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Å REAL labs and research directions 

Å Laser WakeField Acceleration (LWFA) of electrons 

ïShock-front injection in LWFA 

Å XUV, X-ray generation: 

1. Betatron radiation 

2. Thomson (Compton) scattering 

ïQuasi-monochromatic Thomson X-ray source 

ïTwin electron beams for dual-color X-ray source  

3. High-harmonic generation (HHG) 

ïGas HHG, relativistic HHG 

Å Summary 

Outline 



RElativistic Attosecond physics Laboratory (REAL) at 

Umea University 

+ MPQ 

Umeå 

2016 Move from Max-Planck Institute  
of Quantum Optics to Umea University 

Some pictures form the REAL  
labs in Umea 

Light Wave 
Synthesizer 20 laser Gas harmonics  

Gas harmonics  
Relativistic plasma 
physics chambers 



ÅLaser development 

ÅLaser-driven electron acceleration and applications 

ÅAttosecond physics (high-harmonic generation in gases) 

ÅAttosecond pulses from relativistic surface high-harmonic 

generation 

 

Light Wave Synthesizer (LWS-20) laser:  

Most intense few-cycle laser system in the world! 

 Spectrum: 580 ï 1000 nm 

 <5 fs FWHM duration 

16 TW peak power (70-75 mJ energy) 

>1020 W/cm2 intensity (a0=6-7) 

Main research directions in REAL 

FWHM:  
  4.5 fs 

D. E. Rivas et al., Sci. Rep. 7, 5224 (2017) 



Motivation for laser-plasma 

electron acceleration 

Classical RF accelerators: 
 Maximal accelerating fields due to breakdown: 
üEmax Ғ мллa±κƳ 
ümany km long accelerators needed  
üExpensive 
üLonger pulse duration 
üTiming jitter 

 

Alternative: Plasma-based Accelerators: 
 Already ionized acceleration medium Ą no breakdown 
 Sustainable fields: 
üPossible fields: E=100GV/m - 1TV/m   
 103 - 104 times higher 
üShorter acceleration distance 
ü Intrinsically short (few fs) pulses  
ü Intrinsically synchronized with laser pulse 

SLAC  

Super- 

sonic  

Helium 

Gas  

Jet 



Laser wakefield acceleration 

T. Tajima, et al. PRL 43, 267 (1979) 
A. Pukhov, et al. APB 74, 355 (2002) 
W. Lu et al. PRSTAB 10, 061301 (2007) 

Gas nozzle 

Intense laser pulse 

He gas 
Electrons 

Ions 

Plasma 
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Generation of plasma waves 

Ipeak = 2 x 1017 W/cm2,  

Ex max = 40 GV/m  
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Ipeak = 6 x 1018 W/cm2 , Ex max = 680 GV/m  

Ipeak = 3 x 1019 W/cm2 

Ex max = 1700 GV/m  

Laser 
~1018 W/cm2  

Plasma 

Gas jet 

n0=  

3.5 x 1019 

         cm-3  
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Focusing 

Mirror (OAP) Supersonic Gas Jet 

Al-Shield Lanex Screen Radiation Shield Electron Spectrometer 

Gap: 5cm, B=1T 

Range: 3 - 400 MeV 

Resolution: <5% 

Coil (ICT) Cooled 16 bit 

CCD 

Scintillating 

Fibers 

Electron acceleration with a few-cycle laser  
- Typical experimental setup 

Focusing:  F/3 OA-parabola  

Spot size:  3 mm (FWHM) 

Laser:       4.5 and 8 fs, 70 mJ 

Intensity:   4.1x1019 W/cm2 

Gas Jet:    He, Supersonic 

                 Diameter 150 mm, 

                 Density 2x1019 cm-3 

Electron Energy: 10-20 MeV 

K. Schmid et al. PRL 102, 124801 (2009) 



Typical electron results 

Main features: 

ÅElectron energy: 5 MeV - few GeV, up to 8 GeV 

ÅEnergy spread: 1 ï 100% 

ÅMeasured FWHM duration:  4 ï few-10 fs (1.5 ï 10 fs RMS) 

ÅDivergence: 1 ï 20 mrad (down to 0.2 mrad) 

ÅBunch charge: 1 pC ï 1 nC (107-1010 electrons) 

ÅNormalized emittance: 0.1 ï 10 p mm mrad 

ÅBroad range of scientific and practical applications 

(X-ray generation, radiation biology, cancer  

radiotherapy, etc.) 

A. J. Gonsalves, et al. Phys. Rev. Lett. 122, 084801 (2019); C. M. S. Sears et al., Phys. Rev. ST Accel. Beams 13, 092803 (2010); 

V. Malka et al., Nat. Phys. 4, 447 (2008) 

eN=2.3 p mm mrad 



Polarimetry (Faraday 
rotation) with 8-fs probe Shadowgraphy 

with 8-fs probe 

Direct observation of laser- 
driven electron acceleration with 
high spatio-temporal resolution  

Plasma wave Electron bunch 

Characterization of the electron bunches  
+ direct temporal observation of LWFA 

 A. Buck et al. Nature Phys., 7, 543 (2011) 

1.9

bunch 2.15.8 fst +

-=

RMS: 2.5 fs 

FWHM 



Common scheme: Separation of Injection and Acceleration 

Ą Inhibiting self-injection by lowering laser intensity and gas density 

 

мΦ /ƻƭƭƛŘƛƴƎ αLƴƧŜŎǘƛƻƴά tǳƭǎŜ      2. Gas mixtures, ionization injection 

 

 

 

 

 

3. Downward density transition (down ramp) 

 

 

 

 

Injection mechanisms 

J. Faure et al., Nature 444, 737 (2006). 

Pak et al., PRL 104, 

025003 (2010). 

C. McGuffey et al., PRL 104, 

 025004 (2010). 

 

Laser 

S. Bulanov et al., Phys. Rev. E 58, 5 R5257 (1998). 

C. G. R. Geddes et al., PRL 100, 215004 (2008). 



Injection at sharp density transition 

Region: 

             I                          II  

Electron 

Density 
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Low intensity laser pulse (a0~1) 
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H. Suk et al., Phys. Rev. Lett. 86, 6 (2001). 



Stabilization of the laser wakefield 

acceleration ï shock-front injection 

Density ratio: 1.6  

K. Schmid et al., Phys. Rev. Spec. Top. ï Acc. Beams 3, 091301 (2010) 



Stabilization of the laser wakefield 

acceleration ï stabilized injection 

K. Schmid et al., Phys. Rev. Spec. Top. ï Acc. Beams 3, 091301 (2010) 

All Best 10 % All Best 10 % 

Peak energy 

(MeV) 

26.0Ñ7.4 (29.7Ñ1.2) 23.3Ñ3.2 (24.3Ñ0.9) 

Energy Spread (%) 12Ñ9 (8Ñ5) 9Ñ7 (4.0Ñ0.5) 

Divergence (mrad) 10.9Ñ3.6 (10.0Ñ2.3) 8.9Ñ3.2 (7.3Ñ0.5) 

Charge (pC) 3.7Ñ3.0 (3.1Ñ1.0) 3.3Ñ2.1 (1.8Ñ0.5) 

o Increased injection probability 

o Increased stability, narrower energy spread 

o Electron energy tunability 

    Self injection       Shock-front injection 

8 fs, 130 mJ laser 26 fs, 1 J laser 

Buck et al. Phys. Rev. Lett. 110, 185006 (2013) 



Laser 

Tuning of acceleration length 

and electron energy 

Injection position 

Shock front 

Blade 

Acceleration length 

Nozzle 



Tunability of the electron energy 

Buck et al. Phys. Rev. Lett. 110, 185006 (2013) 



Main generation processes: 
   

ÅBetatron radiation 
 
ÅThomson (Compton) scattering 
 
ÅHigh-harmonic generation in gases 

 
ÅHigh-harmonic generation on plasma mirrors 

 
ÅOther sources: Undulator radiation, 

Bremsstrahlung 

XUV and X-ray 

radiation generation 



Betatron radiation 

S. Corde et al., Rev. Mod. Phys. 85, 1 (2013); F. Albert et al., Plasma Phys. Control. Fusion 58, 103001 (2016 ) 

Synchrotron-like spectrum 

Typical features: 
Å Requires large number of LWFA  
      electrons with moderate quality 
Å Synchrotron-like spectrum  
      with peak energy: 2-20 keV 
Å Expected pulse duration:  
                = laser pulse duration 20-100 fs 
Å Number of photons/shot: 107-109 

Å Very high peak brightness   
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Phase contrast imaging application  

of betatron radiation 

Å Simple experimental setup 
Å Good spatial coherence 
ÅWell collimated beam  
      with 10-20 mrad divergence 
Å Phase contrast imaging with  
      3-4 keV peak energy 
Å 2-5 mm spatial resolution 
Å No temporal coherence 
Å Phase contrast tomography 

1 shot                              13 shots 

J. Wenz et al., Nat. Commun. 6, 7568 (2015); S. Kneip et al., Nat. Phys. 6, 980 (2010); S. Fourmaux et al., Opt. Lett. 36, 2426 (2011) 



(Inverse) Thomson / Compton scattering 

ᴐ‫ τ‎ᴐ‫  

Typical features: 
Å Requires high-quality LWFA electrons 
Å High photon energy: 1 keV ς 10 MeV 
Å Expected pulse duration:  
                = electron bunch duration 4-20 fs 
Å Number of photons/shot: 107-108 

Å High peak brightness, especially >100 keV 
Å Well collimated beam (10-20 mrad divergence) 
Å No temporal coherence 

Electron energy     photon energy of 
      (g factor)                laser ~1.5 eV 

Photon energy after 
Compton scattering : 
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S. Corde et al., Rev. Mod. Phys. 85, 1 (2013); 
F. Albert et al., Plasma Phys. Control. Fusion 58, 103001 (2016 ); H.-E. Tsai et al., Phys. Plasmas 22 023106 (2015) 

Quasi-monochromatic spectrum 
(if electron bunch is monoenergetic)  



Tunable (nonlinear) Thomson source 

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

Å Complex experimental setup 
Å Shock-front injection + head-on collision 
Å Pointing and temporal jitter sensitive 
Å Provides tunability and flexibility 



Tunable (nonlinear) Thomson source 

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

Å Tunable electron energy 10-150 MeV 

Å Quasi-monochromatic Thomson X-ray 
      measured only in the 5-42 keV range 

Å Quadratic dependence of wX-ray on Eelec 

Å Clear features of nonlinear (2nd order)  
      Thomson scattering 



Dual electron beams 

J. Wenz et al., Nat. Photonics 13, 263 (2019) 

Å LWFA with shock-front and  
      counter-propagating injection 

Å Acceleration of two electron bunches 
 
Å Dual-color X-ray generation via  
      all-optical Compton source 



Dual electron beam properties 

J. Wenz et al., Nat. Photonics 13, 263 (2019) 

Main features: 

Å Stable electron beams 

Å >90% injection probability 

Å Relative-low energy spread (red) 

Å 60-70 GV/m accelerating field 

Å Two electron beam only if  

      collision is after shock front 



Dual-color X-ray source from twin 

electron beams 

J. Wenz et al., Nat. Photonics 13, 263 (2019) 

Measured electron spectra and X-ray profiles 

Calculated X-ray spectra 

Å Significant difference in photon energy 

Å Delay tunable up to ps 

Å Well synchronized pulses 

Å Dual-color pumpïprobe experiments 

Å Alternative process: undulator (upper plot) 



 

Å Applicable intensity is limited (around 1015 W/cm2 for Ne) 

Å Higher laser energy needs bigger focal spot Ą Loose focusing geometry 

Gas harmonic and  

attosecond pulse generation 

100 mJ, <5 fs 1 mJ, <5 fs 

b 

1 mm 

w0 = 50 ˃ m 

100 mbar 

100 pJ 

b 

10 cm 

w0 = 400 ˃m 

1 mbar 

10 nJ 

3-step model: 

 

1) Tunneling 

2) Acceleration 

3) Recombination 



Gas harmonic and  

attosecond pulse generation 

Main features: 

Å Typical energy: 10-300 eV, up to 1.5 keV 

Å Measured duration:  40 ς few-100 as 

Å Isolated pulses (not only train of pulses) 

Å Typical pJ ς mJ pulse energy Ą 105 ς 1011 photons above 20 eV 

Å Excellent spatial and temporal coherence (divergence 0.1 ς 10 mrad) 

Å Broad range of scientific and practical applications (electron dynamics, ionization 
delays, coherent diffraction imaging, etc.) 



Gas harmonics setup  

for attosec pulse generation 

Ion microscope 

Å 16 m focusing  
Å 10 cm gas cell target 
  

Detectors:  
Å XUV energy diode 
Å XUV CCD 
Å XUV spectrometer 
Å Ion microscope 



Attosecond XUV beam properties and  

ist application (two-photon ionization) 
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Resolution 

limited! 

XUV focus 
Xe1+ signal from ion microscope 

D. Rivas et al, Sci. Rep. 7, 5224 (2017); B. Bergues et al., Optica  5, 237 (2018); D. Rivas et al, Optica  5, 1283 (2018) 

Linear signal (Xe2+) 
(Xe3+@115eV) 

Non-linear 
signal (Xe4+) 

Ratio 
(Non-lin. / lin.) 

Application: Two-photon ionization of Xenon  



High-harmonic generation  

on relativistic plasma mirrors 

Relativistic oscillating mirror (ROM) 
  Iw ~ w-8/3, short scale length, 0-50º p-polarization 

Å Typical energy: 10-100 eV, up to 3.6 keV 

Å Expected duration:  few-10 ς few-100 as 

Å Isolated pulses (not train) is possible 

Å Typical few-mJ pulse energy Ą >1011 photons above 20-30 eV 

Å Good spatial and temporal coherence (divergence 10-20 mrad) 

ROM: R. Lichters et al. Phys. Plasmas 3, 3425 (1996), G. D. Tsakiris et al. New J. Phys. 8, 19 (2006), T. Baeva et al. Phys. Rev. E 74, 046404 (2006), B. Dromey et al. Nat. Phys. 2, 456 (2006), C. 
Thaury et al. Nat. Phys. 3, 424 (2007), P. Heissler et al. Phys. Rev. Lett. 108, 235003 (2012), C. Rödel et al. Phys. Rev. Lett. 109, 125002 (2012), F. Dollar et al. Phys. Rev. Lett. 110, 175002 
(2013), S. Kahaly et al. Phys. Rev. Lett. 110, 175001 (2013), H. Vincenti et al. Nat. Commun. 5, 3403 (2014) 

Laser 

Prepulse 

Plasma 

Glass 
target 

Laser 

Prepulse 

Plasma 

Glass 
target 

L 



Power law fit: 
  

Iw ~ w-2.55   
     for L/l = 0.13  
  

Ą typical for ROM 

High-harmonic spectra from  

relativistic plasma surfaces 

(eV) D. Rivas et al, Sci. Rep. 7, 5224 (2017) D. Kormin et al, Nat. Commun. 9, 4992 (2018) 

CEP = 11p/6, p, L/l = 0.5 

After careful 
spectral  

interferometric 
evaluation 

- First isolated attosecond pulses from   
relativistic interaction 

- Up to 100 eV photon energy, estimated 
few mJ pulse energy 


