TWISTING NEUTRON WAVES

“Controlling Neutron Orbital Angular Momentum,” C. W. Clark, et Eﬁ;:h__Nature 525, 504 (2015)

“Holography with a neutron interferometer,” D. Sarenac, , et al., Opt. ?gpress 24, 22528 (2016)
“Spin-orbit states of neutron wave packets,” J. Nsofini, , et al., Phys. Re 13605 (2016)

Dmitry Pushin =

Department of Physics and Astronomy & Institute for Quantum Computﬁ;g,’
University of Waterloo/National Institute of Standards and Technolggy’

’ 'K/ ERSITY OF Intitutefor
NIST - VKIATERLOO | Qe



Outline

Neutron Interferometry

Controlling Neutron Orbital Angular Momentum
Neutron Holography

Spin-orbit states of neutron waves




Experiments performed at the NIST Center for Neutron Research
National Institute of Standards and Technology, Gaithersburg, Maryland




’ 0
“The New Yorker”, 194
=

eter
Neutron Interferom

7 / 7, ///////////////////////////////////////
(—’076‘50518 70 ‘U 9/ ; 2 Srnrojy,
: Ao <« /,

/////////////l////l// IIII//III/IHIIHH

SHERLY \bﬁ§
/u:/;/,/,/,/;h/m«/u;//(u

o7 Moy

/HHJLI‘I)II




/ax. 7.0rdnung ZJ/://"D/V

— a )

EERERI /
Eintriftssoalt Arisma  Vergleichs- verschiebbarer
(Breite S, Hore b,) probe Haupilspalt
(Hike hy, Breits 5)

Fig. 1. Schema eines Neutroneninterferometers mit I'resnelschem Biprisma. GroBenordnungsmiBig ist: Ablenkwinkel y am Spiegel 0,1°,
Abstand Eintritts-Austrittsspalt a -+ b = 10 m, gré8ter Abstand der Strahlenginge 2D = 0,1 mm. Die A/2-Fclie dient fiir das in Abschnitt 4
beschriebene Experiment
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Fig. 9. Interferenzmuster. z Stellung des verschiebbaren Hauptspaites. I (z) Intensitit (der Nulleffekt war

bei diesen Messungen etwa 60 Pulse/Std). e, o Voneinander unabhingige MeBreihen, erstere ist Mitte! aus

aehreren Durchgingen. Ausgezogene Kurve: Mit Cornu-Spirale berechnet unter der Annahme monochroma-

tischer Neutronen mit 4,4 A. Uber Hauptspaltbreite gemittelt; endliche Breite des Eintrittsspaltes vernach-

ldssigt. Theoretische Kurve und Mefpunkte der beiden Serien e, o untereinander nur im Scheitel der
Interferenzfigur aufeinander normiert

NI history

Biprism interferometer
from Maier-Leibnitz and
Springer paper Z Physik
1962;

Sketch of the biprism
interferometer setup.
Wave front division
interferometer based on
single-slit diffraction.
(Beam separation of the
order of 60um);

Intensity of the neutron o
the detector due to vertic
scan of the second slit.




Up-polarized incident beam

Field reversal
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NI history

Larmor and Ramsey
type of interferometry,
Mezei Z Physik 1972

The perfect-crystal
neutron interferometer
was demonstrated by
Rauch, Treimer,

Bauspiess and Bonse i
1974 in Austria (Phys.
Lett. A, 1974) and by
Sam Werner in USA




Neutron Interferometry :
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Vorume 34, Numser 23 PHYSICAL REVIEW LETTERS

Observation of Gravitationally Induced Quantum Interference* 425t An n IVe rsa ry
B i), iR First measurement of

Department of Physics, Purdue University, West Larayettie,

the effect of gravity on a

S. A. Werner
Scientific Research Staff, Ford Motor Company, Dearborn, Michigan 48121

deBroglie matter wave.

=Y acs ahift
We have used a peutron interferometer to observe the quantum-mechanical phase shift
of neutrons caused by their interaction with Earth’s gravitational field.

OXFORD

NEUTRON
INTERFEROMETRY

Second edition of monograph by Helmut
Rauch and Sam Werner published by
Oxford University Press, January 2015.
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The superposition principle and conservation of momentum combine
to make the most beautiful and most useful thing in all of the world:

Interference

©American Physical Society

PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 F\lt‘;scklﬁr\lk\qglu]h
. . . (b) T
Discovery of gravitational waves (2016): B el
Laser Interferometer Gravitational-Wave !
Observatory (LIGO) uses Michelson
interferometer configuration. Most sensitive 7oA

measurement instrument ever made. w
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Neutron Interferometry

Neutrons
Wavelength: 2 A
Velocity: 2000 m/s
Time: 50 ps / 10 cm
1 neutron every 1 ms

Size =10 cm




Neutron Interferometry

Bragg scattering
Each neutron is

coherently spread
over two paths

Y= %(\upped +|lower))



Neutron Interferometry

Third blade recombines
the beams and allows
them to interfere

Y = %(\uppeﬁ +|lower))



Neutron Interferometry

1 i}
Y = ﬁ(e upper)+ \lower>)

Y = %(\uppeﬁ +|lower))



Neutron Interferometry
Io =ol* =f"ir*[1+cos(9)]

We measure the
neutron intensity

In this case that is the
number of neutrons
per unit time
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Neutron interfe rometry

A 2 M ; o . .
* Gravity ”'"QTS;”W is a diverse instrument

e Nuclear
e Gravity

e Magnetic
e Coriolis

e Aharonov-Cashir
e Scalar Aharonov-Bohm

e Aharonov-Casher . 2n E-D
hic



Perfect Crystal Interferometer

or qﬂﬂ( ”Im‘g” " N! [

Cutfrom a single ingot of silicon
Blades are machined and left attached to a common silicon base

The crystals are cut such that the Si lattice planes are
perpendicularto the surfaces of the blades

Each crystal blade acts as a beam splitter




The Neutron Interferometer and Optics Facility

Neuﬁ"on
Guide

Isolated 40,000 Kg room is supported by six airsprings
Active Vibration Control eliminates vibrations less than 10Hz
Temperature Controlled to +/- 5 mK




The Neutron Interferometer and Optics Facility

Neuﬁ"on
Guide

Isolated 40,000 Kg room is supported by six airsprings
Active Vibration Control eliminates vibrations less than 10Hz
Temperature Controlled to +/- 5 mK



Introducing

Control of neutron
ORBITAL ANGULAR MOMENTUM




Electromagnetic field

Linear polarized light Circular polarized light
fik, +h

The spin angular momentum (SAM) of light is connected to the
polarization of the electric field. Light with linear polarization
(left) carries no SAM, whereas right or left circularly polarized
light (right) carries a SAM of £h per photon.

Yao, A. M. & Padgett, M. J.
Adv. Opt. Photon. 3,161-204 (2011)
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Helical phase fronts for (a) /=0, (b) /=1, (c) /=2, and (d) /=3.




- Waves 101: orbital angular momentum

a . 2
E\I’ (x,t) =iV (x,t)

Orbital angular momentum
(OAM) waves

Uy g0 (X) = e*2.J; (gp) e"?

Implemented in light (1990),
ultracold atoms (2006),
electrons (2010), neutrons
(2015)

Field amplitude carries a spiral phase exp (/ / ¢) . Helical phase
fronts for (a) /=0, (b) /=1, (c) /=2, and (d) /=3.

A. M. Yao and M. J. Padgett, Adv. Opt. Photon. 3, 161-204 (2011)



IMucema 8 XITD, tom 52, Bwmn. 8, crp. 1037 - 1039 25 okTtabps 1990 r.

JJABEPHBIE MYYKH C BUHTOBBIMHU JHCJIOKAIIMAMHA
BOJIHOBOTI'O ®POHTA

B.}FO.Baxenoa, M.B.Bacneyos, M.C.Cockun

IKCMEPUMERTAILHO TIOYUeHbI M MCCCN0BAHbI KOTEPEHTHbIE CBETOBbIE nojs ¢ amMc-
JIOKALMSMM BOJTHOBOMO (DPOHTA PA3AMUHBIX TOPSAKOB TNPH NPOXOKACHUH NAIEPHOrO Mmydka
yepe3 MHOTOMOJIOBBII BOJIHOBOA M NPH AM(DPAKUMM HA CHHTE3MPOBAHHBIX NOJOrpaMMax.

IlMCNOKALMH BONHOBOTO (POHTA ' MM ONTHUECKHE BHXPH MPHBJIEKAIOT BHVHMaHHC
KaK OAMH W3 HOBHX OOBCKTOB, CYWECTBYIOIIHX B ONTHYECKMX TMOJIAX CJO0XHOH MpOC-
TPAHCTBEHHON CTPYKTYpPH HWJIM B JAa3CPHHX pE30HATOpax C GonbmumM uucaom Openend
2, [Ipu HaJIMYMM BHHTOBOM AMCJIOKALUMM BOJTHOBOM (DPOHT MPEACTABASET Fo60ﬁ CAMHYIO

Laser beams with screw dislocations in their wavefronts

V.Yu. Bazhenov, M.V. Vasnetsov,and M. S. Soskin
Institute of Physics, Academy of Sciences of the Ukrainian SSR

(Submitted 28 August 1990)
Pis’ma Zh. Eksp. Teor. Fiz. 52, No. §, 1037-1039 (25 October 1990)

Coherent optical fields with wavefront dislocations of various orders have been
produced experimentally and studied during the passage of a laser beam through a
multimode waveguide and during diffraction by some holograms which have been
synthesized.

Wavefront dislocations' or optical vortices have attracted interest as some of the
new entities which exist in optical fields with a complex spatial structure or in laser
cavities with a large Fresnel number.” When there is a screw dislocation, the wavefront
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The 1990 holograms of Bazhenov, Vasnetsov and Soskin ==
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FIG. 1. a: Experimental setup. 1—He-Ne laser; 2—beam expander; 3—beam splitter; 4,5—mirrors; 6-— Synth etic
objective; 7-—braided optical fibers; 8—diverging lens; 9—half-silvered mirror; 10-—camera; 11—screen for
observing the interference of the beams. b: Interference pattern formed by the spherical reference wave and a ho |og rams

wave with a screw wavefront dislocation.

using plane-
wave reference
beam:/=1 and
[=2

Above: Mach-Zehnderinterferometer of
Bazhenov et al. (1990)

Below: Hologram of optical vortex using
spherical-wave reference beam




How to generate such modes?

Yao, A. M. & Padgett, M. J.
Adv. Opt. Photon. 3,161-204 (2011).




Yao, A. M. & Padgett, M. J.
Adv. Opt. Photon. 3,161-204 (2011).



ISSN 1264-503X | Volume 375 | Issue 2087 | 28 February 2017

1OP Publishing Journal of Of

PHILOSOPHICAL TRANSACTIONS o= 1010 22408119110
OF THE ROYAL SOCIETY A Roadmap

MATHEMATICAL, PHYSICAL AND ENGINEERING SCIENCES Roadmap on structured |ight

Halina Rubinsztein-Dunlop'?!*?, Andrew Forbes>>'*>, M V Berry’,

M R Dennis’®, David L Andrews*, Masud Mansuripur’, Cornelia Denz’,
Christina Alpmann®, Peter Banzer’, Thomas Bauer’, Ebrahim Karimi®,
Lorenzo Marrucci’, Miles Padgett'®, Monika Ritsch-Marte'!,

- o . R 12 6 . 13 2.2
Optlcal orbital angular momentum Natalia M Llhzhmltser y Nllﬂ'nsolas P Bigelow v C Rosales—(l;uzman y
A Belmonte ", J P Torres "7, Tyler W Neely ', Mark Baker,
Theme issue compiled and edited by Slephen M. Barnell, Mohamed Babiker and Miles J. Padgelt Reuven Gordonlﬁi Alexander B Stilgoe', Jacquiline Romero'”,
1

Andrew G White!”, Robert Fickler®, Alan E Willner'?, Guodong Xie'?,
Benjamin McMorran'® and Andrew M Weiner’

! School of Mathematics and Physics, The University of Queensland, St Lucia, QLD, 4072, Australia

2 School of Physics, University of the Witwatersrand, Private Bag 3, Johannesburg 2050, South Africa
3H H Wills Physics Laboratory, Tyndall Avenue, Bristol BS8 1TL, UK

*School of Chemistry, University of East Anglia, Norwich Research Park, Norwich NR4 7TJ, UK

s College of Optical Sciences, The University of Arizona, Tucson, AZ 85721, USA

SInstitute of Applied Physics, University of Muenster, Corrensstr. 2/4, 48149 Muenster, Germany

"Max Planck Institute for the Science of Light, Guenther-Scharowsky-Str. 1 /Bldg 24, 91058 Erlangen,
Germany

8Depannn:m of Physics and Max Planck Centre for Extreme and Quantum Photonics, University of
Ottawa, Ottawa, Ontario KIN 6N5, Canada

9 Dipartimento di Fisica, Universita di Napoli Federico II, Complesso Universitario di Monte S. Angelo, via
Cintia, 80126 Napoli, Italy

12 SUPA, School of Physics and Astronomy, University of Glasgow, Glasgow, G12 8QQ, UK

" Division of Biomedical Physics, Medical University of Innsbruck, 6020 Innsbruck, Austria
1ZDt:pan.nnmt of Electrical Engineering, State University of New York, Buffalo, NY 14260, USA

'3 The Institute of Optics, University of Rochester, Rochester, New York 14627, USA

14 Technical University of Catalonia, Department of Signal Theory and Communications, 08034 Barcelona,
Spain

15 ICFO-Institut de Ciencies Fotoniques, Mediterranean Technology Park, 08860 Castelldefels (Barcelona),
Spain

16Dn:pan.rmant of Electrical and Computer Engineering, University of Victoria, Victoria, British Columbia
V8P 5C2, Canada

17 Centre for Quantum Computation and Communication Technology, School of Mathematics and Physics,
University of Q land, Brisbane, Qu land 4072, Australia

'8 Department of Electrical Engineering, University of Southern California, Los Angeles, CA 90089, USA
19Dcparm|cm of Physics, University of Oregon, 1585 E 13th Avenue, Eugene, Oregon 97403, USA

20 School of Flectrical and Computer Engineering, Purdue University, West Lafayette, Indiana 47906, USA

E-mail: halina@physics.uq.edu.au and Andrew Forbes @ wits.ac.za

Received 11 May 2016, revised 9 September 2016
Accepted for publication 9 September 2016 @
Published 25 November 2016

CrossMark
Abstract
Structured light refers to the generation and application of custom light fields. As the tools and
technology to create and detect structured light have evolved, steadily the applications have
begun to emerge. This roadmap touches on the key fields within structured light from the

21 Guest editors of the roadmap.
THE 22 Authors to whom any correspondence should be addressed.

ROYA L 2040-8978/17/013001+51$33.00 1 © 2016 IOP Publishing Ltd  Printed in the

PUBLISHING







2D

phase flag
rotation axis

phase flag

SPP

# -0

blade 2



2T

Spiral Phase Plate

hsg
A8 = —Nb.Ah = —Nb_A (ho o )




Contrast Over the Neutron Beam

Iy < [1+cos(3-a)]

Spiral Phase Ramp
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“Controlling Neutron Orbital Angular Momentum,” C. W. Clark, et al., Nature 525, 504 (2015)
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“Controlling Neutron Orbital Angular Momentum,” C. W. Clark, et al., Nature 525, 504 (2015)



Transforms as angular momentum under rotation

L=3, ¢,=-0.625° L=3, 0,=0 L=3,¢,=0.3125°
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“Controlling Neutron Orbital Angular Momentum,” C. W. Clark, et al., Nature 525, 504 (2015)
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Dennis Gabor
1900 - 1979

1971 Nobel Prize in Physics

"for his invention and
development of the
holographic method."

Emmet N. Leith and Juris Upatnieks, “Wavefront Reconstruction with Continuous-Tone
Objects,” J. Opt. Soc. Am. 53, 1377 (1963)

Holography

* Invented by Dennis Gabor in 1947

* |nvention of laser made it practical in
the early 1960s

PRISM
INCIDENT
BEAM

3 HOLOGRAM

J— RECORDING
: PLANE
Z
Py Py

F1c. 1. Wedge technique for producing a two-beam hologram.
The object is placed in the lower part of plane P, ; the hologram is
recorded at plane Ps.



Holography
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Dennis Gabor
1900 - 1979

1971 Nobel Prize in Physics
"for his invention and

development of the
holographic method."
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The object The hologram

Emmet N. Leith and Juris Upatnieks, “Wavefront Reconstruction with Continuous-Tone
Objects,” J. Opt. Soc. Am. 53, 1377 (1963)



Contrast Over the Neutron Beam
I, < [1+cos(kz)]

=]

10

12

14

16

vertical coordinates, [mm]

18

] 8 10 12 14
horizontal coordinates, [mim]

vertical coordinates, [mm]

Wedge —
Linear Phase Ramp

] 8 10 12 14
horizontal coordinates, [mm)]




First forays in neutron holography

Leith and Upatnieks approach in a neutron interferometer
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First forays in neutron holography

Bragg
Beamsplitter reflector

Digital camera

Prism

Neutron beam \\\\\\\\\\\ /////////
4

&

Integrating counter

OAM /=2 A
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Spiral phase plate

Gradient

Ideal

Empty beam
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£
£ 10 )
15

20

5 10 15
mm

As observed

D. Sarenac, M. Arif, C. W. Clark, D. G. Cory, B. Heacock, M G. Huber, C. Shahi
and D. A. Pushin, Optics Express (2016 in press)



First demonstration of OAM control of neutron
beams

Simple macroscopicspiral phase plates possible

\ Demonstration of angular momentum addition and
e 9t . .
o fl conservation of topological charge

New quantized degree of freedom for neutron-
®—  based QIP and general spatial filter for neutron
beams



Spin Orbit States

f
neutrons

Nsofini, J., Sarenac, D., Wood, C.J., Cory, D.G., Arif, M., Clark, CW., Huber, M.G. and Pushin, D.A.,2016.
Spin-Orbit States of Neutron Wavepackets. Phys. Rev. A 94, 013605 — Published 13 July 2016




Spin Orbit States of Neutron Wavepackets

Polarized Neutron Wave Packet

¥ = Re[T,)

R = 2mo?)~1/2 e~ 77 /(492)




Spin Orbit States of Neutron Wavepackets

Quadrupole Magnet

Polarized Neutron Wave Packet

z
Y = R®|Tz)

R = 2no?)™1/2¢ —r%/(407)




Spin Orbit States of Neutron Wavepackets

Quadrupole Magnet Spin Orbit State

Polarized Neutron Wave Packet
®°% ®
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®lo|e
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® R ®
O, > X T,
Y = R® | 1 ) z the length at which there is a spin flip
— Z

R = (2mg?) 1/2¢=r*/(400) Y = Re(a|T,) + ibei‘f’llz))
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a = cos ZTC
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Entanglement maximized at

Concurrence

Polarization relatable to helical
structures such as skyrmions

Spin Polarization Side View
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Coherent control over the SO state
He-3 detector

B-field

neutrons

—
T

Integrated intensity
[}
Ot

O

0 m 27 3 41
Spin precession (/3)

Nsofini, J., Sarenac, D., Wood, C.J., Cory, D.G., Arif, M., Clark, CW., Huber, M.G. and Pushin, D.A.,2016.

Spin-Orbit States of Neutron Wavepackets. Phys. Rev. A 94, 013605 — Published 13 July 2016
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“The New Yorker”




“Tractricious”
Robert R. Wilson

A “spiral” defined

. by straight rays Fermi National

Accelerator Laboratory
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Image: Fermilab
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