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Free electron X-ray sources : Ingredients: rela tivistic electron beam +

undula tor (FE L)

undula tor radia tion, FE L

100‘s  eV - keV

λu≈ 1µm

pla sma fields

Betatron radia tion

keV – 10‘s  keV

λb≈500µm

e-

laser fields

Thomson backscattering

10‘s  keV - MeV

λl≈1µm
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Betatron X-ray tomography (5 keV)  (2012)
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3600 exposures

360 ang les

J. Wenz et al. Nature Communications (2015)
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Nonlinear Thomson ba ckscattering (a 0=0.9)  (2012) 

X-ray energy 

(red – averaged; white – expected)

a0=0

best fit:

a0=0.83

S hock-front injected e-beams :

E lectron energy (red – averaged)

DAQ fa ilure

Khrennikov et al., PRL 114, 195003 (2015)
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Brilliance = 
photons

mm2 ×mrad2 ×s ×0.1% bandwidth

transv. emittance

(=phase space area )

long . emittance

1. many photons 2. sma ll bandwidth 3. low divergence 4. sma ll source 5. short duration

That‘s where LWFA sources excel

their brilliance:

Qua lity sca le for x-rays  ...
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E lectrons – spectrum, stability and tunability
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E lectrons  with 60-100 TW

• tuneable, stable, nC-cla ss electron bunches

• ultrahigh-current (multi-kA) 

wavebreaking (self-) injection in a ga s  cell

shock-front injection in a ga s  jet

∼ 250 pC

1 mrad

FWHM
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depletion

Temporal chara cterization with CTR 

spectroscopy

however....

so far only done with self-injected

beams

⇒ integrate CTR & quadrupole setup

in future dia gnostics suite

∼ 5 fs bunch

duration

Heigoldt et al., Phys . Rev S TAB 18, 121302 

(2015)

Bajlekov et al., Phys . Rev S TAB 16, 040701 

(2013)

Norma lized emittance: 0.14 p mm 

mrad

Weingartner et al., Phys i. Rev S TAB 14, 052801 (2011) 

Transverse emittance: Chromatic

imag ing

Bunch duration & transverse emittance✓
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Thomson X-ray spectra
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Wigg ling wavelength

E lectron gamma factor

Instantaneous

field amplitude

Observa tion 

ang le range

X-ray spectrum is influenced by:

• E lectron energy, bandwidth and emittance

• Wigg ling field strength and number of oscillations

• Observation direction and solid ang le

• Wigg ling period
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Collimated, monochromatic e-beam, 25 period, fla t-top optica l undulator

S imula tion with S P E CTRA 10.01 (and verified with RDTX2)

1T. Tanaka  and H. Kitamura, J. S ynchrotron Radia tion, 8 (2001) 1221 
2A.G.R. Thomas , PRS TAB 13, 020702 (2010) 
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Collimated, monochromatic e-beam, 30 fs laser pulse
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Divergent, 5 MeV bandwidth e-beam, 30 fs laser pulse
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DAQ failure
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S ca lability? 

Increa se in colliding pulse energy, a0 > 1: high-harmonic generation, redshift

S ca ling requires collis ion pulse 

shaping to keep narrow bandwidth: if
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220 keV 175 keV 150 keV

110 keV 75 keV 45 keV

Thomson scattering
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DAQ failure

Khrennikov et al., PRL 114, 195003 (2015)

Nonlinear Thomson sca ttering with 1.2J, 

26 fs driver and 0.3J, 26 fs collider.

measured X-ray spectra correspond very

well to those predicted from electron

spectra

electrons a llow to

predict X-ray spectrum

Nonlinear Thomson 

sca ttering with 2.5J, 28 fs

driver, reflected of a tape

for collis ion

different absorption

contrast for different 

photon energ ies
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Alternative control of photon energy: 

Collis ion ins ide wakefield accelerator
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S etup

observation of collis ion front
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E lectrons ⟹

and

X-rays

⇓
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Tunable dua l-energy electron bunches from a sing le laser shot for dua l energy X-ray sources

2012: 35 MeV

2016: 350 MeV

Bottom: Thomson source without (left) and

with (right) dua l beams

Wenz et al., Nature Photonics , DOI: 10.1038/s41566-019-0356-z (2019)

Collider tunable over 50-200 MeV, while 

shock injection at 350 MeV
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Theoretica l x-ray spectra

measured electron spectrum used as simulation input

ang le-resolved VUV spectrum from a magnetic undula tor

(K=0.55, λu=5mm, Nperiod = 60)

ang le-resolved x-ray spectrum from Compton-

ba cksca ttering (a 0=1.5, λ=800 nm, Δt = 30fs )
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Prospects for multi-colour, controllable dela y x-ray pulses

(“x-ray pump, x-ray probe”)

• Clear correla tion between charge of 1st

beam and energy of 2nd beam: both beams 

sit in the same bubble

• Pulse dela y given by dephas ing  between 

both injection points (down to a few fs !) -

obvious ly coupled to 2nd bunch energy

• Very difficult for conventiona l accelerators!
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