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            Abstract
Coherent manipulation of quantum systems with light is expected to be a cornerstone of future information and communication technology, including quantum computation and cryptography1. The transfer of an optical phase onto a quantum wavefunction is a defining aspect of coherent interactions and forms the basis of quantum state preparation, synchronization and metrology. Light-phase-modulated electron states near atoms and molecules are essential for the techniques of attosecond science, including the generation of extreme-ultraviolet pulses and orbital tomography2,3. In contrast, the quantum-coherent phase-modulation of energetic free-electron beams has not been demonstrated, although it promises direct access to ultrafast imaging and spectroscopy with tailored electron pulses on the attosecond scale. Here we demonstrate the coherent quantum state manipulation of free-electron populations in an electron microscope beam. We employ the interaction of ultrashort electron pulses with optical near-fields4,5,6,7,8,9 to induce Rabi oscillations in the populations of electron momentum states, observed as a function of the optical driving field. Excellent agreement with the scaling of an equal-Rabi multilevel quantum ladder is obtained10, representing the observation of a light-driven ‘quantum walk’5 coherently reshaping electron density in momentum space11. We note that, after the interaction, the optically generated superposition of momentum states evolves into a train of attosecond electron pulses. Our results reveal the potential of quantum control for the precision structuring of electron densities, with possible applications ranging from ultrafast electron spectroscopy and microscopy to accelerator science and free-electron lasers.
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                    Figure 1: Schematic and principles of coherent inelastic electron scattering by optical near-fields.[image: ]


Figure 2: Quantum coherent manipulation of electron energy distributions.[image: ]


Figure 3: Formation of an attosecond electron pulse train.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Experimental setup.
Pulses from an amplified femtosecond (fs) laser system, at bottom left, are split into two optical beams. One of them is frequency-doubled in a β-barium borate (BBO) crystal and, after separation from the fundamental beam, focused (lens with numerical aperture 0.015, 50 cm focal length) onto the tungsten needle emitter (W tip) for the generation of electron probe pulses. The second beam (pump beam) is temporally stretched, attenuated and focused (lens with numerical aperture 0.014, 20 cm focal length) onto the sample within the TEM (angle of incidence, 55°). Relative timing between the electron probe and laser pump pulse is controlled by an optical delay stage. Optically-induced changes of the population of electron momentum states are recorded with an electron energy spectrometer. See Methods for details.


Extended Data Figure 2 Spatial characterization of near-field scattering.
a, Raster scan of the optically-induced electron energy gain and loss probability, characterized by the spectral cutoff (top panel) and the sideband populations of the zero loss peak (middle) and the second photon order (bottom). The field-dependent electron energy spectra shown in Fig. 2 of the main text were recorded at an x position indicated by the black line at the tip surface. A slow sample drift results in a scanning artefact in the y direction (jagged edge of the tip). For the results reported in the main text, a drift correction in the y direction was applied (see Methods section ‘Data analysis and drift correction’). b, TEM image of gold tip. Red rectangle, scanning area displayed in a. c, Electron energy-loss spectra recorded along x = 0 with varying distance from the tip surface.


Extended Data Figure 3 Pulse characterization by electron–photon cross-correlation.
a, Differential electron energy-loss spectra as function of time delay (zero loss peak of width 1.3 eV subtracted; the colour scale shows the relative change of spectral density). b, Relative total scattering amplitude as function of time delay (inset, relative shift of photon sidebands with respect to zero loss peak). c, Energy- and time-resolved structure of the electron pulse (the colour scale shows the normalized electron density).


Extended Data Figure 4 Evaluation of sideband populations.
Example of electron energy spectrum (black dots) showing a number of photon sidebands and a weak low-loss plasmon contribution. Lines show fitted function used to extract sideband populations (blue) and the plasmon band (orange).


Extended Data Figure 5 Influence of spatial and temporal averaging.
a, Effect of electron beam size (top) and laser pulse duration (bottom) on the visibility of the Rabi oscillations in the order |N| = 1. For increasing electron beam size and decreasing laser pulse duration, the modulations are strongly damped. The black curves correspond to the experimental situation. b, Occupation probabilities of multiple spectral sidebands. Solid lines, Nth-order Bessel functions. Dashed lines, numerical calculations accounting for temporal and spatial averaging in the experiments.


Extended Data Figure 6 Robustness of attosecond pulse train generation.
The influence of the electron beam’s initial energy spread and lateral size on the temporal peak width of the generated pulse train are shown in the upper and lower rows, respectively. a–d, Evolution of the electron density as a function of propagation distance after the interaction with the optical near-field, incoherently averaged over the initial kinetic energy distribution (a, b) or the finite probing-area of the electron beam (c, d). A corresponding line profile at the propagation distance where the electron density peaks are at their maximum and form an attosecond pulse train is shown in e and f. For the experimental parameters used in this work (energy spread ΔE = 0.7 eV FWHM and electron beam radius r = 10 nm), the peak width remains nearly unchanged as compared to the ideal (not averaged) case.
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show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Quantum control of free electrons
                

                
	Mathieu Kociak



                
    
        
            Nature
        
        News & Views
        
        
            13 May 2015
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
