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Laser-driven plasma wave

Laser expels electrons, ions stationary ⇒ Plasma wave oscillation

Typical plasma wave period λp ≈ 10− 20 µm

Self-injection by wavebreaking can give mono-energetic beams but
only in a narrow parameter range

3 / 23Image: C. Rechatin



Colliding pulse injection Bunch duration Bunch trains Conclusion

Injection by colliding laser pulses

No wave breaking

Electrons boosted in the beatwave and locally injected

Electron beam parameters can be tuned
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Experimental Setup
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Pump laser: 1 J, 30 fs, 4× 1018 W/cm2

Injection laser: 100 mJ, 30 fs, 2× 1017 W/cm2
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Typical electron beams

Self-injection

ne = 13× 1018 cm−3

Colliding Pulse Injection

ne = 10× 1018 cm−3
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Colliding pulse injection – stability
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62 consecutive shots with a0 = 1.3, a1 = 0.3, ne = 8.4× 1018 cm−3

E = 160 MeV (9% rms fluct.)

∆E = 30 MeV (13% rms fluct.)

Q = 42 pC (37% rms fluct.)

∆θ = 5.4 mrad (24% rms fluct.)

Beamloading ⇒ high peak current, short duration
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Colliding pulse injection – stability

Increasing charge, Decreasing energy - Beam Loading!

62 consecutive shots with a0 = 1.3, a1 = 0.3, ne = 8.4× 1018 cm−3

E = 160 MeV (9% rms fluct.)

∆E = 30 MeV (13% rms fluct.)

Q = 42 pC (37% rms fluct.)

∆θ = 5.4 mrad (24% rms fluct.)

Beamloading ⇒ high peak current, short duration
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Transition Radiation

Single Electron

d2w

dωdΩ
=

e2

4π3ε0c

[
β

1− β2 cos2 θ

]2

θdiv = 1/γ

Incoherent radiation

Wavelength (µm)

A
ng

le
 (

m
ra

d)

Incoherent

 

 

0 5 10 15 20 25
0

5

10

15

20

25

d2 W
/d

λd
Ω

 (
a.

u.
)

0

1

Ensemble of Electrons

d2W

dωdΩ
= [Ne + N2

e F (ω, θ)]
d2w

dωdΩ

F (ω, θ) = |F(f )|2 , f (~x) = bunch shape

Coherent radiation

Wavelength (µm)

A
ng

le
 (

m
ra

d)

Coherent

 

 

0 5 10 15 20 25
0

5

10

15

20

25

d2 W
/d

λd
Ω

 (
a.

u.
)

0

1

8 / 23



Colliding pulse injection Bunch duration Bunch trains Conclusion

Transition Radiation

Single Electron

d2w

dωdΩ
=

e2

4π3ε0c

[
β

1− β2 cos2 θ

]2

θdiv = 1/γ

Incoherent radiation

Wavelength (µm)

A
ng

le
 (

m
ra

d)

Incoherent

 

 

0 5 10 15 20 25
0

5

10

15

20

25

d2 W
/d

λd
Ω

 (
a.

u.
)

0

1

Ensemble of Electrons

d2W

dωdΩ
= [Ne + N2

e F (ω, θ)]
d2w

dωdΩ

F (ω, θ) = |F(f )|2 , f (~x) = bunch shape

Coherent radiation

Wavelength (µm)

A
ng

le
 (

m
ra

d)

Coherent

 

 

0 5 10 15 20 25
0

5

10

15

20

25

d2 W
/d

λd
Ω

 (
a.

u.
)

0

1

8 / 23



Colliding pulse injection Bunch duration Bunch trains Conclusion

Influence of bunch parameters
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Influence of bunch shape
Symmetric bunch
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Frequency-duration product

Shape Function Interval τ/σ σ · ω σ3µm (fs)

Gauss exp(−t2/2σ2) |t| <∞ 2.35 1.00 1.59
Cosine cos2(πt/2τ) |t| < τ 2.77 0.95 1.51

Sech sech2(πt/2σ
√

3) |t| <∞ 1.94 1.10 1.75
Rectangle 1 |t| < τ/2 3.46 0.91 1.45
Triangle 1− |t/τ | |t| < τ 2.45 0.95 1.51

Parabolic 1− t2/2τ2 |t| < τ
√

2 1.58 0.90 1.43
ω peak frequency
τ FWHM duration
σ RMS duration
σ3µm RMS duration giving peak at 3 µm

11 / 23O. Lundh et al, Nature Phys., 7, 219–222 (2011)



Colliding pulse injection Bunch duration Bunch trains Conclusion

Infrared OTR spectrum
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Measurement of the bunch duration

σrms ≈ 1.5 fs
Ipeak ≈ 4 kA

τfwhm = 3− 5 fs, depending on
bunch shape
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Visible OTR spectrum
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Interference between CTR
from multiple bunches
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Ex. 1: 6002/34 = 10.6 µm= 1.0λp
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Two electron bunches
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Multiple electron bunches
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Fourier transform: average over all measurements

ne = 10× 1018 cm−3, λp = 10.6 µm
114 measurements, 61 with interferences
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Influence of plasma density
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Influence of plasma density
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Fringe visibility and the wavelength

Normalized bunch distribution

Two bunches, rms duration σ1 and σ2, charge N1 and N2 and separation T .
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Measured fringe visibility is nearly constant

Wavelength domain
Frequency domain, normalized and

flattened by smoothing spline
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Estimating the bunch charge
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Estimating the duration?
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Conclusion

CTR is a powerful and simple diagnostic that gives crucial
information on the temporal distribution of the electron

beam.
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