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Introduction

I N THIS Letter, we describe planar laser-induced fluorescence
imaging (PLIF) of nitric oxide (NO) using an injection-seeded,

tunable, pulsed optical parametric (OP) system. By using multiple
high-resolution laser pulses tuned to precise frequency positions in
the NO spectral line shape, measurements of pressure, temperature,
and velocity were obtained in a supersonic underexpanded jet
flowfield. The use of our high-resolution OP system is critical for
obtaining this thermodynamic information, because the spectral
width of the tunable pulsed laser radiation is much smaller than the
spectral width of the molecular resonance, even at low pressures.

Supersonic and hypersonicflows involve strong coupling between
kinematic and thermochemical states. Complete characterization of
such flows requires advanced laser diagnostics for simultaneous
optical measurement of instantaneous kinematic and thermochem-
ical properties with sufficient spatial resolution and sample size. The
use of high-resolution LIF for measurement of velocity, pressure,
and temperature in hypersonic helium flows was first demonstrated
byZimmerman andMiles [1]. Theflowwas seededwith vapor-phase
sodium and a continuous-wave (cw) ring dye laser was scanned over
the sodiumD2 resonance features. Hiller et al. [2] used a cw ring dye
laser to perform velocity imaging measurements in a subsonic jet
flow seeded with iodine. McDaniel et al. [3] used an argon-ion laser
tuned over a small frequency range to perform velocity
measurements in a supersonic underexpanded jet flow seeded with
iodine. Paul et al. [4] used a frequency-doubled pulsed dye laser with
a relatively broad spectral width to perform instantaneous PLIF
velocity imagingmeasurements in an underexpanded jet flow seeded
with nitric oxide. Velocity and thermodynamic information can also
be obtained using filtered Rayleigh scattering as well as molecular
filter-based velocimetry [5,6]. Stimulated Raman spectroscopy [7],

inverse Raman spectroscopy [8], and coherent anti-Stokes Raman
scattering (CARS) [9,10] have also been used for suchmeasurements
in supersonic flows.

Although the measurements that we have performed are not
instantaneous, the laser system that we have developed is ideal for
instantaneous high-resolution LIF imaging measurements when
combined with emerging pulse-burst laser technology [11–13]. The
solid-state OP system can be pumped at much higher repetition rates
than dye lasers, in which bleaching of the gain medium limits the
repetition rate of the pump source. The OP system that we have
developed is injection-seeded with a near-infrared telecommunica-
tions diode laser; this seed laser can be tuned rapidly so that the
frequency can be tuned over the resonance line shape in less than
10 �s. The use of the OP system pumped by a pulse-burst laser in
conjunction with MHz-rate framing cameras [13] could potentially
allow instantaneous PLIF measurements of kinematic and
thermochemical properties in supersonic and hypersonic flows.

Experimental System and Procedure

Figure 1 shows a schematic diagram of the OP system. Similar
injection-seeded OP systems developed by our group have been
described in detail in a previous publication [14]. Briefly, an optical
parametric generator (OPG) consisting of two counter-rotating beta-
barium-borate (�-BBO) crystals is pumped using the third harmonic
output of an injection-seeded Nd:YAG laser. The OPG is injection-
seeded at 1652 nm using a near-infrared distributed feedback (DFB)
diode laser to generate pulsed signal radiation at 452 nm. An optical
parametric oscillator (OPO) cavity is formed by placing two mirrors
around the OPG stage. These mirrors are highly reflective at the
signal wavelength but nearly completely transmissive at the idler
wavelength. The signal radiation generated in the OPO stage is then
amplified using an optical parametric amplifier (OPA) stage,
consisting of four �-BBO crystals. The OPA is pumped by the third
harmonic output of the same Nd:YAG laser. The OPO/OPA system
generates approximately 20 mJ=pulse of 452-nm radiation having
nearly Fourier-transform-limited bandwidth of 220 MHz. The 452-
nm beam is frequency-doubled to generate approximately
1:5 mJ=pulse of ultraviolet (UV) radiation around 226 nm to excite
transitions in the A2��–X2� electronic system of NO. To avoid
saturation effects in the PLIF signal, neutral density filters are used to
reduce the UV energy to about 0:5 mJ=pulse.

High-pressure gas flowed through a solenoid valve before exiting
from a specially contoured convergent nozzle (exit diameter
D� 5 mm) to produce a highly underexpanded jet. The jet
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stagnation pressure was approximately 6 atm. The gas was nitrogen
seeded with 300 ppm of NO. The UV radiation near 226 nm was
formed into a sheet using a cylindrical lens and focused above the
nozzle exit using a spherical lens. A quartz calibration cell filled with
300-ppm NO in N2 at room temperature and pressure was placed in
the path of the laser sheet just before the nozzle exit such that PLIF
images of the calibration cell and nozzle flowfield could be recorded
using the same camera. The UV wavelength was tuned over the
Q2�5� �Q12�5� transition in the ��0; 0� band of NO by precisely
scanning the temperature of the DFB seed laser of the OPO/OPA
system. The opening of the solenoid valve and the camera shutter
were synchronized with the laser pulse using LabVIEW. At each
wavelength, a PLIF imagewas acquired using a CCD camera (Andor
model MCD, DU-440) having approximately 25% quantum
efficiency near 226 nm. In the first set of experiments, the nozzle was
set such that the flow direction and the UV laser sheet were
perpendicular (90-deg case; see Fig. 2). A second set of experiments

was performed by tilting the nozzle such that the laser sheet
intersected the flow at 45 degwith respect to the vertical axis (45-deg
case; see Fig. 2).

Image Processing

At each frequency, the spatial profile of the laser sheet was
recorded simultaneously using NO-PLIF images inside the
calibration cell. Using an appropriate coordinate-mapping technique
for the 90- and 45-deg cases, every raw image of the flowfield was
corrected for the spatial nonuniformity and intensity fluctuations of
the laser beam. For a given pixel location in the flowfield, the
corresponding pixel location inside the cell was chosen by tracing
along the path of the laser beam. For each case, the path of the laser
beamwith respect to the nozzle-flowfield directionwas located using
the images recorded while sliding a knife edge across the laser sheet.

An experimental NO-LIF spectrum from the calibration cell (at
room temperature and pressure) was constructed by integrating over
an appropriately chosen region of interest. Inside the cell, the
temperature (300 K) and pressure (1 atm) were known and a
theoretical NO-LIF spectrumwas calculated at these conditions. The
division of the computed spectrum by the experimental spectrum
gives a correction factor at each laser frequency. The corrected NO-
LIF signal from the flowfield was then multiplied by the
corresponding correction factor to construct the NO-LIF line shapes
for further analysis.

Results

Figure 2 shows the uncorrected and corrected images when the
angles between UV laser sheet and flow are 90 and 45 deg.
Comparing Figs. 2a and 2c with Figs. 2b and 2d, respectively, the
laser intensity spatial variations are accounted for and corrected
fairly effectively via the image processing algorithm. The
intercepting and reflecting shocks (oblique) and the Mach disk
(normal shock) as well as other prominent structural features of the
underexpanded flowfield are clearly evident in Fig. 2. The images
have excellent signal-to-noise ratios (100 or more in the region after
recompression beyond the normal shock) and spatial resolution.

Figure 3a shows theNO spectral line shapes at two centerline axial
locations z. The excellent spectral resolution of our OP system is
evident because the weaker R2�2� line is seen in the low-pressure
region before the normal shock. Right before the Mach disk
(z=D� 1:35), we can fit the experimental line shape well with a
pressure of 0.13 atm. This fit is relatively insensitive to temperature
and the pressure value is in good agreement with that reported
previously [10]. Theflow is recompressed after the normal shock and
the collisionally broadened line shape after the normal shock
(z=D� 1:50) is fit using a pressure of 1.35 atm; again, this value of
pressure is in good agreement with that measured using N2 CARS
[10].

Figure 3b shows the calculated LIF signal intensity before and
after normal shock for the 90-deg case. The relative LIF signal
intensity was calculated using

SLIF � fB�T�NNO

A

A�Q�P; T�
1

�!af1� �2�!�!a����!a
�2g

(1)

where fB�T� is the Boltzmann fraction,NNO is the number density of
NO (molecules=cm3), A is the rate coefficient for spontaneous
emission (s�1), Q�P; T� is the collisional quenching rate (s�1),�!a
is the collisional line width (cm�1),!a is the central frequency of NO
transition, and � is the frequency shift due to pressure (cm�1). We
considered contributions from the Q2�5� �Q12�5�, R2�2� and
P22�12� � P12�12� transitions for our calculations. Pressure and
temperature values along the jet centerline were obtained from N2

CARS experiments and detailed Reynolds-averaged Navier–Stokes
calculations in a similar experiment [10]. The collisional quenching
rate was calculated using literature values for the quenching cross
sections [15]. The exact frequencies and spontaneous emission
coefficients for the above transitions were obtained from a

Fig. 1 Injection-seeded optical parametric system for high-resolution

NO-PLIF imaging of an underexpanded supersonic jet using an OPO/
OPA system; BS: beam splitter, FR: full reflector, �=2: half-wave plate,
OC: output coupler, and Pol: Polarizer.

Fig. 2 NO-PLIF images obtained in an underexpanded jet near

44; 097:22 cm�1; uncorrected images (left) and corrected images (right)

accounting for nonuniformities in the laser sheet using an image

processing algorithm; directions of the flow and laser sheet are indicated.
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comprehensive database for the NO A-X electronic system [16].
Collisional broadening and pressure shift coefficients were
calculated using the best-fit expressions for absorption-line-shape
data measured in a shock tube [17]. The calculated NO-LIF intensity
is sensitive to temperature; however, the NO-LIF line shape is
relatively insensitive to temperature. Therefore, we can fit the
experimental NO-LIF spectra to obtain the collisional width, thus
obtaining an accurate measurement of pressure without knowing the
exact temperature. With measured values of pressure and knowing
other relevant factors in Eq. (1), the temperature is determined from
the ratio of LIF signal intensity across the normal shock.

A slight frequency shift between the line shapes for the 90- and 45-
deg cases right before the normal shock is evident in Fig. 4. By

shifting the frequency of the 45-deg curve until it best overlaps the
90-deg curve, we find that the observed frequency separation is
0:05� 0:01 cm�1. The Doppler shift and the flow velocity are
related via

�!� �V=c0�!0 cos � (2)

where�! is the frequency shift (cm�1),V is the flow velocity (m=s),
c0 is the speed of light in vacuum (m=s),!0 is the center frequency of
NO transition (cm�1), and � is the angle between the laser sheet and
flow direction. For the spectrum shown in Fig. 4, !0�
44; 097:53 cm�1 and we calculate that V � 480� 100 m=s before
the normal shock. For a 100-K temperature, the speed of sound
before the normal shock is 200 m=s. Thus, the corresponding Mach
number before the normal shock is 2:4� 0:5. Based on themeasured
pressure and temperature ratios across the normal shock, the Mach
number upstream of the Mach disk should lie between 2.5 and 3 for
an isentropic flow.

Conclusions

We have demonstrated that injection-seeded optical parametric
systems, which produce tunable laser radiation much narrower than
commercially available dye lasers, are useful for measurements of
pressure, temperature, and velocity in high-speed gas flow. Detailed
images of an underexpanded jet flowfield were obtained from the
fluorescence of 300 ppm NO in N2. The images were corrected to
account for the nonuniform profile of the laser sheet. The narrow line
shape in the supersonic region before the normal shock was fully
resolved, and we obtained good agreement between theory and
experiment for a pressure of 0.13 atm for a 100-K temperature. In the
same region, the bulk flow velocity determined from the measured
Doppler shift is in reasonable agreement with the velocity computed
assuming an isentropic expansion before the normal shock. The
recompression of the flow after the shock was also captured by the
measured LIF line shapes and calculated theoretical fits. The OP
system and LIF techniques that we have demonstrated in this paper
can potentially be used with emerging pulse-burst laser and high-
frame-rate camera technology to perform instantaneous measure-
ments of temperature, pressure, and velocity in high-speed flows.
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