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High-repetition-rate interferometric-Rayleigh-scattering
(IRS) velocimetry is implemented and demonstrated for
non-intrusive, high-speed flow-velocity measurements.
High temporal resolution is obtained with a quasi-
continuous burst-mode laser that is capable of providing
bursts of 10-msec duration with pulse widths of 10-100
nsec, pulse energy > 100 mJ at 532 nm, and repetition
rates of 10-100 kHz. Coupled with a high-speed camera
system, the IRS method is based on imaging the flow field
though an etalon with 8-GHz free spectral range and
capturing the Doppler shift of the Rayleigh-scattered
light from the flow at multiple points having constructive
interference. The seed-laser linewidth permits delivery
of a laser linewidth of < 150 MHz at 532 nm. The
technique is demonstrated in a high-speed jet, and high-
repetition-rate image sequences are shown.

Optical diagnostic techniques based on high-repetition rates are
currently capable of providing both temporally and spatially
resolved measurements of flow and combustion properties [1-4].
These measurements are proving to be unique and crucial in the
tracking of fast occurring phenomena such as those encountered
in combustion, high-speed, and turbulent flows and have the
capability to provide accurate and reliable experimental validation
of models used in numerical simulations.

The key features of the instrument system used in these high-
repetition-rate investigations are the high-power laser burst and
the narrow linewidth. These features allow the capture of spatially
and temporally varying flow parameters, including velocity,
density, pressure, and temperature. Turbulent and high-
fluctuation flows such as those occurring in the inner structure of
supersonic jet cores can be tracked. The added instrument feature
of narrow-bandwidth “seed” laser line makes accurate high-
repetition-rate measurements feasible using techniques such as
interferometric Rayleigh scattering (IRS) and filtered Rayleigh
scattering (FRS) [5-8] that require a fine spectral laser line.

Traditional measurement techniques have been based on
intrusive-probe-type devices that disturb the flow field; such
devices include hotwires and the use of particle/molecular-
seeding techniques that are not feasible in certain testing facilities
or are inadequate in specific flow regions such as shocks, boundary
layers, and stagnation regions. In addition, seeding can
contaminate the test section in tunnels and facilities, can become
expensive, and can reduce the effective run time--particularly in
large-scale wind tunnels. Thus, alternative techniques that are
non-intrusive and unseeded are required in many applications.

Among the numerous optical-based velocimetry techniques that
have been developed over the past several decades for fluid flow
and combustion measurements, most utilize lasers for either
simple illumination or resonant/non-resonant molecular-
excitation-based tracking. A comprehensive list of such techniques
may include seeded techniques such as planar, stereoscopic, and
tomographic Particle-Imaging Velocimetry (PIV) [9], Laser
Doppler Velocimetry (LDV) [10], Planar Doppler Velocimetry
(PDV) [11], Molecular-Tagging Velocimetry (MTV) [12], and
Laser-Induced Fluorescence (LIF) [13] and unseeded techniques
such as Raman Excitation plus Laser-Induced Electronic
Fluorescence (RELIEF) [14], Air Photolysis and Recombination
Tracking (APART) [15], Femtosecond-Laser Electronic-Excitation
Tagging (FLEET) [16], and FRS and IRS methods [5-8]. Most of
these techniques have shortcomings related to signal levels,
requirement of flow containing certain molecules, lack of
sensitivity at high flow velocities, and complexity for harsh
environments, for example.

As compared to all of the velocimetry techniques outlined above,
the Rayleigh-scattering-based IRS technique has significant
advantages, including the ability to measure several flow
parameters simultaneously with a single laser beam and
applicability over a wide range of flow temperatures and working
gases (e.g, air, N, vitiated air, and argon).

The IRS technique has been performed at low repetition rates
(e.g. 10 Hz) for flow instantaneous measurements [7, 8] and at
high repetition rates (e.g. 32 kHz) using continuous wave lasers for
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time-averaged flow measurements [6]. However, to the authors’
knowledge, no instantaneous (e.g. with time exposures <10 ns) IRS
measurements have been performed at the high repetition rates
(>10 kHz) necessary for resolving high-speed, high-frequency,
turbulent flow phenomena having very short time scales. In the
present study, a step toward time-resolved measurements was
demonstrated with 10-kHz IRS using the high-speed system for
multi-point, time-resolved flow-velocity determination.

The basic principle of the IRS technique is that Rayleigh-
scattered light from the flow of interest is imaged through a Fabry-
Perot interferometer (etalon) [5-8]. Since the transmission
properties of the etalon depend both on the wavelength of light
and on the angle of incidence of light on the etalon, the image
contains both spatial and frequency information, allowing the
Doppler shift due to flow velocity to be determined at multiple
locations in the flow. The velocity can be obtained based on the
Doppler-frequency shift Af ; through the following expression [5-
6]:
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Here 0 is the unit vector in the direction of the incident/object
laser light, s the unit vector in the scattering/observation direction,
A the wavelength of the light, and V the flow velocity vector.

A schematic of the setup used in this investigation is shown in
Fig. 1 with an acquired IRS sample image with quiescent flow. In
this setup the narrow-linewidth, ns-pulsed second-harmonic beam
of 532 nm from the burst-mode laser is focused to form the laser-
beam waist in the measurement region of interest via focusing
lenses.  Rayleigh-scattered light from this thin line in the
measurement region is collected and collimated by lenses in the
normal direction to the vertical polarization plane for maximizing
Rayleigh-scattering- light collection. This collimated light then
passes through a solid etalon with an 8.3-GHz free spectral range
(FSR) and the measurement region is imaged via a focusing lens
onto a high-speed, intensified, complementary-metal-oxide-
semiconductor (CMOS) camera. Diffuse light from the laser source
(not Rayleigh scattered) is introduced into the optical path via a
polarizer as a reference. The polarizer was used to combine the
Rayleigh signal with the unscattered laser light. The pulse-burst
laser was run at a rate of 10 kHz, and the pulse energy was about
20m]/pulse. A 10-ms burst was created, and each burst contained
about 100 pulses of 10 nsec duration. A high-speed Photron SA-Z
CMOS camera and a LaVision IRO intensifier were used to record
the IRS images. The intensifier gain was ~ 60%. In this experiment
the field of view was about 4 x 4 mm? the IRS velocity
measurements were made in a 4-mm-inner-diameter lab-scale jet;
and the measurement area was about four diameters downstream
of the nozzle exit. Pulse linewidth and power were monitored
using a power meter and wavemeter via optical fibers (O.F.). The
image consists of a set of concentric bright rings resulting from the
diffuse-reference-source constructive interference angles and a set
of aligned bright spots due to imaging of the focused laser beam.
The etalon acts as a filter that transmits light at a set of radial
distances from the image center that repeats following a
constructive interference pattern where each ring corresponds to
a different angle of view [5]. Thus, a radial cut through the laser
beam image provides the spectra of the scattered and reference
light sources at a few spatial locations.

Radial displacement of the scattered light relative to the
reference rings is due to the velocity Doppler shift, while radial
broadening of the width of the spots relative to the reference rings
is due to various molecular-broadening scattering components of
the scattered light relative to a narrow-line laser source [5]. The
linewidth radial broadening is dependent on the molecular weight
and temperature, and images such as this can be analyzed, in
addition to velocity components, for temperature (if the gas
composition and pressure are known). Also, since the integrated
Rayleigh-scattered light intensity is proportional to the gas
number density (for a given gas composition), the system can be
calibrated to measure density also [5, 6, 18].

The detected Doppler shifts of scattered light from the incident
objectbeam 0 in the direction of the collected scattered laser light
s are due to the component of velocity lying in the bi-sector of the
plane formed by the two vectors 6 and s [5, 6]. Then, with the jet
nozzle set to an angle a of 45° between the laser beam and the
scattering direction (Fig. 1), the main flow velocity is obtained by
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Arrangements for measuring other velocity components have
been shown in the literature [7, 8] by multi-pass beams in different
directions. This investigation focused on the demonstration of
burst-mode IRS for a single component of velocity.
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Fig. 1. Schematic of IRS system for focused laser beam interrogation.

The IRS technique depends upon Rayleigh scattering, which is
an elastic process that does not change with the flow. However,
Rayleigh scattering is weak and diffuse, and the transmission
efficiency of the etalon is low. Thus, high-energy laser sources and
scattered-light collection over large solid angles are required for
precise measurements. Maximum pulse energy is limited by laser-
induced gas breakdown near the focus of the laser beam. The
burst-mode laser offers two major advantages: very high pulse
energy with adjustable pulse length (up to 100 ns at 532 nm) so
that substantially more energy can be delivered to the
measurement volume, and high repetition rate (up to 100 kHz)
over the duration of the burst that allows temporal resolution of
high-speed flow events. High pulse energy, in turn, may allow



relaxation of the requirement for light collection over a large solid
angle (i.e, “fast” optics), which is often difficult to achieve in wind-
tunnel facilities. Since Rayleigh scattering is at the same
wavelength as the incident laser (except for small Doppler shift
and line broadening), there can be interference from particles and
surfaces. The signal can be improved by introducing a molecular
filter (such as iodine for 532 nm) to remove unwanted Mie and
other light-scattering noise [5, 8]. The IRS technique can also
minimize such localized interferences in image analysis. Such
interference is further reduced (and signal increased) at shorter
laser wavelengths because Rayleigh-scattering intensity scales
with wavelength to the negative fourth power, while scattering
from large particles and surfaces is approximately independent of
wavelength.

The pulse energy is also limited by the onset of ionization and
plasma generation, which causes bright flashes that overpower the
Rayleigh signal. Plasma breakdown occurs when the peak power
exceeds a certain threshold, which imposes an upper limit on the
total energy that can be used for a given spot size and pulse width.
Rayleigh scattering is a linear process, with a signal level that
increases with the number of photons, or total energy, and is not
dependent on the laser pulse width. It can, therefore, be
advantageous to deliver the energy over a longer period of time for
avoiding unwanted effects such as ionization or damage to optical
components and wind-tunnel windows. However, it is also
desirable to make Rayleigh measurements with pulsed lasers and
gated detectors so that the detector can be turned off between
pulses to filter out contributions from background signals. For
these reasons, the burst-mode laser with tunable pulse width
offers a significant advantage.

The laser linewidth is another critical parameter for IRS
measurements. It is directly related to the measurement
uncertainties of the velocity. Since IRS velocimetry is a Doppler-
shift technique, with a narrow linewidth laser the Doppler-shifted
signal peak can be separated from the reference interference rings,
which can result in very accurate velocity determinations.
Provided that a high enough resolution etalon is used, the laser
linewidth limits the size (how small) of the Doppler shift that can
be measured accurately. As mentioned in the discussion on data
fitting, the peaks of the Rayleigh signal and the reference rings are
normally fitted with theoretical distributions to solve for Doppler
shift and other parameters. The fitting uncertainties could be
about 1 - 2% of the measured velocity.

When narrow seed-laser source having a linewidth of < 50 MHz
was used, the burst-mode laser system linewidth at 532 nm was <
150 MHz at 10-kHz rate measured by a WS7 wavemeter. It is
noteworthy that the linewidth measurement based on etalon rings
depends on the quality of the etalon such as the etalon surface
flatness. Therefore, the ring thickness shown in the IRS images
could be only broader than the actual laser linewidth. The etalon
quality also depends on the degree to which the two solid etalon
surfaces are parallel. A high-quality surface flatness better than
/100 is required for the etalon. For a typical Mach-1 flow of ~340
m/s, the Doppler shift will be close to 600 MHz if the flow direction
is parallel to the velocity the system is sensitive to. With theoretical
fitting, the Rayleigh-scattering peaks should be well recognized
with the 600-MHz separation from the 150-MHz (even 400 MHz if
the etalon quality was taken into account) reference rings.

First, a typical IRS image sequence obtained with room air at a
10-kHz rate (which means that the inter-image spacing is 100 ps),

is shown in Fig. 2 with a six-image sequence sample. As explained
above, the un-scattered reference light imaged through the etalon
generates the circular rings, and the Rayleigh scattering signal
from the focused laser beam generates the discrete points in the
image-sequence centerlines, which should appear as a uniform
horizontal line when imaging without the etalon. Here, the
different points reflect the Rayleigh-scattering signals at different
positions in the test area, which could yield the multi-point
velocities of the flow. Since the flow speed is zero, no Doppler shift
was observed. The Rayleigh-scattering points overlap well with
the reference scattering rings. Focus on the most inner position
ring reveals that its size does not change during the burst. This is a
good indication that the laser wavelength is very stable during the
10-ms burst. Nonetheless, the laser frequency is monitored in each
image so that even if the laser frequency drifted during a pulse or
between pulses, it would be corrected during analysis.

Fig. 2. Typical 10-kHz image sequence of IRS with zero flow speed.

Figure 3 shows a detailed raw image of a 100 x 60 pixel sub-
region and the corresponding fitting image of the inner ring
obtained using a data-fitting program. The theoretical model
assumes the collimated focus of a laser beam and a uniform light
field behind it. The light scattered from the laser beam is
distributed spatially as a Gaussian of constant height
perpendicular to the direction of the beam and has a constant
intensity along the direction of the beam. The scattered, focused
laser light (broadened by the Rayleigh-scattering process) and the
uniform background (having the same spectrum as the laser
source) are both Gaussian in wavelength with fited FWHM
linewidths and Doppler shift. The IRS image is generated by
filtering the image of the focused laser beam plus background by
the etalon/lens transmission characteristics. The fitted linewidth
is ~ 500 MHz due to the etalon quality that was discussed earlier.
The fitted Rayleigh-scattered linewidth is ~ 2.2 GHz, in agreement
with the Tenti linewidth at room-air conditions of 2.2 GHz [5].

Doppler-shifted frequencies within a burst using Eq. (1) showed
that the mean is 22.2 MHz and the standard deviation is + 53.7
MHz, which represents bias and precision error in the Doppler
shift; it corresponds to 8.36 m/s and + 20.2 m/s. Note that the 8.3-
GHz FSR of the etalon represents the full scale of the instrument;
therefore, as a fraction of instrument range, this is 0.27% and
0.65% (% of full scale), respectively. For a 300-m/s flow velocity
measurement, 20 m/s corresponds to 6.7% measurement
uncertainty. The use of a higher resolution etalon in future work
could improve these errors.




Fig. 3. Typical local fitting of IRS image with zero flow speed.

Figure 4 shows an IRS image detail for a jet flow of ~ 300 m/s.
The corresponding sub-region fitting image is shown on the right.
It is obvious that the Rayleigh-scattering signal is Doppler shifted
relative to the reference scattering rings because of the high-speed
flow. The images were taken at 10-kHz, and Figure 5 shows a six-
image sequence as a high-speed IRS example. The Doppler-shifted
frequencies have significant fluctuations due to the high-speed jet
fluctuations and turbulence. The fitted Doppler shift for the
particular image shown in Figure 4 is 706 MHz, which corresponds
to a flow speed of 266 m/s. The Rayleigh-scattering linewidth is
1.86 GHz because of a slightly lower flow temperature.

Fig. 5. 10-kHz IRS image sequence with flow speed of ~ 300 m/s.

Figure 6 shows the jet-flow, center-velocity time-evolution
profile measured with 10-kHz IRS. Sixty measured data points are
shown. The flow velocities fluctuate from 200 m/s to 370 m/s. The
velocity measurement uncertainty is about 20 m/s, based on the
analysis of no-flow conditions. For this flow-speed range, a 10-kHz
repetition rate does not seem sufficiently fast to capture the flow
dynamics. Thus the plan is to apply a 100-kHz rate IRS velocity
measurement in the future. In addition, since multiple points in
the jet centerline are available from each ring location, a time-
resolved, centerline jet-velocity profile is also feasible. With
multiple laser beam passes at different locations, a time-resolved
evolution of the spatial profile can also be obtained as well as a
second, perpendicular component of velocity.

In conclusion, the high-repetition-rate burst-mode-laser-based
IRS velocimetry experiment has been demonstrated at a 10-kHz
rate with time-freezing capabilities of <100 nsec. The laser was
successfully extended for operation in a special “Giant-Pulse”
mode, which allows the pulse width to be stretched from 5 ns up to
1 ps. The linewidth of the burst-mode-laser output at 532 nm that
was measured with an 8.3-GHz etalon and wavemeter yielded a

laser linewidth of < 150 MHz. The flow-velocity evolution within a
10-ms burst has been recorded in a high-speed turbulent jet with
mean velocity of ~ 300 m/s. The IRS measurement uncertainties
were analyzed, and a data fitting program was developed for IRS
image processing.
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