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Abstract 

 

We report single-laser-shot ( 0.3 s) and time-averaged (500 laser shots at 30 Hz 

repetition rate) measurements of static temperature T and Mach number M in the freestream 

of NASA Langley’s 20-inch Supersonic Wind Tunnel (SWT), using a nonintrusive optical 

technique: laser-induced thermal acoustics (LITA).  Although the single-shot LITA T 

measurements show typical standard deviations (SD) of the sample of  4% ( 1- or 68% 

confidence for random errors), the 1-s averages show SDs of the mean T =  0.5 K, or  

0.3% for flow at T  160 K.  The 17-s averages show ± 0.1% SDs of the mean.  Both 1-s and 

17-s averages agree to within about 1% of SWT’s traditional probe measurements.  

Additionally, the single-shot LITA M measurements show typical shot-to-shot SDs of the 

sample of  5% ( 1-), but the 1-s averages indicate 1- SDs of the means M =  0.02, or 

 1% for M = 2.0.  Extending the time averages to 17 s, SDs of the mean are reduced to 

about M =  0.007, or  0.4% (± 1-).  The 1-s and 17-s time-averaged LITA-measured 

Mach numbers also agree with the SWT probe instrumentation to within 1%.  Most of the 

shot-to-shot measurement noise probably arises from the LITA instrument itself (the 

fundamental limit of Fourier transforming a short-duration data series).  Thus the 1-s 

averages only provide upper limits for the temporal stability of the freestream tunnel flow on 

1-s time scales and complement previous work that characterized the SWT spatial uniformity 

of the flow.  They also provide a first noninvasive comparison to the traditional calibrations 

with physical probes, for both the mean and fluctuating components of the freestream. 
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Nomenclature 

 

E  Electric field strength 

fB  Main observed beat frequency = 2  in 3-beam LITA thermometry 

f1  First of two extra beat frequencies in 4-beam LITA velocimetry 

f2  Second of two extra beat frequencies in 4-beam LITA velocimetry 

LITA  Laser Induced Thermal Acoustics 

LO  Local oscillator laser beam for optical heterodyne detection 

M  Flow Mach number = (f2 + f1) / (f2 -f1) for supersonic flow, where f2 > f1 

PMT  Photo-multiplier tube 

P  Test-section freestream static pressure 

Pt  Settling-chamber pressure = total pressure = stagnation pressure 

SNR  Signal-to-noise ratio 

SWT  NASA Langley’s Supersonic Wind Tunnel 

T  Test-section freestream static temperature 

Tt  Settling-chamber pressure = total temperature = stagnation temperature 

UPWT  NASA Langley’s Unitary Plan Wind Tunnel 

VF  Flow speed 

VS  Speed of sound, where Vs = (fB / 2) ×  =  / k 

  LITA soundwave frequency = frequency shift in Brillouin scattering 

k  LITA inverse acoustic wavelength = 1 /  

  Full crossing angle of the two LITA pump laser beams 

  Wavelength of soundwave generated by the two crossed LITA pump beams 

L  Optical frequency of the LITA probe laser ~ 1015 Hz  

  Flow static density 

  Full crossing angle between the transmitted probe laser beam and the Bragg 

reflected LITA signal beam ( / 2 = crossing angle between LITA probe 

beam and the bisector of the two crossed pump beams) 
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I. Introduction 

For good confidence in aeronautical ground testing, the flow conditions of the test 

facility should be well known.  In this report, we present an update on the flow 

characterization of NASA Langley Research Center’s (LaRC) 20-Inch Supersonic Wind 

Tunnel (SWT), a 2-dimensional (2-D), 20-inch-tall, variable-Mach-number supersonic 

tunnel, that was transferred to LaRC from Jet Propulsion Laboratory (JPL).  After relocation 

from JPL to LaRC, SWT was rebuilt, modified, and recalibrated [1] circa 1986.  

Subsequently, some researchers have added to the original tunnel calibration [2], in the form 

of preliminary tasks, before proceeding on to their main research work of interest.  For 

example, time-averaged freestream Mach number M was recently documented with a 1-D 

map using a Pitot probe [3], to characterize the spatial uniformity of the freestream, before 

undertaking the main task of studying boundary-layer transition on a swept wing. 

One of SWT’s long-term goals is a more extensive 3-D mapping of M over the test 

section, to add to the recent Pitot probe-based mapping.  The SWT probe strut is restricted to 

a single line-of-sight in the test section, and so another method is necessary for 3-D mapping.  

Laser-induced thermal acoustics (LITA) is one method under consideration, and the work 

described in this report is a proof-of-concept of the use of LITA in SWT.  Although not yet 

producing spatial maps during the short test window available, this preliminary work did 

result in data showing temporal fluctuations, complementing the previous characterizations 

of spatial nonuniformities.  The data provide upper limits of Mach number and static 

temperature T fluctuations during a tunnel run, but only at a single freestream location. 

LITA thermometry and velocimetry has been repeatedly demonstrated [4-21].  

Despite its relatively lower signal, we chose a nonresonant version of LITA, because it does 
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not require seeding (i.e., a better quality of noninvasive measurement) and it has previously 

demonstrated the ability to measure subsonic [10] and supersonic [11-13] Mach number (w/o 

a calibration) with uncertainties (accuracy) of  1% or less.  In SWT we anticipated better 

signal-to-noise ratios (SNR) due to the higher densities, compared to the earlier work [11-13] 

at NASA LaRC’s Unitary Plan Wind Tunnel (UPWT).  Compared to UPWT, a closed-circuit 

supersonic facility with compressors, we also anticipated smaller freestream flow 

fluctuations in the blow-down design at SWT, due to differences in the quiet-tunnel-inspired 

settling-chamber wall treatments. 

With our previous relatively low-SNR LITA measurements at UPWT [11-13], only 

the low-noise 17-s averages were reported.  Here, with greater SNR in SWT, we show 1-s 

average and single-shot results.  Of the many versions of LITA velocimetry, we chose one [8, 

20] that used a simpler version of optical heterodyning to accommodate the limited test 

window for this work.  Note that we have demonstrated alternative and superior heterodyned-

LITA versions for subsonic [10] and supersonic [11] flows that improve on the present 

results, but they are more labor-intensive and require more preparation and setup time. 

 

II. The LITA Technique 

Laser-induced grating techniques have been under development since the 1980’s [14-

18].  LITA methodologies can be divided into two general classes: those that generate 

traveling acoustic waves (acoustic gratings) from nonresonant electrostriction and those that 

generate predominately thermal gratings along with the acoustic gratings, from a resonant 

optical absorption in one of the sample’s constituents.  In this work, we use only the 

electrostriction approach to minimize the very small perturbation to the flow.  There is no 
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direct optical absorption in the dry airflow (typically a dew point of -90 F) for our 1064-nm 

wavelength pump laser. 

The LITA method of light scattering is schematically illustrated in Figs. 1a-1c.  Two 

crossed beams at angle , from a 10-ns pulsed pump laser, create a transient 10-ns optical 

interference pattern in the region of overlap (ellipsoid of ~ 0.5 mm by 1 cm).  By 

electrostriction, this interference pattern instantaneously launches two, initially overlapped, 

counter-propagating acoustic plane wave packets, with wavelength , into the gas medium 

(Fig. 1a, where the CW probe and LO beams are omitted for clarity of the pump process).  

The electrostriction force vector is proportional to E.  These wave packets travel 

perpendicular to the symmetry axis of the crossed beams.  The lifetime of these transient 

wave packets is ~ 1 s for the conditions at SWT, since they are absorbed by the gas and 

converted into heat.  Illumination of the time-evolving density grating (from the two 

traveling wave packets) at angle , with a second laser (the probe) at frequency L, 

temporarily scatters a small fraction (~ 10-6) of the probe beam power for the lifetime of the 

gratings, where each wave packet scatters its own distinctive beam.  This signal is in the form 

of a Bragg-reflected signal beam that consists of two overlapped and co-propagating 

components that are spectrally distinct (red and blue beams in Fig. 1b, where the the two 

pump beams are omitted for clarity of the interrogation process.).  These two components are 

distinguished by different Doppler shifts   (i.e., the shift  in spontaneous Brillouin 

scattering) determined by the counter-propagating geometry of the two wave packets.  

Electrostriction-based LITA is closely related to stimulated Brillouin scattering.  In this case 

of simple optical heterodyning, the mixing of the two signals on the detector photocathode, at 

frequencies L   (both at ~ 1015 Hz), produces a single modulation of this Bragg-
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diffracted signal at beat frequency .  For our pump laser wavelength 1064 nm and 

crossing angle  ~ 1 deg, fB = 2  ~ 20 MHz and  ~ 40 m.  If the sound-wave reciprocal 

wavelength is k (i.e., wave vector difference of the two pump beams), the two Doppler 

shifts are  = k • ( VS), where  VS are the velocities of the two counter propagating 

wave packets and  VS = the speed of sound (bold-faced quantities denote vectors). 

Measurement of the beat frequency 2 , with known grating wavelength  = 1 / k, 

yields the sound speed.  If the mass composition of the fluid is known, translational static 

temperature T is then determined since T  VS
2.  An instrument calibration is required to find 

 (i. e., measuring the crossing angle  of the pump beams is the same as measuring the  of 

the acoustic wave packet) and is usually done with no flow when the temperature is 

confidently known.  If the flow medium is in motion at velocity VF (assumed to be parallel to 

k and VS) and the temperature remains fixed, the frequencies of the signal beam are shifted 

to L + k • (VF  VS), but the beating at the difference frequency 2  is unchanged.  Thus 

the beat frequency 2  changes only with temperature and not with velocity.  So only 

temperature (not flow velocity) is detectable with this limited 3-input beam setup. 

However, the bulk fluid motion at velocity VF is readily obtained from a modification 

to the temperature-only version.  With a classical (or traditional) heterodyne approach [8, 9, 

and 20], a fourth input beam (green beam in Fig. 1c, where the pump beams are omitted for 

clarity of the interrogation process), a local oscillator (LO) with no Doppler shift at the probe 

frequency L, with optimum intensity is introduced collinearly with the diffracted signal 

beams, and all three are incident on the detector.  The local oscillator mixes nonlinearly with 

the two original signal beams on the detector.  With this more-complicated optical 

heterodyning, the detected signal shows modulation at three frequencies (fB, f1, f2): fB = 2  
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as before, and new signals f1 =  - (k • VF) and f2 =  + (k • VF).  Here f1 and f2 are 

 10 and 30 MHz for Mach 2 flow parallel to the propagation axis of the sound wave 

packets.  After the temporal waveform is digitized, and the three frequencies can be extracted 

by a variety of methods.  The frequency 2  still gives VS and T, again with a suitable 

calibration, while VF is derived from the measured frequency difference, 2 , of the two 

new components, where  = k • VF.  Then VS =  / k, T  VS
2, and VF = VS  /  

=  / k.  Alternatively Mach number M = VF / VS =  /  = (f2 + f1) / (f2 – f1) for 

supersonic flow, where now a calibration of k is not required as it is for a temperature or 

absolute velocity measurements.  The noise is reduced by the ratio computation of the sum 

and difference, reducing the overall measurement uncertainty.  With this heterodyne 

approach, sound speed, temperature, and one component of Mach number (or fluid velocity) 

are determined simultaneously in a measurement time interval of ~ 1 s following a single 

laser pulse.  But the flow direction is not given with this approach. 

A second method for deriving the parameters from the measured frequencies, one that 

does give flow direction, is to fit the data to a model of the LITA signal [e.g., 20 and 21] that 

generally requires assumptions.  This requires having an accurate model and confidence in it, 

which is not always possible.  To avoid potential problems with an uncertain model and the 

assumptions it uses, we choose to use straightforward discrete Fourier transforms to derive 

frequencies from the raw time-domain waveforms.  If the time domain data is converted to 

frequency domain with a real Fourier transform (i.e. not a full complex transform with real 

and imaginary inputs), this approach works fine for most speeds.  But for example, it has the 

disadvantage of trying to resolve two closely separated peaks f1 and f2 for slow subsonic flow 

or trying to resolve f1 and f2 from zero frequency and fB, respectively, at Mach 1.  In other 
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words, frequency peaks of interest for some flow conditions will sometimes lie on non-flat 

baselines arising from nearby interfering peaks, adding a potential systematic error to the 

analysis.  This difficulty of non-flat baselines can be averted by using a third method: 

quadrature detection with two 90-deg-shifted raw data signals and a full complex Fourier 

transform [10].  This method also provides flow direction.  But this quadrature option was 

not practically available due to lack of preparation time and special optics. 

Furthermore, it is time consuming and difficult to maintain the delicate optical 

alignment with this classical version [20] of heterodyne detection.  This type of classical 

heterodyne system includes an alignment of two collinear beams over long path lengths that 

is sensitive to vibrations in non-laboratory applications.  Thus at LaRC, we previously 

developed a new common-path [10] heterodyne approach (the third method in the above 

paragraph) that has three advantages over the traditional collinear heterodyne method.  The 

first is it greatly improves the robustness of classical heterodyned detection, valuable in 

challenging wind tunnel environments with moderate noise and vibration levels that more-

readily misalign the beams.  Even in benign laboratory environments, this advantage of the 

common-path design reduces the amount of repetitive alignment necessary with the classical 

heterodyne setup with an alignment that tends to drift out of optimum adjustment.  Second, 

this method also provides directionality of the velocity measurement.  In brief, this version 

works by imaging the moving gas density gratings onto a fixed Ronchi ruling, providing the 

same spectral information of the classical approach, plus flow direction.  Third, as described 

and used in Ref. [10], this common-path design allows easy acquisition of two orthogonally 

shifted LITA signals to be used as input with a full complex Fourier transform.  With this 

quadrature detection, the frequency peaks of the Fourier transforms lie on flat baselines and 
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give slightly more accurate frequencies.  Again as in the traditional heterodyne approach 

described above, Mach number M = (f2 + f1) / (f2 – f1) without a required calibration.  It is 

expected that some fraction of the instrument system noise will be canceled by the ratio 

computation of sums and differences of the same frequencies, thereby improving the overall 

measurement uncertainty. 

So the common-path approach to heterodyning has three advantages over the 

traditional collinear approach.  Although the first advantage saves time and reduces 

workloads during the labor-intensive periods of the acquisition of significant amounts of data 

required during some wind tunnel applications, the initial setup of the common-path method 

requires more preparation time and special optics.  These resources were not available for 

this first demonstration in SWT, and as mentioned above, we expected larger SNR for SWT 

compared to UPWT.  Therefore we decided to forgo the quadrature-based common-path 

approach of [10 and 11], use the simple classical collinear approach of [8 and 20], analyze 

the raw waveform data with real Fourier transforms instead of full complex transforms, and 

determine frequencies from spectra with non-perfectly-flat baselines. 

 

III. SWT Test Setup 

SWT is a two-dimensional supersonic blowdown tunnel (typical run times of 300 s) 

with a rectangular-shaped test section (18 inches wide by 20 inches tall), that was configured 

for Mach-2 airflow in the present work.  The flexible nozzle plates had not been adjusted 

since the work of Ref. [3], and so the present Mach-2 flow should be nearly identical to that 

described in Ref. [3], with M = 2.03.  Additional details about this facility and the previous 

flow characterization can be found in Refs. [1-3], and citations therein. 
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A schematic of the LITA diagnostic is shown in Fig. 2, including the SWT wind-

tunnel test section, the two lasers (pump and probe), and the fiber optic/photomultiplier tube 

(PMT) detection of the LITA signal.  A magnified schematic of the details of the beam 

crossing region was previously shown in Fig. 1.  The first laser is the LITA pump laser at 

1064-nm, that is Q-switched with 10-ns pulses at a 30-Hz repetition rate.  The beam is split 

into two LITA pump beams (25 mJ per pulse per beam), that are focused and crossed at a 

small angle (~ 1 deg) in the test section flow.  The interference pattern in the ellipsoidal 

crossing region ( 0.5 cm along the beam-travel direction, by  0.5 mm transversely) and the 

short 10-ns pulse duration combine to, effectively instantaneously, launch two counter-

propagating sound-wave pulses transverse to the beam directions.  Initial sizes and pulse-

widths of the sound-wave packets, before they have had a chance to propagate significantly, 

are determined by the focused pump-beam geometry. 

Since a complete measurement can be made for every 1064-nm laser pulse (repetition 

rate 30 Hz), averaging multiple pulses gives time-averaged data of duration of the number of 

pulses times 0.033 s.  Here both 1-s and 17-s averages (averaging 30 and 500 shots 

respectively) are presented.  LITA data was acquired as  17-s long data-streams of 500 laser 

shots, where the analog LITA signal voltage was digitized 2000 times at 1-ns intervals for 

each laser shot.  Each set of 2000 samples is approximately centered on the 10-ns pump laser 

pulse by a pump-laser trigger pulse and pulse delay generator.  Each 17-s, 500-laser-shot 

LITA data-stream is labeled as a single LITA point and numbered.  The LITA system put 

together for this demonstration could acquire only two separate 500-shot data-streams during 

a 60-s SWT run.  Often throughout this document, the terminology LITA Point # to refer a 
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single LITA data-stream of 500 laser shots (17 s long), whether 500 single shots, seventeen 

1-s averages or a single 17-s average is displayed. 

The narrow-band continuous wave (CW) seeder laser, that narrows the linewidth of 

the LITA pulsed pump laser at wavelength 1064 nm, was not used for this experiment.  The 

climate control system was partially broken for the time window of the present test and the 

temperature and humidity of the facility room were not as well controlled as usual.   The 

resulting variations of climate in the SWT facility room seemed to affect the quality of the 

seeding, and, to a lesser degree, tunnel vibrations from wind-on intervals also seemed to 

influence the seeding quality.  Part of the cause of the unreliability of the seeder laser may 

have been due to the advanced age of this seeder.  To reduce the possibility of seeder-based 

pump laser variations (i.e. additional instrument noise) in the middle of LITA data-stream 

acquisitions, we did not use the seeder in the current work; all results presented in this report 

are for the unseeded 1064-nm YAG output with a broadband averaged linewidth of about 1 

cm-1.  Although the LITA instrument worked fine without the seeder, it is probable that use 

of the seeder would have improved the present LITA results by a small degree. 

The second laser is the LITA probe laser at 532-nm, with CW emission that is also 

split into two beams, the upper probe-laser beam shown in Fig. 2 is called the probe and 

transits the crossing region at the Bragg angle for constructive reflectivity.  A small fraction 

(~ 10-6) of this probe beam is Bragg-reflected off each of the two sound waves as an optical 

signal into the detection fiber optic.  The acoustic wave packet lifetimes are limited to ~ 1 s 

by pressure-dependent non-resonant acoustic absorption of the gas for no-flow and slow 

subsonic speeds.  Displacement of the sound packets from the probe beam by the mean flow 

starts to limit the signal lifetime for supersonic speeds.  These two effects combine to give 
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typical single-shot LITA signal durations that are  1 s for 1-atm room conditions with no 

flow and  0.3 s for Mach 2 at SWT (~ 0.2 atm static pressure P).  Since the two sound 

waves travel in opposite directions, the Doppler shifts of the two reflected signals beams are 

different, and thus the square-law detector sees a beat frequency of the difference of the 

Doppler shifts.  This beat frequency of ~ 20 MHz directly gives the sound speed.  Since the 

gas composition is known, the gas temperature then depends on the square of the sound 

speed (or beat frequency) and an instrument calibration in a no-flow condition. 

To measure temperature, only three input beams are needed: the two pumps at 1064 

nm and the probe (upper 532-nm beam in Fig. 2).  To measure Mach number, a fourth input 

beam (the lower 532-nm LO beam in Fig. 2) is introduced to propagate exactly down the 

path of the expected Bragg-reflected LITA signal from the probe beam.  This fourth beam 

acts as a LO, representing a no-flow no-Doppler-shift reference.  The three beat frequencies 

that now appear in the signal give again temperature and one component of flow velocity, 

that require a no-flow calibration, and now Mach number without a required calibration.  In 

both cases (with or without the presence of the LO), the Bragg-scattered LITA signal is 

generated in the crossing region and travels down the path of the LO to the fiber optic input.  

If the LO is present, then the LITA signal beam is perfectly collinear with the LO beam. 

LITA analog signal voltages and other relevant data were digitized and stored on a 

digital-storage oscilloscope (500-MHz analog bandwidth) before downloading to a computer.  

No explicit high-pass filter was used at the input to the oscilloscope for anti-aliasing 

purposes, thus the ~ 300-MHz roll-off of the PMT (50-ohm load) acted as a limiting high-

pass filter.  The high voltage between the PMT cathode and the first dynode was gated at 100 

µs per pump laser pulse to minimize the possibility of saturation and stress on the PMT.  All 



15 

 

 

analysis was done during post processing, using zero padding.  Frequency spectra were 

calculated with the fast Fourier transforms (FFT) routine in LabVIEW, where no windowing 

was used, i.e., the same as using a rectangular (also called flat-top) window. 

 

IV. LITA Results at SWT and Discussion 

Temperature 

LITA temperature results from SWT are shown in Figs. 3-7.  Fig. 3 shows a typical 

single-laser-shot LITA waveform that lasts about 0.3 s, for SWT Mach 2 flow.  The static 

pressure and temperature (P and T) of the flow are 0.22 atm (3.2 psi) and 162 K (292 R) 

respectively, while the tunnel stagnation conditions are labeled with a subscript “t” in the 

figure.  This data is an example for a measurement of temperature only.  It did not include the 

fourth input beam, the LO, and thus only one beat frequency at fB  20 MHz is apparent.  For 

a no-flow 1-atm calibration point, at room temperature, the frequency will increase to  25 

MHz, and the waveform will have a better SNR than that shown in Fig. 3.  Temperature is 

determined from this measured frequency as described in Section II.  Due to the variety of 

units used in this document, Table 1 summarizes the run conditions, in different units, for the 

data of Figs. 3-6 and 9.  The first column contains conditions for two different LITA points, 

while each of the last four columns contains only one LITA point.  The SWT flow conditions 

were originally recorded in psi for pressures and F for temperatures. 
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Table 1: Run Conditions for Data of Figs. 3-6 and 9 

 

Figure #  3, 4, 5      __ 6a        _ 6b         _ 6c         _ 9          _ 

Flow   Mach 2 Mach 2 No Flow No Flow Mach 2 

SWT Run #  8  5  n/a  n/a  13 

LITA Point #  20, 21  12  17  11  40 

Pt (MPa)  0.18, 0.17 0.072  n/a  n/a  0.17 

Pt (atm)  1.73, 1.65 0.71  n/a  n/a  1.66 

Pt (psi)   25.5, 24.2 10.5  n/a  n/a  24.4 

Tt (K)   291, 296 307  n/a  n/a  311 

Tt (R)   525, 534 552  n/a  n/a  561 

Tt (F)   64, 74  92.3  n/a  n/a  101 

P (MPa)  0.022, 0.021 0.0092  0.027  0.101  0.021 

P (atm)   0.22, 0.21 0.091  0.27  1  0.21 

P (psi)   3.26, 3.09 1.34  4  14.7  3.12 

T (K)   161, 164 170  295  298  173  

T (R)   291, 296 307  531  537  312 

T (F)   -169, -164 -153  71.2  77  -148 

(note: 1 atm = 14.70 psi = 0.1013 MPa = 1.013 x 105 N/m2) 

 

A Mach-number measurement, that would include the addition of the fourth input 

laser beam, would look much the same as the trace of Fig. 3, but would exhibit a small-

amplitude “modulation” of the main 20-MHz frequency, at f1  10 MHz and a higher-

frequency component at f2  30 MHz.  At SWT, the Mach-number data exhibited less SNR 

than shown in Fig. 3.  Although not easily visible by eye in the temporal waveforms, because 

of the lower SNR, the 10 and 30-MHz components are better seen in the Fourier transforms 
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of the raw waveforms.  Temperature and Mach number are then determined from these three 

measured frequencies as described in Section II. 

The fast-exponential decay of the sinusoidal oscillation shown in Fig. 3 is the 

combination of acoustic absorption (amplitude  frequency2 (T)1/2 / P) [22], the focused 

beam size and crossing angle, and the mean flow sweeping the acoustic wave packets out of 

the probe beam before the absorption has fully attenuated the wave packet.  Temperature is 

determined from a Fourier transform of the temporal waveform and a pre-flow calibration 

that consist of taking a LITA dataset with no-flow and a well-known temperature.  This 

calibration effectively measures the crossing angle of the two LITA pump beams, that is then 

used for subsequent measurements (e.g., data of Fig. 3) with unknown temperatures.  This 

calibration must be repeated anytime the LITA pump beam crossing angle changes. 

To illustrate the temporal behavior of the airflow for a typical SWT run, Fig. 4 shows 

several SWT-facility data-streams from Run 08 of Test T2020.  In the upper graph, the 

relative values of four recorded facility parameters are plotted on the same arbitrary scale, 

that shows air flow for about 200 s, of which the 100-s interval from time = 580 to 680 s 

labeled on the abscissa is the usable test flow.  The first 100 s, from time = 480 to 580 s, is 

required to bring the air flow on point to the requested test condition.  The yellow curve 

shows total pressure Pt, while the red and blue curves show the two total temperatures Tt 

from two different thermocouples (TC), all measured in the stagnation (settling) chamber.  

The gray curve shows the Mach number, that is measured with the traditional approach of 

comparing simultaneous measurements of freestream pitot pressure and stagnation-chamber 

pitot pressure measurements, and an assumed adiabatic expansion.  In this upper graph, the 
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two red, doubled headed arrows show the locations of the two 17-s LITA data-streams 

(labeled LITA Points 20 and 21) that were acquired during the run. 

The two lower graphs of Fig. 4 each shows all 500 measured frequencies of LITA 

Points 20 and 21, where each plotted symbol (gold open circles) consists of a single-laser-

shot result.  In these two graphs, Fourier transforms have already been performed on the raw 

LITA temporal waveforms of each shot, so that the resulting observed peak beat frequency 

can be plotted on the ordinate axis.  The standard deviation (SD) of the 500-shot samples is 

about ± 2% ( 1- or 68% confidence for random errors).  These fractional precision 

estimates will double when the frequencies are converted to temperature, since flow static 

temperature is proportional for LITA frequency squared.  The blue triangles show a running 

30-laser-shot smooth to illustrate what 1-s data averages would look like.  These frequencies 

will be converted to temperature in Fig. 5.  Three reasonable speculations as to the cause of 

this shot-to-shot noise is, in order of speculated importance, are (1) the fundamental Fourier 

limit of transforming short-duration waveforms like that shown in Fig. 3, (2) changes in the 

beam-crossing angles from wind tunnel vibrations, and (3) changes in the beam-crossing 

angles due to the beam-pointing variations, that occur in both of the LITA lasers. 

Fig. 5 shows the same LITA data as shown in Fig. 4, except for two changes.  First 

the frequencies of  19 MHz have been converted to temperature using a no-flow LITA 

calibration measurement made on the same day, after the pump beam crossing angle was no 

longer being adjusted.  Second both LITA Points 20 and 21 have the 500 frequency 

measurements reduced to 17 measurements by averaging over sequential 30-shot segments.  

The precision of each plotted point is estimated as the SDs of the mean =  0.5 K (± 1-), or 

 0.3% for the flow at  160 K.  Each plotted LITA symbol (filled blue and green circles) in 
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Fig. 5 is a 1-s average (like the running 1-s smooth shown in Fig. 4) and shows how the 

LITA temperature result varies over a 17-s data-stream on a 1-s time scale.  The LITA data 

from Point 21 starts acquisition about 20 s after completing the acquisition of the data for 

Point 20, during a single 60-s SWT run.  But the two points are plotted for convenient 

comparison on a common time frame on one graph, due to the fortuitous slight difference in 

absolute temperature at the two different time intervals of that particular run.  For each of the 

two LITA data-streams, the SWT-facility-derived temperatures (crosses connected by a solid 

curve) from an average of the two TCs in the stagnation chamber and assuming cooling from 

a Mach-2 isentropic expansion are also plotted.  One TC is located 1 ft from the bottom, and 

one is located 1 ft from the top of the  8-ft diameter stagnation chamber.  These TCs are 

positioned downstream of the anti-turbulence screens, by more than 100 times the screen-

wire opening.  The SWT facility temperatures are also sampled at 1-s intervals.  LITA stream 

20 shows excellent average agreement with the facility-derived temperature, while the  1.5-

K (3 R) difference between LITA and SWT temperatures of Point 21 was typically the 

largest deviation that were observed when the LITA instrument was optimally calibrated 

(i.e., data for Day 1 only).  These differences are equivalent to  1% for the freestream static 

temperatures or  0.5% of the stagnation temperatures.  Whether or not the true flow 

temperature time histories look more like the LITA profiles or the SWT-stagnation-chamber-

derived profiles will require further work with multiple in-situ diagnostic techniques, with 1-

s or less time resolution. 

One question that arises when looking at the LITA measurement results of Figs. 4 and 

5 is, “How much of the observed noise in the LITA data is from the LITA instrument as 

opposed to being real flow fluctuations of the freestream flow?”  This question is answered 
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by looking at the three data sets in Fig. 6.  Figure 6 shows three different LITA data points 

for three different gas conditions.  The flow conditions of the data of Fig. 6a (LITA Point 12) 

are similar to those of Figs. 4 and 5.  Each of the three LITA points shows a 17-s history of 

500 laser shots, where a Fourier transform is performed on each individual laser shot to 

determine frequency.  These data are used to help evaluate the relative contributions of true 

flow fluctuations and the LITA-instrument noise to the observed total LITA noise, as 

decribed in Section IV. 

Note the absolute values of the uncertainty levels of the three data sets, accounting for 

the differences in all the ordinate scales for Figs. 4, 5, and the three parts of Fig. 6.  One 

direct observation of Fig. 6 is that the absolute noise levels are the same for the Mach-2 flow 

at  static pressure 0.091 atm in part (a) and the no-flow at a pressure 0.27 atm in part (b).  

Because the flow is expanded and cooled to reach Mach 2, the gas conditions of Fig. 6a are 

three times less pressure and two times less temperature than for Fig. 6b.  Since the LITA 

signal level roughly scales as P2 / T3 [23], these two data sets are expected to have roughly 

the same size signal: net change in signal level for the flow data relative to the no-flow is ~ 

(P1 / P2)
2 / (T1 / T2)

3 ~ (1 / 9) / (1 / 8) = 8 / 9  unity.  The noise of Fig. 6b has only no-flow 

fluctuations and hence is all LITA instrument noise.  Since the noise level of Fig. 6a (with 

flow) is the same as that in Fig. 6b (no-flow), the flow noise is mostly or all LITA-instrument 

noise.  This is the first and main argument that suggests that the noise on the runs with flow 

is dominated by the LITA instrument noise. 

A second way to look at the noise comparison of Figs. 6a and 6b is to note that the 

signal decay times and hence the frequency uncertainties are about the same, since both 

signals occur at relatively low pressure.  And since we expect similar signal levels as noted 
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just above, the SNR levels should also be similar (which is roughly what is observed in Fig. 

6) if the noise level is dominated by the instrument.  Two other weaker arguments can be 

made by comparing Figs. 6a and 6c, and comparing 6b and 6c, but we omit the details since 

the first argument above is all that is necessary to form a reasonable conclusion. 

Thus we argue that the residual noise on the single-shot LITA data does not illustrate 

the true flow fluctuations; the observed noise is essentially all LITA-instrument noise.   Then 

we cannot assign a finite number to the temperature fluctuations of the SWT Mach-2 flow on 

time scales of ~ 1 µs.  What about the 1-s averages?  For the 1-s averaged data, we do not 

have enough data to make the same rough arguments as above.  To be conservative, here we 

simply state that the 1-s averaged LITA results of Fig. 5 can be taken as upper limits for the 

freestream flow fluctuations ( 0.7%) of temperature in SWT on time scales of 1 s.  On the 

other hand, the true flow fluctuations are probably not as small (~ 0.1 R / 300 R = 0.03%) 

as the extremely smooth SWT TC data of Fig. 5, due to the utilized TC time constants that 

approach ~ 1 s.  Additional work is necessary to confidently assign a finite number (with 

uncertainties) to the fluctuations of static temperature in the SWT freestream flow.  At longer 

time scales of 15-30 s, as the tunnel flow slightly heats or cools (as seen in Fig. 4), there is 

excellent agreement between the LITA and SWT data, for the relative temperature changes 

of ~ 2 R. 

A summary of all temperature measurements made in a single day (Day 1) with four 

SWT runs and eight LITA points (two 17-s LITA points or data-streams per SWT run) is 

shown in Fig. 7a.  The absolute LITA temperature values are determined by a single no-flow 

data-stream (with 4 psi pressure in the test section) acquired typically early in the day (before 

running), using a single TC-measured room-air temperature located just outside (external) of 
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the test section.  If the beam alignment changes and requires realignment, a new calibration 

for future data is necessary.  Thus the LITA absolute temperatures with the present procedure 

are ultimately based on a TC calibration.  Although the LITA SDs (precisions) of 500-shot 

means are  0.1%, we see anywhere from “perfect” agreement (i.e., difference less than the 

LITA precision) to small differences of  1% when the LITA temperatures are compared 

with the SWT facility temperatures derived from the stagnation chamber TCs and assuming 

Mach-2 isentropic cooling.  Even if the calibration TC is located outside of the test section 

(as was the case for Day 1), excellent results can be obtained if the test section gas, physical 

structure of the test section, and the room air are all in good thermal equilibrium.  With the 

small differences of 1% or less, again, additional work is necessary to decide whether it is the 

LITA or SWT probe values (or neither) that are truly correct. 

Data from two more days are shown in Fig. 7b, along with the data of Fig. 7a for 

comparison; note the change in the vertical temperature scale in Figs. 7a and 7b.  The three 

days of data in Fig. 7b show all the temperature data from the entire test, in the form of 17-s 

averages (each plotted symbol is a 500-laser-shot average).  The calibration for Day 1 was 

taken with the test section at 4 psi, approximately the static pressure of the test section when 

the tunnel is running at Mach 2 and Pt = 15 or 25 psi, whereas the calibration for Day 3 was 

taken with the test section at 14.7 psi (1 atm) pressure. 

To improve the quality of the LITA calibration, on Day 2, a different thermocouple 

was used to calibrate the LITA data, one that was located inside the test section and mounted 

on the SWT probe strut, much closer to the LITA sample volume.  However, the next day, it 

was discovered that the probe-strut TC was partially malfunctioning and not reliable.  This is 

the reason for the  10% discrepancies of the Day-2 LITA data with the facility data.  On a 
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third day, Day 3, we switched back to using a TC external to the test section, for the 

calibration.  In addition, on Day 3 we were forced to unexpectedly quit working without a 

low-pressure calibration (i.e., test section at  4 psi); however we did have a calibration at 

room pressure of 14.7 psi.  Taking the calibration with a reduced pressure (~ flow static 

pressure) inside the test section is important, since the pressure difference on the large tunnel 

doors can minutely flex the doors, move the door-mounted windows that allow the laser 

beam ingress and egress to the test section, and potentially change the crossed-beam 

alignments.  We speculate this 1-atm calibration is responsible for the  2% discrepancies 

between the LITA-derived and the facility probe-derived temperatures on Day 3. 

To be clear the data on Day 2 is outright wrong (because of the calibration TC failure) 

and are not usually included in formal reports.  We do not consider the data from Day-2 or 

Day-3 to be high-quality data that would be included in final research-related conclusions.  

We show this subpar data in this developmental effort, in the spirit of showing all the data 

and for another reason.  These calibration problems on Day-2 and Day-3 illustrate how 

important the TC calibration is for LITA thermometry.  We have previously demonstrated an 

alternative and superior method [20] for deriving absolute temperatures from LITA, using a 

simultaneous dual-LITA setup that reduces the sensitivity to the calibration.  It utilized two 

independent LITA systems running simultaneously, one with a temperature-stabilized 

reference cell that is used as the very-well-known-temperature calibration for use with the 

unknown-temperature LITA signal from the test sample.  This alternative also reduces the 

statistical noise due to the approximately random beam-crossing fluctuations.  Thus this dual-

LITA system improves the data in two ways, one related to the precision and one related to 

the accuracy.  But this dual-LITA system is more complicated, requires more equipment and 
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time-intensive care taking; hence it is also costlier.  The dual LITA methodology is the 

preferred strategy if the resources are available but was not pursued here due to the limited 

resources and time. 

 

Mach Number 

Only temperature results have been discussed above, but Mach-number mapping is a 

more important goal for the SWT facility characterization.  In this section, we discuss a 

preliminary demonstration of Mach-number measurements in SWT with LITA, illustrating 

the quality of the data possible with the particular setup used here.  The SWT facility Mach 

number was calibrated before the time frame for the present LITA measurements, but the 

flexible-wall settings were not adjusted between the previous calibration and the present 

LITA measurements.  The expected [3] tunnel condition was Mach 2.03  0.003 (the mean 

was measured, and the uncertainties were estimated for the probe determinations of Mach 

number in Ref. [3]).  This facility Mach number was measured from the ratio of Pitot probe 

total pressure measurements from the test section and simultaneous pitot pressure 

measurements in the stagnation chamber.  The pitot probe is mounted on a translatable strut, 

and multiple spatial locations along a line can be observed.  The Pitot probe measurements 

from Ref. [3] were typically made ~ 5 cm above the LITA sample region and were averaged 

for 1 s.  Fig. 8 of Ref. [3] shows a sample of the expected small (M =  0.02) spatial 

variation of time-averaged Mach number over the spatial region accessible by the probe strut.  

The present LITA measurements are confined to a single centerline location.    

As background, the temperature measurements above come from the measured beat 

frequency from optical heterodyning of the two signal beams (red and blue in Fig. 1b) 
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reflected from the two acoustic wave packets.  As described in Section II, a fourth input laser 

beam (labeled LO in Fig. 2) needs to be added to the sample region to make a LITA Mach-

number measurement, by measuring three beat frequencies from optical heterodyne detection 

of these two signals and a LO (green beam in Fig. 1c).  Vibration of laser beams is a typical 

problem to overcome for many laser experiments, especially for heterodyne methods that 

essentially make use of an optical interferometer.  Section II also notes why we did not use a 

common-path method that is effective against environmental vibrations.  Here we tried a 

simpler vibration-reduction technique, one that could be implemented in a short time frame. 

Fig 8 schematically illustrates three strategies for implementing heterodyne detection.  

The first, option (1), the traditional or classical one, has long been used in the literature and 

recently for LITA by others [8 and 9] and us [20].  We have previously demonstrated a 

second strategy, option (2), a superior common-path approach [10] that reduces vibration 

effects, but it was decided to not use it here to speed up the laboratory preparation time and 

the setup time in the wind tunnel.  Thus for this initial SWT work, we decided to try a third 

strategy, option (3), because somewhat by chance, we already possessed the necessary 

special optic.  This effort incurred only a small time-penalty to minimize the detrimental 

effect of tunnel vibrations on the beam crossing alignment, that reduces the LITA SNR. 

This third strategy is also a classical heterodyne approach, but with a minor change to 

the beam splitting.  The idea is to use a single thick optic to split off the LO beam from the 

probe beam as in option (3) of Fig. 8, instead of using a traditional beam splitter composed of 

two independent optics as shown in option (1).  The small residual disadvantage of option (3) 

is that there is only one practical useable thickness of the single-splitter optic.  One cannot 

use just any thickness optic.  However, with the proper thickness and the setup of option (3), 
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the motion of the LO beam relative to the probe beam should be reduced compared to the 

setup of (1); hence phase variations between the signal and the local oscillator should be 

reduced and less noise observed on the signal.  Extending this idea to split the pump laser 

beam into two LITA pump beams should also result in less relative pump beam movement 

due to vibrations, but this was not pursued in the present work because the exact specific 

optic was not readily available. 

As an aside, an improved LITA instrument of the future might consist of two single-

optic beam splitters - one to generate the two pump beams from a single pump laser, and one 

to generate the probe and LO beams from a second single probe laser.  However, here due to 

availability of optics, we used this single-optic beam splitting method only for the probe and 

LO splitting as shown in option (3) of Fig. 8.  We used a traditional two-optic splitter to split 

the pump into two pump beams, as shown in option (1) of Fig. 8. 

Returning to the discussion of the present data, Fig. 9 shows a single 17-s segment of 

LITA-measured Mach number, after modifying the LITA apparatus used to acquire the 

temperature data from Figs. 3-5, by adding the fourth input laser beam to the setup.  The data 

of Fig. 9 is from a different day than the days of Figs. 3-5.  Each displayed symbol is a 1-s 

average (30 laser shots or somewhat less).  As also noted in Fig. 9, The 30-laser-shot 1-s 

averages typically contain only about 20 measurements, since about 10 shots per 1-s period 

were not analyzable because the SNR was lower than for the above temperature 

measurements and thus the FFT results were ambiguous.  Possibly these  10 bad shots can 

be salvaged for use with additional programming, rather than simply calling a commercially-

available FFT routine as we did here.  Here we simply throw away those  10 poor shots, but 
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the other  20 shots give a generally good 1-s average (although now these 1-s intervals are 

not perfectly uniformly sampled every 0.033 s). 

One reason for the poorer quality SNR for the Mach-number measurements is that for 

the day of the data in Fig. 9, we did not get an opportunity to set the probe beam slightly (~ 1 

beam diameter or less) downstream of the pump beams, as should be done for optimal signal 

generation (e.g., see Ref. [11]).  All data presented here are without the probe beam 

translated downstream.  Thus one unanticipated demonstration of the present work is that 

decent (~ 1% uncertainty) Mach-number measurements can be made in supersonic flow 

without translating the probe beam downstream of the pump beam crossing region, as was 

done in Ref. 11.  This beam translation makes the alignment more difficult. 

Black symbols in the left-hand panel show single-shot results, uniformly scattered ( 

± 5% for 1- or 68% confidence limits) around the nominal expected value Mach 2.  The 

blue diamonds in the right-hand panel show the 1-s average results.  The 1- uncertainties for 

the 1-s averages are plotted as blue squares, near zero, in the right-hand graph and are about 

1% of the mean Mach number of 2.  As indicated by a red triangle and noted in red, the 17-s 

average gives a Mach number of 1.992  0.006, where this uncertainty is  1- confidence 

for the mean.  A second 17-s average measurement made about 20 s after the first 17-s set 

illustrated in the figure, during the same run, gave 1.997  0.007, as annotated in green on the 

figure.  This is to be compared to an apparently oscillating local mean Mach number that 

varies spatially from 2.01 to 2.05, derived from probes [3].  Our purely statistical 

uncertainties of ± 0.006 are twice the estimated uncertainty of [3], while our mean is about 

1.5% lower.  However the location of the two measurements differed by several centimeters 

or more, and this difference is similar to the oscillating spatial variation reported in [3]. 
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V. Summary 

We present single-laser-shot (0.3 s) and time-averaged (30 shots at 30 Hz repetition 

rate) measurements of static temperature and Mach number in the freestream of NASA 

Langley’s 20-inch Supersonic Wind Tunnel (SWT), using a nonintrusive optical technique: 

laser-induced thermal acoustics (LITA).  The 1-s temperature averages show 1- ( 68%) 

standard deviations (SD) of the mean of  0.5 K for flow at  160 K.  The 1-s Mach averages 

indicate 1- SD of the means of  0.02 for nominal Mach number 2, while the 17-s average 

reduce the 1- uncertainties to about   0.007.  Both 1-s and 17-s averages generally agree to 

within  1% with SWT’s traditional facility calibrations, for both temperature and Mach 

number. 

For 160-K supersonic flow, LITA temperature measurements show  4% variations 

(1-) for single-laser-shot measurements (essentially all instrument noise due to the limit of 

the Fourier transform of short-duration signals),  0.3% precision (1-) for means of 1-s 

averages (30 laser shots), and  0.1% precision (1-) for the means of 17-s (500 shots) 

averages.  For both 1-s and 17-s LITA averages, comparing to the TC-measured stagnation 

conditions, and assuming isentropic cooling due to Mach 2 expansion, we observe agreement 

to within  1% for the two absolute temperature determinations.  These 1% differences can 

be taken as a first estimate of the LITA accuracies, if the SWT probe-based calibrations are 

taken to be correct.  The total uncertainty for the 1-s measurements is a quadrature addition 

of the precision and accuracy   [(1)2 + (0.3)2]  1%. 

There are very few in-situ measurements (including probes or non-invasive optical 

techniques) of the freestream static temperature for SWT.  The typical way to measure 

freestream temperatures is by assuming adiabatic expansion of the settling-chamber 
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measurements using the measured Mach number.  As discussed in Section IV, taking the 

settling-chamber-based values to be correct is just a simple and conservative method for a 

first assessment of the LITA accuracies.  More realistically, additional work is needed to 

decide which measurement is more accurate for the small differences of ~ 1%. 

For nominal Mach-2 flow, LITA Mach-number data have typical variations of  5% 

for single-laser-shots,  1% for 1-s averages (30 shots), and  0.4% for 17-s ( 300 shots).  

All these Mach-number LITA uncertainties are 1- precision values for the means.  The 

nonintrusive LITA Mach-number measurements agree with the nominal SWT facility Mach 

number to within  1% for 1-s averages and to within  0.4% for 17-s averages.  Again 

taking the SWT probes to be correct, these differences can be used as an estimate of the 

LITA accuracies, and the total uncertainty for the 1-s measurements is  1.4%, after adding 

the two errors in quadrature as   [(1)2 + (1)2]  1.4%.  The nominal SWT Mach numbers 

are derived from Pitot probe stagnation pressure measurements in the test-section and 

simultaneous static-pressure measurements in the stagnation-chamber.  These LITA 

measurements are the first spatially-resolved, nonintrusive determinations of Mach number 

for the SWT facility. 

Since most of the optical measurement noise probably arises from the LITA 

instrument itself (i.e., single-shot measurements that require Fourier transforming a short 

temporal waveform of ~ 1 s), the shot-to-shot LITA noise is not yet relevant from a facility 

point-of-view.  However, the averages provide reasonable upper limits for the stability of the 

freestream tunnel flow on their respective time scales.  The present LITA results show that 

SWT flow has temporal fractional fluctuations of  1% (or less) on a 1-s time scale.  These 
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results complement previous work [3] that has characterized the spatial uniformity for Mach 

number (also about 1%). 

The present LITA results demonstrate near 1% uncertainties for both accuracy and 

precision, for both temperature and Mach number, for averaging times of 1 s.  To make this 

claim for accuracy, we are taking the SWT probe calibrations to be the true values, although 

the probes are intrusive.   This LITA-based work provides a first noninvasive measurement 

for comparison to the physical-probe calibrations and illustrates remarkable agreement for 

the mean component of the freestream flow at SWT. 

Finally as summarized in the last sentence of Section II, the particular version of 

LITA that was employed here [20], due to time constraints, is a non-optimum classical 

heterodyne approach; use of the common-path heterodyne approach of Ref. [11] should 

improve on the present results.  In addition, the pump laser was a multi-mode broadband 

output; use of a seeded, narrow-band version should also improve the present results.  Third 

we did not use a dual-LITA setup for best quality calibration data; use of a dual-LITA 

calibration should also improve upon the present results.  So one might speculate that any 

future LITA work at SWT could obtain better quality results than those presented here, if any 

of these three improved strategies were used.  However facility vibrations should also be 

considered.  Although in this work at SWT, vibrations were not generally a factor, an 

important exception was when the settling-chamber pressure remained at Pt = 20 psi for too 

long (> ~ 5 s), where the SWT structure apparently has a strong vibrational resonance at this 

pressure.  For this situation, the resulting resonant vibration completely misaligned the LITA 

system to the point of eliminating the entire signal. 
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Figure 1a Schematic of two crossed pump-laser beams that are pulsed on for 10 ns, and 

the two counter-propagating sound wave packets that are generated. 
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Figure 1b (Figure 1 continued) Schematic of the time dependence of the detector current 

from the Bragg reflections (red and blue) off of the two counterpropagating 

wave packets (black), from a third continuous laser beam (green). 
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Figure 1c (Figure 1 concluded) Schematic of the time-evolving Bragg scattering (that 

includes three primary frequency components) generated from a more-

complicated optical heterodyning of the Bragg reflections (red and blue) and a 

LO beam (green) on the detector photo-cathode surface. 
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Figure 2 LITA setup schematic for Mach-2 freestream flow at SWT.  Temperature 

measurement requires only input three beams, the probe and two pumps, 

while Mach-number measurement requires the addition of the fourth LO input 

beam. 
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Figure 3 Typical single-laser-shot raw temporal LITA data (without the 4th input LO 

beam) from the SWT freestream, used for a temperature meaurement.  Table 1 

in Section IV shows a comparative summary of the run conditions for all data 

in Figs. 3-6 and 9, including all of the various units that appear in this report. 
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Figure 4 A 600-s history of four SWT flow parameters (upper panel) for a single run 

(SWT Test T2020, SWT Run 08).  There is  100 s of useable runtime 

(maximum plateau of yellow Pt curve) that includes two sequential 17-s data-

streams (lower panel) of LITA-measured-frequencies.  Locations of the two 

LITA data-streams within the 100-s interval are denoted by red double-headed 

arrows, labeled Points 20 and 21 in both the upper and lower panels.  Each 

individual open symbol (gold circles) is the LITA frequency determined by a 

discrete Fourier transform from a single laser pulse, while the filled blue 

circles show a running 30-laser-shot (1-s) smoothing. 

 

 

 

 

 

 

 



40 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Comparison of freestream static temperatures for SWT facility probe-based 

values (red and black curves and stars) to LITA 30-laser-shot (1-s) averages 

(individual blue and green symbols) for LITA Points 20 and 21 of the single 

SWT Run 08 of Fig. 4.  The 1-s standard deviations of the 1-s LITA means 

are about 0.3%, i.e., about ± 1 R. 
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Figure 6 Comparison of shot-to-shot fluctuations of LITA-measured frequencies in Hz 

(i.e., square root of temperature) for three gas conditions: (a) Mach-2 flow at 

static pressure 1.4 psi, (b) no flow at 4 psi, and (c) no flow at 14.7 psi.  Note 

the three different ordinate scales for the three parts. 
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Figure 7a Comparison of freestream static temperatures of one-full-day’s LITA 17-s 

averages (i.e., eight LITA points over four SWT runs on Day 1) to the 

expected probe-based SWT facility static-temperature values. 
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Figure 7b (Figure 7 concluded) Comparison of facility flow static temperatures for all 

three-day’s LITA 17-s averages made over eight SWT runs.  LITA calibration 

TCs that were external to the test section were used on Day 1 (open red 

squares and filled purple diamonds) and Day 3 (filled blue circles), whereas a 

TC inside the test section was used on Day 2 (filled green triangles).  Day-2 

LITA values are ~ 10% low due to the partial failure of the internal SWT 

probe TC (located inside the test section on the adjustable probe strut), that 

was used for calibration of the LITA instrument only on Day 2. 
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Figure 8 Comparison of three methods of beam-splitting and heterodyning, for LITA 

appartuses that may face vibration-challenging enviroments.  The two crossed 

pump-laser beams are omitted for clarity of the different heterodyne schemes. 
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Figure 9 Example of single shot (black dots in left panel), 1-s average (blue diamonds 

in right panel), and 17-s average (red triangle in right panel) LITA Mach-

number measurements, for a single LITA point (i.e., a 17-s, 500-laser-shot 

data stream).  The standard deviations of the 1-s means are shown (blue 

squares in right panel).  The result of a second LITA point (taken 20 s after 

the first point during the same tunnel run) is annotated in green text. 
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