







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 01 July 2010



                    Femtosecond electronic response of atoms to ultra-intense X-rays

                    	L. Young1, 
	E. P. Kanter1, 
	B. Krässig1, 
	Y. Li1, 
	A. M. March1, 
	S. T. Pratt1, 
	R. Santra1,2, 
	S. H. Southworth1, 
	N. Rohringer3, 
	L. F. DiMauro4, 
	G. Doumy4, 
	C. A. Roedig4, 
	N. Berrah5, 
	L. Fang5, 
	M. Hoener5,6, 
	P. H. Bucksbaum7, 
	J. P. Cryan7, 
	S. Ghimire7, 
	J. M. Glownia7, 
	D. A. Reis7, 
	J. D. Bozek8, 
	C. Bostedt8 & 
	…
	M. Messerschmidt8 

Show authors

                    

                    
                        
    Nature

                        volume 466, pages 56–61 (2010)Cite this article
                    

                    
        
            	
                        8784 Accesses

                    
	
                        671 Citations

                    
	
                            38 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Applied physics
	Atomic and molecular physics
	Spintronics
	X-rays


    


                
    
    

    
    

                
            


        
            Abstract
An era of exploring the interactions of high-intensity, hard X-rays with matter has begun with the start-up of a hard-X-ray free-electron laser, the Linac Coherent Light Source (LCLS). Understanding how electrons in matter respond to ultra-intense X-ray radiation is essential for all applications. Here we reveal the nature of the electronic response in a free atom to unprecedented high-intensity, short-wavelength, high-fluence radiation (respectively 1018 W cm−2, 1.5–0.6 nm, ∼105 X-ray photons per Å2). At this fluence, the neon target inevitably changes during the course of a single femtosecond-duration X-ray pulse—by sequentially ejecting electrons—to produce fully-stripped neon through absorption of six photons. Rapid photoejection of inner-shell electrons produces ‘hollow’ atoms and an intensity-induced X-ray transparency. Such transparency, due to the presence of inner-shell vacancies, can be induced in all atomic, molecular and condensed matter systems at high intensity. Quantitative comparison with theory allows us to extract LCLS fluence and pulse duration. Our successful modelling of X-ray/atom interactions using a straightforward rate equation approach augurs favourably for extension to complex systems.
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                    Figure 1: 
                        Diagram of the multiphoton absorption mechanisms in neon induced by ultra-intense X-ray pulses.
                      [image: ]


Figure 2: 
                        Neon charge-state yields for X-ray energies below, above and far above the 1
                        s
                        -shell binding energy, 870 eV.
                      [image: ]


Figure 3: 
                        Intensity-induced X-ray transparency.
                      [image: ]


Figure 4: 
                        Electron spectra for inner-shell and valence photoelectrons and Auger electrons created by X-ray pulses at a photon energy of 1,050 eV.
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Figure 5: 
                        The ratio of double- to single-core-hole formation as a function of X-ray pulse energy.
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First strike from the LCLS
The world's first X-ray free-electron laser — the Linac Coherent Light Source (LCLS) at SLAC National Accelerator Laboratory in Menlo Park, California — came online last year. It opened a new era for studies at the atomic level, including the prospect of single-shot imaging of complex nano-objects such as biological molecules. The results of one of the first user experiments carried out at the LCLS are presented in this issue. The new facility produces ultrashort (femtosecond) pulses of high-intensity X-rays at a wavelength of less than 1.5 nm. The experiment examined the electronic response of free neon atoms to such radiation. During a single X-ray pulse, the atoms sequentially ejected all their ten electrons to produce fully stripped neon — 'hollow' atoms that are X-ray transparent. The authors explain the observations and underlying mechanisms of electron stripping using a straightforward model, which bodes well for further studies of interactions of the X-rays with more complex systems.
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