Implementation of a laser-neutron pump-probe capability for inelastic neutron scattering
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Knowledge about nonequilibrium dynamics in spin systems is of great importance to both fundamental sci-
ence and technological applications. Inelastic neutron scattering (INS) is an indispensable tool to study spin
excitations in complex magnetic materials. However, conventional INS spectrometers currently only perform
steady-state measurements and probe averaged properties over many collision events between spin excitations
in thermodynamic equilibrium, while the exact picture of re-equilibration of these excitations remains unknown.
In this paper we report on the design and implementation of a time-resolved laser-neutron pump-probe capabil-
ity at HYSPEC (Hybrid Spectrometer, beamline 14-B) at the Spallation Neutron Source (SNS) at Oak Ridge
National Laboratory. This capability allows us to excite out-of-equilibrium magnons with a nanosecond pulsed
laser source and probe the resulting dynamics using INS. Here, we discussed technical aspects to implement
such a capability in a neutron beamline, including choices of suitable neutron instrumentation and material sys-
tems, laser excitation scheme, experimental configurations, and relevant firmware and software development to
allow for time-synchronized pump-probe measurements. We demonstrated that the laser-induced nonequilib-
rium structure factor is able to be resolved by INS in a quantum magnet. The method developed in this work
will provide SNS with advanced capabilities for performing out-of-equilibrium measurements, opening up an

entirely new research direction to study out-of-equilibrium phenomena using neutrons.

I. INTRODUCTION

Neutron scattering is a unique technique for understand-
ing magnetism in condensed matter, because the neutron
carries a spin, and therefore a magnetic moment, that can
couple directly to different sources of magnetism in matter
such as unpaired electrons. In fact, uncovering antiferromag-
netism was among the very first experiments utilizing neu-
tron diffraction.[1] Since then, neutron scattering has proven
to be a powerful tool for the investigation of magnetic struc-
tures. With the invention of triple-axis neutron spectrometer
and time-of-flight direct geometry spectrometers (DGS’s), in-
elastic neutron scattering (INS) has become an indispensable
tool to study momentum-resolved spin excitations in increas-
ingly complex magnetic materials.[2—-5]

Recently, nonequilibrium dynamics of excited spin states
in quantum magnets has gained great attention because it
promises transformative technologies such as high speed, low
power and low loss electronics.[5-11] Once quasiparticles
such as magnons (quantized spin waves) in quantum magnets
are excited to out-of-equilibrium states , they remain out-of-
equilibrium for a long time due to their restrictive scattering
phase space and a weak coupling with phonons, creating a
dynamical bottleneck. However, re-equilibration and thermal-
ization of nonequilibrium magnon states in quantum magnets
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is not well understood and mode-dependent information of
energy flows among magnons during re-equilibration is un-
known. Conventional INS spectrometers do not elucidate such
information because they currently only perform steady-state
measurements at thermodynamic equilibrium and probe aver-
aged properties of many collision events between quasiparti-
cles. Because neutron scattering is such an important tool to
provide momentum resolved information about the underly-
ing quasiparticles, it is necessary to develop a new experimen-
tal platform and methodology for uncovering hidden physics
of out-of-equilibrium excited states using neutrons.

Time-resolved pump-probe techniques based on optical
spectroscopy have been used for decades to study out-of-
equilibrium dynamics.[12] Pump-probe-type experiments at
the user facilities such as the Advanced Photon Source [13]
and Linac Coherent Light Source [14] have enabled scien-
tific investigations into the ultrafast time-resolved evolution
of atoms, molecules, bio-systems and solid-state systems.[15—
21]In such a pump-probe experiment, an optical laser pulse
initiates dynamics that are later probed by an X-ray pulse.[22,
23] The X-ray probe measurement can employ a wide variety
of methods including scattering, diffraction, emission, X-ray
near-edge absorption, efc. to capture the dynamics.

Reporting on time-resolved pump-probe neutron experi-
ments, on the other hand, is sparse. This is because much
fewer neutron sources worldwide compared to X-ray facilities
limit the development of novel sample environments and new
techniques in a beamline, and the low neutron flux that a typ-
ical beamline can produce usually limits the achievable time-
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FIG. 1. Conceptual schematic of a laser-pump neutron-probe tech-
nique. The laser setup is attached to the sample rotation stage using
a level system, allowing the laser enclosure to rotate with a neutron-
compatible optical cryostat and always ensuring normal incidence of
the laser beam onto the sample during the INS measurements.

resolution which in turn defines the scope of dynamics one
can investigate. Most time-resolved neutron measurements in
the past have focused on soft matter.[24]

Earliest works that enabled time-resolved neutron capabil-
ity dated back to the early 1990s, where a trigger is used
to initiate a non-reversible process in polymers and the data
are collected in individual time frames with time resolu-
tions of a few minutes per frame using small angle neu-
tron scattering (SANS) techniques.[25] As neutron instrumen-
tation advanced over the last three decades, the achievable
time resolution has drastically improved from minutes per
frame to sub-millisecond per frame.[26—32] Instrumentation
for time-resolved SANS measurements with sub-millisecond
time resolution, based on Gihler’s TISANE (time-involved
small-angle neutron experiments) concepts,[33] has been im-
plemented at a few neutron centers worldwide.[30, 34, 35]
This technique uses novel electronics for synchronizing the
neutron pulses from high-speed counter rotating choppers
with a periodic stimulus applied to a sample.[36] Besides
SANS, laser-neutron pump-probe experiments have been re-
ported to investigate light-induced protein dynamics using
quasielastic neutron scattering (QENS).[37, 38] Neutron re-
flectometry in time-of-flight mode has been used to study
time-resolved in situ rheology in a micellar solution under-
going shear thinning.[36] Very recently, optically induced
steady-state magnetization at perovskite/ferromagnetic inter-
face was probed by a polarized neutron reflectometry exper-
iment with in situ photoexcitation at room temperature.[39]
Time-dependent magnetic neutron diffraction has been re-
ported to probe magnetic dynamics of a spin ice driven by
a periodic pulsed magnetic field.[40]

To study out-of-equilibrium dynamics of quasiparticles like
magnons in quantum magnets, a time-resolved pump-probe
technique using INS at cryogenic temperatures is necessary
but has not yet been attempted. In this paper we report on
the design and implementation of a pump-probe capability at
HYSPEC (Hybrid Spectrometer, beamline 14-B at the Spalla-
tion Neutron Sources at Oak Ridge National Laboratory)[41]
that excites out-of-equilibrium magnons with a nanosecond

pulsed laser source and probes the resulting dynamics using
INS. A conceptual schematic of the experimental configura-
tion is shown in Fig. 1. The laser setup is attached to the
sample rotation stage, allowing the laser enclosure to rotate
with a neutron-compatible optical cryostat and always ensur-
ing normal incidence of the laser beam onto the sample dur-
ing the INS measurements. To successfully probe the out-of-
equilibrium dynamics of magnons using INS, it is necessary
to have (1) an external excitation source that can create an out-
of-equilibrium distribution of spin excitation states in the bulk
of a crystal, (2) a material system with out-of-equilibrium dy-
namics that are sufficiently long lived, and (3) a pump that can
be synchronized to the neutron source. Each constraint poses
technical challenges that are unique to each material system
of interest. In the following sections we describe technical
aspects to implement such a capability in a neutron beam-
line, including choices of suitable neutron instrumentation
and material systems, laser excitation scheme, experimental
configurations, and relevant firmware and software develop-
ment to allow for time-synchronized pump-probe measure-
ments. We then present the intensity map of the laser in-
duced non-equilibrium structure factor, 7(Q; W), measured by
INS at HYSPEC in a quantum magnet and conclude with an
overview of the future studies that could benefit from this type
of laser-neutron pump-probe experiment as next generation
neutron sources come online within the next decade.

II. INSTRUMENT AND MATERIAL CHOICES

HYSPEC is a high-intensity, medium-resolution, cold to
thermal direct DGS and employs a hybrid design by adding
the pre-sample Bragg optics found on a triple-axis spectrome-
ter to a traditional time-of-flight DGS. HYSPEC has been rou-
tinely utilized to measure spin excitations in quantum magnets
at equilibrium conditions (see e.g. figure 4 of Ref.[43]). There
are four main factors that make HYSPEC a suitable instru-
ment for probing out-of-equilibrium magnon dynamics. (1)
As a DGS, the pulsed peak intensity is compatible with pump-
probe measurements as described later. (2) It is optimized
for inelastic neutron scattering measurements of excitations
in small single-crystal specimens. The Bragg optics allow the
use of vertical focusing prior to the sample position to increase
the flux on the sample. (3) A 60° range of horizontal scatter
angles are accessible simultaneously via a wide-angle detec-
tor array at HYSPEC, and this range is adjustable using a mo-
torized stage which rotates the detector vessel about the sam-
ple position. The wide-angle detection allows a fixed position
of detector vessel with access to a wide region of reciprocal
space in a crystal. (4) The open space available around the
sample stage allows the implementation of a laser setup. As
shown in Fig.2(a), an optical setup on a 24”x18” Thorlabs®
aluminum breadboard is mounted on 2” rails (80/20 Inc.®)
which are attached to the sample rotation stage.

The "orange" cryostat (CRYO-B) supplied by A.S.
Scientific® is a neutron-compatible optical cryostat with two
2” quartz windows on the outer vacuum chamber and two 70
mm diameter sapphire windows on the inner vacuum cham-
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FIG. 2. (a) Picture of the laser setup integrated into HY SPEC beam-
line with Cryo-B installed. (b) Schematic of optical layout. Two
time-coincident, coherent pump pulses crossed at the sample posi-
tion to form a spatial interference pattern with an adjustable period-
icity from 1 to 30 mm. The zeroth order beam (not shown here) is
blocked using a beam stopper placed between the two lenses. (c)
RbyMnF, crystal used in this study on a copper sample mount. (d)
The prediction of periodic grating pattern caused by interference
of £1 order diffracted laser beams crossed at the sample using the
diffraction theory[42].

ber, and requires continuous flow of liquid Helium to reach
a base temperature of 3.4 K. Its aluminum heat shield has
rectangular sections cut out to allow the laser light to pass
through both the sample and the entire cryostat. The in-
ner vacuum chamber at beam elevation is machined from a
solid aluminum rectangular block and all quartz windows in-
clude a stainless steel frame and fasteners. CRYO-B is nor-
mally utilized with the incident beam passing through the

quartz windows, but in this configuration the incident neutron
beam passes through the side walls and for some orientations
through the stainless window frame and fasteners, leading to
significant neutron scattering which introduces a background
that varies both with scatter angle and with the orientation of
the cryostat. This background is mitigated partly by radial
collimation and shielding about the sample, but must still be
corrected for in reduction by subtracting the scattering signal
obtained with the sample removed.

Figure 2(c) shows the sample used in this study. The sam-
ple has an in-plane (ab plane) cross section about 10 x 8 mm
and has a thickness of 3 mm (c-axis), dimensions chosen to be
compatible with the achievable laser beam size as discussed in
the next section. The composition of the sample is RboMnFy,
a spin-5/2 Heisenberg antiferromagnet. RboMnF, crystal is
orthorhombic with a = b = 4:28A and ¢ = 14A and magnon
transport is confined to ab plane. The crystal has an opti-
cal penetration depth of tens of centimeters in the visible light
range and thus permits a transmission configuration of the vis-
ible light. This is an important factor to consider in a laser-
neutron pump-probe experiment. INS at HYSPEC is sensitive
to the bulk of a sample and thus any external stimuli needs
to induce a bulk excitation. A material with a centimeter-
long optical penetration depth will allow the laser to excite the
bulk of the crystal rather than just induce a surface effect. Be-
sides its physical appearance, RboMnF, provides a great plat-
form to understand nonequilibrium magnon dynamics. As a
model Heisenberg antiferromagnet, its magnetism and Hamil-
tonian were well characterized at thermodynamic equilibrium
using neutrons.[44] High-resolution neutron resonance spec-
troscopy suggests magnons have very long lifetimes at low
temperatures, limited only by magnetic grain boundaries.[2]
A comprehensive theoretical description based on the Dyson-
Maleev boson formulation predicts that magnon-phonon in-
teractions are negligible and magnon-magnon collisions are
restricted to two-in two-out processes, which creates a situa-
tion where magnons at the magnetic zone center become very
long lived, up to milliseconds, due to the restricted scatter-
ing phase space.[45] HYSPEC provides neutron pulses with a
pulse width of around 60 ms depending on the instrument set-
ting, which ultimately limits the time resolution of the mea-
surements. Non-equilibrium magnon dynamics lasting up
to milliseconds, in principle, will be resolvable by neutrons.
Moreover, a spin moment of 5/2 makes RboMnF4 a very
strong neutron scatterer with respect to magnons.[2, 44] The
large signal-to-noise ratio will increase our chances to identify
any difference in the measured S(Q;w) under laser excitation
from that measured at equilibrium condition.

III. PULSED LASER INTEGRATION

To excite the magnons to out-of-equilibrium states, we use
a pulsed laser (Coherent Flare NX®, Class 4) that operates at
515 nm (~ 2.4 eV) with a repetition frequency up to 2000
Hz, a pulse width of around 5 ns, and pulse energy of a 300
mJ. The intense pulsed laser induces an impulsive change in
mangetic anisotropy through interband excitation of hot elec-



trons in a magnetic material and charge transfer occurs among
magnetic ions, leading to magnetic excited states.[46—48] The
laser can be externally triggered by TTL signals. The optical
layout is shown in Fig. 2(b). Right after the laser head is a mo-
torized power control unit made of a rotating halfwave plate
and cubic polarizing beam splitter (PBS). This unit enables a
remote control of the laser power delivered to the sample. Af-
ter the PBS, the light is horizontally polarized and two 1 lens
with focus lengths of 100 mm are used to collimate the laser
beam. The last part of the optical beam path is adapted from
a transient grating (TG) technique,[49-52] where two time-
coincident coherent laser pulses created by a grating mask are
crossed at the sample to form an interference pattern with pe-
riod L. The interference pattern creates spatially periodic pho-
toexcitation on the sample with L controllable from 1 mm to
30 mm, thus providing control of the length scales of exter-
nal excitations. Figure 2(d) shows the periodic grating pat-
tern caused by interference of +1 order diffracted laser beams
crossed at the sample predicted by the diffraction theory[42].
The grating sizes at the sample with different grating patterns
are first characterized by a conventional transient grating ex-
periment off the beamline at room temperature.

Two 4” lens are used here to accommodate the large diffrac-
tion angle of the smallest grating on the phase mask. The
1:2 ratio of focus lengths is used such that laser beam is en-
larged to a diameter of 5 mm at the sample position. The beam
size at the sample position is determined by two main factors:
(1) the minimum fluence that is required to excite nonequi-
librium population of magnons and (2) the minimum sample
size to obtain a total structure factor with good statistics in a
reasonable time frame. Using an optical penetration depth of
~ 10 cm, the crystal is estimated to absorb about 10% of in-
cident laser energy. At 4 K, the volumetric heat capacity of
Rb,MnF, is on the order of 10* J/em3-K[53], which gives
an estimated temperature rise of 0.5 K at the maximum laser
incident energy (300 mJ per pulse).

Since the laser enclosure (black box in the center of
Fig. 2(a)) is attached to the sample rotation stage, the enclo-
sure rotates with cryo-B and, therefore, optical axis indicated
as dashed line in Fig. 3 is always orthogonal to ab plane of the
sample during the INS measurements.

There are three important advantages of a TG-type exci-
tation when compared to just using a Gaussian-profiled laser
excitation: (1) TG is ideal for creating local non-equilibrium
processes due to its controllable excitation patterns in space.
The periodicity of the interference pattern varies from tens of
micrometers to one micrometer, which are comparable to the
mean free paths (MFPs) of magnons in quantum magnets. The
nanosecond pulsed excitation is comparable to the magnon
lifetimes in quantum magnets. When the external excitation
length or time scales are on the order of magnons’ MFPs or
lifetimes, then we create a situation such that magnon trans-
port becomes non-diffusive. Magnons with MFPs larger than
the external excitation length scale or lifetimes longer than the
excitation duration do not scatter within the excitation length
or time scales. Thus, they remain in their nonequilibrium ex-
cited states. (2) The TG geometry is ideal for studying spin
transport parallel to a plane since the temperature gradient
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FIG. 3. Schematics of the experimental configuration. The rotation
angle, sy, of the laser+cryostat assembly is restricted to —45° <s1 <
+25° to avoid interference of the laser enclosure with neutron beams,
upstream neutron instruments, and neutron detector vessel.

imposed through the interference pattern can be easily aligned
with a particular direction. (3) Due to its non-contact and non-
invasive nature, the scheme can be integrated in a variety of
sample environments.

IV. EXPERIMENTAL CONFIGURATIONS

The requirement of suitable neutron incident and scattering
angles with compatible laser incident angle onto the sample
introduces a set of constraints on the experimental configura-
tion. Schematics of the experimental configuration are shown
in Fig. 3.

Magnon excitations in Rb,MnFj, crystal are observed about
the [0:5;0:5; L] trajectory for all L in lattice reciprocal space.
Although magnons are also observable about [0;0;L] and
[1;1; L], those regions are avoided due to the overlapping con-
tribution from phonons. The HYSPEC spectrometer has an
incident beam in the horizontal plane and scatters horizon-
tally, with only limited out-of-plane divergence. For this ex-
periment, in order to obtain spectral information resolvable
in reciprocal space in the [H; H; L] plane, the crystal must be
rotated about the vertical axis parallel to the [H; —H;L] di-
rection. For magnetic scattering with neutrons, the greatest
signal is generally found at the lowest momentum transfers,
so that the preference is for |L| to be as low as possible. Con-
sidering the geometry of the laser enclosure, accessible ro-
tation angle, sy, of the laser+cryostat assembly is restricted
to —45° <1 < +25°, avoiding interference of the laser en-
closure with upstream incident neutron beam on the positive
angle side and with either the downstream neutron beam or
the scattered beam on the negative angle side. This s1 restric-
tion in turn limits the accessible regions of reciprocal space,
which limits L € [1;4] with an energy transfer range of -2 meV
< E <2 meV when using an incident neutron energy, E;, of 5
meV.



FIG. 4. (a) Schematics of a sequence of laser pulses are triggered by an external signal that is synchronized to the neutron spallation events
with a tunable repetition frequency and delay time. (b) Diagram of the control and data acquisition setup in this experiment. One digital
channel is configured as output to trigger the laser, one input analog channel is used to acquire the laser trigger signal and two digital channels
were configured as inputs to acquire the accelerator time reference and laser trigger reference signals. The relative difference between the
accelerator time and laser trigger references sets the delay between laser and neutron pulses arriving at the sample. In order to reduce amount
of data acquired by ADCROC, a variable sampling rate functionality is utilized. The data acquisition rate increases when it detects a fast

change in signals.

V. FIRMWARE & SOFTWARE

Meanwhile, relevant firmware support modules have been
implemented at HYSPEC to synchronize laser pulses with
neutron pulses. An analog-to-digital readout card (ADCROC)
is utilized in this experiment to acquire meta-data and to trig-
ger the laser synchronously with the SNS accelerator pulsing.
This is the same class of ADCROC reported previously[54]
and which is already in use at several other beam lines
throughout the SNS, but in this use-case the firmware was
customized and the graphical user interface in Control Sys-
tem Studio[55] was tailored to the laser pump/probe setup. A
simplified diagram of the control and data acquisition setup is
shown in Fig. 4(b).

The ADCROC acquires meta-data in the same single event
as neutrons, which allows processing of the collected meta-
data with the same software toolset as for SNS neutron data.
In this experiment, one digital channel is configured as out-
put to control external equipment with a low-voltage time-to-
live (LVTTL) pulse signal. A sequence of laser pulses is trig-
gered by LVTTL pulses from the ADCROC that is synchro-
nized to the spallation neutron events with a tunable repetition
frequency and delay time as shown in Fig. 4(a). Two digital
channels were configured as inputs to acquire the accelerator
time reference and laser trigger reference signals. The relative
difference between the accelerator time and laser trigger refer-
ences sets the delay between laser and neutron pulses arriving
at the sample. One input analog channel is used to acquire

the laser trigger signal. In order to reduce amount of data ac-
quired by ADCROC, a variable sampling rate functionality is
utilized. The data acquisition rate increases when it detects a
fast change in signals.

The data reduction is performed using Mantid software,[56]
similar to other pump-probe workflows.[57, 58] When the
timing between two laser pulse sequences is 60 Hz (matching
the spallation frequency), the data may be reduced the same
way as for equilibrium measurements. When the timing be-
tween two pulse sequences spans several spallation periods,
the data acquired for each frame needs to be reduced sepa-
rately in order to evaluate against possible decay between two
laser pulse sequences. This is achieved by identifying coinci-
dence of the LVTTL pulse for starting a laser pulse sequence
with the initial trigger, and then generating a step log for fil-
tering neutron event data.

VI. NONEQUILIBRIUM STRUCTURE FACTORS

One signature of excess nonequilibrium magnon states is
that the ratio of the measured intensity of the dynamic struc-
ture factor 1(Q; W) between the magnon creation and annihila-
tion sides will not follow the principle of detailed balance. At
thermodynamic equilibrium, principle of detailed balance has
to be strictly following: on the magnon creation side (DE >
0), the intensity scales as n%E(T)+1 where ngE(T) is the Bose-
Einstein distribution and T is the temperature, while it scales



