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Twisting	Neutron	Waves

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



“The	New	Yorker”,	1940

Neutron	Interferometer



NI	history

Entrance slit Biprism Detector

a

b

c

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

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

c) Intensity	of	the	neutron	on
the	detector	due	to	vertical
scan	of	the	second	slit.



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



Neutron	Interferometry

42st Anniversary
First	measurement	of	

the	effect	of	gravity	on	a	
deBrogliematter	wave.

Second	edition	of	monograph	by	Helmut	
Rauch	and	Sam	Werner	published	by	
Oxford	University	Press,	January	2015.
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Discovery	of	gravitational	waves	(2016):	
Laser	Interferometer	Gravitational-Wave	
Observatory	(LIGO)	uses	Michelson	
interferometer	configuration.	Most	sensitive	
measurement	 instrument	 ever	made.

The	superposition	principle and	conservation	of	momentum combine	
to	make	the	most	beautiful	and	most	useful	thing	in	all	of	the	world:	

Interference
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Neutron	Interferometry
Neutrons
Wavelength:	2	Å
Velocity:	2000	m/s
Time:	50	µs	/	10	cm
1	neutron	every	1	ms

Size	≈	10	cm

n0



Neutron	Interferometry
Bragg	scattering
Each	neutron	 is	
coherently	spread	
over	two	paths
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Neutron	Interferometry
Third	blade	recombines	
the	beams	and	allows	
them	to	interfere
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Neutron	Interferometry
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Neutron	Interferometry
We	measure	the	
neutron	 intensity

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

€

IO = ψO
2 = t 2 r 4 1+ cos φ( )[ ]

€

IH = ψH
2 = r 2 t 4 + r 4( )− r 2 t 2 cos φ( )[ ]



H-Beam

O-Beam

H-Beam

O-Beam

contrast =
𝐵
𝐴

phase	flag

€

φ flag

φsample

IIOO == AA ++ BBccooss((φφ ffllaagg ++φφ 00 + φ sample )



Multiple	Interactions

Neutron	 interferometry	
is	a	diverse	instrument

• Nuclear
• Gravity	
• Magnetic
• Coriolis
• Aharonov-Cashir
• Scalar	Aharonov-Bohm



• Cut	from	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	
perpendicular	to	the	surfaces	of	the	blades

• Each	crystal	blade	acts	as	a	beam	splitter

Perfect	Crystal	Interferometer



The	Neutron	Interferometer	and	Optics	Facility

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

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



Control	of	neutron
ORBITAL	ANGULAR	MOMENTUM

Introducing



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	±ħ per	photon.

Electromagnetic	field

Linear	polarized	light Circular	polarized	light

 !k0  ±!

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



Helical	phase	fronts	for	(a)	 l=0,	(b)	l=1,	(c)	l=2,	and	(d)	l=3.

Yao,	A.	M
.	&

	Padgett,	M
.	J.

Adv.	O
pt.	Photon.	3,	161–204	(2011).



- Waves	101:	orbital	angular	momentum

Orbital	angular	momentum	
(OAM)	waves

Field	amplitude	carries	a	spiral	phase	exp (I	l f) .	Helical	phase	
fronts	for	(a)		l=0,	(b)	l=1,	(c)	l=2,	and	(d)	l=3.
A.	M.	Yao	and	M.	J.	Padgett,		Adv.	Opt.	Photon.	3,	161–204	(2011)

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





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

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

Object	
beam

Reference
beam

The	1990	holograms	of	Bazhenov,	Vasnetsov and	Soskin

Synthetic	
holograms	
using	plane-
wave	reference	
beam:	l =	1	and	
l =	2	



How	to	generate	such	modes?

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



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





Setup





Spiral	Phase	Plate
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Contrast	Over	the	Neutron	Beam

Spiral	Phase	Ramp

𝐼, ∝ [1 + cos 3 > 𝛼 ]



“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

“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."

• Invented	by	Dennis	Gabor	in	1947
• Invention	of	laser	made	it	practical	in	

the	early	1960s

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

The	object The	hologram



Contrast	Over	the	Neutron	Beam

€ 

IO ∝ 1+ cos kz( )[ ]

Wedge	—
Linear	Phase	Ramp



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



First	forays	in	neutron	holography

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)

Ideal

As	observed



First	demonstration	of	OAM	control	of	neutron	
beams

Simple	macroscopic	spiral	phase	plates	possible

Demonstration	of	angular	momentum	addition	and	
conservation	of	topological	charge

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



Spin	Orbit	States

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



Polarized	Neutron	Wave	Packet

Ψ = 𝑅⊗|↑Y⟩
𝑅 = 2𝜋𝜎⫠` ab/`𝑒acd/(ef⫠d)

𝜎⫠

Spin	Orbit	States	of	Neutron	Wavepackets



y

x

Polarized	Neutron	Wave	Packet

Quadrupole	Magnet

Ψ = 𝑅⊗|↑Y⟩
𝑅 = 2𝜋𝜎⫠` ab/`𝑒acd/(ef⫠d)

𝜎⫠
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Spin	Orbit	States	of	Neutron	Wavepackets
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Polarized	Neutron	Wave	Packet

Quadrupole	Magnet

Ψ = 𝑅⊗|↑Y⟩
Ψ = 𝑅⊗(a|↑Y⟩ + 𝑖𝑏𝑒Sh|↓Y⟩)𝑅 = 2𝜋𝜎⫠` ab/`𝑒acd/(ef⫠d)

𝜎⫠

𝑎 = 𝑐𝑜𝑠
𝜋𝑟
2𝑟7

𝑏 = 𝑠𝑖𝑛
𝜋𝑟
2𝑟7

Spin	Orbit	State

z

Spin	Orbit	States	of	Neutron	Wavepackets

𝑟7
the	length	at	which	there	is	a	spin	flip



|↑Y⟩ |↓Y⟩

Concurrence

Intensity	Profiles	

𝑟7/𝜎⫠=1.82Entanglement	maximized	at	

Polarization	 relatable	to	helical	
structures	such	as	skyrmions



Coherent	control	over	the	SO	state

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





Thank	you



“The	New	Yorker”,	1940

Quantum Classical

Check	your	system	before…



“Tractricious”
Robert	R.	Wilson

Fermi	National	
Accelerator	Laboratory

Image:	Fermilab

A	“spiral”	defined	
by	straight	rays		



“Tractricious”

Seen	from	within,
Looking	up


