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STREAK CAMERA 

Conventional optoelectronic streak camera where the photoelectrons are 

deflected by a linearly ramped on electric field and thus time is mapped to 

spatial displacement on the screen. Maximal resolution ~ picoseconds. 
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ATTOSECOND STREAKING IN STRONG-FIELD 

APPROXIMATION 

NIR        XUV k 

Atom 

Linearly polarized  

in the same direction 

Streaking regime 

Sideband regime 

The XUV pulse is responsible for the single-photon ionization 

The IR laser deflects the photoelectron.  

It works as the DC field in streak camera. 

0 0

( )

( ) ( ) ( ) ( )

i

L

L L L i

t

dp
F t

dt

k p t p F t dt p A A t



 

           



24/06/2024 

3 

0 ( )L ik p A t  Fundamental equation of streaking 

Recording a set of spectra for different delay times between the XUV and 

IR field yields a streaking spectrogram which is a direct representation of 

the vector potential of the IR field.  

Attosecond oscilloscope:  XUV + IR 

E. Goulielmakis et al, Science 305, 1267 (2004) 

resolution ~ 100 as 

Attosecond streaking has become a basic tool for the 

characterization of ultrashort light pulses as well as of the duration 

and chirp of attosecond pulses. 

Typical streaking laser fields. IR laser field with 𝜆 = 800nm, a sine-squared 

envelope and total duration of 6 fs and an intensity of 𝐼IR = 4 · 1011W/cm2. 

The XUV pulse has a Gaussian envelope and a FWHM duration of 200 as and 

an intensity 𝐼XUV = 1013 W/cm2.  

In 2004 the oscillation of visible light could be directly measured for the 

first time by attosecond streaking. 
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If the electron is emitted delayed by 𝑡S it will feel a slightly different vector 

potential and the streaking spectrogram will be phase shifted with respect 

to the vector potential.  

Thus, we can extract the absolute time shifts by a nonlinear least-squares fit 

of the modified final momentum k to the vector potential A(𝑡). 

Beyond the SFA: Streaking spectrogram for ionization of helium with and 

without excitation of the second electron (lower and upper structure). For 

reference the vector potential 𝐴(𝜏 ) is shown in red. Comparison of the shift 

of the spectrogram yields the streaking time shifts (see inset). 

0 ( )L Sk p A t t  

Attosecond streaking works as a classical clock 

Exercise 18: Calculate the correction factor and the streaking time tS for the 

amplitude of the momentum shift induced by the streaking field using a 

Taylor expansion up to first order of the preceding equation. 
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Streaking spectrograms 

for ionization from the 

hydrogen ground state 

for different XUV pulse 

durations 𝜏X, 𝜔 = 80 eV 

and 𝐼X = 1013W/cm2. 

The IR field had a total 

duration of 6 fs with a 

sine-squared envelope, 

𝜆 = 800nm and 𝐼L = 

1012W/cm2. The 

duration of one optical 

cycle is 2668 as. The 

spectra are taken in 

forward direction with 

an opening angle 

of 10∘. 

The extracted energy-dependent time delays 𝑡S(𝐸) are averaged over the 

spectral width of the XUV pulse 

The sampled vector potential is averaged over the temporal width of the 

XUV pulse, i.e., the relative momentum shift is to first order given by a 

convolution of the vector potential and the ionization probability 
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Momentum shift in forward (solid lines) and in backward (dotted lines) 

direction along the laser polarization axis extracted by either the maximum 

(a) or the first moment (b) of the streaked spectra. For pulse durations 

longer than a quarter IR period (667 as) the peak analysis gets discontinuous, 

the first moment, however, follows the vector potential with a reduced 

amplitude until an XUV pulse duration of 1500 as. 

Extracted streaking time shifts for ionization from the hydrogen ground state for two 

different XUV energies (ħ𝜔 = 80 eV, red/orange points and ħ𝜔 = 40 eV, blue points) as 

a function of the XUV pulse duration.  We compare time shifts extracted by the peak 

maximum (filled and open triangles, forward and backward direction analysis, 

respectively) and by the first moment (filled and open circles) with a theoretical 

prediction based on Coulomb EWS time delay and a contribution due to the long-

ranged character of the Coulomb field. Although the errors from the fit get larger, the 

first moment analysis is remarkably stable until 1500 as.  

The peak analysis already breaks down for 750 as 
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We compare the following three time delays:  

 

(i) The wavepacket delay 𝑡WP = 𝑡 − ⟨𝑟(𝑡)⟩/𝑘 (extracted from 

the extrapolation of the wavepacket trajectory to a linear 

slope that starts at 𝑡WP from the origin) as a function of 

propagation time,  

 

(ii) The EWS delay averaged over the spectral width of the 

wavepacket  

 ⟨𝑡EWS⟩ and  

 

(i) The streaking delays that we extract by a nonlinear least-

squares fit of the first moment of the streaking spectrogram 

to the vector potential of the IR field.  

For Yukawa potentials with screening lengths 𝑎  10 a.u. we find that the extracted 

streaking time shifts 𝑡S for the given laser parameters indeed agree exactly with the 

intrinsic atomic time shifts ⟨𝑡EWS⟩.  The wavepacket delay 𝑡WP also converges to ⟨𝑡EWS⟩ 
shortly after the ionizing XUV field is over.  
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0 0( ) ( )L S L EWSk p A t t p A t t     

For Yukawa potentials with larger screening lengths (𝑎  10 a.u.) the 

streaking time shifts 𝑡S no longer agree with 𝑡EWS and 𝑡WP .  

 

The extracted streaking time shifts are always less negative than 𝑡EWS, and, 

moreover, they converge to the streaking time shift for a pure Coulomb 

potential, 𝑡S, a→∞, for screening lengths 𝑎  100 a.u. 

 

Conclusion:  

Streaking is only able to extract intrinsic atomic time shifts that are built-up 

within a distance of a few atomic units and that for potentials with longer 

range, in particular for Coulomb potentials some modifications are necessary. 

For sufficiently short-ranged potentials (a few a.u.) the electrons emission 

time (arrival in the continuum) is delayed by the EWS time, i.e., the 

ponderomotive momentum A(t) to be shifted by 𝑡EWS,  A(t + 𝑡EWS). 

Streaking and EWS time shifts for the Yukawa potentials (𝑎 = 0.5, 1, 2, 10, 20, 

100, 200 a.u.) as a function of the electron energy 𝐸.  𝑡S agrees with 

𝑡EWS for small 𝑎 and converges for large 𝑎 to 𝑡S of a Coulomb potential 

with 𝑍 = 2 (grey solid line). 
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Since for easily resolvable energy shifts IR fields with intensities of the order  

𝐼L ~ 1011−1012 W/cm2  are needed, distortion effects generally cannot be 

neglected. 

𝑡S (red dots) agrees well with the classical streaking time shift 𝑡cl
S (black 

boxes) calculated with the CTMC method. 

Since for easily resolvable energy shifts IR fields with intensities of the order  

𝐼L ~ 1011−1012 W/cm2  are needed, distortion effects generally cannot be 

neglected. 

𝑡S (red dots) agrees well with the classical streaking time shift 𝑡cl
S (black 

boxes) calculated with the CTMC method. 
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We consider a typical trajectory of outgoing electrons. Since the Coulomb 

force depends on the trajectory r(𝑡), for an exact treatment we need to solve 

the differential equation for a trajectory taking off at r(ti) ≈ 0 near the ionic 

core in the combined Coulomb and laser fields, 
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𝑡CLC is universal for Coulomb exit channel interactions, i.e., is independent of 

the atomic species and initial state. 

Since the Coulomb-laser coupling is of classical origin, we can determine 𝑡CLC 

classically by subtracting the classical limit of the EWS time delay from the 

classical streaking time determined by the CTMC, 

 DtCoul = tCLC 
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Attoclock 

Circularly polarized NIR laser  

/  
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