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            Abstract
The possibility to accelerate electron beams to ultra-relativistic velocities over short distances by using plasma-based technology holds the potential for a revolution in the field of particle accelerators1,2,3,4. The compact nature of plasma-based accelerators would allow the realization of table-top machines capable of driving a free-electron laser (FEL)5, a formidable tool to investigate matter at the sub-atomic level by generating coherent light pulses with sub-Ã¥ngstrÃ¶m wavelengths and sub-femtosecond durations6,7. So far, however, the high-energy electron beams required to operate FELs had to be obtained through the use of conventional large-size radio-frequency (RF) accelerators, bound to a sizeable footprint as a result of their limited accelerating fields. Here we report the experimental evidence of FEL lasing by a compact (3-cm) particle-beam-driven plasma accelerator. The accelerated beams are completely characterized in the six-dimensional phase space and have high quality, comparable with state-of-the-art accelerators8. This allowed the observation of narrow-band amplified radiation in the infrared range with typical exponential growth of its intensity over six consecutive undulators. This proof-of-principle experiment represents a fundamental milestone in the use of plasma-based accelerators, contributing to the development of next-generation compact facilities for user-oriented applications9.
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                    Fig. 1: Experimental setup.


Fig. 2: Witness acceleration in plasma.


Fig. 3: Exponential growth of the amplified light.


Fig. 4: Spectral analysis of the amplified light.
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Extended data figures and tables

Extended Data Fig. 1 Evolution of the Twiss parameters.
Twiss Î²x,y (top) and Î±x,y (bottom) functions downstream of the plasma stage, passing through the second PMQ triplet and the FEL beamline as computed by the dedicated algorithm. The position of the transport quadrupoles and undulators is reported with the red and blue rectangles, respectively.


Extended Data Fig. 2 Energies of the detected FEL radiation.
The total signals, collected downstream of the last undulator and coming from both driver and witness bunches, are reported on the top. The witness signals with subtracted background coming from the driver are reported on the bottom. The intensity fluctuations of the detected radiation are compared with the theoretical Î“ function.


Extended Data Fig. 3 Power distribution.
Simulated output power distribution (P) versus s extracted after the sixth undulator. Statistical median in violet, first and third quartiles are reported in blue and red, respectively.


Extended Data Fig. 4 Energy scaling.
Top, analytic approximation of the plasma wakefield reported in Fig. 2d. The red (yellow) line shows the field computed without (with) the witness beam loading. Bottom, scaling of the energy chirp Î±i needed to minimize the witness energy spread as a function of Lc. The calculation is performed for several witness charges. The red asterisk refers to the configuration used in the current experiment. The x-axis also reports the resulting final energy.


Extended Data Fig. 5 Energy spread evolution.
a, Evolution of the energy spread as a function of the plasma acceleration length Lc for several witness charges. The solid (dashed) lines are computed assuming an initial energy chirp Î±iâ€‰â‰ˆâ€‰90â€‰GeVâ€‰mâˆ’1 (Î±iâ€‰=â€‰0). b, Energy spread and emittance evolution evaluated for the witness beam parameters used in the experiment. The asterisks refer to the experimentally measured values.


Extended Data Fig. 6 Emittance evolution.
Normalized emittance as a function of the plasma acceleration length Lc with a transversely matched (a, Ïƒrâ€‰=â€‰Ïƒeq) and unmatched (b, Ïƒrâ€‰=â€‰14â€‰Î¼mâ€‰â‰«â€‰Ïƒeq) witness beam for several charges. The solid (dashed) lines are computed assuming an initial energy chirp Î±iâ€‰â‰ˆâ€‰90â€‰GeVâ€‰mâˆ’1 (Î±iâ€‰=â€‰0).


Extended Data Fig. 7 Plasma-accelerated beams at EuPRAXIA.
Longitudinal phase space of both driver and witness. The dashed line shows the beam energy at the plasma entrance.


Extended Data Fig. 8 FEL lasing with the EuPRAXIA witness.
The plot reports the radiation growth along the undulator coordinate z. The inset shows the resulting radiation spectrum.





Supplementary information
Peer Review File




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Pompili, R., Alesini, D., Anania, M.P. et al. Free-electron lasing with compact beam-driven plasma wakefield accelerator.
                    Nature 605, 659â€“662 (2022). https://doi.org/10.1038/s41586-022-04589-1
Download citation
	Received: 11 June 2021

	Accepted: 25 February 2022

	Published: 25 May 2022

	Issue Date: 26 May 2022

	DOI: https://doi.org/10.1038/s41586-022-04589-1


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Coherence and superradiance from a plasma-based quasiparticle accelerator
                                    
                                

                            
                                
                                    	B. Malaca
	M. Pardal
	J. Vieira


                                
                                Nature Photonics (2024)

                            
	
                            
                                
                                    
                                        Unveiling the inner structure of electron pulses generated from a laser-wakefield accelerator
                                    
                                

                            
                                
                                    	Malte C. Kaluza


                                
                                Light: Science & Applications (2023)

                            
	
                            
                                
                                    
                                        Attosecond-Angstrom free-electron-laser towards the cold beam limit
                                    
                                

                            
                                
                                    	A. F. Habib
	G. G. Manahan
	B. Hidding


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Femtosecond electron microscopy of relativistic electron bunches
                                    
                                

                            
                                
                                    	Yang Wan
	Sheroy Tata
	Victor Malka


                                
                                Light: Science & Applications (2023)

                            
	
                            
                                
                                    
                                        The race for wakefield-driven FELs
                                    
                                

                            
                                
                                    	Oliver Graydon


                                
                                Nature Photonics (2022)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            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


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    Sign up for the Nature Briefing newsletter â€” 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
            
        


    









    








