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Neutron spectrum

1935, nobelprize.org

Slow Intermediate Fast

UCN
Cold

Very cold
Epithermal

1994, nobelprize.org

Rule of twos:

* Energy of 20 meV
* Wavelength of 2 A
* Speed of 2000 m/s




Precision Neutron Interferometric Measurement of the n-*He
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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




week ending

PRL 107, 150401 (2011) PHYSICAL REVIEW LETTERS 7 OCTOBER 2011

Experimental Realization of Decoherence-Free Subspace in Neutron Interferometry

D. A. Pushin.""* M. G. Huber.? M. Arif.? and D. G. Cory'>*
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Two phase-grating moiré NI

Incident  qjjt
Beam ,

Camera
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Transverse coherence length at the grating: 0 = > \a g2
Sw 2 20
< 0

0 5 10 15 20 25

Both gratings: A; = 2.4 ymand ¢ = /2 Distance [mm]
I = A+ Bcos(2nfy + @)

Pushin DA, Sarenac D, Hussey DS, Miao H, Arif M, Cory DG, Huber MG, Jacobson DL, LaManna JM, Parker JD, Shinohara T. Far-field interference

of a neutron white beam and the applications to noninvasive phase-contrast imaging. Physical Review A. 2017 Apr 26;95(4):043637.
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What we have so far

Incident = gt
Beam [

PHYSICAL REVIEW A 95, 043637 (2017)

Far-field interference of a neutron white beam and the applications to noninvasive
phase-contrast imaging

D. A. Pushin,""?" D. Sarenac,"? D. S. Hussey,” H. Miao,* M. Arif,? D. G. Cory,>>%7 M. G. Huber,’? D. L. Jacobson,?
Yy ry
J. M. LaManna,’? J. D. Parker,® T. Shinohara,” W. Ueno,’ and H. Wen*

Camera

TERREE S PHYSICAL REVIEW LETTERS 120, 113201 (2018)

Three Phase-Grating Moiré Neutron Interferometer for Large Interferometer
Area Applications

D. Sarenac,"z‘* D.A. Pushin,l’z’T M. G. Huber,3 D.S. Hussey,3 H. Miao,4 M. Arif,3 D.G. Cory,2’5’6’7
A.D. Cronin,8 B. Heacock,g’m D.L. Jacobson,3 J.M. LaManna,3 and H. Wen*

Normalized
Intensity

11.08
o
S 2
= 1.06 = §
£ o )
— 1.04 = =
> o 3
© 3
1.02 i

1.00

0 1 2 3 4 5
G; Translation [um]



Measuring Small Forces with Neutron
Interferometric Microscopy: A wholly
unique and novel paradigm for Big-G

N Source G,
//Gl
G, Source
2 Mass Lead Tungstate
X Source S

Statistical goal:
10 ppm measurement
~100 days for 10 % visibility

Detector



2d— grating interferometry
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D. Sarenac, et. al. “Phase and contrast moiré signatures in two-dimensional cone beam interferometry”, arXiv:2311.02261



2d— grating interferometry

Slit X

Incoming
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D. Sarenac, et. al. “Phase and contrast moiré signatures in two-dimensional cone beam interferometry”, arXiv:2311.02261



Structured Light and OAM
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2011 2012
Generalized laws of Integrated
reflection/refraction compact vortex
were proposed and beam emitters
OAM was tailored in were produced.
metasurface. ——
SCACHEE

2012-2013
Terabit optical

communication was

realized using OAM

free space and fibre
Wavelength
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2015

Neutron vortex
beams carrying
in OAM were
B produced.

2016

Extreme OAM
slales over
10000 h were
generated.

2017 2017 2018 2018 2019 2019
Arbitrary SAM-to- Tunable OAM in Ultra-broadband on- Quantum Soft X-ray vortex Vortex chirality
OAM conversion high-harmonic chip OAM emitler was Entanglement of beam was was controlled
was realized via generation was designed and used for SAM and OAM generated using in microlasers.
metasurface. realized. communications. was realized in diffractive oplics.

metamaterials.
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How to generate such modes?

Plane Wave

i “ %"

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

Helical Wave
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Imaging with Neutrons

The fine details of the water concentration in these lilies
are clear to neutrons even in a lead cask

Ordinary photography Hussey, NIST Neutron radiography
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Aluminum spiral phase plates for neutrons

hs¢
2T
Phase of wavefunction increases linearly with azimuthal angle ¢.

h=h0+

SPPs as seen from above, 25 mm diameter respectively.
Milled from Al 6061 dowel by diamond turning.

h. =112 u per 2w phase step.

Index of refractionn=1-2.43 x 10

Control phase of A =0.271 nm wave motion
with 0.1 mm dimensional figure!




Aluminum spiral phase plates for neutrons |
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Pha ly with azimuthal angle o.
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naex or retraction n =

—2.43 x10°

Control phase of A =0.271 nm wave motion
with 0.1 mm dimensional figure!
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International journal of science
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Letter = Published: 23 September 2015

Controlling neutron orbital angular
momentum

Charles W. Clark, Roman Barankov, Michael G. Huber, Muhammad Arif, David G. Cory &
Dmitry A. Pushin S
<

blade 2

Nature 525, 504-506 (24 September 2015) = Download Citation X

Counts, [a.u.]
Counts, [a.u.]

Counts, [a.u.]
Counts, [a.u.]




Neutron Holography APS News Top Ten
Physics Newsmakers of

2016

Ripples in Spacetime
Nobel Prizes

Rise and Fall of the 750 GeV Bump
Celebrity Elements

Neutron Holography

The Solar System’s 9th Resident?
Kokabee Freed

CERN'’s First Female Director
Rosetta’s Last Signal

10. In Memoriam

Home | Publications | APS News | January 2017 (Volume 26, Number 1) | Top Ten Physics Newsmakers of 2016

APS NEWS
Top Ten Physics Newsmakers of 2016 EEE

Each year, APS News selects the top ten physics stories that made it into newspapers and onto televisions

Digital camera
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W v N 7
S\

Integrating counter
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Sarenac, Dusan, Michael G. Huber, Benjamin Heacock, Muhammad Arif, Charles W. Clark, David
G. Cory, Chandra B. Shahi, and Dmitry A. Pushin. "Holography with a neutron interferometer."
Optics express 24, no. 20 (2016): 22528-22535.

in the U.S. and across the world. While the selections may be scientifically important, the main criterion is
Neutron Holography how much coverage they generated.

In 2016, researchers reported using neutrons to make holograms based on the
same principles used in optical holography. A neutron enters an interferometer and Ripples in Spacetime
is Separated into t\VO paths by a beam Sp"tter- generating reference and ObjECt It was the black hole merger heard around the world. In February 2016,
beams. The Object beam was given a Spatlally Varying phase after passing through researchers announced the first direct observation of gravitational waves. The

. X . . o ) Laser Interferometer Gravitational Observatory Scientific Collaboration (LIGO) and
a test object called a spiral-phase plate (a device that imparts helicity), while the the Virgo Collaboration attributed the signal to a merger of two black holes, whose

p . . death spiral could be heard as a "chirp" when converted to an audio waveform

reference beam- asin Optlcal hOlOgraphy. IS unaltered' The t\‘VO beams were Then in June 2016, the research teams presented results from a second merger,

combined at another beam splitter, and the resulting beams sent to an imaging this ime of two. blacke holes With Smalkt masses i neLIo0 celedon were shut. Image: LIGO

) down for upgrades and restarted in November for a second observing run. Also in
detector. The unique setup may offer a new way to study neutrons and use neutron June, the European Space Agency had a successful test run of the Laser MaKing e e
imaging f0r characterizing proper’ties Of materials Interferometer Space Antenna Pathfinder mission, showing the feasibility of

operating gravitational wave detectors in orbit.



. On-Axis Spin-Orbit States

Phase Profile Intensity Profile

arg({1, o)) Tz 1bo)I*

0.3
0.2
0.1

00 O G500
\ arg( l |1/1Q l |1/JQ
“ » N 0.06
b Orl e
_ 0.02
i) = [1,) i

-00 O -00 O
1Wo) = Ug|Pin)
= cos (TL’_T‘) IT,) + isin (n_r) e |l,)
B 2r.) 7 27, z

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




Neutron Spin-Orbit States

a) CYLINDRICALLY b) AZIMUTHALLY POLARIZED STATES c) RADIALLY POLARIZED STATES
POLARIZED STATES
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Sarenac, D., Nsofini, J., Hincks, I., Arif, M., Clark, C.W., Cory, D.G., Huber, M.G. and Pushin, D.A., 2018. Methods
of preparing and detecting neutron spin-orbit states. New Journal of Physics 20 (10), 103012




Neutron Spin-Orbit States

d I U _ _lF( C05[¢]0x+51n[§0]6y) = COS " ]1 + 1 sin ﬂ (l+6'+ + l_a'_)l
Quadrupole operator: U,y = e o o

l:t = eii‘l’

61 = (6, Li6,)/2
® N0 2Nr3’“y) = »/

Suzuki-Trotter expansion: Uy = lim \e NTe Ye c

N—-oo
Phase Profile Intensity Profile
X Quadrupole arg(LIV,.)) K, IW )1
0 Magnet Ay
W)
P 4 -
|1,
y

arg((d, Ich,v 1@ IWLOV>|2

N)LOV> 2a
0
N=2 LOV o

Prism Pairs 2a 0 2a 2a 0 2a

n>”§ I

Sarenac, D., Nsofini, J., Hincks, I., Arif, M., Clark, C.W., Cory, D.G., Huber, M.G. and Pushin, D.A., 2018.
Methods of preparing and detecting neutron spin-orbit states. New Journal of Physics 20 (10), 103012
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Electron OAM obtained using gratings
McMorran et al Science 2011







Side view of neutron diffraction gratings

2500 x 2500 =
6,250,000
gratings in square array
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D. Sarenac, et. al., arXiv:2404.00705v1




Overlaid Simulation Experiment
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Neutron OAM Timeline
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Something else




Topological Protection and Skyrmions

W A\
o Skyrmions represent topologically protected ‘\K@\é‘v" @u\}?\\x / L
magnetic objects in which the spins wrap the entire r?‘ﬁ‘*\; \
unit sphere. \*/

e The uniform stacking of these spin structures in
3D produces skyrmion strings which may be

interrupted along their propagation length by
defects at non-zero temperature.
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Milde, P., et al., Science. 340, 1076 (2013)
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Three-dimensional neutron far-field
tomography of abulk skyrmionlattice
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Quantum random walk for neutrons and other particles.
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Quantum-information approach to dynamical diffraction theory
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