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            Abstract
Since the invention of the first lasers in the visible-light region, research has aimed to produce short-wavelength lasers that generate coherent X-rays1,2; the shorter the wavelength, the better the imaging resolution of the laser and the shorter the pulse duration, leading to better temporal resolution in probe measurements. Recently, free-electron lasers based on self-amplified spontaneous emission3,4 have made it possible to generate a hard-X-ray laser (that is, the photon energy is of the order of ten kiloelectronvolts) in an ångström-wavelength regime5,6, enabling advances in fields from ultrafast X-ray spectrosopy to X-ray quantum optics. An atomic laser based on neon atoms and pumped by a soft-X-ray (that is, a photon energy of less than one kiloelectronvolt) free-electron laser has been achieved at a wavelength of 14 nanometres7. Here, we use a copper target and report a hard-X-ray inner-shell atomic laser operating at a wavelength of 1.5 ångströms. X-ray free-electron laser pulses with an intensity of about 1019 watts per square centimetre7,8 tuned to the copper K-absorption edge produced sufficient population inversion to generate strong amplified spontaneous emission on the copper Kα lines. Furthermore, we operated the X-ray free-electron laser source in a two-colour mode9, with one colour tuned for pumping and the other for the seed (starting) light for the laser.
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                    Figure 1: Schematic drawing of experimental setup.[image: ]


Figure 2: Dependence of spectrally integrated output energy of Kα emission on pump pulse energy.[image: ]


Figure 3: Gain mapping in the time and space (X) coordinates.[image: ]


Figure 4: Typical spectra of amplified Kα emission.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Thermonuclear explosions on neutron stars reveal the speed of their jets
                                        
                                    

                                    
                                        Article
                                        
                                         27 March 2024
                                    

                                

                                Thomas D. Russell, Nathalie Degenaar, … Melania Del Santo

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Universal growth of perovskite thin monocrystals from high solute flux for sensitive self-driven X-ray detection
                                        
                                    

                                    
                                        Article
                                         Open access
                                         16 March 2024
                                    

                                

                                Da Liu, Yichu Zheng, … Yu Hou

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Intercavity polariton slows down dynamics in strongly coupled cavities
                                        
                                    

                                    
                                        Article
                                         Open access
                                         04 April 2024
                                    

                                

                                Yesenia A. García Jomaso, Brenda Vargas, … Giuseppe Pirruccio

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Matthews, D. L. et al. Demonstration of a soft X-ray amplifier. Phys. Rev. Lett. 54, 110–113 (1985)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Suckewer, S., Skinner, S., Milchberg, C. H., Keane, C. & Voorhees, D. Amplification of stimulated soft X-ray emission in a confined plasma column. Phys. Rev. Lett. 55, 1753–1756 (1985)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Kondratenko, A. M. & Saldin, E. L. Generation of coherent radiation by a relativistic electron beam in an ondulator. Particle Accel. 10, 207–216 (1980)
CAS 
    
                    Google Scholar 
                

	Bonifacio, R., Pellegrini, C. & Narducci, L. M. Collective instabilities and high-gain regime in a free-electron laser. Opt. Commun. 50, 373–378 (1984)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Emma, P. et al. First lasing and operation of an ångstrom-wavelength free-electron laser. Nature Photon. 4, 641–647 (2010)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Ishikawa, T. et al. A compact X-ray free-electron laser emitting in the sub-ångström region. Nature Photon. 6, 540–544 (2012)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Rohringer, N. et al. Atomic inner-shell X-ray laser at 1.46 nanometres pumped by an X-ray free-electron laser. Nature 481, 488–491 (2012)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Mimura, H. et al. Generation of 1020 W/cm2 hard X-ray laser pulses with two-stage reflective focusing system. Nature Commun. 5, 3539 (2014)
Article 
    ADS 
    
                    Google Scholar 
                

	Hara, T. et al. Two-colour hard x-ray free-electron laser with wide tunability. Nature Commun. 4, 2919 (2013)
Article 
    ADS 
    
                    Google Scholar 
                

	Young, L. et al. Femtosecond electronic response of atoms to ultra-intense X-rays. Nature 466, 56–62 (2012)
Article 
    ADS 
    
                    Google Scholar 
                

	Glover, T. E. et al. X-ray and optical wave mixing. Nature 488, 603–609 (2012)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Shwartz, S. et al. X-ray second harmonic generation. Phys. Rev. Lett. 112, 163901 (2014)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Tamasaku, K. et al. X-ray two-photon absorption competing against single and sequential multiphoton processes. Nature Photon. 8, 313–316 (2014)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Yoneda, H. et al. Saturable absorption of hard X-rays in iron. Nature Commun. 5, 5080 (2014)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Suckewer, S. & Jaeglé, P. X-ray laser: past, present, and future. Laser Phys. Lett. 6, 411 (2009)
Article 
    CAS 
    
                    Google Scholar 
                

	Duguay, M. A. & Rentzepis, P. M. Some approaches to vacuum UV and X-ray lasers. Appl. Phys. Lett. 10, 350–352 (1967)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Kapteyn, H. C., Lee, R. W. & Falcone, R. W. Observation of a short-wavelength laser pumped by Auger decay. Phys. Rev. Lett. 57, 2939–2942 (1986)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Beye, M. et al. Stimulated X-ray emission for materials science. Nature 501, 191–194 (2013)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Tono, K. et al. Beamline, experimental stations and photon beam diagnostics for the hard x-ray free electron laser of SACLA. New J. Phys. 15, 083035 (2013)
Article 
    ADS 
    
                    Google Scholar 
                

	Inubushi, Y. et al. Determination of the pulse duration of an X-ray free electron laser using highly resolved single-shot spectra. Phys. Rev. Lett. 109, 144801 (2012)
Article 
    ADS 
    
                    Google Scholar 
                

	Kameshima, T. et al. Development of an X-ray pixel detector with multi-port charge-coupled device for X-ray free-electron laser experiments. Rev. Sci. Instrum. 85, 033110 (2014)
Article 
    ADS 
    
                    Google Scholar 
                

	Elton, R. C. X-ray Lasers (Academic, 1990)

                    Google Scholar 
                

	Deutsch, M. et al. Kα and Kβ x-ray emission spectra of copper. Phys. Rev. A 51, 283–296 (1995)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Rackstraw, D. S. et al. Opacity effects in a solid-density aluminium plasma created by photo-excitation with an X-ray laser. High Energy Density Phys. 11, 59–69 (2014)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Vinko, S. M. et al. Creation and diagnosis of a solid-density plasma with an X-ray free-electron laser. Nature 482, 59–62 (2012)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Ciricosta, O. et al. Direct measurements of the ionization potential depression in a dense plasma. Phys. Rev. Lett. 109, 065002 (2012)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Cho, B. I. et al. Resonant Kα spectroscopy of solid-density aluminum plasmas. Phys. Rev. Lett. 109, 245003 (2012)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Deutsch, M. & Hart, M. Wavelength, energy shape, and structure of the CuK at x-ray emission line. Phys. Rev. B 26, 5558–5567 (1982)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                


Download references




Acknowledgements
The experiment was performed at SACLA with the approval of JASRI and the program review committee (grant numbers 2012B8014, 2013A8013, 2013B8020, 2014A8008). We acknowledge the supporting members of the SACLA facility. This research was partially supported by Grant-in-Aids for Scientific Research (A) (25247093) and (S) (23226004), by the Photon Frontier Network Program and by the Global COE Program ‘Center of Excellence for Atomically Controlled Fabrication Technology’ from the Ministry of Education, Sports, Culture, Science and Technology, Japan (MEXT).


Author information
Authors and Affiliations
	Institute for Laser Science, University of Electro-Communications, Chofu, Tokyo, 182-8585, Japan
Hitoki Yoneda, Kazunori Nagamine & Yurina Michine

	RIKEN SPring-8 Center, Sayo, Hyogo, 679-5148, Japan
Hitoki Yoneda, Yuichi Inubushi, Haruhiko Ohashi, Kazuto Yamauchi, Hidekazu Mimura, Tetsuya Ishikawa & Makina Yabashi

	Japan Synchrotron Radiation Research Institute (JASRI), Sayo, Hyogo, 679-5198, Japan
Yuichi Inubushi, Haruhiko Ohashi, Hirokatsu Yumoto & Tetsuo Katayama

	Graduate School of Engineering, Osaka University, Suita, Osaka, 565-0871, Japan
Kazuto Yamauchi

	Department of Precision Engineering, The University of Tokyo, Bunkyo, Tokyo, 113-8656, Japan
Hidekazu Mimura

	Department of Physics, Kyoto University, Sakyo-ku, Kyoto, 606-8502, Japan
Hikaru Kitamura


Authors	Hitoki YonedaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Yuichi InubushiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kazunori NagamineView author publications
You can also search for this author in
                        PubMed Google Scholar



	Yurina MichineView author publications
You can also search for this author in
                        PubMed Google Scholar



	Haruhiko OhashiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Hirokatsu YumotoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kazuto YamauchiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Hidekazu MimuraView author publications
You can also search for this author in
                        PubMed Google Scholar



	Hikaru KitamuraView author publications
You can also search for this author in
                        PubMed Google Scholar



	Tetsuo KatayamaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Tetsuya IshikawaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Makina YabashiView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
H. Yoneda and Y.I. conceived the basic experiment. H. Yoneda, Y.I., K.N., Y.M. and M.Y. designed the research. M.Y. and T.I. are responsible for SACLA and the SACLA beamline. H.M., K.Y., H. Yumoto, H.O. and M.Y. designed and constructed the two-stage focusing system at SACLA. H. Yoneda, Y.I., K.N., Y.M. and T.K. performed the experiment. H. Yoneda and H.K. performed theoretical analyses and numerical simulations. H. Yoneda and M.Y. wrote the first draft of the manuscript with discussion and improvement from all authors.
Corresponding author
Correspondence to
                Hitoki Yoneda.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Extended data figures and tables

Extended Data Figure 1 Calculated waveform and decomposition analysis of themeasuredKa spectrum.
a, The waveforms of the seeded output pulses at different ratios of the peak intensities between the output and input pulses. The waveform of the pump pulse is shown as a reference. b, A measured spectrum at Ip = 4.3 × 1019 W cm-2 and its decomposition into several Lorentzian functions. The lines labelled K1 and K2 are the unshifted components of Kα1 and Kα2, respectively. The lines S1 to S4 that have the same widths as K1 are the shifted components with a constant interval 3.2 eV in the energy shift. The total ratio of the shifted components is estimated to be about 37%.
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        Editorial Summary
Copper boost to an atomic laser
Generating coherent X-rays with short-wavelength lasers has been a long-standing goal in X-ray science. Previously, an atomic laser based on neon atoms and pumped by an X-ray free-electron laser had been developed for soft X-rays. Hitoki Yoneda et al. use a solid copper target to achieve an atomic laser in the hard X-ray regime, at 1.54 Å. The target is ionized by SACLA, the SPring-8 Angstrom Compact Free Electron Laser, to achieve strong amplified spontaneous emission. The resulting atomic laser generates an X-ray beam that is superior to the pumping X-ray free-electron laser pulse. Its wavelength is almost ten times shorter than previously reported and will open many opportunities for ultrafast X-ray spectroscopy and quantum optics.
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