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Abstract In this paper, a novel scanning system for
laser diagnostics was developed and characterized. The
system is based on the acousto-optic deflection of a high-
speed pulsed laser. Results showed that quasi-volumetric
laser illumination with high precision and accuracy can be
achieved with a simplified and flexible optical setup. The
feasibility of the method for performing high-speed quasi-
4D laser diagnostics was demonstrated by the tomographic
visualization of a lifted turbulent jet flame using Mie-scat-
tering and multi-plane particle image velocimetry meas-
urements of a turbulent non-reactive mixing case. Three-
dimensional flame and flow structures can be detected and
tracked with this new scanning system.

1 Introduction
Two-dimensional laser measurement techniques such as

particle image velocimetry (PIV) and planar laser-induced
fluorescence (PLIF) have been widely used in combustion
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diagnostics [1]. However, these methods suffer from defi-
cient out-of-plane information which limits the understand-
ing of complex three-dimensional transient events. Particu-
larly, in turbulent flames and ignition events out-of-plane
motion plays an important role [2]. Therefore, spatially
and temporally resolved measurements are essential for a
deeper understanding of flame-flow interactions.

In recent years, many efforts have been made towards
obtaining spatially resolved experimental data in combus-
tion studies. Multiple laser sheets, including crossed- and
parallel-plane measurements of OH-PLIF combined with
normal [3] or stereoscopic PIV [4, 5] have been used to
produce quasi four-dimensional (4D) information dur-
ing experiments with turbulent flames. Volumetric imag-
ing employing volumetric laser illumination and multiple
cameras for the detection has been applied for tomographic
measurements of the velocity field [6—8] and flame chemi-
luminescence [9].

By sweeping a laser sheet fast enough across the meas-
urement volume, quasi three-dimensional (3D) measure-
ments can be achieved. These techniques can be divided
in two groups: oscillating mirrors (e.g., galvanometric
scanners and stepper motors) [10, 11] and polygonal mir-
rors [12, 14]. Although they are proved to be effective for
tracking transient events in combustion and fluid dynamics
applications, their maximal scan frequency is restricted by
the inertia related to the moving mechanical parts [12]. The
high inertia is an additional safety issue which needs to be
considered.

An alternative to mirror-based mechanical deflection is
the optical solid state deflection by means of an acousto-
optic deflector (AOD) [15]. With an AOD, a light beam can
be deflected by inducing a high-frequency acoustic wave
through a crystal to change its refractive index periodi-
cally. The frequency of the acoustic wave can be varied to
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deflect the beam at different angles. Then, if the frequency
is continuously varied, the light beam can be scanned over
arange of deflection angles. Because the deflection angle is
adjusted by the voltage, any position within the maximum
scan range can be approached by a voltage curve. This
allows individually adjusting the distance between single
laser positions and flexibly varying scan parameters even
during ongoing experiments. This is advantageous when
compared to polygonal mirrors, where the mirror geom-
etry needs to be optimized for each application. AODs
have been used in microscopy, optical storage and laser-
material processing where high speed controlled deflection
of the light beam is desired [15]. However, to the best of
the authors’ knowledge, there are no studies in the literature
applying AODs to combustion diagnostics.

This paper introduces a novel method applying an acou-
sto-optic deflector to perform high-speed quasi-4D laser
diagnostics without any mechanical moving parts. The
characterization of the scanning system configuration using
a high-speed pulsed laser was carried out in terms of laser
position fluctuation, scanning frequency, parallelization,
spatial resolution, and scan depth. The capabilities of the
system are demonstrated through the quasi-4D visualiza-
tion of a lifted turbulent jet flame using Mie-scattering of
oil droplets and time series multi-plane PIV measurements
of a turbulent non-reactive mixing case. Finally, the AOD
scanning approach is compared with a polygonal laser
scanning mirror.

2 Materials and methods
2.1 Acousto-optic beam deflection

As schematically shown in Fig. 1, the AOD system is
mainly composed of a crystal, a piezoelectric transducer, a
radio frequency (RF) driver and a DC source. If operated at
a certain input voltage, the driver applies a RF signal to the
piezoelectric-transducer producing a high-frequency acous-
tic wave which propagates through the crystal. When the
incident beam interacts with the acoustic wave, the crys-
tal works like an optical diffracting grating and the output
beam will be deflected in different diffraction orders. If the
AOD is designed to operate in the Bragg regime [16], at
one particular incident angle, 6, only one diffraction order
is produced (first order beam) although a fraction of the
beam is still transmitted through the crystal (zero order
beam). The ratio between the energy of the beam diffracted
into the first order and the energy of the incident beam can
be defined as the diffraction efficiency. In practice, AODs
can reach diffraction efficiencies up to 90% [17]. Under the
Bragg regime and an isotropic interaction (i.e., the acoustic
wave travels longitudinally in the crystal and the incident
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Fig. 1 Acousto-optic deflector system and light deflection in the
Bragg regime with acoustic frequency variation. ; and 6, illustrate
two different deflection angles of the 1. order for two different acous-
tic frequencies f; and f,

and diffracted laser beams experience the same refractive
index), the angle of the incident light must be adjusted to
the so-called Bragg angle, 8,

A Af
A " 2y (1)
where A is the acoustic wavelength, 4 is the optical wave-
length inside the crystal, and f is the frequency of the
acoustic wave traveling at the velocity v inside the crystal.
The following boundary condition must be satisfied

sinf =

AZ

L> 7 2
where L is the interaction length, which is the distance the
laser beam travels through the acoustic wave. The separa-
tion angle between the first order and zero order beams,
0, is twice the Bragg angle. For a certain light wavelength
and a certain material, the separation angle is determined
only by f. As illustrated in Fig. 1 for two different acoustic
frequencies (f; and f,), if f; < f,, the corresponding sepa-
ration angle 6, < 6,. Therefore, the periodic variation of
the acoustic frequency can be used to vary the deflection
angle as basis of a laser scanning technique using an AOD.
A6 = 60, — 0, is defined here as the scan angle range.

2.2 Acousto-optic deflector (AOD) scanning system
with a high-speed pulsed laser

The experimental setup of the scanning system is schemati-
cally shown in Fig. 2. The AOD (see Fig. 1) consisted of an
1-axis deflector for 532 nm (AA Opto-Electronic, DTSX-
400-532, TeO, crystal). The damage threshold is 2.5 W/
mm? (average power) for 532 nm and the diffraction effi-
ciency is above 80% for the entire scan angle range. This
AOD was combined with a voltage controlled oscillator
(VCO) driver (AA Opto-Electronic, DFA10Y-B-0-50.110).
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Fig. 2 Experimental setup of the scanning system for the tomo-
graphic imaging of a lifted flame and multi-plane PIV of a turbulent
non-reactive mixing case

The driver required an input voltage between O and
10 V to sweep the acoustic frequency between 55 and
105 MHz, producing a maximum scan angle range,
Ab,.. = 0,0y —Oypy =2.35°. An amplifier (AA Opto-
Electronic, AMPA-B-30) was used to provide the nec-
essary RF power to drive the AOD device up to 1 W. A
two-channel arbitrary waveform generator (Keysight Tech-
nologies, 33522B) supplied user-defined voltage signals to
control the VCO driver, and therefore the scanning param-
eters such as deflection direction, scan frequency and scan
angle range. A frequency-doubled high-speed dual-cavity
Nd:YVO, laser (Edgewave IS411-DE, 9 ns pulse length,
0.5 mJ/pulse, maximum repetition rate 30 kHz/cavity) was
used as a light source. The diameter of the laser beam was
adapted to the optical aperture of the AOD (7.5 X 7.5 mm)
using two spherical lenses (L, f; = =100 mm and L,,
f> =+150 mm in Fig. 2) thus avoiding any crystal dam-
age. One advantage of the AOD scanning system, when
performing laser diagnostics, is that only one cylindrical
lens (Ls, f5 = +400 mm in Fig. 2) is necessary to simulta-
neously parallelize and focus at the measurement volume
the multiple laser beams from different deflection angles.

2.3 Laser beam position control

Referring to Eq. (1), the deflection angle of the light beam
is determined by the acoustic frequency which depends lin-
early on the input voltage signal given to the VCO driver.
Thus, the beam position and movement can be easily con-
trolled by modulating the input voltage signal. To scan
the angle between two positions, the input voltage signal
(thus the acoustic frequency) needs to be scanned. The
beam movement will respond accordingly to the scan fre-
quency, velocity and range with which the input voltage of
the driver is modulated. However, a continuous increase or
decrease of the acoustic frequency causes a deformation of
the beam, which is known as cylinder-lensing effect [18].
This is related to the access time, which is the time the

Laser pulse Modulation signal

Voltage 4

"

>
<

L
Gl

Vi —

» Time

tscan

Fig. 3 Synchronization of the step function modulation signal and a
pulsed laser for a scan with scan angle range, V, — V|, and scan fre-
quency, fian = 1/tean- Modulation signal divided into several steps,

AV, with duration, 7,

acoustic wave takes to cross the laser beam, and therefore,
the time it takes the beam to respond to a change in input
voltage signal. The access time of the AOD was 10.3 us
for a beam diameter of 6.7 mm. The response time can be
decreased by reducing the beam diameter, while any crystal
damage should be avoided.

In this work, an innovative method was implemented
to scan the separation angle while avoiding the cylinder-
lensing effect with a pulsed laser. As schematically repre-
sented in Fig. 3, instead of continuously varying the input
voltage, the signal was modulated with a step function.
The modulation signal between V, and V, with a duration,
tean» and scan frequency, fi ., = 1/, Was divided into
several steps, AV, with equal duration, f,. AV determines
the number of angular positions in which the scan range
(V, = V) is separated (i.e., the spatial resolution in the scan
direction). Because in this case a pulsed laser was used,
the modulation signal and the laser pulses were temporally
synchronized so that when a laser pulse crossed the crystal,
an acoustic wave of constant frequency was propagating
through it. This required a 7y, longer than the access time.
Thereby, the diffraction was uniform and no optical com-
pensation was necessary.

2.4 Demonstration experiments: flame front detection
and multi-plane PIV

The capabilities of the scanning system were evaluated
through two demonstration experiments: a quasi-4D visual-
ization of a lifted turbulent jet flame and time series multi-
plane PIV measurements of a turbulent non-reactive mix-
ing case.

Referring again to Fig. 2, a non-premixed burner pro-
vided a lifted turbulent methane jet flame. The burner con-
sists of a fuel lance of 8 mm inner diameter and 350 mm
length, surrounded by an air co-flow of 130 mm inner
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diameter. The fuel lance was long enough to provide fully
developed pipe flow at the exit and it was tapered to a sharp
edge to minimize recirculation. The bulk exit velocity of
the jet and co-flow were 10 and 0.2 m/s, respectively. The
calculated Reynolds number of jet was ~5000. Under these
operating conditions, the flame had a lift-off height of ~
28 mm [9].

The flame front was detected by means of Mie-scat-
tering. Both flows, the jet and co-flow were seeded with
silicon oil droplets with a mean diameter of ~1 um, using
two seeders (AGF 10.0 Palas). Planar illumination of the
seeded droplets at the flame base was achieved by includ-
ing a telescope in the setup with two cylindrical lens (L,
f3 =-=50 mm and L,.f;, = +150 mm in Fig. 2). In combi-
nation with Ls, a laser sheet of 24 mm height and 300 pm
thickness was formed at the measurement location (i.e., the
lifted flame base). Quasi-volumetric illumination of the oil
droplets was achieved by scanning the laser sheet in the
z-axis direction using the AOD scanning system.

The laser was operated using both cavities in an equi-
distant alternating fire mode to obtain a repetition rate of
60 kHz. The laser beams were overlapped by a polarizing
beam splitter. Because the polarization of the cavities is
perpendicular to each other and the AOD diffraction effi-
ciency depends on the polarization of the incident light,
the difference in polarization from both beams resulted
in an enormous difference in diffracted laser energy. To
overcome this, a lambda half-wave plate (P in Fig. 2) was
mounted before the AOD to rotate the polarization of both
beams to an angle, at which, the same diffraction efficiency
(around 40%) was obtained for both cavities.

Different scanning parameters were evaluated for the
flame front detection, which are summarized in Table 1.
Two scan depths (z-axis) of 6.3 and 13.7 mm were defined,
with the current optical setup, by modulating the input
voltage signal between 9.5 and 5.5 V and between 9.5 and
1.5 'V, respectively. The scan frequency, f,.,, was varied
from 2 to 20 kHz. Because the laser repetition rate was

Table 1 Scan parameters for flame front detection experiments

Scan depth (mm) Jican (kHZ) Ny Az (mm)
6.3 2 30 0.21

5 12 0.53

10 6 1.05

20 3 2.10
13.7 2 30 0.46

5 12 1.14

10 6 2.28

20 3 4.57

fican TEPresents the scan frequency, N is the number of laser sheets
and Az is the separation distance between laser sheets

@ Springer

fixed to 60 kHz, each f,.,, yielded a defined number of
laser sheets, N, with a defined separation distance, Az. For
all conditions 7, was 16.5 ps.

The resulting Mie-scattering signals from the multiple
measurement planes were collected perpendicularly to the
xy-plane and imaged onto a single CMOS camera (LaVi-
sion GmbH, HSS6), see camera A in Fig. 2. The frame
rate of the camera was synchronized with the laser repeti-
tion rate and the exposure time was set to 16 us. For the
6.3 mm scan depth, the camera was equipped with a 85 mm
lens (NIKKOR, f# = 5.6) while for the 13.7 mm case, a
60 mm lens (NIKKOR AF Micro, f# = 5.6) was employed.
Another CMOS camera (LaVision, HSS6) was mounted
parallel to the x-axis and above the scanner (camera B in
Fig. 2) and equipped with a 105 mm lens (SIGMA Macro
lens, f# = 5.6) to determine the parallelization of the mul-
tiple laser sheets in the x-axis direction. For this purpose
and prior to the measurements, a ceramic plate was placed
at the burner nozzle, orthogonally to the laser sheets. The
laser sheets were scanned and the diffuse light reflected at
each laser sheet position was collected by camera B. The
ceramic plate and the camera were translated along the
x-axis using a traversing unit and the measurements were
repeated at several positions to reconstruct the paths of the
laser sheets.

The Mie-scattering images were recorded using the soft-
ware Davis (LaVision, Version 8.3.0). Images of a calibra-
tion target (LaVision, Type 7) were recorded at the loca-
tion of each laser sheet in the measurement volume. For
flame detection, a high seeding density was used. When
the seeded oil droplets reached the flame, they were evapo-
rated. Therefore, the Mie-scattering signal was present only
in unburnt gas regions, which was exploited to mark the
flame contour. In this way, the recorded raw images were
first corrected by the intensity inhomogeneities of the laser
sheet. Then, a local standard deviation filter and a 3 X 3 px
median filter were applied to compensate the inhomogene-
ous seeding in the image. Finally, the filtered images were
binarized to distinguish the burnt and unburnt regions.

In the case of the multi-plane PIV demonstration experi-
ment, the burner was operated without igniting the flame
to provide a non-reactive turbulent mixing problem. The
seeding density was optimized for PIV and the laser was
operated with a single cavity at 30 kHz. The lambda half-
wave plate was rotated to optimize the diffraction efficiency
and increase the Mie-scattering signal necessary for PIV.
Using the same optical setup as for the flame detection
experiment, the scanning parameters were adjusted to gen-
erate three laser sheet planes with a constant Az = 0.75 mm
at f,..n = 5 kHz. The measurement volume (scan depth of
1.5 mm) was located at the center axis of the jet. Based
on the bulk velocity range of the jet and co-flow, the time-
series PIV approach was sufficient for measuring the
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velocity fields with a single laser cavity. In this sense, the
Iyep O the modulation signal was adjusted to allow two con-
secutive laser shots (At = 33.33 ps, 7, = 66 ps) at each of
the three measurement planes. The camera was equipped
with a 100 mm lens (Carl Zeiss, f# = 8) to capture the sig-
nal from all measurement planes. Images processing and
velocity field calculations were performed with the soft-
ware Davis (LaVision, Version 8.3.0).

3 Results

Alignment and parallelization of the laser sheets through
the measurement volume have a strong influence on the
accuracy of any measurement performed with the scanning
system. Figure 4 illustrates an example result of the paral-
lelization of the laser sheets, in terms of the laser path along
the x-axis, for a scan depth of 6.3 mm at f,.,, = 5 kHz. The
averaged position of 12 laser sheets were measured along
40 mm with 2 mm increments in the x-axis direction using
200 individual scans. The parallelization and uniform-
ity of the paths is evident. The maximum deviation of the
averaged position along the measured paths was 60 um,
which represents a deviation angle of 0.086°. In the case
of the measurement volume with 13.7 mm scan depth, the
maximum deviation was 100 ym or 0.14°. Moreover, in
the measurement volume of the lifted flame experiment
(marked by the two vertical dashed lines in Fig. 4) the
deviations of the laser sheet paths were even smaller. To
evaluate the precision of the scanning system, additional
measurements of the fluctuations of the laser sheet position
along the z-axis were performed for different scan frequen-
cies using a lateral effect photodiode (Thorlabs, PDP90A),
similarly to Ref. [12]. Results showed that the spatial jit-
ter of the position of the laser sheets during scanning was
in the order of the laser jitter (standard deviation of the

Fig. 4 Parallelization of 12 laser sheets along the x-axis with a scan
frequency of 5 kHz and a scan depth of 6.3 mm. The two vertical
dashed lines mark the measurement volume of the lifted flame exper-
iment

laser beam position was ~9 um) for all scanning parameter
tested.

Figure 5 presents a snapshot of the volumetric recon-
struction of the lifted flame base from 30 two-dimen-
sional images recorded at a scan frequency of 2 kHz. The
portion of the flame base displayed corresponds to a scan
volume of 13.7 mm depth and it is represented here as
the isosurface of the location of the evaporation of seed-
ing droplets at the unburnt/burnt gases layer. The main
dimensions, asymmetry and 3D features of the flame base
are comparable to those of previous experiments [9, 12].
The integral length scale at the flame base was estimated
to be ~2 mm. The integral time scale was ~4 ms as esti-
mated from the integral length scale and mean velocity
at the flame base. A detailed discussion on the time and
length scales is provided in Ref. [12]. The Kolmogorov
time scale was estimated to be in the order of 60 us. The
laser scan duration of 0.5 ms was approximately 1/8th
of the integral time scale and eight times larger than the
Kolmogorov time scale. Therefore, the largest scales
are expected to be well resolved in the quasi-4D meas-
urements while the smallest scales remain unresolved.
Figure 6 shows a time series of a volumetric reconstruc-
tion of a lifted flame obtained with the same scanning
parameters as the one of Fig. 5. The axes of the images
are rotated and every second reconstruction is shown
(At =1 ms) to provide a better view of the 3D flame
structures and their evolution in time. The closing of a
horseshoe-shaped flame structure can be observed and
traced in time and space, proving the feasibility of the
quasi-4D laser diagnostics using the AOD scanning sys-
tem. To give a reference of the dimensions, this structure
was marked by a circle of 3 mm in diameter at = 3 ms.
Detecting these kinds of features is important because

=
2,210 30
(’hrn)

Fig. 5 Volumetric reconstruction snapshot of a lifted flame base
from a scan at f,,, =2 kHz and 13.7 mm scan depth. Jet and co-
flow flowing from down to up (negative direction of the y-axis). Laser
sheets parallel to the x-axis. View rotated around the y-axis for bet-
ter visualization of the flame structures. Snapshot smoothed with a
3 x 3 x 3 filter
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Fig. 6 Time series of a volumetric reconstruction of a lifted flame
base from a scan at f,,, =2 kHz and 13.7 mm scan depth. Jet and
co-flow flowing along the negative direction of the y-axis. Laser
sheets parallel to the x-axis. View rotated for better visualization of
the flame structures. Snapshot smoothed with a 3 X 3 x 3 filter

Velocity
15m/s

[ | 10m/s

5m/s
mm 1m/s

(ww) A

Fig. 7 Example of a velocity field of a non-reacting mixing case
measured at three planes with a sheet separation distance of 0.75 mm.
Jet and co-flow flowing along the negative direction of the y-axis.
Measurement volume centered at z = 0 mm

they may not be detected or can be misinterpreted as iso-
lated kernels or unconnected flame structures when using
2D laser techniques [19].

Figure 7 represents a 3D velocity field of a non-reacting
mixing reconstructed from the multi-plane 2D PIV meas-
urements. The iso-surfaces of different velocity magnitudes
shown in the image are characteristic of a mixing layer of
a high-velocity jet propagating into a low-velocity co-flow.
Turbulent flow structures, which play an important role
when analyzing out-of-plane effects, can be also detected
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and traced in time and space when using the AOD scanning
system.

4 AOD vs. polygonal laser scanning mirror

In a previous work of the authors [12], a polygonal laser
scanning mirror (PLSM) was designed and used to per-
form a quasi-4D visualization of the same lifted turbulent
jet flame as presented in this work. This allows a direct
comparison of both systems. The custom-made polygon
scanner consisted of a 16-facet, 12 mm high, 102 mm in
diameter coated aluminum polygon and its motor drive.
A cascaded control loop ensured a steady movement and
enabled synchronization with an external trigger. The scan
angle of 27° was determined by the number of facets, p,
and the duty cycle, C, which gives the ratio of the usable
area/total area when the laser beams footprint is not cut by
the facets edges [13].

720 x C
> 3)
Any variation of the scan angle requires a rearrangement
of the optical setup. The duty cycle was 60% and it corre-
sponded directly to the percentage of usable laser pulses for
typical laser operation with an equidistant laser pulse sepa-
ration. In comparison, the AOD allowed a continuous vari-
ation of the scan angle by tuning the input voltage without
any changes of the optical setup. The scan angle was within
0-2.3°. The maximum achievable scan angle of the AOD
was significantly smaller and every single laser pulse can
be used.
The scan frequency f; of the PLSM is determined by

® =

pXn

fi= ) “
where n presents the rotational speed of the polygonal mir-
ror. The rotational speed of the brushless DC motor was
limited to 40,000 rpm resulting in a maximum scan fre-
quency of 10.67 kHz. Due to aerodynamic losses a helium
atmosphere was needed beyond 6.4 kHz. A further increase
of the scan frequency can be achieved by (1) increasing the
number of facets which in turn decreases the duty cycle if
the polygon diameter is kept constant, (2) using more fac-
ets with a larger diameter which maintains the duty cycle,
but increases mechanical load or (3) increasing the rota-
tional speed which in turn requires higher power devices
and is even more critical in terms of safety. For the AOD
a scan frequency of 20 kHz was demonstrated within this
work. With a laser beam diameter of 6 mm the maximum
scan frequency of the AOD is approximately 100 kHz. For
smaller beam diameters, scan frequencies beyond 100 kHz
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are achievable as long as the damage threshold is not
exceeded.

Regarding to the accuracy, the parallelization of the laser
path characterized by the deviation angle was 0.14° (scan
depth 13.7 mm) for the AOD and 0.6° for the PLSM (scan
depth 15 mm). In terms of precision, the jitter of the laser
path position was 9 ym independent of the scan frequency
for the AOD. For the PLSM the jitter decreases with
increasing rpm and was 18 um for 1 kHz scan frequency
and decreased to 9 ym for 5 kHz. Ideally the parameters of
the respective controllers are individually adjusted for each
scan frequency.

5 Conclusions

A novel scanning system for high-speed quasi-4D laser
diagnostics was introduced and characterized. Planar laser
measurement techniques were scanned along the third
dimension by means of an acousto-optic deflector. In com-
parison with existing techniques involving mechanical
moving parts, the present method reduced the complexity
of the optical setup and proved to be very flexible when
varying scan parameters such as scan frequency, spatial
resolution and the scan depth. Because the AOD can reach
scan frequencies beyond 100 kHz, the spatial resolution of
the measurement techniques in the direction of the scan
can be increased using a faster laser. The stable and precise
modulation signal, in combination with a simplified optical
setup for parallelization and alignment, allow performing
diagnostics such as tomographic imaging and multi-plane
PIV with high precision and accuracy of the quasi-volu-
metric illumination. The present scanning method can be
extended to other laser diagnostic techniques such laser-
induced fluorescence (LIF). The TeO, crystal used in this
work is limited to the wavelength range of 350—-1600 nm.
Other materials (e.g. quartz) are available to extend the
wavelength further into the UV range, which could allow
using techniques such as OH-LIF. However, those materi-
als are typically characterized by a higher acoustic stiffness,
leading to stronger restrictions regarding crystal size and
scan angle range.
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