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A new aero-acoustic levitation instrument (AAL) has been installed at the Institute for Mineral Engi-
neering at RWTH University in Aachen, Germany. The AAL employs acoustically stabilized gas jet
levitation with laser-beam heating and melting to create a contact-free containerless environment for
high temperature materials research. Contamination-free study of liquids is possible at temperatures
in excess of 3000 ◦C and of undercooled liquids at temperatures far below the melting point. Dig-
ital control technology advances the art of containerless experiments to obtain long-term levitation
stability, allowing new experiments in extreme temperature materials research and to study opera-
tion of the levitation instrument itself. Experiments with liquid Al2O3 at temperatures more than
3200 ◦C, 1200 ◦C above the melting point, and with liquid Y3Al5O12 far below the melting point are
reported. Fast pyrometry and video recording instruments yield crystallization rates in undercooled
liquid Al2O3 as a function of temperature. Levitation of dense liquid HfO2 at temperatures above
2900 ◦C is demonstrated. Capabilities are described for resonant frequency matching in the three-axis
acoustic positioning system, acoustic control of sample spin, and position control of standing wave
nodes to stabilize levitation under changing experimental conditions. Further development and appli-
cation of the levitation technology is discussed based on the results of experiments and modeling of
instrument operations. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4770125]

I. INTRODUCTION

Aero-acoustic levitation (AAL) is a tool for experimental
materials research at very high temperatures. Any sufficiently
involatile materials can be levitated, laser-beam heated, and
melted. Highly localized acoustic forces produced by stand-
ing waves stabilize levitation of samples that are supported by
the aerodynamic drag force from a vertically flowing gas jet.
At the same time, laminar gas jet flow eliminates turbulent
natural convection in the sound field and keeps the acoustic
forces stable when a levitated sample is heated and melted.

The AAL method1, 2 was first described in 1994 and has
since been used for a wide variety of high temperature pro-
cessing and materials property research. Among its applica-
tions are glass3 and glass fiber4 synthesis, deep undercooling
of oxide liquids,5–7 crystallization of metastable phases from
undercooled liquids,6 contamination-free liquid-phase pro-
cessing of ceramic superconductor materials,7 purification8 of
molten Al2O3 by evaporation of residual Cr, splat-quenching
of molten oxides,9 and controlled oxidation of Fe2+ in an
alumino-silicate melt.10 The applications of AAL technol-
ogy have emphasized materials processing experiments. Liq-
uid property measurements are also possible and will bene-
fit from the improved levitation stability and control that the
present work achieves. In this paper we describe advances in
the design and performance of the instrument, experiments
in extreme temperature materials research, and studies of the
instrument operation itself.

a)Author to whom correspondence should be addressed. Electronic mail:
pnordine@ppmeasurements.com.

II. EXPERIMENTAL

A. Levitator description

A photograph of the aero-acoustic levitator is given in
Figure 1. Components of the levitator are identified in the fig-
ure caption. Electronics, power supplies, communication de-
vices, and the gas flow controller are mounted in the system
frame. Two video cameras mounted on the AAL frame and a
video monitor provide sample viewing during sample inser-
tion and in manual control of the gas flow rate to maintain
levitation at the intersection of the heating laser beams.

Experiments typically employ two operators. One op-
erator at the computer controls sets acoustic power level,
adjusts sample position feedback parameters that stabilize
levitation, and controls the heating laser power. The second
operator works at the apparatus to insert samples to initiate
levitation, manually adjust gas flow rates, and terminate or re-
start laser heating with the laser kill switch.

The levitator has three sets of opposed acoustic transduc-
ers mounted on orthogonal axes. The bottom three acoustic
transducers are labeled XA, YA, ZA and the top transducers
are XB, YB, ZB, with XB located just above the Infinity lens,
item 9 in Figure 1. Foam structures on the center area of each
horn reduce the intensity of reflected sound waves from the
opposite transducer.

The transducers are highly resonant devices with
38 ± 2 Hz bandwidths near 22 200 Hz. They have piezoelec-
tric motors driven by Techron Model LV 3620 acoustic ampli-
fiers in response to computer-controlled digital signal gener-
ator signals that determine the acoustic phase, frequency, and
amplitude. Control electronics monitor the voltage, current,
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FIG. 1. Aero-acoustic levitator. 1–six acoustic transducers; 2–gas jet assembly; 3–gas jet heater control; 4–three diode laser sources for position sensing; 5–
three position sensors; 6–two 250 W CO2 lasers; 7–heating laser kill switch; 8–Vision Research model 9.1 camera; 9–Infinity long distance microscope lens;
10–Exactus pyrometer at back side of apparatus. A glowing levitated and laser beam-heated sample (11) is at the center.

and V-I phase differences in the amplifier circuits from which
resonant frequencies and acoustic outputs are calculated. The
operating frequency is automatically controlled to equal the
average of the six resonant frequencies and the digital signal
generator signals are controlled to maintain constant acous-
tic outputs. Resonant frequencies drift to lower values as the
transducers warm up. On-off control of the transducer cooling
fans makes the resonant frequencies drift to a common value,
typically within a few Hz of the operating frequency.

The gas jet flow rate is controlled by a 0-5 liter/min MKS
Type M100B flow control transducer and type 247D readout
device. The gas jet assembly has position and tilt adjustments,
and a heater with temperature capabilities to approximately
600 ◦C. Heating is used to increase viscosity of the gas and
maintain laminar gas jet flow. The heater temperature con-
trol, item 3 in Figure 1 shows a 523 ◦C heater temperature,
as measured with a chromel-alumel thermocouple. Height is
typically adjusted to levitate a sample 2.5 cm above the exit of
the 2.36 mm inside diameter mullite flow tube. Tilt is set to in-
cline the gas jet by approximately 0.1◦ from vertical towards
the Vision Research camera. Best control of sample rotation
is obtained with this slight bias from vertical gas jet flow.

Sample position sensing is used for feedback control of
acoustic forces to damp out fluctuations in the position of lev-
itated samples. Perpendicular to each acoustic axis, a shadow

of the sample in the light from an 808 nm laser diode beam is
imaged onto a Hamamatsu model S5991-01 two-dimensional
position-sensitive detector. A narrow-band spectral filter, spa-
tial filter, and 40 KHz modulation of the laser light are used to
obtain position sensing with negligible interference from in-
candescent light, even at sample temperatures above 3000 ◦C.

Levitated samples are heated on opposite sides in the
beams from two Synrad Evolution 240 CO2 lasers. The laser
beams pass through beam steering optics and ZnSe lens that
can be adjusted to vary the intensity and size of the beam at
the sample. Temperatures in excess of 3000 ◦C are obtained
by heating oxide materials with less than the 250 W maxi-
mum output power of each CO2 laser. The laser beams are
slightly inclined so that the end surface of each beam delivery
tube serves as a beam stop for the opposite laser.

An Infinity model K2SC long-distance microscope lens
with model CF-2 objective and Phantom V9.1 camera from
Vision Research, Inc. yield images with 14-bit image depth at
up to 1000 fps (frames per second) at a full resolution of 1632
× 1200 pixels. The camera and lens produce near full-scale
images for 3 mm diameter levitated samples. Imaging rates of
2600 Hz were obtained at a reduced resolution of 960 × 720
pixels.

The Exactus pyrometer is model EX-S-1PY-ECS from
BASF Corporation. It detects light in a narrow waveband
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FIG. 2. Sensor screen (top left), laser power control screen (top right), and bottom–pyrometer control and X and Y pyrometer scan screens.

at 650 nm. The measurement spot size is less than 0.80
mm (99.9%) at an operating distance of 150 mm. Tempera-
ture measurement range is 580 ◦C to 3500 ◦C at rates up to
1000 Hz. The pyrometer is mounted on a Zaber LS13E Mo-
torized X-Y stage with 13 mm travel per axis for obtaining
temperature scans on levitated samples.

Samples are inserted in the levitated position with a vac-
uum chuck comprised of a ceramic tube connected to a small
vacuum pump. The operator creates a vacuum to grip a sam-
ple at the end of the ceramic tube by placing a thumb over a
hole in the opposite end of the tube. The tube is then inserted
through a guide until the sample is centered as seen on the
video monitor. The sample is released, the tube withdrawn,
and levitation occurs if the gas flow is within a few percent of
the appropriate value. Non-spherical samples are more readily
levitated if laser beam heating begins just as they are released
by the vacuum chuck.

A Perle Systems, Ltd. IOLAN model device server is in-
stalled in the system frame. It provides Ethernet connection
to serial communication devices of the AAL system. Details

of the communication protocols, control electronics, and soft-
ware have been described elsewhere.11, 12

B. Levitator controls

Levitation is stable when the acoustic and aerodynamic
levitation forces balance the sample weight. Changes in these
forces occur with sample temperature, shape, and position
such that the levitated sample may become unstable if its po-
sition fluctuations are not damped out. The operators perform
manual changes in the gas flow rate and in acoustic controls
to maintain the levitated sample at the point where it inter-
cepts the CO2 laser heating beams. Fluctuations in the sample
position are automatically damped by changes in the acous-
tic node positions in response to velocity feedback from the
position sensors.

1. Position sensor, pyrometer, and laser power

The position sensors, laser power, and pyrometer screens
of the computer control system are shown in Figure 2. The



125107-4 Nordine et al. Rev. Sci. Instrum. 83, 125107 (2012)

FIG. 3. Acoustic control screen.

sensors screen turns on feedback control of the sample po-
sition, sets the sensor gains, and plots 1 s of sample veloc-
ity measurements along each of the three acoustic axes. Sen-
sor gain determines the magnitude of automatic changes to
the acoustic phases that move the levitation node in response
to a given sample velocity. If the “Log” boxes are checked
on the screen, sample velocity measurements are recorded
at a frequency of 250 Hz. On the sensors screen, “gain,”
“slope,” and “relative sensitivity” are from calibration of sen-
sor output vs the position of levitated samples for each axis.
“Switch on/off” synchronize position sensing with the modu-
lated sensing lasers. “Cap” places a maximum on the value
of sample velocity that may be transmitted to the acoustic
controls.

The laser power screen sets the percent of full-scale laser
power. With the pointer on the percent indicator box (as
shown in Figure 2), the keyboard up/down arrow or up/down
page keys make 1% or 5% changes in the laser output power.
Smaller changes can be manually entered from the keyboard.

The pyrometer control screen initiates horizontal (X) and
vertical (Y) temperature scans of the sample surface. It sets
and indicates the width and height and the pyrometer center
position for the temperature scans, within the range of the py-
rometer translators. The graph shows the most recent 1 min
record of the measured temperature. The temperature mea-
surement rate is set on the screen and the “start/stop” button
at the bottom of the screen turns temperature recording on or
off.

The pyrometer scan screens show the results of horizon-
tal (X) and vertical (Y) temperature scans. The scans shown
in Figure 2 determine the vertical and horizontal dimensions
to be 3.42 mm and 4.07 mm, respectively, for the levitated
molten oxide sample. The aspect ratio is determined primar-
ily by the effects of gravity and surface tension, although
shape changes due to acoustic squeezing can be obtained at
increased acoustic pressures.

2. Acoustic control screen

The acoustic control screen (“AAL Console”) is shown in
Figure 3. It has two panels labeled “Main” and “Transducer
Axes.” The Main panel sets the acoustic frequency at start-
up (in this case to 22.2000 KHz) and the acoustic intensity as
sound pressure level (SPL). It turns frequency tracking, SPL
control, and sensor feedback on or off. The acoustic operat-
ing frequency and transducer resonant frequencies are shown
at the bottom of the Transducer Axes panel. In this case the
operating frequency of 22.1223 KHz differs by 0.5 Hz from
the average resonant frequency value for the six transducers.
This difference and slight differences between the transducer
and set values of SPL occur because the resonant frequency
and acoustic outputs drift as the transducers warm-up during
a 5 s period between each reset of frequency and amplifier
power values.

The phase difference in the acoustic outputs for each set
of the A and B transducers is automatically set at start-up to
180◦. This places a node in the standing wave (where a sam-
ple is levitated) exactly halfway between opposed transducers
if the acoustic medium is uniform, or if it has properties sym-
metrical about the center point. The transducers are aligned
such that the acoustic axes meet at this center point where the
center nodes for each axis overlap and samples are levitated.
When a sample is heated, the acoustic medium becomes un-
symmetrical. Gas temperatures are slightly higher, on average
above the sample than below it. This temperature difference
causes the central standing wave nodes to move downward.
The nodes are restored to the center by changing phase dif-
ferences to a value less than 180◦. The change is made by
clicking on the “Phase A” adjustment at the bottom part of
the Main panel.

The “Spin” values shown on the acoustic control screen
are a second set of transducer phase adjustments that control
acoustic torques on a levitated sample. Experience showed
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that rotation of a levitated sample was minimized if the phase
of both members in each pair of transducers is changed by the
amount given in the following equation:

Spin(◦) = 2.1(F − FAB) − 8. (1)

F and FAB, in Hz, are the operating acoustic frequency and the
average resonant frequency of the two transducers for a given
axis. The values obtained from this function are displayed on
the acoustic control screen on the right side of the spin entry
fields. The “Spin” values are automatically set to these values
by clicking on the spin button at the bottom of the Main panel
or individually for each axis by clicking axis spin buttons in
the Transducer Axes panel. Further changes in the spin set-
tings can be made by the operator based on sample rotation
rates determined from recordings with the Vision Research
camera. The rule for manual spin changes is based on the di-
rection towards which the top of a levitated sample rotates.
If the direction is towards the upper B-transducer of a par-
ticular acoustic axis, sample rotation will decrease if the spin
setting for that axis is increased. The spin settings displayed
on the left side of the spin entry fields in Figure 3 show small
changes that were made by the operator from Eq. (1) values.

Cooling fans draw air through the acoustic transducers.
The fans are automatically turned on or off if the operat-
ing frequency is greater than or less than the resonant fre-
quency of a given transducer. This control makes the resonant
frequency of all transducers drift towards the operating fre-
quency as the transducers warm-up.

The acoustic control screen allows modulation of the
acoustic amplitude for one or more of the transducers. This
facility can be used to investigate shape oscillations of levi-
tated liquid drops. The frequency range for acoustic intensity
modulation is limited by the high Q values of the acoustic
transducers, from 0 to approximately 200 Hz. At low frequen-
cies, acoustic modulation allows the slow shape relaxation
of viscous liquids to be observed. At higher frequencies, the
natural oscillation frequencies and oscillation decay rates of
low-viscosity liquids can be excited and measured to deter-
mine surface tension and viscosity, based on the theories of
Rayleigh13 and Lamb.14

C. Experiments

1. Levitator operation

Experiments first characterized operation of the acous-
tic transducers to obtain calibration data used in the system’s
operating software. The output of each acoustic transducer
was measured with a calibrated 1/8′′ diameter Bruel & Kjaer
(B&K) Model 4138 microphone as a function of the fre-
quency, voltage, current, and current-voltage phase difference
of the acoustic amplifier output. The decay rate of transducer
output was measured with the microphone and a storage oscil-
loscope when the output of the acoustic amplifier was turned
off. These results gave the functional relations between acous-
tic amplitude and the frequency, amplifier power, or time fol-
lowing a change in amplifier power. The transducer resonant
frequency was determined along with the difference between
the resonant and operating frequency as a function of the

current to voltage phase difference in the acoustic amplifier
output.

The sensitivity of the position sensor outputs to levitated
sample position was measured as follows. A Styrofoam bead
was levitated by operating a single acoustic axis at an acoustic
output sufficient to hold the bead close to the center of the cen-
tral acoustic node. The phase of the acoustic output was then
varied at one transducer while the phase of the opposed trans-
ducer was held constant. This resulted in a one-wavelength
change in the node position as the phase difference varied
from 0◦ to 360◦. Taking the wavelength equal to 1.56 cm in
air at ambient temperature at the nominal acoustic frequency
of 22 200 Hz gave the sensor output vs sample position from
the sensor output vs phase measurements.

Operation of the feedback control system for damping
sample position fluctuations was demonstrated for purely
acoustic levitation. A water drop was levitated and disturbed
by a sharp knock on the system frame. Recording of the sen-
sor velocity output on the sensor screen was promptly turned
off to preserve the record of sample position fluctuations. The
experiments gave the typical frequency of fluctuations and the
rate at which fluctuating position was damped by controlling
acoustic phase values in response to the sample velocity feed-
back signals.

Operation of the acoustic frequency control system was
demonstrated. The transducers were operated at a typical out-
put used in levitation experiments such that the resonant fre-
quencies would decrease by some 50 Hz during transducer
warm-up. The control system turned the cooling fan on or off
if the transducer’s resonant frequency was less than or greater
than the operating frequency. The operating frequency was
controlled to equal the average resonant frequency of the six
transducers.

The effect of laser-beam heating of a levitated sample on
the acoustic and aerodynamic levitation forces was investi-
gated in experiments with a levitated solid aluminum oxide
sphere. Changes were made in the temperature of the laser-
beam heated sphere and in the acoustic intensity and gas
flow rate and position changes in the levitated sample were
observed.

2. Modeling experiments

The Phase A value given in Figure 3 is 14.0◦. This is
the value determined for a levitated aluminum oxide sphere
heated to a temperature of 1500 ◦C. The node location was
found in the experiment by observing whether the levitated
sphere moved up or down when the acoustic intensity was
increased. Numerical modeling of the sound field was per-
formed to investigate the influence of sample temperature,
ambient temperature, and transducer spacing on the acoustic
levitation forces.

3. Levitation experiments

A 3 mm diameter, 56 mg Al2O3 sphere (density
= 4 g/cm3) was levitated at a nitrogen gas flow rate of 3.1
liter(stp)/ min with a gas heater temperature of 540 ◦C. Based
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TABLE I. Properties of processed materials.

Melting point Density Diameters
Sample material (K) (g/cm3) (mm)

Al2O3 2327 4.0 2.5–3.2
Y3Al5O12 2215 4.5 3.0
ZrSiO4 1960–2540 4.65 2.5–3.2
Y2O3 2713 5.01 2.9–3.1
HfO2 ≈3030 9.68 2.3–2.65

on the viscosity of nitrogen at 540 ◦C, these flow conditions
correspond to a jet Reynolds number approximately 1300.
The maximum flow rate, 5 liter/min was insufficient to lev-
itate 3 mm diameter samples of HfO2 (density = 9.6 g/cm3)
but 2.5 mm HfO2 samples were successfully levitated. Levi-
tated mass increases in proportion to the momentum flow rate
of the gas jet.

Laser beam heating and melting experiments were per-
formed on Al2O3, HfO2, Y2O3, Y3Al5O12, and ZrSiO4. Sam-
ple material melting points, densities, and diameters are given
in Table I. The levitation process was extremely stable on
laser heated and melted samples at temperatures up to approx-
imately 2600 ◦C. Levitation was less stable at higher temper-
atures but experiments were performed with levitated molten
Al2O3 at apparent temperature up to 3200 ◦C.

III. RESULTS

A. Levitator operation

Figure 4 shows the result for one transducer of acous-
tic output and amplifier electrical power as a function of the
acoustic frequency. Acoustic output is taken as the “sound
pressure level” or SPL. The acoustic output is proportional
to the square root of electrical power as given by the product
of the amplifier voltage V, current I, and cosine of the V–I
phase difference ϕ.

The results in Figure 4 were obtained at a relatively small
value for the amplifier power to minimize warm-up of the
transducer and change in its resonant frequency during the

FIG. 4. Sound pressure level (SPL) and amplifier power output vs acoustic
frequency, with maxima at the resonant frequency.
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FIG. 5. Effect of off-resonant operation of an acoustic transducer on the
current-voltage phase difference in the acoustic amplifier circuit.

experiment. A continued linear relationship between acous-
tic output and the square root of amplifier output power was
demonstrated by measurements at a single frequency over a
larger range of SPL values.

Figure 5 shows the difference between the operating fre-
quency, F, and the resonant frequency of a transducer, FR,
as a function of the current-voltage phase difference in the
acoustic amplifier circuit. The results are given for the rela-
tively small, ±10 Hz difference in frequencies that prevailed
during levitation experiments. A linear analysis was sufficient
within this range although the relationship becomes nonlinear
at larger frequency differences.

Table II summarizes the results obtained on all six trans-
ducers. The values in row 1 of the table give the constant,
ASPL that determines SPL from the amplifier output power, P,
as given in Eq. (2). The two constants, A1 and A0 in rows 2
and 3 of the table determine the difference between operat-
ing and resonant frequencies, F–FR from the current-voltage
difference, �φ, as given in Eq. (3).

SPL = ASPL ×
√

V I cos(�φ), (2)

F − FR = A1�φ + A0. (3)

Figure 6 shows the decay of acoustic power when the
acoustic amplifier power was turned off. The decay time
constant is τ = 7.6 ms. Acoustic intensity modulation or
phase change will be significantly damped at a frequency, 1/τ
= 132 Hz, and highly damped at much greater modulation
frequencies.

Figure 7 shows the relationship between the X-axis posi-
tion sensor output and the position of an acoustically levitated
Styrofoam ball. The position sensor signal is the quotient of
two voltages, VY proportional to the position of the sample

TABLE II. Acoustic transducer calibration constants.

XA XB YA YB ZA ZB

ASPL 0.1132 0.09092 0.11121 0.11202 0.11335 0.12008
A1 − 0.4526 − 0.4754 − 0.5050 − 0.4615 − 0.4603 − 0.4334
A0 7.121 6.760 8.613 6.213 6.255 5.949
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FIG. 6. Acoustic intensity decay when a transducer is turned off.

shadow on the detector and VREF proportional to the total de-
tector intensity. The line is a least squares fit of data for phase
differences of ±38◦, equivalent to a distance of ±0.82 mm
(at room temperature) and greater than typical fluctuations in
the position of levitated samples. At larger distances from the
center, the position signal goes through maximum and min-
imum values as the sample shadow passes the edges of the
detector.

Figure 8 shows a test of the frequency control sys-
tem. It plots the difference between the resonant and oper-
ating frequencies and the value of the operating frequency,
F, during a 2-h period. The operating frequency decreased
by 54.5 Hz during the experiment. The resonant frequency
range of the six transducers was initially 18 Hz and de-
creased to 8 Hz with on/off control of the transducer cool-
ing fans. The resonant frequency of three transducers, ZB,
YA, and XB promptly drifted to precisely match the operating
frequency.

Figure 9 shows the damping of position fluctuations of
a levitated water drop. Quantities proportional to the velocity
of motion are plotted on the vertical axes against time on the
horizontal axis. The oscillation frequency is approximately
19 Hz and the damping time constant is approximately
0.2 s.

FIG. 7. Position detector signal vs position of an acoustically levitated
sample.

B. Acoustic field modeling

Assumptions used to model the standing wave behavior
were (i) a one-dimensional sound field in air with temper-
ature, T equal to the sample temperature, TS, over a 3 mm
sample distance and decreasing exponentially over a greater
distance towards the upper, B, than the lower, A, transducer;
(ii) an estimated 30% of the sound emitted by one trans-
ducer is back-reflected by the opposite transducer and con-
tributes to the standing wave properties; and (iii) the effect of
a heated gas jet was ignored—ambient temperature, TA was
taken equal to 300 K. The temperature field was thus modeled
to equal the sample temperature over a distance equal to the
sample diameter and be given on opposite sides of the sample
by the following equation:

T − TA= (TS − TA)exp

[
− (z − zS)2

2σ 2

]
. (4)

Here, zS is the position of the upper or lower edges of
the sample measured along the inclined axis of the trans-
ducer pair. The value of σ is smaller below than above the
sample.

Figure 10 illustrates the predicted acoustic amplitudes
for a sample temperature equal to 3000 K. The values
σ = 0.20 cm above and σ = 0.12 cm below the sample

FIG. 8. Resonant frequency drift during warm up of the acoustic transducers.
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FIG. 9. Position sensor output vs time for a 1 s interval showing damped
oscillation of an acoustically levitated water drop.

were used, and gave Phase A = 14.7◦ at TS = 1500 ◦C,
close to the observed value. Panel (a) is the result for the in-
stalled transducer spacing of 14.8 cm and sample levitation at
7.4 cm. Panel (b) is for a spacing of 15.48 cm with levitation
at a slightly off-center position at 7.69 cm above the bottom
transducer. For the as-installed case the value of Phase A is
14.1◦. In the modified case, Panel (b), the transducer separa-
tion is taken equal to the value for a half-integral number of
acoustic oscillations and the levitation position chosen at the
off-center position of the central node with the 3000 ◦C sam-
ple temperature, Phase A = 0, and the transducers operating
180◦ out-of-phase. This set-up yields in-phase contributions
of the direct and reflected sound to the standing wave and
maximizes the acoustic force at the given sample temperature.

Figure 11 illustrates the model values for the Phase A ad-
justment and the magnitude of the acoustic intensity gradient

at the central node for the two cases. The as-installed system
exhibits a nearly constant Phase A value for sample temper-
atures above 1000 K. This is a convenient feature that elimi-
nates the need to adjust Phase A with sample temperature. The
alternate transducer positioning yields increased acoustic gra-
dients at higher temperatures, at the expense of a much greater
temperature dependence of Phase A. These differences are the
result of positioning the transducers at a distance equal to a
half-integral number of acoustic oscillations when the sample
is near ambient temperature (as installed) or at 3000 K.

The model results illustrate phenomena to be considered
in perfecting the levitator configuration. In practice, the opti-
mum transducer spacing will depend on the ambient and sam-
ple temperatures, sample size and shape, levitation gas flow
rate and composition, and differences between actual and the
assumed model calculation conditions.

C. Levitation heating and melting experiments

1. General observations

Experience confirmed the result predicted in Figure 11(a)
that the Phase A adjustment is insensitive to sample tem-
perature above 1000 K for the as-installed transducer spac-
ing. The levitated sample position was stable at temperatures
above 1000 K during rapid changes in the sample tempera-
ture. Laser beam heating could be turned off to observe deep
undercooling of a liquid followed by crystal nucleation and
rapid crystallization, then back on to reheat and melt the levi-
tated sample.15

Spherical samples were easily levitated but it was not
possible to detect their spin and liquid drops were ejected
by centrifugal forces in attempts to melt the sample. Par-
tial melting by careful and brief heating to the melting point
was used to produce asymmetric features on the sample.
This allowed sample rotation to be observed from fast-camera
recordings and eliminated with the spin adjustments. Highly
non-spherical samples tended to oscillate in position when in-
serted for levitation and would become unstable within a few
seconds. Good stability of such samples was obtained by im-
mediate rapid heating to incandescence when the sample was
released.

FIG. 10. Models of the acoustic sound field at maximum standing wave intensity for two sets of transducer positions. Lighter lines are contributions of the
more-intense direct and less-intense reflected sound to the standing wave. Heavier lines are the total intensity of the standing wave and the temperature field.
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FIG. 11. Phase A and acoustic gradient values for two sets of transducer positions.

Melting was typically performed on a hot levitated sam-
ple by making a substantial increase in heating laser power.
A decrease in laser power could then be made when com-
plete melting was signaled by the temperature vs time mea-
surements. The sample would remain molten even if the tem-
perature thus decreased below the melting point. Levitation
stability during melting was more easily maintained with con-
gruently melting materials than for materials that melt over
a large temperature range. Completely molten samples as-
sumed a smooth and symmetrical liquid drop shape and were
very stable at temperatures up to approximately 2600 ◦C. Lev-
itation stability decreased at higher temperatures, but exper-
iments with molten Al2O3 at apparent temperatures up to
3200 ◦C were possible. At such high temperatures, mass loss
due to evaporation was rapid and Al2O3 smoke formed by
condensation in the wake of the levitated sample. No discol-
oration of Al2O3 was observed after heating to 3200 ◦C in ni-
trogen. Al2O3 evaporation occurred at similar rates in nitro-
gen or in air.

The open structure of the levitator allowed well focused
imaging of levitated samples. Photographs of molten and
crystallizing samples obtained at a frequency of 2600 Hz with
the Vision Research camera are given in Figure 12. In one
case, an image of undercooled liquid Al2O3 was analyzed to
determine the image edge locations. Regression fits of inten-
sity vs pixel measurements determined the image width to be
634.83 ± 0.39 pixels. Increased precision in sample dimen-

sion measurements would be possible with precise focussing
of the camera and use of higher resolution measurements at
an imaging frequency no more than 1000 Hz.

2. Undercooled liquids

Undercooled liquids were maintained for extended pe-
riods of time under the containerless conditions. For exam-
ple, the temperature vs time data in Figure 13 record liquid
Y3Al5O12 (YAG, yttrium aluminum garnet) maintained in an
undercooled state for more than 18 min, including 6 min at a
temperature more than 500 ◦C below the melting point. The
inset in Figure 13 shows the increase in temperature (recales-
cence) near the end of the experiment due to the heat released
by rapid crystallization when the temperature was decreased
below the crystal nucleation temperature.

Crystal nucleation and recalescence results are given in
Table III for YAG, Al2O3, and Y2O3. Initial temperatures
were greater than the melting points except for the case illus-
trated in Figure 13. The nucleation and recalescence tempera-
tures were highly reproducible but dependent in some cases
on the levitation gas or the initial temperature. Cooling of
molten YAG gave three different results including rapid crys-
tallization nucleated at Ta ≈ 1145 ◦C, slow crystallization nu-
cleated at Ta ≈ 883 ◦C, and not shown in Table III, the absence
of crystallization and formation of a glass product.

FIG. 12. Levitated and melt processed materials. (a) Liquid Al2O3 at Ta ≈ 3200 ◦C, (b) liquid HfO2 at Ta ≈ 2910 ◦C, (c) undercooled liquid Y2O3 at the
instant of crystal nucleation, (d) solid Y2O3 during the hexagonal to cubic phase transition at 2326 ◦C,16 (e)-(g) crystal propagation in undercooled liquid Al2O3
initiated by an iridium stinger, (h) partially crystallized Y3Al5O12 in the deeply undercooled liquid at Ta ≈ 1200 ◦C, (j) crystallizing Y3Al5O12 viewed through
the transparent liquid.
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FIG. 13. Temperature vs time measurements for an experiment with under-
cooled YAG. The liquid is undercooled at apparent temperatures below ap-
proximately 1930 ◦C.

3. High temperature stability

Figures 12(a) and 12(b) are images of levitated molten
Al2O3 and HfO2 at respective apparent temperatures of
3200 ◦C and 2910 ◦C. These photographs were obtained in
experiments that achieved the high temperatures but also pro-
duced levitation instability that caused fluctuations in the sam-
ple temperature. Even so, molten Al2O3 was maintained at ap-
parent temperatures above 2700 ◦C for 3.5 min including 68 s
above 2900 ◦C.

Levitated samples were stable and temperatures were
easily maintained within ±10 ◦C at temperatures up to
2500 ◦C. Temperature control deteriorated at higher temper-
atures as decreasing levitation stability caused fluctuations in
the laser heating power. The temperature stability vs tempera-
ture recorded in several experiments with Y2O3 and Al2O3 is
illustrated in Figure 14. The smaller values of the temperature
fluctuations that are given in the figure are from experiments
in which more care and time was taken to stabilize the sample
levitation.

4. Y2O3

Figures 12(c) and 12(d) show images of a levitated
Y2O3 sample obtained at a video frequency of 2600 Hz.
Figure 12(c) is the first image obtained after crystal nucle-
ation in a rapid cooling experiment. The bright region is the
area heated by the initial crystallization. Figure 12(d) was
obtained 40 ms later after crystallization was complete, dur-
ing the hexagonal to cubic phase transformation16 of Y2O3 at

TABLE III. Initial, nucleation, and recalescence temperatures.

Apparent temperatures (◦C)

Material Process Expt. Gas Initial Nucleation Recalescence

YAG Rapid cooling 1 N2 2230 1140 1684
YAG Slow cooling 1 N2 1280 1150 1622
YAG Rapid cooling 1 N2 2000 883 1234
Al2O3 Rapid cooling 9 N2 2434 ± 39 1613±4 1974 ± 4
Al2O3 Rapid cooling15 9 Air 2217 ± 38 1707 ± 14 2000 ± 2
Y2O3 Rapid cooling 4 N2 2634 ± 44 2101 ± 20 2361 ± 10
Y2O3 Rapid cooling 3 Air 2616 ± 27 2091 ± 22 2364 ± 23

FIG. 14. Sample temperature fluctuations.

2326 ◦C. Bright regions of the image are the growing cubic
Y2O3 crystals.

The cooling curve observed when laser beam-heating of
molten Y2O3 was turned off is given in Figure 15. The sam-
ple was levitated in a stream of nitrogen gas. The liquid cooled
from a temperature approximately 250 ◦C above to 250 ◦C be-
low the melting point in 0.35 s and crystallized spontaneously
within 2 ms. It then cooled below the crystal phase transition
temperature, was reheated to the phase transition temperature
and continued to cool after the transition was complete. A
nearly identical cooling curve was observed for levitation in a
stream of dry air15 with nucleation and recalescence tempera-
tures as given in Table III.

5. Al2O3

Figures 12(e)–12(g) show 3 images at intervals of
0.77 ms of crystals growing in undercooled liquid aluminum
oxide levitated in a nitrogen gas stream. In this experiment the
heating laser power was reduced to cool the liquid below the
melting point and crystallization was initiated by contact with
an iridium metal wire “stinger” at an apparent temperature
equal to 1857 ◦C. The figures show growing crystal dendrites
that rapidly heated the liquid to the melting point where crys-
tallization continued more slowly.

Images obtained when using the stinger to initiate crys-
tallization allowed the rate of crystal growth in the under-
cooled liquid to be determined as a function temperature. The
results are shown in Figure 16 as a plot of crystallization
rate vs reciprocal temperature. In making this plot emissivity

FIG. 15. Y2O3 cooling curve with crystallization of undercooled liquid fol-
lowed by the hexagonal to cubic phase transition. True temperatures16 are
marked for the melting point, TM, and phase transition, TTr.
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FIG. 16. Crystallization rate of undercooled liquid Al2O3. The dashed line
is at the melting point.

corrections to all of the apparent temperatures were made us-
ing the 0.93 value of the spectral emissivity of liquid Al2O3 at
the melting point.17 The line drawn through the data is given
by the equation:

Rate = 0.082 exp

[
13700

T

]
cm/s. (5)

When molten aluminum oxide was cooled rapidly from
a temperature above the melting point, crystals nucleated at
1613 ± 4 ◦C for samples levitated in a nitrogen gas jet and
at 1707 ± 14 ◦C when levitated in air.15 These results agree
well with previous measurements5 of spontaneous nucleation
in liquid Al2O3, with the nucleation temperature in nitrogen
comparable to the value previously measured in an argon gas
flow. The spectral absorption coefficient of liquid Al2O3 is
smaller in an inert gas than in air.18 Therefore, the difference
in apparent values of the nucleation temperature may be due
to differences in liquid transparency rather than differences in
the true temperatures at which spontaneous nucleation occurs.
Transparency will also be responsible for increasing errors in
the temperature values used in Figure 16 with a decreasing
liquid temperature.

6. Y3Al5O12

Figures 12(h) and 12(j) show deeply undercooled
Y3Al5O12 samples during crystallization at Ta ≈ 1200 ◦C af-
ter crystal nucleation at Ta = 883 ◦C, far below the 1942 ◦C
melting point. During this experiment, the sample was levi-
tated in a nitrogen gas stream and it rotated about a vertical
axis at a frequency of 5.4 Hz. Figure 12(h) shows the sample
oriented with crystalline material to the right side and trans-
parent liquid to the left. Figure 12(j), obtained after the sam-
ple had rotated another 90◦, shows the growing crystal sur-
face as seen through the transparent liquid. Since the liquid
has become transparent, the true nucleation temperature will
be considerably greater than the apparent value.

This is the first observation of the slow crystallization of
undercooled liquid Y3Al5O12. In previous work19 glass for-
mation and rapid crystallization following crystal nucleation
at approximately 1300 ◦C were observed in containerless pro-
cessing of molten YAG. These effects were also seen in the
present work, as illustrated in the cooling curves of Figure 17
obtained when the heating lasers were turned off. The figure

FIG. 17. Three different results obtained during undercooling of molten
YAG. (a) Glass formation, (b) slow crystallization nucleated at Ta ≈ 895 ◦C,
and (c) fast crystallization nucleated at Ta ≈ 1140 ◦C.

shows glass formation in curve (a) the slow crystallization in
curve (b) and rapid crystallization in curve (c).

7. ZrSiO4

When molten ZrSiO4 levitated in air was held at appar-
ent temperatures above 2400 ◦C, rapid evaporation of silica
produced ZrO2-rich liquids and recalescence as ZrO2 spon-
taneously crystallized from the liquid. Temperature vs time
behavior near the recalescence events is shown for two experi-
ments in Figure 18. Precipitation of ZrO2 produced a partially
molten product for which levitation was not stable and failed
promptly after the recalescence events.

Temperature measurements at the nucleation and recales-
cence events were interpreted as follows. The refractive index
of the sample, N(λ) was assumed equal to 2.0 at the pyrom-
eter wavelength, λ = 650 nm where the images indicate that
the liquid is opaque. The normal spectral reflectivity r(λ) and
emissivity, ε(λ) are then given by the equation:

ε(λ) = 1 − r(λ) = 1 −
(

N − 1

N + 1

)2

. (6)

A value of 0.89 was thus estimated for the emissivity and used
to correct apparent temperatures measured with the pyrometer
to the true temperatures given in Table IV.

Figure 19 plots the approximate temperature vs composi-
tion path followed in the ZrO2–SiO2 phase diagram20 during
the evaporation of silica, nucleation of ZrO2 crystals, and re-
calescence processes. The paths are calculated assuming that
recalescence yields the liquidus temperature. This assumption
is consistent with the magnitude of the fusion enthalpy of
ZrO2, 87 KJ/mol, and the heat capacity of crystalline ZrO2,
74.5 J/mol ◦C, at the melting point21 Crystallization of less

TABLE IV. Nucleation and recalescence temperatures for zirconia-silica
liquids.

Apparent temperatures (◦C) True temperatures (◦C)

Expt. Nucleation Recalescence Nucleation Recalescence

(a) 2178 2555 2210 2598
(b) 2340 2616 2377 2661
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FIG. 18. Recalescence events during evaporation of SiO2 from molten ZrSiO4.

than half the ZrO2 content in the melts would be sufficient to
yield the liquidus temperature.

IV. DISCUSSION

A. Levitation stability

Ambient temperature control is required to obtain best
control of levitation conditions because the levitation force
varies as the direct and reflected sound waves go in and out of
phase with changes in the ambient temperature. The ideal sit-
uation has a transducer spacing equal to a half-integral num-
ber of wavelengths, which keeps reflected and direct sound
waves in-phase. This can be done at all ambient and sample
temperatures only if transducer spacing can be varied. Or if
the ambient temperature is controlled, a fixed spacing can be
chosen to optimize operation within the sample temperature
range of interest.

The decreasing levitation stability above 2600 ◦C that is
illustrated in Figure 14 is due in part to an increasing acous-
tic wavelength with temperature. At given acoustic amplitude,
the force on a levitated sample decreases with wavelength as
illustrated in Figure 11(b). This may be a relatively unimpor-
tant factor, since increasing the acoustic intensity has little
influence on stability at the highest temperatures. A second
effect is that with a phase difference between direct and re-
flected sound waves, the node location varies slightly through-
out each acoustic cycle. This effect increases with wavelength
and varies as sample temperature influences the phase differ-
ence. The effect on stability is not known, but could be in-
vestigated by changing the ambient room temperature or the
transducer spacing.

FIG. 19. Process model for experiments (a) and (b) shown in Fig. 18.

The increasing wavelength with temperature also influ-
ences the feedback loop that operates to reduce fluctuations
in the sample position. Feedback control adjusts the position
of the acoustic nodes formed by each pair of transducers to
oppose motion of the sample, by changing the acoustic phase
difference between the opposed transducers. The node mo-
tion resulting from a given sample position fluctuation is pro-
portional to wavelength, and above 2600 ◦C is more than 3
times that at ambient temperature. Therefore, increasing sam-
ple temperature may make the feedback loop less effective in
controlling fluctuations in the sample position. This possibil-
ity could be addressed by changes to the feedback software.

B. Sample oscillation in the acoustic well

In Figure 9, an acoustically levitated water drop is seen to
oscillate in the acoustic well at a frequency of approximately
19 Hz. The oscillation frequency is explained as follows. We
assume harmonic motion at a frequency, f, given by

f = 1

2π

√
k

m
. (7)

In acoustic levitation the upward force at the bottom of
the sample exceeds the sample weight by an amount equal
to the downward force at the top of the sample. Taking the
distance equal to the sample diameter and the force difference
greater than the sample weight by a factor, F, we have

k = F
mg

d
, (8)

f = 1

2π

√
F

g

d
. (9)

With a typical levitated water drop diameter of 0.25 cm,
g = 980 cm/s2 and estimating F = 2, one obtains f ≈ 14 Hz, in
reasonable agreement with the experimental result. A smaller
frequency occurs in aero acoustic levitation because levitation
is primarily by the aerodynamic force and the acoustic forces
are smaller than the sample weight.

C. Nucleation temperature of Y2O3

Masuno et al.22 report a cooling curve, in air, for molten
Y2O3 obtained under containerless conditions with a conical
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nozzle-type of aerodynamic levitator. Their cooling curve is
qualitatively similar to the present result in Figure 15 but dif-
fers in the magnitude of the two recalescence events. We find
the temperature increase during recalescences by 280 ◦C and
60 ◦C compared with 78 ◦C and 38 ◦C in the previous work.
We are confident in the accuracy of the present temperature
measurements because they agree well with earlier5 nucle-
ation and recalescence results on Al2O3 that were also ob-
tained by aero acoustic levitation.

The present results on Y3Al5O12 also yield nucleation
temperatures less than the values obtained by the conical noz-
zle levitation technique.23, 24 This difference is likely due to
larger sample temperature gradients in the conical nozzle ex-
periments than in the present work. Intense convective cool-
ing occurs at the bottom part of samples levitated in a con-
ical nozzle, where nucleation may occur at a temperature
below the values measured by pyrometry at the upper part
of the sample. This is a likely reason for the differences in
Y2O3 nucleation temperatures found here and by Masuno
et al.22

The nucleation and recalescence results for Y2O3 are
practically identical when measured using nitrogen or air15

for the levitation gas. No discoloration of the Y2O3 was ob-
served when levitated and melted in nitrogen. Thus there is
no evidence in the sample color or the cooling curve results
for the substoichiometry of Y2O3 at high temperatures and
low oxygen pressures reported by Ackerman and Thorn25

and Krishnan et al.26 It is possible that some oxygen is lost
and replaced with nitrogen when Y2O3 is melted in nitro-
gen. Levitation in an argon gas flow with an added inert
“shield gas” flow10 would yield very small oxygen and nitro-
gen partial pressures in studies of substoichiometry in molten
oxides.

D. Absolute temperature measurement

Non-contact optical or infrared radiation pyrometry is the
common method for temperature measurement in container-
less experiments. A true temperature of the sample is deter-
mined only if the spectral emissivity is known over the spec-
tral bandwidth of the pyrometer. Optical property data17, 18 for
Al2O3 suggest that relatively accurate emissivity values for
liquid oxides can be obtained if the liquid is opaque and opti-
cal properties are known for the crystalline materials.

The spectral absorption coefficient,18 aλ, of liquid Al2O3,
at the melting point for a wavelength of 650 nm is 9 cm−1 in
argon and 41 cm−1 in oxygen. The extinction coefficient, kλ,
given by

kλ= λ

4π
aλ (10)

is negligible so that normal spectral emissivity, ελ can be cal-
culated from the refractive index, nλ with Eq. (6).

The refractive index17 of liquid Al2O3 is 1.74, 5% less
than the index for sapphire at the melting point and 2% less
than the value of sapphire at room temperature. Thus, if an
oxide melt is known to be opaque, quite accurate values for
the index of liquid oxides can be estimated and emissivity
calculated from Eq. (6) if the refractive index is known for

the solid phase. Refractive index values for many solid oxides
are presently available at http://refractiveindex.info/.

This conclusion will not hold for deeply undercooled ma-
terials, because the absorption coefficient decreases with de-
creasing temperature. Figure 12(h) reveals the transparency
of undercooled liquid Y3Al5O12 and transparency in under-
cooled liquid Al2O3 is evident by the dendritic growth of crys-
tals that can be seen within the liquid in Figs. 12(e)–12(g).

V. CONCLUSION

Advances in levitation technology have enabled several
new experiments. This research demonstrated the ability to
hold an undercooled oxide liquid for several minutes at tem-
peratures far below the melting point. It allowed crystalliza-
tion rates to be measured as a function of temperature in un-
dercooled liquids. It achieved contamination-free experiments
on liquids at temperatures up to 3200 ◦C.

Further improvements in the levitation technology are
possible. Levitation stability at temperatures above 2600 ◦C
may be obtained by optimizing position-sensing feedback
control of acoustic forces. It will be possible with changes
in software to automatically adjust the position sensing feed-
back control parameters to compensate for increased acous-
tic wavelength with sample temperature. Automatic control
of acoustic transducer positioning can be developed to main-
tain in-phase contributions to the acoustic forces from direct
and reflected sound. Application to air-sensitive materials can
be made with an inert shield gas10 flow that prevents oxidation
of levitated materials.

The open structure of an aero-acoustic and levitator fa-
cilitates its use for imaging and the use of optical techniques
for property measurements on high temperature liquids. El-
lipsometry can be used to measure liquid optical properties17

and obtain emissivity values needed to determine true sample
temperatures. In fact, levitated liquids are ideal candidates for
ellipsometry. Their smooth curved surfaces yield specular re-
flection over a range of angles that automatically includes the
ellipsometric angle.

An improved “stinger” device for inducing the crystal-
lization of undercooled liquids could be used to obtain accu-
rate melting and liquidus temperatures. The method is that of
Anderson,27 in which the sample temperature is determined
above which stinging fails and below which stinging succeeds
in causing crystallization. For such work, the effect of residual
temperature gradients in levitated samples can be eliminated
if the video camera, stinger, and pyrometer are placed on the
same side of the levitated sample.

It should be possible to develop accurate calorimetric
measurements by using a capture device to carry a levitated
sample into a calorimeter. Since rapidly cooled samples of-
ten yield non-equilibrium products, the heat measured in a
“capture” calorimeter will not give a final result. One way to
complete the calorimetric measurement is seen in the work
of Tangeman et al.28 who used high temperature solution
calorimetry to measure the crystallization enthalpy of vitre-
ous Forsterite, Mg2SiO4, formed in containerless processing
experiments.

http://refractiveindex.info/
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