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ABSTRACT

We present the design and the performance of a compact aerodynamic levitation apparatus optimized for in situ neutron scattering inves-
tigations of high-temperature liquids. This system addresses the critical challenge of low scattering volumes in containerless processing by
enabling the stable levitation of large metallic and oxide droplets up to 4 mm in diameter. The device features a dual-sided CO; laser heating
configuration that minimizes axial thermal gradients, ensuring a homogeneous temperature throughout the sample. To achieve an excep-
tional signal-to-background ratio, the device employs a sophisticated neutron shielding concept for masking and a novel chamber geometry
that effectively suppresses undesired Bragg scattering. Furthermore, a modular system of variable nozzle geometries and materials provides
the device’s adaptability to diverse sample classes ranging from metallic glass-formers to oxides applicable to a variety of scattering tech-
niques. The capabilities of the apparatus are validated through neutron diffraction and time-of-flight spectroscopy experiments at the Institut
Laue-Langevin. We report first results on the static structure factors of Pd-Ni-S melts, the atomic dynamics of supercooled Pd-Cu-Ni-P
glass-formers, and the time-resolved crystallization behavior of lunar regolith simulants.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0341163

I. INTRODUCTION and allows for investigations across extended temperature ranges.”

This includes studying deeply undercooled liquids, as heteroge-
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Containerless levitation is a highly effective technique for pro-
cessing reactive materials, enabling the study of metastable and
undercooled liquids without contamination, particularly at elevated
temperatures. This approach offers a unique solution by avoid-
ing contact of the sample material with container walls. It thereby
prevents chemical interactions between the crucible and the sam-
ple that could alter or contaminate the material, which is a typical
problem in conventional furnaces.' ” In addition, containerless levi-
tation enhances accessibility for measurement tools, such as cameras
and pyrometers, providing an undisturbed view on the sample

neous nucleation at the container wall can be avoided,* as well
as materials at extremely high temperatures exceeding 2000 K.
These advantages make it an ideal platform for neutron and x-
ray scattering experiments, providing an improved signal-to-noise
ratio without scattering contributions from crucible materials and,
thus, offering a powerful opportunity to investigate the atomic struc-
ture and dynamics of melts. Several containerless levitation methods
have been applied for the characterization of liquid materials,”
including electrostatic levitation (ESL),”* electromagnetic levita-
tion (EML),”'" acoustic levitation (AL),'! aerodynamic levitation
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(ADL),"” and hybrid techniques combining multiple methods, such
as electrostatic-aerodynamic levitation (ES-ADL)."> Each method
offers distinct advantages and limitations.

ESL is the preferred technique for containerless processing
of metallic samples. It uses electric fields to levitate charged sam-
ples, with position control achieved through electrodes placed a
few millimeters above and below the sample. This method allows
for the stable levitation of samples up to 6 mm in diameter, fully
visible without obstruction from surrounding equipment.'* Heat-
ing is provided by lasers in a high-vacuum environment. However,
metals containing high-vapor-pressure elements may undergo evap-
oration in vacuum, causing not only compositional changes but also
uncontrolled electron loss that results in positional instability.'” This
instability represents a critical failure mode in multiphase systems,
where the coexistence of distinct solid phases can induce sudden
charge loss during phase transitions, which restricts the range of
processable material systems.

EML enables the levitation of large samples, up to 8 mm in dia-
meter, by utilizing magnetic fields to induce currents in electrically
conductive materials.'® The magnetic force, which is proportional
to the applied current, allows for simultaneous levitation and induc-
tive heating, providing precise temperature control. However, this
coupling also limits the lowest possible temperature and the high-
est cooling rate.'”'® While the copper coil system is essential for
levitation and heating, it partially obstructs the sample’s visibility.

AL uses acoustic waves generated by a resonant plate for levitat-
ing the samples. The waves have to be strong enough to counteract
gravity, which makes this method suitable for less dense samples of
smaller masses. "’

Hybrid techniques, such as ES-ADL, offer a versatile approach
by initially suspending the sample with a gas stream before grad-
ually increasing the electric field until it fully maintains levita-
tion. This method leverages the advantages of both techniques,
enabling greater flexibility in sample handling. While it requires
a more complex experimental setup combining the two meth-
ods, it provides enhanced control over levitation conditions.
However, it still inherits mentioned limitations associated with con-
ventional ESL regarding evaporation of elements with high vapor
pressure.”!

ADL utilizes a directed gas stream to suspend spherical sam-
ples based on the Bernoulli effect.””*’ The levitation force is purely
mechanical and independent of the sample’s thermal or electro-
magnetic properties. This technique is characterized by its inherent
simplicity, compact design, and versatile applicability across a range
of experimental configurations. In contrast to the above mentioned
levitation techniques, it offers the significant advantage of process-
ing an extensive array of high-temperature and reactive metallic and
oxide liquids,”* *° in the equilibrium melt and the supercooled lig-
uid state several 100 K below the melting point,”’ thereby affirming
its efficacy as a containerless method. Heating is fully decoupled
from the levitation state via a laser-based system, facilitating pre-
cise control of cooling rates. Furthermore, by operating at ambient
pressure within a controlled atmosphere, ADL can prevent the rapid
evaporation of volatile components, making it superior to vacuum-
based techniques for specific classes of materials. However, the gas
flow used for levitation introduces thermal gradients, which can be
minimized through secondary laser heating from below, ensuring
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a more uniform temperature distribution.”® In neutron scattering
experiments, the inherently limited incident flux requires a suf-
ficient scattering volume between the beam and the specimen to
achieve statistically significant results. Consequently, when process-
ing smaller samples, long acquisition times are necessary to obtain
high-quality data. However, for metallic samples, such extended
durations represent a critical challenge as metals are highly suscepti-
ble to oxidation at elevated temperatures. This oxidation not only
compromises the chemical integrity of the material but may also
destabilize the levitation. Surface irregularities resulting from oxide
formation act as windage for the gas stream, inducing uncontrolled
rotation and oscillation that can lead to potential nozzle contact.
To mitigate these risks, the capability to levitate larger samples is
required. By increasing the sample diameter, the interaction vol-
ume is significantly enhanced, leading to higher signal intensities
and a substantial reduction in counting times, thereby minimizing
the oxidation risk.

Previously, ADL combined with laser heating was employed
in neutron scattering experiments on metallic samples, typically
restricted to diameters of ~2.7 mm.” Kozaily et al. demonstrated
the levitation of oxide samples up to 4 mm in diameter in quasi-
elastic neutron scattering (QENS) experiments.”” However, lower
density materials, such as oxides, exhibit superior levitation stability
because they require significantly lower gas flow rates compared to
higher density metallic melts minimizing aerodynamic instabilities.
Furthermore, the inherent resistance of oxides to high-temperature
oxidation ensures long-term positional consistency and permits
extended acquisition times. Conversely, the higher density of metal-
lic systems necessitates increased gas flow to support the higher
mass. In addition, the high susceptibility of metals to oxidation,
which can compromise chemical integrity and destabilize levitation,
requires an optimized setup. To address this, we present an aero-
dynamic levitation device developed for the stable processing of
dense metallic spheres up to 4 mm in diameter, which is shown in
Fig. 1. This significant increase in scattering volume, combined with
the enhanced sensitivity of modern neutron detectors and increased
neutron flux of instruments in the last decade, allows for rapid data
acquisition and provides new possibilities to study these sample sys-
tems. The core of our development is not merely the construction
of another levitator, but the combination of a precisely controlled
atmosphere and an optimized heating design. Our system is engi-
neered as “plug-and-play” device allowing for rapid integration and
operation through an integrated centering mechanism, that is espe-
cially attractive for multi-user facilities. To mitigate the thermal
gradients inherently induced by the gas flow, our setup utilizes dual-
side heating. Furthermore, the purity of the sample environment has
been optimized such that the oxygen concentration of the chamber
atmosphere consistently remained below the 0.1% lower detection
limit of the installed oxygen sensor during operation.

The levitator has been successfully tested at the European
High Flux Neutron Source Institut Laue-Langevin (ILL), where in
situ diffraction was performed at the D20 diffractometer,’’ along-
side measurements at the XtremeD diffractometer’’ and QENS
experiments at SHARPER time-of-flight inelastic spectrometer,’”
demonstrating its versatility for both structural and dynamical
investigations of complex melts, such as Pd-Ni-S, Pd-Cu-Ni-P,
and lunar regolith.
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FIG. 1. Overview of the aerodynamic levitation apparatus. The upper assembly
features two CO; lasers for sample heating, while the lower section displays the
open levitation chamber with a direct view on the levitation nozzle. The visible
attachments include a pyrometer (center, green/black) and a camera (left, black).
The total height of the system is 1.12 m.

Il. THE LEVITATION APPARATUS

The levitator setup is based on the fundamental principles
described by Landron et al.,”> Langstaff ef al.”®, and Hennet et al..”*
Designed for mobile and flexible use in multi-user facilities, the
compact apparatus measures 1120 mm in height and 315 mm in
width. A dedicated centering mechanism at the baseplate ensures

ARTICLE pubs.aip.org/aip/rsi

that the center of the levitation chamber is automatically aligned
with the incident beam and the instrument geometry, allowing for
rapid installation and operation. Engineered as a fully integrated
system, it features a complete set of pre-installed diagnostic and con-
trol components, allowing for short setup time by requiring only
standard connections for cooling water, electricity, and levitation
gas.

The vacuum-tight aluminum chamber is constructed from a
low-scattering aluminum alloy with a diameter of 250 mm to reduce
parasitic scattering from the chamber walls and minimal radioac-
tive activation during neutron experiments. It features multiple
(vacuum) view ports for diagnostic tools, optical access, and atmo-
sphere control, with sample exchange facilitated through a DN 100
CF door. To achieve an exceptional signal-to-background ratio, in
addition to the chamber design described above, the apparatus uti-
lizes a shielding system made of neutron-absorbing boron enriched
carbide material (Mirrobor-H™) to effectively suppress incoher-
ent and stray scattering contributions. The incoming neutron beam
enters the chamber through a 2 mm thick aluminum window and
is guided by a boron nitride pipe through a 5 mm diameter pinhole
aperture (PH) positioned directly in front of the sample, which is
tilted at 45° to the incident beam, away from the detectors, to ensure
that high-angle scattered neutrons reach the detectors while mini-
mizing aperture scattering. A boron nitride “get-lost” pipe captures
the primary beam behind the sample, supplemented by a beamstop.
This configuration provides an unshaded horizontal scattering angle
of 160° (between min. 7° and max. 167°) and a vertical range of 20°,
as depicted light purple in Figs. 2 and 3.

To prevent oxidation of reactive metallic melts and reduce
scattering from the chamber atmosphere, ultrahigh-purity argon
6.0 (<0.5ppm Oy) is used as levitation gas and for purging the
12-1 cylindrical chamber with oxygen levels monitored by an ana-
lyzer. However, metallic samples of high masses require elevated gas
flow rates up to 1 1 min™" to be suspended with this setup. Under
these dynamic flow conditions, the oxygen concentration within
the chamber continuously remained below 0.1%, which defines the
physical lower limit of detection for the installed oxygen sensor.
Given the high purity of the inlet gas supply, the actual oxygen par-
tial pressure within the processing atmosphere is anticipated to be
orders of magnitude lower than this instrumental detection limit.
Still, the continuous gas throughput into the chamber can allow
atmospheric ingress. To optimize gas consumption and eliminate
this throughput-driven oxygen intake, a future upgrade will feature
a gas circulation system with an integrated closed-loop gas purifi-
cation system to continuously recirculate and re-purify the inert
atmosphere.

Heating is provided by two 100 W CO; lasers (Synrad Firestar
ti series) operating at a wavelength of 10.9 ym. The 2.2 mm diameter
laser beams enter the chamber through infrared-transparent NaCl
windows and are directed via gold-coated copper mirrors to heat the
sample simultaneously from above and below, as shown in Fig. 2.
This dual-beam configuration ensures a uniform temperature dis-
tribution and mitigates thermal gradients inherently caused by the
cooling gas stream. To facilitate experiments in open experimen-
tal halls, the system operates under class 1 laser safety standards,
managed by a three-stage interlock circuit comprising door moni-
toring, key activation, and shutter control. The optical alignment of
the laser beams can be performed using a collinear diode laser and
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FIG. 2. lllustration of the levitation chamber with sectional view from the side, high-
lighting the ports for the respective measurement instruments and access points.
For clarity, certain flanges and components of the shielding system have been
omitted. LB: Laser bottom; LT: laser top; PT: pressure transmitter; O,: oxygen sen-
sor; V: magnetic valve; P: pump; PY: pyrometer; LED: chamber illumination by
LED; M: one of the four equivalent mirrors; MT: empty, free port for additional
equipment (e.g., for synchrotron or thermophysical property measurements and
a future sample changer); C: camera; D: DN 100 CF access door; NB: incom-
ing neutron beam (purple); NW: neutron window with vertical scattering angle of
40° indicated (transparent purple area); LS: levitator support; WTR: cooling water
supply; GAS: gas inlet; CM: centering mechanism; red lines: deflected path of the
laser beam; yellow area of a circle: sample.

FIG. 3. lllustration of the levitation chamber with sectional view from top, high-
lighting significant parts. Certain components have been omitted for an improved
overview. D: DN 150 CF access door; MT: empty, free port for additional equip-
ment; NB: incoming neutron beam (purple); NW: neutron window with horizontal
scattering angle of 160° indicated (transparent purple area); LS: levitator support;
WTR: cooling water supply; GAS: gas inlet; SH: shielding; GL: “get-lost” pipe; PH:
pinhole for shielding and neutron beam shaping. Yellow circle: sample.
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micrometer screws to adjust the mirrors. Due to the fixed position-
ing of the lasers on top of the chamber, once aligned, the mirrors
remain stable and require only periodic verification.

The temperature during processing is continuously monitored
using a single-color pyrometer (Impac IGA 140 or IN 140) posi-
tioned diagonally above the nozzle outside the chamber. For the
investigation of metallic melts, the IGA 140 model is utilized, fea-
turing a spectral range of 1.45-1.8 ym and a measurement range of
300-2000 °C, whereas the IN 140 model is employed for oxides with
a spectral range of 5.14 ym and a range of 500-2500 °C. Access to the
sample is provided through an infrared-transparent CaF, window,
allowing the pyrometer to record emitted radiation within a spot size
of ~0.6 mm at a sampling rate of up to 100 Hz with a precision of
+1%.

The core of the system is the levitation nozzle as depicted in
Fig. 4, which suspends spherical samples in a gas stream and allows
the bottom laser access through a central opening. The levitation
gas stream is directed through the nozzle orifice, impinging on the
sample from below with sufficient force to counteract gravity. Pre-
cise gas flow is regulated by Brooks SLA5850 mass flow controllers
in 1% increments at 10 Hz intervals delivering up to 2 1 min~},
maintaining levitation stability tailored to the respective size and
mass of the sample. A defining feature of this apparatus is the noz-
zle modularity, designed for adapting to diverse sample properties
and scattering techniques. Nozzle tips are fabricated with vary-
ing dimensions, including hole diameters (1.0-1.4 mm) and cone
depths (2.0-3.0 mm). The hole diameter defines the sample surface
area exposed to the primary gas stream and consequently the lift-
ing force, while the cone depth determines the sample’s levitation
height relative to the nozzle’s upper edge. The nozzle tip geometry
features a 60° conical opening at the top to stabilize the sample and
a 60° opening at the bottom to optimize gas collimation and laser
reflection.'””** Material selection is equally critical and adapted to
the specific neutron technique employed: For neutron diffraction,
we utilize vanadium nozzles due to the small coherent neutron scat-
tering length of the material, which simplifies data post-processing
by allowing for the direct subtraction of the nozzle’s diffraction
intensity from the total signal. For spectroscopic applications, we
have developed aluminum nozzles coated with a layer of boron,
which effectively masks the nozzle structure by absorbing scattered
neutrons, thereby significantly reducing background contributions.
The entire nozzle assembly is mounted on a water-cooled copper
stage to prevent overheating and sample adhesion, while the pedestal
itself is constructed from boron-alloyed aluminum (Al-8 wt. %B)
to provide high thermal conductivity while minimizing background
scattering.

The levitator can also be adapted for synchrotron instruments,
enabling in situ small- and wide-angle scattering measurements with
minor modifications, as done in previous experiments by Greaves
et al..”* Future upgrades include a second pyrometer for operando
monitoring of thermal gradients through the bottom nozzle hole,
an internal sample magazine to reload samples without breaking
the argon atmosphere, and the mentioned gas circulation system.
The latter may include an integration of a closed-loop gas purifi-
cation system to maintain high purity of the atmosphere once the
desired target level is achieved. By recirculating the inert gas through
a purification stage, the total gas consumption is minimized while

Rev. Sci. Instrum. 97, 083303 (2026); doi: 10.1063/5.0341163
© Author(s) 2026

97, 083303-4

S0 :0T :€T 920z 3isnbny o1


https://pubs.aip.org/aip/rsi

Review of

Scientific Instruments

Shape laserspot

Top

ARTICLE pubs.aip.org/aip/rsi

FIG. 4. Two lasers are directed toward
the sample, with each beam being
manipulated by a flat mirror and a focus-
ing mirror. The laser beam approach-
ing from below adopts the circular spot

ensuring that the chemical integrity of the environment is preserved
throughout the experiment.

Optimizing the signal-to-noise ratio requires a critical balance
in gas flow regulation. Increasing the flow elevates the sample to
maximize neutron beam exposure. However, the sample’s lower
hemisphere must remain sufficiently submerged within the nozzle
cone to sustain the stabilizing Bernoulli effect.”> By processing larger
sample volumes, the scattering intensity is directly enhanced and,
thus, the acquisition time reduced. While the maximum diameter is
physically constrained by the melt’s surface tension and its ability to
resist deformation under gravitational and aerodynamic forces, neu-
tron scattering tolerates minor geometric deviations provided that
positional stability is maintained without nozzle contact.’” This con-
trasts with thermophysical property measurements where perfect
sphericity is often required.’° It should be noted that while the sys-
tem provides high stability for ideal spherical samples, surface irreg-
ularities or non-spherical geometries can induce significantly larger
spatial deflections. However, datasets exhibiting such instabilities are
typically discarded, as the resulting uncertainties in the interaction
volume and scattering geometry render the measurements unusable
for analysis.

A. Levitation stability and positioning

The precise alignment and stability of the levitated spec-
imen are prerequisites for high-fidelity neutron diffraction and
spectroscopy. In diffraction experiments, any deviation of the

shape defined by the nozzle opening,
while the beam from above forms its spot
shape through the configuration of the
mirror arrangement.

sample centroid from the calibrated center of the instrument intro-
duces a shift in the effective scattering angle 26, resulting in a
systematic error in the determination of the momentum transfer
q. Furthermore, in time-of-flight experiments, any deviation from
the nominal scattering center introduces an uncertainty in the neu-
tron flight path to the detectors, which manifests as an artificial
broadening of the energy resolution.

To minimize systematic errors, the apparatus relies on the
mentioned centering mechanism whose static positioning accu-
racy is governed by the manufacturing tolerances of the interface
(0.3 mm) and the clearance fit required for the nozzle exchange,
which introduces a maximum radial offset of +0.5 mm. These geo-
metric deviations of the device’s center and so the sample’s center
from the nominal instrument center are compensated by adjusting
the beam-line’s slit system prior the measurement. This fine-tuning
allows the neutron beam to be precisely shaped and aligned onto the
actual position of the levitated specimen. However, during process-
ing, dynamic instabilities may still arise, which can lead to rotation,
induced oscillation, and potentially nozzle wall contact. To evalu-
ate the dynamic stability of the levitated melt, a high-speed camera
(HSC) was employed to record the sample under experimental con-
ditions using the shadow-cast method.” A light source positioned
behind the sample projected a shadow onto the camera lens. Using
grayscale detection software, the sample’s edge was identified by ana-
lyzing contrast changes along radial lines, allowing for the extrap-
olation of the complete ellipsoid even when the lower hemisphere
was partially obstructed by the nozzle.”® This analysis reveals a

Rev. Sci. Instrum. 97, 083303 (2026); doi: 10.1063/5.0341163
© Author(s) 2026

97, 083303-5

S0 :0T :€T 920z 3isnbny o1


https://pubs.aip.org/aip/rsi

Review of
Scientific Instruments

Ax [mm]

Az [mm]

Time [s]

FIG. 5. Time-resolved trajectory of the center of mass coordinates of a sample
with 4 mm diameter showing exemplary 1 min of lateral Ax (purple) and vertical
Az (orange) displacement. The centroid data were extracted via edge-detection
algorithm fitting an ellipsoid to the visible upper hemisphere of the melt. The
observed fluctuations indicate a confinement stability envelope of ~+0.04 mm
under equilibrium gas flow conditions.

relative positional stability of approximately Ax, Az » £0.04 mm
under typical processing conditions (Fig. 5), proving sufficient sta-
bility for the requirements of scattering experiments. Since the
nozzle orifice is intrinsically aligned with the chamber’s geometric
center within the tolerances, the demonstrated confinement stability
ensures that the sample is positioned at the instrument’s scattering
center upon docking the levitator via its base centering mechanism.
The dynamic stability shown was validated across a broad parameter
range of sample masses and nozzle geometries, ensuring that the lev-
itation gas flow can be tailored to the specific density and surface
tension of the melt. The observed positional fluctuations correspond
to only 1% of a 4 mm sample diameter, resulting in a negligible
uncertainty in the neutron flight path for spectroscopic measure-
ments. For diffraction experiments, the deviation remains within
acceptable limits as long as the primary beam continuously intersects
the sample and does not partially miss it, thereby ensuring reliable
data acquisition.

B. Temperature gradient

A critical challenge in the containerless processing of samples
with dimensions in millimeter-scale is the minimization of ther-
mal gradients. Historic single-point heating methods are known
to generate significant axial temperature differentials, which can
range from 100 K to over 1000 K depending on the material class
and thermophysical properties.”® To mitigate this, the presented
apparatus employs a dual-sided laser heating configuration. While
radiative losses (~ T*) at the lateral surfaces contribute to the tem-
perature distribution, the “cold equator” effect is intensified by
forced Marangoni convection as the cooling levitation gas acceler-
ates through the narrow gap between the sample and the nozzle wall.
This convective cooling, combined with radiative losses, inevitably
creates thermal inhomogeneities. However, the application of laser
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energy from both the top and bottom poles restores symmetry to the
thermal field. Literature on solid oxides, such as ZrO,, demonstrates
that such gradients can be drastically reduced from ~1000 K in
single-sided setups to roughly 30 K when utilizing dual-sided heat-
ing combined with the inherent sample rotation.”” In liquid samples,
the situation may be even more favorable with respect to thermal
homogeneity, as heat transport is not limited to conduction but is
additionally enhanced by convective flow within the melt.

In the here presented setup, the localized laser heating theoreti-
cally creates temperature inhomogeneities. The top laser spot on the
surface of the sample is shaped elliptically by the combination of flat
and focused mirrors directing the beam each 90°, while the bottom
spot on the sample surface appears circular, defined by the bottom
nozzle hole, as the diameter of the hole is smaller than that of the
laser spot, depicted in Fig. 4. Despite the different shape and size,
particularly in the case of aluminum nozzles due to its high reflectiv-
ity to the laser’s wavelength, the effective heating power reaching the
sample’s lower hemisphere exceeds the geometric limit of the orifice
diameter due to multiple internal reflections of the laser beam within
the nozzle channel. This channeling effect ensures that the heat flux
remains comparable to that of the top laser, allowing for a symmetric
1:1 heating power ratio setting. However, when utilizing vanadium
nozzles, an adjustment of this ratio may be necessary to compensate
for the material’s lower reflectivity.

The degree of thermal homogeneity is further governed by the
fluid dynamics within the liquid drop, which differ fundamentally
between material classes. Previous studies by Hennet et al. indicate
that dual-sided heating is superior for maintaining stability and uni-
formity. This is particularly pronounced in metallic melts compared
to oxides.”” Oxide melts frequently exhibit high viscosities, which
can dampen internal fluid motion. In contrast, the metallic melts
investigated here (e.g., Pd-Ni-S) have significantly lower viscosities
and higher thermal conductivities.”” Due to the lower viscosity of the
metal, this driving force facilitates a convection that aids in thermal
redistribution, a mechanism that is often restricted in highly viscous
oxides.

Another factor for the thermal homogeneity is the dynamic
behavior of the sample. In our experiments, we observed that a reli-
able and vigorous rotation is established after the material has fully
melted. In the liquid state, the surface tension forces are shaping
the specimen into a sphere, eliminating mass imbalances and sur-
face irregularities. The aerodynamic drag of the levitation gas stream
induces a multi-axial rotation. This dynamic significantly mitigates
the residual radial gradients. The continuous reorientation of the
sample causes the laser impact zones to scan across the entire sur-
face area, effectively averaging the heat load over the sample volume.
The top panel of Fig. 6 illustrates the molten state of a 4 mm diameter
metallic sample, which is stably levitated at ~1200 K and the lower
panel provides a view of the optical components utilized to deflect
the secondary laser beam for bottom heating.

C. Experimental procedure

To establish positional stability and ensure reproducible scat-
tering geometries and material compositions during the high
temperature processing, a protocol of material synthesis and geo-
metric pre-shaping is executed. The experiments comprise distinct
material classes, namely the ternary metallic glass-forming alloy
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FIG. 6. The upper image displays a molten metallic sample levitating at ~1200 K
above an aluminum nozzle. The lower image shows a view through the access
door, revealing the water-cooled copper block for nozzle cooling and the guide for
the incident neutron beam (white, left). A solid sample rests on a vanadium nozzle,
while the secondary focusing mirror for the bottom laser is visible below.

melts PdyoNisSz and Pd3Nig,S;7, the multicomponent metal-
lic melt Pdg3CuyyNijoP2o glass formers, and oxide lunar regolith
simulants.

The Pd-Ni-S master alloys were synthesized by the Chair of
Metallic Materials at Saarland University, following a specialized
melting protocol to suppress sulfur evaporation and ensure stoichio-
metric precision.”’ Similarly, the Pd-Cu-Ni-P master alloys were
prepared using a B,O3 fluxing technique to minimize oxide impuri-
ties, while the lunar regolith simulants were provided by the research
consortium.*” For the aerodynamic levitation experiments, the spec-
imens were cut from these master alloys to a mass corresponding to
a diameter of ~4 mm. The cut specimens are subsequently remelted
in an arc furnace so that the surface tension of the liquid material
naturally forms the irregular pieces into a spherical geometry, typi-
cally resulting in a flattened base at the point of crucible contact. In
contrast to the metallic alloys, the lunar regolith simulants were pre-
processed directly within the ADL. Here, the respective mass of the
master material was melted in a specialized copper production noz-
zle using exclusively the top laser to achieve a spherical specimen of
the required dimensions.

Prior to insertion into the levitator, samples are positioned on
the nozzle orifice with this flattened base facing upward. This ori-
entation ensures that the fully spherical lower hemisphere interacts
with the levitation gas flow, maximizing hydrodynamic stability.
Once the sample is loaded and the chamber sealed, a high-purity
process atmosphere is established to prevent sample oxidation and
minimize background scattering. The standard procedure involves
evacuating the chamber to 10™* mbar followed by purging with 6.0
argon by Linde, which is typically repeated twice. During opera-
tion, a magnetic valve regulates the outflow of the levitation gas
to the vacuum pump to maintain a stable atmospheric pressure

ARTICLE pubs.aip.org/aip/rsi

within the chamber. Levitation is initiated and sustained by regulat-
ing the argon mass flow via the controllers, with rates dynamically
adjustable between 0 and 2 1 min~' depending on the specific mass
and diameter of the sample. Once the sample position and the atmo-
sphere in the chamber are stabilized, the laser heating is activated.
The heating and cooling profile can be controlled manually or via
pre-programmed sequences. A remote operation capability allows
for precise control of the gas flow, laser output, and pyrometric mon-
itoring from outside the radiation zone. Throughout the process, the
sample temperature is continuously recorded.

lll. RESULTS

To validate the performance of the newly developed ADL
across varying scattering geometries and material classes, three dis-
tinct experimental campaigns were conducted at several instruments
of the ILL neutron facility. The experiments were designed to test the
limits of the apparatus regarding temperature stability, sample size,
and signal-to-background ratio under real-time acquisition condi-
tions. Beyond the primary scientific interest in these complex melts,
these campaigns were used to evaluate and iteratively improve the
performance of the system. We investigated the crystallization kinet-
ics of oxide lunar regolith simulants on the diffractometer D20,
the atomic structure of the Pd4NigSz and Pd3;NigSy7 alloys on
the diffractometer XtremeD,’! and the atomic dynamics of the
Pd43Cuy;NioPy alloy using time-of-flight (ToF) spectroscopy on
the SHARPER instrument.

A. In-situ crystallization of lunar regolith

To validate the levitator’s performance with oxide materials,
experiments were conducted on anorthositic and basaltic lunar
regolith simulants using the high-intensity two-axis diffractome-
ter D20. A primary objective was to demonstrate that the reduced
background signal of the new chamber design, combined with the
flux of modern neutron diffractometers, enables the acquisition of
statistically significant data within short integration times. Measure-
ments were performed using a vanadium nozzle to minimize Bragg
scattering contributions from the sample environment. The inci-
dent wavelength was set to A = 2.41 A. Unlike synchrotron radiation
sources, the large beam cross section typical of neutron instruments
illuminates the entire volume of the levitated droplet. This ensures
that the resulting diffraction pattern represents the global state of
the sample, including the onset of crystallization and phase sep-
aration in the bulk volume. The thermal protocol involved laser
heating the samples to a fully liquid equilibrium state at 1675 K,
followed by a controlled cooling ramp of 0.615 K s™'. Due to the
exceptional signal-to-background ratio, sample-specific scattering
features were clearly resolvable within an integration time of only
120 s per spectrum.

Figure 7 presents a direct comparison of the diffraction patterns
acquired at distinct thermal stages. The spectrum of the equilib-
rium melt exhibits the broad, diffuse appearance characteristic of a
disordered liquid structure. Upon cooling, at 1365 K, sharp Bragg
reflections emerge, indicating the onset of crystallization. The low
background profile enables the resolution of even weak reflections
during the cooling process. Observed peaks at ~4.3 A™" are iden-
tified as likely attributable to magnetite (Fe3O4) and magnesium
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FIG. 7. Raw neutron scattering intensity (counts) of a lunar regolith sample (TUBS-
M 50 wt. % orange glass) as a function of the scattering vector Q. The data
compare the equilibrium melt at 1675 K with the diffraction pattern at 1365 K, which
indicates the onset of crystallization during a constant cooling ramp of 0.615 K s~".
For clarity of presentation, the 1365 K spectrum (purple curve) has been vertically
offset by 40 counts. The background profile is shown in relation to the equilib-
rium melt (yellow curve) and illustrates the scattering contributions solely from
the levitator vessel and the vanadium nozzle in the absence of a sample. Each
in situ spectrum was recorded with an integration time of 120 s. The sharp fea-
tures emerging at ~4.3 A=" in the 1365 K data correspond to crystalline Bragg
reflections.

oxide (MgO). This temporal resolution allowed for the continuous,
in situ observation of the transition from the amorphous liquid to
the crystalline solid state.

B. Static structure of the Pd-Ni-S system

The ternary alloy Pd-Ni-S was selected to investigate the struc-
tural influence of sulfur in bulk metallic glass-forming liquids.
Unlike the well-characterized Pd-Ni-P system, thermodynamic
modeling and experimental studies of the melt dynamics indicate
that the Pd-Ni-S system exhibits distinct glass-forming abilities
and thermodynamic properties driven by the specific interactions
of sulfur.”’ Recent QENS measurements reveal that sulfur-bearing
melts display a decoupling of self-diffusion coefficients and melt
viscosities, which deviate significantly from their phosphorus-based
counterparts, suggesting a fundamental difference in the liquid
structure.** The primary objective was to resolve the total static
structure factor S(Q) of the equilibrium liquid. Measurements were
conducted using the wide-angle neutron diffractometer XtremeD,
which is optimized for high neutron flux and small sample vol-
umes, making it an ideal candidate for testing the ADL’s capability
to process dense metallic melts. The experiment utilized an inci-
dent neutron wavelength of A=1.2 A to process the two alloy
compositions Pd40Ni4oszo and Pd31Ni42527.

Figure 8 illustrates the total structure factors S(Q) obtained for
the molten alloys. The instrument configuration allowed coverage
up to Q ~ 9.5 A™!. It is possible to derive the extraction of distinct
oscillation features in S(Q) for Pd4NisSy at 1379 K, measured
for 30 min, and Pds;Nig,S,7 at 1061 K, measured for 60 min. Both
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FIG. 8. Experimental total structure factors S(Q) measured on the XtremeD
diffractometer using ADL. The green curve displays the data for a PdsoNigS2o
melt at 1379 K, while the purple curve shows the Pds;Nig,S,7 alloy at 1061 K.

temperatures are above the respective melting points of the samples.
Prior to structural analysis, raw intensities were corrected for back-
ground contributions from the levitation chamber and the nozzle as
described in Sec. II. To isolate the coherent scattering signal, the data
were corrected for absorption and multiple scattering and subse-
quently normalized to the composition-weighted average scattering
cross section.

A comparison of the spectra demonstrates that variations in
stoichiometry result in observable modifications to the structure fac-
tor. The difference in the broadening of the first peak and its ampli-
tude indicates that the liquid structure is highly sensitive to the sulfur
concentration. As sulfur content increases, a subtle shift in the posi-
tion of the first maximum is observed, suggesting a reorganization of
the local atomic packing and a change in the average interatomic dis-
tances within the short-range order. While the current work focuses
on the validation of the containerless ADL setup, these results con-
firm its readiness for advanced experiments employing isotopic
substitution (e.g., **Ni, “°Ni) and complementary synchrotron x-ray
diffraction to reveal more detailed information on the influence of
sulfur on the chemical and topological ordering in the melt.

C. Relaxational dynamics in viscous Pd-Cu-Ni-P

Time-of-flight neutron spectroscopy was performed at the
SHARPER spectrometer to investigate the atomic dynamics of the
glass-forming liquid Pd43Cuy;NijoPy. This system is one of the
metallic glass formers with the best glass-forming ability. Previous
studies of the microscopic dynamics in this melt using quasi-elastic
neutron scattering were performed for small g ranges and inco-
herent scattering due to the interference of crucible materials. A
key technical advantage of the present ADL setup is the ability to
use shorter incident wavelengths, without masking the signal with
Bragg scattering from the sample environment close the structure
factor maximum of the liquid at around 2.9 A™, which limited
measurements in conventional furnaces.
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By eliminating the crucible used (Al,O3), we can now access
the melt dynamics at the structure factor maximum S(Q,) near
g~ 2.9 A", This allows us to investigate the temperature and wave
vector dependence of the microscopic relaxation time in the here
used atomic model system. The measurements were performed with
an incident wavelength of A = 3.5 A and a Fermi-chopper speed of
6263 rpm, providing an instrument energy resolution of approxi-
mately AE ~ 256 pueV. The accessible momentum transfer range is
0.5 < g <3.2 A™!. The sample was measured at 5 different temper-
atures and room temperature: 855, 1010, 1041, 1063, and 1112 K
with varying counting times between ~1 and 2 h, depending on the
stability of the levitated sample. The experimental scattering intensi-
ties were normalized to the monitor signal to account for variations
in incident neutron flux and acquisition time, while detector effi-
ciency was corrected via normalization to a vanadium standard.
Data were initially acquired as a function of neutron time-of-flight
(TOEF). These datasets were then converted to energy transfer fiw and
remapped into constant momentum transfer Q bins using the Man-
tid Workbench software.*” This reduction process ensures that the
resulting dynamic structure factors, as shown in Fig. 9, accurately
represent the intrinsic atomic dynamics of the Pd43Cuz7NijoPa2o
melt.

It can be seen in Fig. 9 that at both showed temperatures, quasi-
elastic broadening and, therefore, atomic dynamics in the sample
can be observed. At the structure factor maximum, the background
contribution from the empty levitator setup accounts for ~30% of
the total signal at zero energy transfer, and of about 20% at a neu-
tron energy transfer of about 0.5 meV. At the neutron energy loss
side, an characteristic increase in intensity of empty levitator is
observed, which could be attributed to residual scattering from the
argon process atmosphere and multi-phonon contributions from

102 E q_2-9 '&1 Jos Pd43Cus7NiioP29
- o o 855K
= [ 8 m?% s 121K
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FIG. 9. Measured dynamic structure factors S(Q, w) of the Pds3CuyzNitoPa0
glass-former at 855 K and at 1112 K. The data are compared against the scatter-
ing intensity of the empty ADL furnace. The spectra were recorded at a momentum
transfer of Q ~ 2.9 A=", which corresponds to the maximum of the static structure
factor S(Qp) of the liquid. The dashed line represents the instrumental resolution
function.
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the nozzle assembly. A first estimation of the structural relaxation
time at ¢ =2.9 A™' gives 4 + 1 ps at 1121 K. Together with the
macroscopic thermophysical properties of the liquid like melt vis-
cosity, the time and length scale dependent structural relaxation
time allows the understanding of microscopic transport mechanism
in the melt, and how it controls the macroscopic properties of the
liquid. A comprehensive multi-scale investigation, integrating these
structural and dynamical findings with macroscopic thermophysical
properties, will be presented in subsequent publications.

IV. CONCLUSION

In this paper, we presented the development and successful
commissioning of a novel aerodynamic levitation system tailored
for high-temperature neutron scattering experiments. The device
enables the stable processing of large sample volumes up to 4 mm
in diameter while maintaining a superior signal-to-background ratio
through integrated shielding and an optimized, vacuum-tight cham-
ber geometry. Thermal homogeneity is supported by a dual-sided
CO;, laser heating configuration that mitigates axial gradients, while
maintaining the process atmosphere below the 0.1% oxygen sensor
detection floor was sufficient to suppress oxidation in reactive melts
over extended acquisition periods. Validated through in situ exper-
iments with lunar regolith simulants, diffraction on Pd-Ni-S and
time-of-flight spectroscopy on Pd-Cu-Ni-P, the device’s modular
nozzle system and “plug-and-play” centering mechanism provide
a robust and versatile platform for investigating the structural and
dynamical properties of complex liquids in multi-user facilities.
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