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To	
  capture	
  a	
  moving	
  object	
  we	
  need...	
  

an	
  exposure	
  +me	
  /shu/er	
  faster	
  than	
  the	
  
mo+on	
  !	
  

Dynamics	
  in	
  real	
  4me	
  

Sequen4al	
  approach	
  

Camera	
  with	
  long	
  exposure	
  4me	
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Dynamics	
  in	
  real	
  4me	
  

Stroboscope	
  approach	
  

Camera	
  with	
  long	
  exposure	
  4me	
  and	
  a	
  strobe	
  light	
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The	
  quantum	
  stroboscope	
  with	
  
A1osecond	
  Pulse	
  Trains	
  (APTs)	
  

 Conven@onal	
  stroboscope:    n scaling	
  
 
 Quantum	
  stroboscope:  n2 scaling	
  +	
  interference	
  

Mauritsson et al 100, 
073003 PRL 2008 
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Applica4ons	
  

A5o-­‐second	
  Pulse	
  Trains	
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  field	
  	
  	
  	
  	
  	
  	
  Strong	
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  Field	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Interference	
  in	
  the	
  	
  
frequency	
  domain	
  

Interference	
  in	
  the	
  	
  
4me	
  domain	
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Photo-­‐ioniza4on	
  

Electron	
  

hv>IP(atom)	
  
	
   ion+	
  

H.R	
  Hertz	
  -­‐	
  1887	
  

A.	
  Einstein	
  -­‐	
  1905	
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Photo-­‐ioniza4on	
  with	
  APTs	
  

Electron	
  
Wave	
  Packet	
  

Coherent	
  
Light	
  source	
  
hv>IP(Atom)	
  

	
  

Δt<1fs 	
  	
  	
  	
  	
  	
  ΔE>2	
  eV	
  	
  

A1o-­‐second	
  regime	
  

Wave-­‐par4cle	
  duality	
  

ion+	
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Photo-­‐ioniza4on	
  with	
  APTs	
  

Light	
  source	
  
hv>IP(Atom)	
  

	
  

Δt<1fs 	
  	
  	
  	
  	
  	
  ΔE>2	
  eV	
  	
  

A1o-­‐second	
  regime	
  

Wave-­‐par4cle	
  duality	
  

ion+	
  

Electron	
  
Wave	
  Packet	
  

(EWP)	
   	
  
Can	
  we	
  ”read-­‐out”	
  proper4es	
  	
  
of	
  one-­‐photon	
  ioniza4on	
  	
  

in	
  the	
  Electron	
  Wave	
  Packet	
  ?	
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A1osecond	
  Pulse	
  Trains	
  
Laser	
  Pulse	
  

Medium	
  
Filtering	
  

Attosecond	
  
Pulse	
  Trains	
  

Single	
  Atom	
  Response	
  

Propagation	
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A1osecond	
  Pulse	
  Trains	
  
Laser	
  Pulse	
  

Medium	
  
Filtering	
  

Attosecond	
  
Pulse	
  Trains	
  

Single	
  Atom	
  Response	
  

Propagation	
  

1.	
  Tunneling	
   2.	
  Acceleration	
   3.	
  Recombination	
  

P. Corkum, PRL 
71, 1994 (1993) 
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A1osecond	
  Pulse	
  Trains	
  
Laser	
  Pulse	
  

Medium	
  
Filtering	
  

Attosecond	
  
Pulse	
  Trains	
  

Single	
  Atom	
  Response	
  

Propagation	
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Accelera@on	
  in	
  
the	
  con@nuum	
  

Transi@on	
  to	
  the	
  
con@nuum	
  Recombina@on	
  Lewenstein,	
  49,	
  

2117,	
  PRA	
  1994	
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A1osecond	
  Pulse	
  Trains	
  

coupled,	
  well-­‐known	
  phase!	
  

100	
  meV	
  bandwidth/harmonic!	
   260	
  as	
  dura4on/pulse!	
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Pump-probe setup 

IR Probe 

focusing 
mirror 

recombination 
mirror 

delay 
stage 

<30nm 

4 mJ, 35 fs 
800 nm 
Ti:Saph 

Electron 
spectrometer 

XUV Pump 
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INTERFEROMETRY	
  IN	
  FREQUENCE	
  
DOMAIN	
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Interferometric	
  measurement	
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q+1	



Ip	



q	



q+2	



Φharm(q)	
  +	
  	
  	
  φioni(q)	
  
+	
  ωt	
  +	
  φcc(q+1)	
  	
  
	
  

Ioniza4on	
  with	
  two	
  harmonics	
  in	
  the	
  presence	
  	
  
of	
  a	
  weak	
  infrared	
  field	
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! 

Sq+1 " cos 2#t $ %&harm $ %&ioni( )

Interferometric	
  measurement	
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of	
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Reconstruc4on	
  of	
  A1osecond	
  Bea4ng	
  by	
  
Interference	
  of	
  Two-­‐photon	
  Transi4on 
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Paul	
  et	
  al,	
  	
  
Science	
  192	
  1689	
  (2001)	
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Reconstruc4on	
  of	
  A1osecond	
  Bea4ng	
  by	
  
Interference	
  of	
  Two-­‐photon	
  Transi4on 
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Reconstruc4on	
  of	
  A1osecond	
  Bea4ng	
  by	
  
Interference	
  of	
  Two-­‐photon	
  Transi4on	
  

130	
  as	
  

250	
  as	
  

…	
  
López-­‐Martens	
  et	
  al,	
  	
  

Phys	
  Rev	
  Le1	
  94	
  3301	
  (2005)	
  
…	
  

E.	
  Gustafsson	
  et	
  al,	
  
Op4cs	
  Le1ers	
  32,	
  1353	
  (2007)	
  

…	
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Resonant	
  photo-­‐excita4on	
  –	
  atomic	
  case	
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Interferometric	
  measurement	
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  paths	
  

	
  
Sq+1	
  ~	
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  -­‐	
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  Δφioni)	
  

	
  

Ioniza4on	
  with	
  two	
  harmonics	
  in	
  the	
  presence	
  	
  
of	
  a	
  weak	
  	
  infrared	
  field	
  

Idea	
  	
  
“Two	
  photon	
  Resonant	
  the	
  photo-­‐
ioniza4on	
  pathway	
  will	
  introduce	
  

a	
  phase	
  jump	
  of	
  π”	
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  Two-­‐Color	
  Two-­‐Photon	
  Ioniza4on	
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  Two-­‐Color	
  Two-­‐Photon	
  Ioniza4on	
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•  A1osecond	
  Pulse	
  Train/High-­‐Order	
  Harmonics	
  
•  one	
  Al-­‐filter	
  for	
  compression	
  
•  linear	
  chirp,	
  260	
  as	
  average	
  pulse	
  dura4on	
  

	
  	
  	
  Harmonic	
  Δϕ:Argon	
  vs	
  Helium	
  

Argon	
  
Helium	
  

tuning	
  to	
  red	
  

chirp	
  corrected	
  

à	
  Helium	
  1s3p	
  (23.087	
  eV	
  ~	
  H15)	
  

Swodoba et al, PRL 104, 103003 (2010) 
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Wavelength	
  Dependence	
  

π/2	
  

808	
  nm	
   805	
  nm	
   802	
  nm	
  

•  Perturba4on	
  theory	
  model	
  (Gaussian	
  pulses)	
  
•  TDSE	
  simula4on	
  (@	
  1e11	
  W/cm2)	
  
	
  

Ioniza@on	
  threshold	
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Move	
  the	
  state	
  instead	
  of	
  the	
  photon	
  frequency	
  

Intensity	
  Dependence	
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•  combine	
  intensity	
  &	
  wavelength	
  dependence	
  of	
  Δϕ	
  :	
  

Measure	
  the	
  AC	
  Stark	
  Shiw	
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•  combine	
  intensity	
  &	
  wavelength	
  dependence	
  of	
  Δϕ	
  :	
  

Measure	
  the	
  AC	
  Stark	
  Shiw	
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Emission	
  4me	
  in	
  photo-­‐ioniza4on	
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Interferometric	
  measurement	
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Ioniza4on	
  with	
  two	
  harmonics	
  in	
  the	
  presence	
  	
  
of	
  a	
  weak	
  	
  infrared	
  field	
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Dwell	
  4me	
  in	
  sca1ering	
  experiment	
  	
  

r	
  

E	
  

Sca1ering	
  	
  
phase	
  

Divergent	
  	
  
long-­‐range	
  phase	
    

! 

"!

Centrifugal	
  	
  
term	
  

“Wigner	
  4me	
  delay”	
  for	
  photo-­‐ioniza4on	
  

  

! 

"W = !
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Wigner,	
  Phys	
  Rev	
  98,	
  145	
  (1955)	
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Ioniza4on	
  from	
  the	
  3s	
  and	
  3p	
  shells	
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  3s	
  and	
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  shells	
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• 	
  Interferometric	
  methods	
  enables	
  to	
  read	
  out	
  the	
  	
  
	
   	
  Group	
  Delay	
  (GD)	
  of	
  the	
  Electronic	
  Wave	
  Paquet	
  	
  

Conclusion	
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  The	
  GD	
  encodes	
  informa4on	
  on:	
  
	
  One	
  -­‐	
  photon	
  transi4on	
  phase	
  	
  

• 	
  	
  The	
  measurement	
  introduces	
  a	
  contribu4on	
  to	
  the	
  GD	
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  con4nuum	
  transi4on	
  phase	
  

New	
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