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The Rayleigh scattering signal from femtosecond laser pulses is examined for its utility at 
making instantaneous density measurements in the NASA Langley 0.3-m Transonic 
Cryogenic Tunnel. An electron-multiplying CCD camera is used to visualize Rayleigh 
scattering signal taken concurrently with velocity measurements utilizing the femtosecond 
laser tagging velocimetry technique (FLEET). The results indicate a strong potential for 
making instantaneous measurements. Viable single-shot images are obtained over the full 
operational envelope of the facility, and shot-to-shot variations are found to be on average 6 
percent (at 95 percent confidence level) and tend to decrease as the facility density is 
increased. The Rayleigh scattering signals observed before the optical focus exhibit a 
characteristically linear dependence on the mass-density of the gas, while signals after the 
focus exhibit a nonlinear (sublinear) density dependence, indicative of stronger absorption at 
higher densities. The measured Rayleigh scattering signals compare favorably to theoretical 
assessments made at the tunnel operating conditions. 

I.  Introduction 
PTICAL measurements in high-pressure, cryogenic wind tunnels have proven difficult since their inception. 
The rugged construction, limited optical access, oxygen-free operating conditions, and potential for 

condensation/frost and large density variations over long path lengths that are characteristic of such facilities are 
often prohibitive to the application of most conventional optical techniques. Over time, special cryogenic variants 
and modifications to familiar optical diagnostics have enabled modest, though limited successful applications. 
Temperature sensitive paints have been used prominently for the study of laminar-to-turbulent transition in transonic 
cryogenic tunnels (TCTs).1,2 Reliable cryogenic versions of pressure sensitive paints to measure surface pressure 
distributions are still in development,3  though modern, lifetime-based variants have shown significantly improved 
sensitivity than older formulations.4 Velocity measurements have proven challenging in high-pressure, cryogenic 
wind tunnels due to the particle seeding requirements of many common techniques such as particle image 
velocimetry (PIV) and laser Doppler velocimetry (LDV), which have the potential to cause significant 
contamination of flow circuits. Successful applications of both PIV5 and Doppler global velocimetry6 have been 
completed in the European cryogenic wind tunnels. At the NASA TCT facilities, notably the National Transonic 
Facility (NTF) and the 0.3-m 
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density that is correlated with simultaneous FLEET velocity measurements, yielding time-correlated, multi-
parameter measurements. Instantaneous signal levels were sufficiently high over the full operational envelope of the 
NASA 0.3-m TCT facility to enable instantaneous (~100 fs duration) single-laser-pulse measurements.  

 

Appendix I. Theoretical Rayleigh Scattering Intensity Estimations 
In order to estimate the expected Rayleigh scattering signal intensity to confirm the molecular origin of the 

observed signals, a theoretical model of the experiment was constructed. The simulations started by modeling the 
equipment used in the experiments. The fs-laser pulse had a center wavelength of 800 nm and a bandwidth of 20 nm 
(full width at half-maximum). Figure A1.a shows the initial laser spectrum used in these simulations. This broad 
laser line complicates the calculation of the Rayleigh scattering intensity because the Rayleigh scattering cross-
section, index of refraction, transmission of the collection bandpass filter, and quantum efficiency of the camera 
sensor all have non-trivial wavelength dependences. The collection bandpass filter had a center wavelength of 800 
nm and a pass-band 25 nm wide; the transmission of this filter is shown in Fig. A1.b.19 The EMCCD sensor 
quantum efficiency varied from roughly 90 percent at 700 nm to 38 percent at 900 nm. Figure A1.c shows the 
wavelength dependence of the sensor quantum efficiency.20 

 
Figure A1. Rayleigh scattering simulation parameters. a) Initial laser spectrum, b) bandpass filter transmission 
curve, and c) EMCCD sensor quantum efficiency. 

 
Calculating the Rayleigh scattering intensity requires the evaluation of the observed Rayleigh scattering cross-

section. The total Rayleigh scattering cross-section is given by Eq. A.1, while the differential cross-section is given 
by Eq. A.2:21,22,23 
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In Eqs. A.1 and A.2, �0 is the number density of the gas, �J is the real index of refraction of the gas, �(�Þ is the 
effective King correction factor, which is associated with the depolarization caused by the non-spherical charge 
distribution of molecular nitrogen. The angle, �ö, is the angle between the direction of observation and the direction 
of the induced dipole oscillation in individual molecules. The differential cross-section differes from the total cross-
section in that it has not been spatially integrated over a particular collection volume. Each collection system 
subtends a slightly different portion of the entire volume in which scattering can be observed. Consequently, the 
observed cross-section (the intergral of the differential cross-section with respect to the collection system) will 
always be less than or equal to the total cross-section. Further, the index of refraction (Eq. A.3, Ref. 24) and King 
correction factor (Eq. A.4, Refs. 22,25,26, and 27) for nitrogen can be expressed as: 
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Equations A.3 and A.4 rely on the wavenumber (�å�§ [cm-1]) rather than the wavelength. Additionally, the index of 
refraction has a density dependence, which is referenced in Eq. A.3 against the density at STP, �é�â. 
 Procedurally, the simulations were initiated by calculating how many photons were present at each wavelength. 
This was done by first specifying the total initial pulse energy (1 mJ) and multiplying the spectral intensity of the 
laser pulse by the photon energy at each wavelength. The product of the spectral intensity and the photon energy 
was then summed over all wavelengths, and the total pulse energy was divided by this quantity to find a scaling 
factor. The number of photons at each wavelength was calculated as the initial spectral intensity multiplied by this 
scaling factor. The simulations then continued by specifying a gas density and calculating the differential cross-
section for each wavelength considered. The observed scattering cross-section, �ê�Ë�Ì�á�â�Õ�æ�ä, was then calculated by 
integrating Eq. A.2. over the observation solid angle. The ratio between the observed cross-section and total cross-
section was roughly 8 percent, with a large (roughly a factor of 2) uncertainty due to the overall geometric 
uncertainty in the optical setup. The number of observed photons at the camera sensor was then calculated as: 
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�0�
  and �0�
�á�â in Eq. A.5 are the current and initial number of photons at each wavelength, �6�â�ã�ç is the transmission of 
the optical system, which includes losses associated with the broadband mirrors and losses at each optical interface 
(8 surfaces total in the experimental setup) estimated lie between 42 and 72 percent, �6�Ù�Ü�ß�ç is the transmission of the 
collection bandpass filter (as a function of wavelength), and ���V is the width of the flow subtended by a single pixel 
on the sensor. This formulation sums the photons scattered within thin cross-sections of the conical, converging 
laser profile. Implicitly assumed in this formulation is that the laser has a uniform spatial intensity profile and further 
that the observed scattering cross-section does not vary substantially within the laser volume. While the laser does 
not have a uniform profile in practice, the summation through the beam cross-section averages out to the same 
number of photons and was an assumption made to simplify the analysis. Finally, the signal was calculated as: 
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In Eq. A.6, �) is the on-chip gain of the sensor (160), �%�¿�Ð is the full-well capacity of each pixel (800 k�A�?), �& is the 
maximum number of counts for each pixel (16-bit, 65535), and the integral is the total number of photoelectrons 
initially freed on the EMCCD before gain. In the actual experiment, the signal was distributed over 17 pixels and 
was then summed, whereas in the simulations the sum over the beam cross-section was calculated first and was then 
translated to pixel counts. Ultimately these processes are the same, but the simulations simplify the optical setup 
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rather than modeling the scattering in a pixel-wise fashion. These calculations were then repeated for several 
densities ranging from 0 kg/m3 to 15 kg/m3 and for the range of system transmissivities (�6�â�ã�ç). The upper and lower 
limits of the estimated signal intensity are presented in Figure. 5a along with the signal encountered in the 
experiment. 
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