunable spectral 
range

facility

 Frequency conversion in nonlinear crystals or gas media:

＜1 ps

~13 fs

pulse duration

~4.5 μJ6 m－12 m 
(tunable range)

DFG in AgGaS2
crystal [2]

~1.5 μJ2.5 m－5.5 m 
(bandwidth)

4-wave mixing
in air [1]

energy/pulsewavelength rangemethod

[1] Fuji et al., Opt. Lett. 32, 3330 (2007)   [2] Imahoko et al., Appl. Phys. B 87, 629 (2007)

 This work:

＜600 fs

pulse duration

>3 mJ2 m－12 m 
(bandwidth)

spectral broadening 
in the bubble regime

energy/pulsewavelength rangemethod



Laser wakefield electron accelerator operated in the bubble regiLaser wakefield electron accelerator operated in the bubble regimeme

Pukov et al., Appl. Phys. B 74, 355 (2002) 

energy: 50 MeV±10％, divergene: 4 mrad
duration: ~10 fs (PIC simualtion)

Phys. Rev. E 75, 036402 (2007) 

monoenergetic electron beam

200 mJ, 42 fs
4x1019 cm-3 plasma density

modulational instability
 break up into a pulse train



spectral broadening

Faure et al., Phys. Rev. Lett. 95, 
205003 (2005) 

Laser wakefield electron accelerator operated in the bubble regiLaser wakefield electron accelerator operated in the bubble regimeme

Since the plasma density used in our experiment is much higher than that 
of Faure et al., much stronger spectral broadening is expected, perhaps 
well into the MIR region. 



SLM: spatial light modulator
OAP: off-axis parabolic mirror

Diagnostic tools

(a) LANEX imaging system for 
electron beam

(b) Interferometry for plasma 
density measurement

Experimental setupExperimental setup



SLM: spatial light modulator
OAP: off-axis parabolic mirror

Diagnostic tools

(a) LANEX imaging system for 
electron beam (replaced 
by (c))

(b) Interferometry for plasma 
density measurement

(c)  MIR grating spectrometer

Diagnoses for MIR pulse (1): spectrometer Diagnoses for MIR pulse (1): spectrometer 



polarizer

SLM: spatial light modulator
OAP: off-axis parabolic mirror

Diagnostic tools

(a) LANEX imaging system for 
electron beam (replaced 
by (d))

(b) Interferometry for plasma 
density measurement

(c)  MIR grating spectrometer

(d) Pyroelectric detector

Diagnoses for MIR pulse (2): energy & beam profile Diagnoses for MIR pulse (2): energy & beam profile 



Diagnostic tools

(a) LANEX imaging system for 
electron beam (replaced 
by (e))

(b) Interferometry for plasma 
density measurement

(c)  MIR grating spectrometer

(d) Pyroelectric detector

(e) Ge-wafer photo-switch

Diagnoses for MIR pulse (3): temporal profile Diagnoses for MIR pulse (3): temporal profile 

SLM: spatial light modulator
OAP: off-axis parabolic mirror

800 nm



Picture of the experimental setupPicture of the experimental setup

machining beam main beam

(1) MIR
(2) electron 

beam



Self-injection of the monoenergetic electron beam and rapid growth of the 
MIR pulse occurs in the same region.

Dependence of MIR energy on interaction length Dependence of MIR energy on interaction length 

self-injection regions 
of electrons

This is consistent with the bubble-regime model, since the growth of MIR 
pulse means self-compression of the laser pulse, which then leads to  
increase of plasma-wave amplitude and thus the increase of injection 
probability.

pump pulse energy: 205 mJ
pump pulse duration: 42 fs
plasma density: 4.1x1019 cm-3



Spectra of the MIR pulse at various positions Spectra of the MIR pulse at various positions 

pump pulse energy: 205 mJ
pump pulse duration: 42 fs
plasma density: 4.1x1019 cm-3

a continuous 
distribution 
extending from 
the short 
wavelength side

＞1.85

a peak at 7.9 
μm and then 
broadened

1.51.6

spectraposition (mm)

0



In the later stage of evolution the bubble-regime evolution of the first pulselet
dominates the MIR spectrum, resulting in a continuous distribution.

The Raman satellite is an indication of occurrence of modulational instability of the 
pump pulse in the early stage of evolution.

0

Spectra of the MIR pulse at various positions Spectra of the MIR pulse at various positions 

modulational instability
 break up into a pulse train



The MIR pulse is linearly polarized with the same polarization as the pump 
pulse. This is consistent with the bubble-regime model since the spectral 
broadening by phase modulation should preserve the pump laser 
polarization.

Polarization of the MIR pulsePolarization of the MIR pulse

polarization axis 
of the pump pulse

(1) coherent transition radiation 
from the electron bunch 
passing the plasma-vacuum 
boundary 

(2) Cherenkov-type emission 
from the electron bunch or 
the plasma wave

Both are radially polarized.

The data rule out the possibility 
of other mechanisms

Ref: Leemans et al., Phys. Rev. Lett.
91, 074802 (2003)



The MIR pulse is a flattop distribution with its diameter determined by the 
clear aperture of the ZnSe vacuum window.

The angular divergence of the MIR pulse is larger than the collection angle 
(8°) and the total MIR pulse energy should be considerably larger than 3 mJ.

MIR pulse energy vs. iris radiusMIR pulse energy vs. iris radius

pump pulse energy: 205 mJ
pump pulse duration: 42 fs
plasma density: 4.1x1019 cm-3

radius of the ZnSe
vacuum window



GeGe--wafer photowafer photo--switchswitch

MIR pulse

excitation 
pulse

pinhole



MIR pulse

excitation 
pulse

pinhole

GeGe--wafer photowafer photo--switchswitch



MIR pulse

excitation 
pulse

pinhole

GeGe--wafer photowafer photo--switchswitch



Temporal profile of the MIR pulseTemporal profile of the MIR pulse

Ge-wafer photo-switch

pump pulse: 205 mJ/42 fs
excitation pulse: 500 μJ/38 fs
plasma density: 4.1x1019 cm-3

temporal profile

pulse duration 

X ps 4.6 ps 9.8 ps

5-mm Ge 
window

5-mm Ge 
window

X＜0.6 ps

The bubble-regime model predicts a pulse duration of < 20 fs (< plasma-wave bucket).



3D particle3D particle--inin--cell simulation cell simulation 

• Code: VORPAL
• Laser pulse:

energy: 205 mJ
central wavelength: 810 nm
pulse length: 42 fs
beam size: 8 μm in FWHM
peak laser intensity: 6×1018 W/cm2
linearly polarized in z direction 

0 x

moving window

light speed

Lramp

z

• Uniform plasma density: 4.1×1019 cm-3

Lramp＝500 μm, flattop＝1.6 mm

flattop

• Size of window: 
Lx＝64 μm
Ly＝ Lz＝ 100 μm

• Size of gird: 
2560 cells in X
250×250 cells in Y and Z

• 4 particles per cell



1. The pump pulse undergoes phase modulation imposed by the plasma wave and relativistic self-
phase modulation. As a result, the laser spectrum broadens.

2. The laser pulse with its pulse duration longer than the plasma period breaks up into a pulse train. 

3. As a result of spectrum broadening, the laser pulse in the bubble undergoes longitudinal self-
compression.

4. As the laser intensity gets higher and higher, a plasma bubble is formed. When the plasma bubble 
evolves into a certain shape and amplitude, a monoenergetic electron beam can be generated.

5. Since most of the photons in the laser pulse stay in the descending slope of the plasma bubble, the 
spectrum of the laser pulse is mainly broadened toward the long wavelength side.

SimulationSimulation-- evolution of plasma wave and laser pulseevolution of plasma wave and laser pulse



SimulationSimulation-- MIR spectrum and temporal profileMIR spectrum and temporal profile

The duration of the MIR pulse is about 20 fs, which indicates that the laser 
peak power may reach 0.4 TW.

The maximum MIR pulse energy is 7 mJ. The spectrum shows a 
continuous distribution extended from the shorter wavelength side and the 
trend agrees well with the experimental data.

intensity profile of the MIR 
pulse covering 6－10 μm

The MIR pulse is trapped by the plasma bubble, which enables the MIR 
pulse to propagate through the plasma.

MIR pulse 
covering 2－20 μm



Production of an intense MIR pulse with >3-mJ pulse energy and sub-ps 
pulse duration from a laser-wakefield electron accelerator is demonstrated. 
Experimental data support that the MIR pulse is produced by the strong 
spectral broadening of the pump laser pulse in a laser-wakefield electron 
accelerator operated in the bubble regime.

SummarySummary

By using a hydrogen gas jet doped with argon gas the laser energy 
threshold for production of a monoenergetic electron beam is lowered and 
the beam quality is greatly improved. The mechanism of electron injection is 
ascribed to the phase-controlled injection of electrons released from the 
ionization of the argon atoms by the peak of the pump laser pulse.

Production of a hard-x-ray pulse of >6-keV photon energy from a laser-
wakefield electron accelerator is achieved. The tomographic measurement 
supports that the underlying mechanism is channel betatron oscillation of 
the monoenergetic electron beam. Enhancement of such an ion-channel 
laser by a longitudinal plasma density structure is demonstrated.


