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            Abstract
The concerted motion of two or more bound electrons governs atomic1 and molecular2,3 non-equilibrium processes including chemical reactions, and hence there is much interest in developing a detailed understanding of such electron dynamics in the quantum regime. However, there is no exact solution for the quantum three-body problem, and as a result even the minimal system of two active electrons and a nucleus is analytically intractable4. This makes experimental measurements of the dynamics of two bound and correlated electrons, as found in the helium atom, an attractive prospect. However, although the motion of single active electrons and holes has been observed with attosecond time resolution5,6,7, comparable experiments on two-electron motion have so far remained out of reach. Here we show that a correlated two-electron wave packet can be reconstructed from a 1.2-femtosecond quantum beat among low-lying doubly excited states in helium. The beat appears in attosecond transient-absorption spectra5,7,8,9 measured with unprecedentedly high spectral resolution and in the presence of an intensity-tunable visible laser field. We tune the coupling10,11,12 between the two low-lying quantum states by adjusting the visible laser intensity, and use the Fano resonance as a phase-sensitive quantum interferometer13 to achieve coherent control of the two correlated electrons. Given the excellent agreement with large-scale quantum-mechanical calculations for the helium atom, we anticipate that multidimensional spectroscopy experiments of the type we report here will provide benchmark data for testing fundamental few-body quantum dynamics theory in more complex systems. They might also provide a route to the site-specific measurement and control of metastable electronic transition states that are at the heart of fundamental chemical reactions.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: Experimental set-up, data and microscopic mechanisms in helium.[image: ]


Figure 2: Observation of attosecond two-electron dynamics in helium.[image: ]


Figure 3: Time-delay-dependent absorption at higher VIS intensity (3.5 × 1012 W cm−2).[image: ]


Figure 4: Intensity-dependent laser coupling and phase control of a two-electron wave packet.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Experimental apparatus and recorded data.
a, Design view of the experimental set-up, consisting of a neon (Ne) gas target for high-harmonic generation (HHG), a motorized iris aperture, a split mirror (SM) in combination with a thin silicon nitride (Si3N4) membrane and an aluminium (Al) filter, a focusing toroidal mirror (TM), a dense (∼100 mbar) absorbing helium (He) target, and a home-built high-resolution spectrometer, which consists of a variable-line-spacing (VLS) grating, a cooled (−50 °C) XUV CCD camera, and a pair of Al filters for stray-light suppression. b, Recorded XUV reference spectrum (black line; no He gas in target cell) in the 50–70 eV energy range, averaged over ∼64,000 laser shots, and recorded XUV signal spectrum after transmission through the dense He gas target (red line), averaged over ∼640,000 laser shots. The statistical error is of the order of the line thickness. c, Two-dimensional absorbance at a calibrated VIS peak intensity of 3.3 × 1012 W cm−2. The plot consist of 300 single absorbance spectra (for details and definition, see ‘Experimental data acquisition’ in Methods), that were obtained with a time-delay step size of ∼170 as.


Extended Data Figure 2 Few-level model simulation details.
a, Level scheme of the simulated subsystem, including the ground state |g〉 ≡ |1s2〉, the autoionizing bound states |a〉 ≡ |2s2p〉, |b〉 ≡ |2p2〉 and |c〉 ≡ |sp2,3+〉, and the continua |1s, εp〉 and |1s, εs〉, all coupled via the dipole matrix elements dnm as depicted. The configuration-interaction matrix elements Vε,n couple the excited states with their corresponding (symmetry 1Po or 1Se) continua. b, Schrödinger equation describing the temporal evolution of the coupled states’ expansion coefficients cn(t), resulting from the respective coupling pathways depicted in a. Further explanations and definitions of parameters are given in ‘Few-level model simulation’ in Methods. c, Simulated two-dimensional absorbance plot of the few-level system assuming a quasi-monochromatic VIS field of 730 nm wavelength. The absorbance spectra were temporally averaged over one VIS laser cycle (XUV/VIS delay), and convolved with the experimental detector resolution (σ = 20 meV). d–f, Simulated temporal evolution of |cn(t)| of the three autoionizing states 2s2p (1Po; black lines), 2p2 (1Se; blue lines) and sp2,3+ (1Po; red lines) where the 1Po-symmetry states were weakly populated by an XUV attosecond pulse at time t = 0 fs. All states were coupled by a VIS pulse (7 fs, 730 nm, 3 × 1012 W cm−2) at three different time delays τ. The dashed curves show the states’ evolution in the absence of the VIS field.


Extended Data Figure 3 Intensity calibration of the experimental data.
a, Calculated absorbance for a 7 fs, ∼730 nm VIS laser pulse at increasing intensity. b, Experimentally measured absorbance for increasing openings of the iris diaphragm. For a and b, the time delay was set to where the Autler–Townes splitting is at maximum, averaged over two modulation periods. c, The comparison of maximum absorbance of the left-shifting 2s2p line (starting from 60.15 eV) between numerical and experimental results yields an in situ mapping between the VIS intensity and the iris opening in the experiment (black line). The grey shaded area denotes the standard deviation, taking into account different VIS durations and an additional comparison near 0 fs time delay, and thus represents the systematic uncertainty of the monotonically increasing intensity-calibration curve.


Extended Data Figure 4 Effects of the attosecond pulse configuration and the carrier envelope phase.
a, Simulated absorbance plots (top) for different XUV pulse configurations: two attosecond pulses, φCEP = π/2 (left); one attosecond pulse, φCEP = 0 (middle); one attosecond pulse, φCEP = π/2 (right). The VIS pulse duration was 7 fs with 3 × 1012 W cm−2 peak intensity, where the respective XUV/VIS pulse configurations are illustrated at zero time delay (bottom). b, Experimentally measured absorbance plots for CEP stabilization (top left; with root mean squared residual statistical noise of 0.38 rad) and CEP non-stabilization (top right). The observed time-dependent features, including the lineout at photon energy 63.66 eV (bottom) are practically identical for the CEP-stabilized and the non-CEP-stabilized measurements. Any significant temporal jitter between the attosecond pulses and the VIS carrier wave in the HHG process, for the case of statistical CEP, would correspond approximately to an averaging over a range of time delays for the case of a CEP-stable measurement, smearing out subcycle oscillations in the absorbance. This is clearly not observed.


Extended Data Figure 5 Simulated absorbance changes (ΔA) for low VIS intensity and different pulse configurations.
a, One attosecond pulse, φCEP = 0. b, One attosecond pulse, φCEP = π/2. c, Two attosecond pulses, φCEP = 0. d, Two attosecond pulses, φCEP = π/2. e, Multiple attosecond pulses (pulse train), φCEP = 0. f, Multiple attosecond pulses (pulse train), φCEP = π/2. The lower plots in a–f show the respective pulse configurations at zero time delay. The VIS pulse duration was 7 fs and the intensity was 3 × 1010 W cm−2. g, h, Power spectral density distribution of the ΔA oscillation of the experiment (g) and the simulation (h). The frequency range used in the analysis is marked in red. We used the full modulation bandwidth, via filtering from near-zero frequency up to the Nyquist frequency, to retrieve the phase φA(τ).


Extended Data Figure 6 Reconstruction of the wave packet from time-delay-dependent ΔA(τ) data near the sp2,3+ resonance at 63.67 eV (simulation results).
a, ΔA(τ) for the different excitation scenarios shown in Extended Data Fig. 5. b, The phase φA(τ) extracted from the ΔA(τ) oscillations (solid lines), compared with the phase φ(t) of the wave packet (dashed lines) for the different excitation configurations. c, The difference between the (measurable) modulation phase φA(τ) and the wave-packet phase φ(t) for each of the excitation scenarios. A time-delay-dependent correction phase of ∼0.4π needs to be taken into account to reconstruct the wave-packet phase φ(t) in the experiment from the measured ΔA(τ), as shown in Fig. 2. d, The variation in the wave-packet amplitude ratio for the different excitation configurations. Even in the extreme case of multiple attosecond pulses, the amplitude ratio is well defined within a region of ±10%.


Extended Data Figure 7 Fitting the intensity-dependent spectral line shapes of the 2s2p and the sp2,3+ resonances.
a, b, Least-squares fit to the experimentally measured line shape shown in Fig. 4a. The laser-controlled line shape is shown for several laser intensities as given in the figure. Error bars here and phase error in Fig. 4c, d correspond to s.d. obtained by analysing at three values of τ = 5.35 fs, τ = 4.15 fs, τ = 6.55 fs. c, d, Least-squares fit to the theoretically predicted line shape obtained from the ab initio simulation results shown in Fig. 4b, also plotted for several laser intensities as denoted in the figure. In all cases, the restricted energy region of the least-squares fit (2s2p, 60.11–60.21 eV (a, c); sp2,3+, 63.56–63.76 eV (b, d)) ensures phase retrieval for times after the interaction with the laser pulse.





Supplementary information
Measured transient absorption data for various VIS laser intensities
The VIS intensity is increasing throughout the video, and given in W/cm2 as stated in the upper left area. The corresponding electric field strength is printed in atomic units (a.u.). Detailed spectroscopic information on the N = 2 doubly excited states series in helium is given above the graph at the states’ respective energetic position. (MOV 1798 kb)
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        Editorial Summary
Two-electron motion probed
Although the concerted motion of two or more bound electrons controls all chemical reactions, understanding and probing of such electron dynamics remains challenging. The motion of single electrons has been observed with attosecond time resolution, but comparable experiments on two-electron motion have not yet been realized. Christian Ott and colleagues now show that the dynamics of two correlated electrons in helium can be reconstructed from attosecond transient-absorption spectra measured with unprecedented high spectral resolution and in the presence of an intensity-tuneable visible laser field. Future experiments using the same approach are expected to provide benchmark data for testing theory, and might even make it possible to probe metastable electronic transition states that are at the heart of fundamental chemical reactions.
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