
1 

12  High-harmonic generation and attoscience  

 

12.3  Attosecond pulses 

12.3.4  Propagation effects – phase matching 

12.3.5  Optimizing HHG using cycle-sculpted driver waveforms 

12.3.6  RABBITT, attosecond streaking, FROG-CRAB 

12.3.7  Transient XUV absorption spectroscopy 

12.3.8  Attosecond ion-charge-state chronoscopy 

12.3.9  Multi-purpose attoscience beamlines 

Nonlinear Optics (WiSe 2017/18) 
Lecture 23: January 18, 2018 



T. Popmintchev et al.,  

PNAS 106, 10516 (2009) 

Nature Photonics 4, 822 (2010) 

 

E. J. Takahashi et al.,  

PRL 101, 253901 (2008) 

PRA 66, 021802 (2002) 

IEEE JSTQE 10, 1315 (2004) 

Phase-matched HHG with mid-IR pulses  

waveguide neutral atoms 
free electrons 

q harmonic 

order 
a inner wave- 

guide radius 

u11 mode factor p pressure 

in atm 

h ionization fraction n2 nonlinear 

refractive index 

coeff. per atm 

~ 

Dd =ngas(lL)-ngas(lL/q) 

at 1atm 

re classical 

electron radius 

Na number  

density of  

atoms per atm 0 for loose-focusing geometry 



Phase-matched HHG versus driver wavelength 

pressure-tuned 

phase matching 

HHG efficiency 10-6-10-7 

coherent 

buildup 

T. Popmintchev et al., Science 336, 1287 (2012) 



HHG phase-matching cutoffs 

ionization 

potentials 

observed cutoff for Ar and Ne below 

predicted cutoff (open circles) due to  

inner-shell absorption 

N2: highest photon energies from molecules  

→ dynamic tomographic imaging 

waveguide: 

5 cm long, 200µm diameter 

up to 80 atm 

lL
(1.5-1.7) 

T. Popmintchev et al., Science 336, 1287 (2012) 



synthesized from 800nm + 400nm + 267nm + 200nm + 1600nm 
   w     +    2w     +     3w     +     4w    +     0.5 w 

max. recollision energy 

high field here increases ionization probability 

waveform cutoff energy 

sinusoidal ~ 3.17UP 

synthesized ~ 9UP 

L. E. Chipperfield et al., Phys. Rev. Lett. 102, 063003 (2009) 

C. Jin et al., Nature Commun. 5:4003 (2014) 



2-photon-above-threshold-ionization (ATI) autocorr.  

T. Sekikawa et al., Nature 432, 605 (2004) 

<10-fs SHG-pulses from Ti:sa (1.55 eV) 

 intense isolated 9th harmonic pulses  

    (950 as and 1.3 fs duration) 

2-nJ HH9 on He target 



2-photon-ATI FROG 

A. Kosuge et al., Phys. Rev. Lett. 97, 263901 (2006) 

5.7 torr 

7.2 torr 

9.4 torr 

7.2 torr 

Ar 

19 fs 
SHG 



mid-plateau of 2-color-HHG mid-plateau of 1-color-HHG 

E. J. Takahashi et al., Nature Commun. 4:2691 (2013) 

m/z=14 

AC traces from side peak of N+ ion signals 



E. J. Takahashi et al., Nature Commun. 4:2691 (2013) 

AC traces from side peak of N+ ion signals 

cutoff of 2-color-HHG 

148 as steps 

28 as steps 

isolated 1.3-µJ 500-as XUV 

pulses 

higher repetition rates  improved SNR 



12.3.6  RABBITT  
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12.3.6  RABBITT  

electron-momentum dependent atomic phase, from dipole matrix element 
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12.3.6  Attosecond streaking  
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Attosecond streaking: perpendicular geometry  
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12.3.7 Transient XUV absorption spectroscopy  

changes induced by a first strong pump pulse are probed by the  

transient absorption changes of an isolated attosecond XUV pulse 
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12.3.8 Attosecond ion-charge-state chronoscopy 
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