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            Abstract
The quantized orbital angular momentum (OAM) of photons1 offers an additional degree of freedom and topological protection from noise. Photonic OAM states have therefore been exploited in various applications2,3 ranging from studies of quantum entanglement and quantum information science4,5,6,7 to imaging8,9,10,11,12. The OAM states of electron beams13,14,15 have been shown to be similarly useful, for example in rotating nanoparticles and determining the chirality of crystals16,17,18,19. However, although neutronsâ€”as massive, penetrating and neutral particlesâ€”are important in materials characterization, quantum information and studies of the foundations of quantum mechanics, OAM control of neutrons has yet to be achieved. Here, we demonstrate OAM control of neutrons using macroscopic spiral phase plates that apply a â€˜twistâ€™ to an input neutron beam. The twisted neutron beams are analysed with neutron interferometry. Our techniques, applied to spatially incoherent beams, demonstrate both the addition of quantum angular momenta along the direction of propagation, effected by multiple spiral phase plates, and the conservation of topological charge with respect to uniform phase fluctuations. Neutron-based studies of quantum information science20,21, the foundations of quantum mechanics22,23, and scattering and imaging24 of magnetic, superconducting and chiral materials have until now been limited to three degrees of freedom: spin, path and energy. The optimization of OAM control, leading to well defined values of OAM, would provide an additional quantized degree of freedom for such studies.




            
                
                    

    
        
            
                
                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: Schematic diagram of the neutron interferometer.[image: ]


Figure 2: OAM interferograms.[image: ]


Figure 3: Addition of angular momenta along the direction of propagation accomplished by two spiral phase plates.[image: ]


Figure 4: Rotational invariance.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Raw data.
Typical images of raw neutron count data obtained over about 80 contiguous hours of data collection with the 2D imaging detector (see Fig. 1). False-colour representation of neutron counts per pixel as indicated by scale on image. On the left is an image of an SPP with L = 0 that is equivalent to a uniform phase plate; on the right is an image of the L = 3 compound SPP discussed in Fig. 3. The horizontal and vertical positions on the 2D neutron detector are shown in millimetres.


Extended Data Figure 2 Data processing.
Illustrations of steps taken to convert raw images collected on the 2D detector to the images shown in Figs 2, 3, 4. a, Raw data. b, Same data, passed through 2D averaging filter with averaging taken over a 10 pixel Ã— 10 pixel square. c, Filtered data normalized to maximum value of intensity in b. The horizontal and vertical positions on the 2D neutron detector are shown in millimetres.


Extended Data Figure 3 Noise distribution.
Illustrations of steps taken to model effects of shot noise in the raw images collected on the 2D detector and images shown in Figs 2, 3, 4. a, Image of the raw data. b, Poisson noise or square root of each pixel shown in a. c, Noise-to-signal ratio of image in a. The horizontal and vertical positions on the 2D neutron detector are shown in millimetres.
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Orbital angular momentum control in neutron optics
Orbital angular momentum is a quantized degree of freedom exploited in many applications. The photon orbital angular momentum has been used in fundamental tests of quantum mechanics and imaging and the electron orbital angular momentum has proven useful for determining the chirality of crystals. But the phenomenon had not previously been demonstrated in neutrons. Here Dmitry Pushin and colleagues show how to control orbital angular momentum states in a neutron beam through the use of macroscopic spiral phase plates. After applying this 'twist' to an input neutron beam, the quantized orbital angular momentum of neutrons is characterized by neutron interferometry. In contrast to photons and electrons, neutrons are massive particles, hence this result could open important new perspectives for testing quantum mechanics with massive observables. In addition, the neutron orbital angular momentum could enable new approaches for neutron scattering techniques.
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