Boosting the resolution of neutron backscattering

spectroscopy

Replacing silicon crystals
with gallium arsenide ones
quadruples energy resolution,
the biggest jump the
technique has seen in its
half-century history.

don’t often have to account for grav-

itational potential energy. A proton
or neutron moving through Earth’s grav-
itational field gains or loses just 100 neV
for every meter of altitude change. For
many purposes, that’s an insignificant
amount.

But a new proof-of-concept neutron
backscattering spectrometer is so sensitive
to tiny changes in energy that gravita-
tional effects matter.! The spectrometer
(whose vertical scale is shown in figure 1)
is located at Institut Laue-Langevin in
Grenoble, France, and was devised and
developed by a team led by ILL scien-
tist Bernhard Frick and Andreas Magerl
of Friedrich-Alexander University of
Erlangen-Nuremberg in Germany. Its en-
ergy resolution, 78 neV, is an order of
magnitude better than a typical instru-
ment of its type and a factor of four better
than the best currently available.

Neutron backscattering spectroscopy
is used to measure the minute energy
shifts in neutrons that scatter off a sam-
ple. Those energy changes can result from
sample resonances, such as phonons or
hyperfine excitations. They can also arise
from random motions such as diffusion:
Neutrons scattering off moving molecules
acquire positive or negative Doppler
shifts, and the resulting broadening of
their energy spread provides information
about the mobility of molecules in the
sample.

The technique has been used to study,
among other things, the diffusion of pro-
tons in fuel cells and the movement of
water in biological and geological speci-
mens. Improved energy resolution opens
the door to studying dynamics that are
slower or more complicated—such as
different components of the sample dif-
fusing at different rates—and wider

Experiments with subatomic particles

ranges of temperature, pressure, and
other parameters.

Bragg hackscattering

The ILL is one of several user facilities
worldwide that are dedicated to neutron
research. Neutrons are produced in a
central nuclear reactor and distributed
among several dozen instruments, on
which users can book time for their
experiments.

The beamline neutrons have too broad
a kinetic energy spread for the slight
shifts imparted by the sample to be dis-
cernable. Neutron backscattering spec-
troscopy uses Bragg reflection to pick out
neutrons of a particular energy. As
shown in the schematic in figure 2, the
beam first reflects off a crystalline mono-
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FIGURE 1. KRISTIJAN KUHLMANN (front)
and Markus Appel (back, almost hidden)
examine part of a gallium arsenide analyzer
in a proof-of-concept neutron backscattering
spectrometer. In a fully functional spectrom-
eter, the hexagonal GaAs facets will cover
about 20% of the surface area of a sphere
centered on the sample (right foreground).

chromator. By Bragg’s law, only those
neutrons whose de Broglie wavelength is
commensurate with the lattice spacing
constructively interfere and reach the
sample.

After scattering off the sample, which
may or may not involve a slight change
in energy, the neutrons collide with a
large spherical shell of crystalline ana-
lyzers. If and only if the Bragg condition
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FIGURE 2. THE NEUTRON BACKSCATTERING SPECTROSCOPY SETUP, shown schematically.
Incoming neutrons first reflect off the temperature-controlled monochromator, then scatter
off the sample, then reflect off the analyzers. Neutrons reach the detector only if their energies
satisfy the Bragg condition at both the monochromator and the analyzer—that is, if the
energy gained or lost by scattering in the sample matches the temperature shift imparted

by the monochromator.

is satisfied again are the neutrons re-
flected back toward the detector. If the
monochromator and analyzers are made
of identical crystalline materials, then,
the detected neutrons are the ones that
neither gain nor lose energy in the sam-
ple. By adjusting the monochromator’s
temperature, one can select for neutrons
that gain or lose a specific amount of en-
ergy: Warmer crystals have slightly larger
lattice spacing, so they reflect slightly
longer-wavelength neutrons.

The material chosen for the mono-
chromator and analyzers needs to be one
that can readily be fabricated into large-
area, high-quality crystalline wafers.
Ever since the first prototype? in 1969,
neutron backscattering spectrometers
have used the (111) surface of silicon. And
from the beginning, spectrometers were
almost perfectly optimized for that ma-
terial: The 1969 prototype had an energy
resolution of 620 neV, and the best
Si(111) spectrometer today has a resolu-
tion of 300 neV.

That resolution is largely limited by
the intrinsic linewidth of the Si(111) re-
flection. The Si atoms scatter neutrons
strongly: Neutrons with resonant energy
penetrate just 34 um into the crystal, so
only 10° atomic layers participate in the
reflection, and the destructive interfer-
ence at off-peak energies is incomplete.
It's been known since the 1990s that the

18 PHYSICS TODAY | MARCH 2019

reflection off the (200) surface of gallium
arsenide could potentially do better.’ Be-
cause that material scatters neutrons less
strongly, the beam penetrates 10 times as
far into the crystal. As a result, the peak
reflection intensity is the same as for
Si(111), but the stronger extinction at off-
peak energies makes the reflected energy
range much narrower.

Realizing resolution

In the 1990s GaAs fabrication wasn't yet
sufficiently advanced for a large-area
perfectly crystalline analyzer to be feasi-
ble. Now it is. But building the analyzer
is a lot more involved than piecing to-
gether some commercially available GaAs
crystalline wafers. Several other resolu-
tion-limiting effects—including facet
alignment, beam geometry, and crystal
strain—had to be controlled more pre-
cisely than in a conventional Si(111)
spectrometer. “If any one of them was
neglected,” says postdoc Markus Appel,
who worked on the project, “progress
would be stalled. We often had to take a
step back and shift our attention to iden-
tifying and working on the current
weakest link in the chain.”

One of those potential weak links is
the effect of gravity. All else being equal,
neutrons scattered from the sample to-
ward the top of the analyzer end up with
300 neV less energy than those scattered



toward the bottom. Leaving that effect
uncorrected would obliterate all other
resolution-improving advances. To com-
pensate for gravity’s influence, the re-
searchers introduce a thermal gradient
such that the bottom of the analyzer is
10 K cooler than the top.

To test the energy resolution, the re-
searchers made some proof-of-concept

measurements, including the hyperfine
spectrum of cobalt. But the new spectrom-
eterisn’t ready for users yet. The analyzers
constructed so far represent just 3% of
the area of a fully furbished instrument.
And there’s still some room for improve-
ment in resolution: The theoretical limit for
an ideal GaAs(200) crystal is just 13 neV.

Johanna Miller
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Spin excitations in a cavity hop coherently over

long distances

Virtual photons mediate
nonlocal interactions
between cold atoms.

itive as it is in large part because of

its nonlocality. Particles can be entan-
gled with other particles, no matter how
far away (see PHYSICS TODAY, August
2017, page 14), with information stored
not in the state of one particle or the other
but in their correlations. A measurement
on one particle instantly changes the
state of its distant entangled partner.
That spooky action at a distance isn't
technically an interaction between the
particles. But it looks enough like one
that it’s difficult to reconcile with physi-
cal intuition.

Stanford University’s Monika Schleier-
Smith (shown in her lab in figure 1) and
colleagues are using a cloud of cold ru-
bidium atoms in an optical cavity to en-
gineer and study nonlocal interactions.
They’ve now induced a collective spin
excitation to act at a distance on a far-
away part of the cloud by having it hop
more than a quarter millimeter, skipping
over all the identical atoms in between.!
With the combination of nonlocal inter-
actions and local control and imaging,
they hope to create a new platform for
exploring the limits of how quantum
systems can behave.

Driving a spin exchange

The experimental setup is shown schemat-
ically in figure 2a. A cloud of some 10°
spin-1 atoms is held in a one-dimensional
array of optical traps created by the
standing wave in the optical cavity. An

uuantum mechanics is as counterintu-

applied magnetic field B produces Zee-
man splitting of the atoms’ m = +1, 0, and
-1 spin states.

By driving the cavity with a laser
pulse of a suitably chosen wavelength,
the researchers set off a flip-flop process
like the one shown in figure 2b. When a
drive-pulse photon inelastically scatters
off an atom, it changes the atom’s spin
state and creates a virtual photon of a dif-
ferent wavelength. The virtual photon
then induces a change of spin of equal
and opposite energy elsewhere in the cav-
ity, and the photon returns to the original
wavelength.

The drive-pulse wavelength is chosen
so that the virtual photons are almost,
but not quite, resonant with a cavity
mode. If they were exactly on resonance,
they would be able to exit the cavity
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FIGURE 1. MONIKA SCHLEIER-SMITH
(left) observes with an IR viewer as her
student Emily Davis adjusts a pair of mirror
mounts. In the background is a second table
where the researchers cool and trap a cloud
of rubidium atoms. Optical fibers carry light
between the two parts of the experimental
setup.

without ever completing the spin flip-
flop. The slight detuning ensures that the
virtual photons have nowhere to go but
to scatter off another atom.

Several recent experiments have used
similar setups to produce collective spin
interactions among atoms in cavities.?
But until now they’ve focused on con-
trolling and probing the atoms through
global degrees of freedom, such as the
total magnetization or the intensity of
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