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Measurements of gas-phase pressure and temperature in hypersonic flows are important 

to understanding fluid–structure interactions on vehicle surfaces, and to develop compressible 

flow turbulence models. To achieve this measurement capability, femtosecond coherent anti-

Stokes Raman scattering (fs CARS) is applied at Sandia National Laboratories’ hypersonic 

wind tunnel.  After excitation of rotational Raman transitions by a broadband femtosecond 

laser pulse, two probe pulses are used: one at an early time where the collisional environment 

has largely not affected the Raman coherence, and another at a later time after the collisional 

environment has led to significant J-dependent dephasing of the Raman coherence.  CARS 

spectra from the early probe are fit for temperature, while the later CARS spectra are fit for 

pressure.  Challenges related to implementing fs CARS in cold-flow hypersonic facilities are 

discussed.  Excessive fs pump energy can lead to flow perturbations.  The output of a second-

harmonic bandwidth compressor (SHBC) is spectrally filtered using a volume Bragg grating 

to provide the narrowband ps probe pulses and enable single-shot CARS measurements at 1 

kHz.  Measurements are demonstrated at temperatures and pressures relevant to cold-flow 

hypersonic wind tunnels in a low-pressure cryostat with an initial demonstration in the 

hypersonic wind tunnel.   

I. Introduction 

Fluctuations in hypersonic flows around a flight vehicle can cause loading and deformation on vehicle surfaces 

and have been studied as fluid–structure interactions [1–8].  To better understand these interactions, measurements of 

gas-phase pressure fluctuations are critical to complement surface pressure and structural deformation measurements.  

Additionally, simultaneous measurements of pressure and temperature will provide new insight into compressible 

flow turbulence.  A few methods for performing single-shot, non-invasive, spatially resolved pressure or density 

measurements have been developed including focused laser differential interferometry (FLDI) [9], nanosecond 

coherent anti-Stokes Raman spectroscopy (ns CARS) [10–12], and femtosecond (fs) CARS [13–15].  Other techniques 

such as laser induced fluorescence and filtered Rayleigh scattering have been used to perform planar pressure, 

temperature and velocity measurements but require scanning the laser wavelength and cannot be performed on a single 

laser shot [16,17].  This work focuses on the development and demonstration of a fs CARS temperature and pressure 

diagnostic capability for use in Sandia National Laboratories’ hypersonic wind tunnel, where freestream temperatures 

are typically 35-60 K and freestream pressures are below 1 kPa. [18].  Application of fs CARS in this environment 

has several challenges including the following. 

1. Low gas densities (approximately 5% of atmospheric density) in the hypersonic flow.   
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a. This leads to low CARS signal levels as the CARS signal strength scales with gas density 

squared.  The expected CARS signal level in the hypersonic wind tunnel is 0.25% that of a 

CARS signal recorded at ambient conditions. 

b. The low gas density also leads to long Raman dephasing times and the need for relatively long 

(~10 ns) optical delay lines for CARS-based pressure measurements.  These long delays are 

challenging due to spatial constraints near the large wind tunnel facility and the need to 

maintain spatial overlap of the CARS beams at various delays.  

2. Cryogenic gas temperatures of approximately 50 K in the hypersonic flow.  At this temperature, all 

populated rotational Raman lines are spectrally close to the probe laser line, and the gas temperature is 

based on the relative intensities of only a few (~8) rotational lines.  The pressure measurement is based 

on the relative decays of these same few rotational lines at long probe delays. 

3. Implementation of a complex optical setup in a large facility with limited run times. 

 

This paper focuses on addressing these challenges and presents a methodology to successfully perform 

simultaneous temperature and pressure measurements using fs CARS in cold-flow hypersonic wind tunnels.   

II.  Experiment Setup 

In fs CARS, a broadband fs laser pulse generates a Raman coherence; both pump and Stokes photons may come 

from a single broadband pulse.  The 100-fs pulses used here had enough bandwidth to efficiently excite rotational 

transitions in the pure-nitrogen wind tunnel flow. After initial excitation, the Raman coherence undergoes dephasing 

due to gas-phase collisions.  Higher gas densities lead to faster dephasing rates.  Different rotational Raman transitions 

decay at different rates, with lower J transitions decaying faster.  With ns lasers, pressure measurements can be 

performed by measuring the linewidths evident in the CARS spectrum [12].  With fs lasers, pressure measurements 

are performed by quantifying the J-dependent dephasing by using a relatively large probe pulse delay [13].  One 

advantage of a fs CARS instrument is that pressure-insensitive thermometry can be performed at early probe delays 

when the Raman coherence has not experienced significant dephasing.  In order to extract quantitative pressure data, 

the gas temperature needs to be known and this is accomplished by using two probe pulses, one at an early delay to 

measure the gas temperature, and one at a later delay where significant dephasing has occurred to measure gas 

pressure.  This pressure measurement technique has been demonstrated at bench-top conditions [13,14].  The fs CARS 

technique was chosen for this work as the sensitivity of the diagnostic can be tuned by changing probe time delays 

[13], and the enhanced data rate available with fs lasers (1 kHz) compared to ns laser systems (10 Hz).  Gas 

thermometry in a hypersonic wind tunnel has been performed previously with a fs CARS instrument [19,20]. 

For the work presented here, point CARS measurements were performed in two environments:  a low-pressure 

cryostat used to replicate the temperature and pressure of a cold-flow hypersonic wind tunnel, and the hypersonic 

wind tunnel at Sandia National Laboratories in Albuquerque, New Mexico, USA.  The laser system included a 

regeneratively amplified femtosecond (fs) laser (Solstice, Spectra Physics) producing a 1-kHz pulse train with a pulse 

duration of ~100 fs at 800 nm and a pulse energy of 2.5 mJ.  This radiation was split to form the pump/Stokes laser 

pulse and to pump a second-harmonic bandwidth compressor (SHBC) which produced the probe pulse at 400nm with 

a pulse duration of 6 picoseconds (ps) and a pulse energy of 400 μJ.  The SHBC output was split with ~10% of the 

energy going to the early probe pulse, and the remainder forming the late probe pulse.  Independent time-delay stages 

were used to control the relative timing of the two ps probe pulses with respect to the fs pump/Stokes pulse.  The early 

and late probe time delays were 4 ps and 5–11 ns respectively. An annotated photograph and simplified diagram of 

the laser system are shown in Fig. 1. 
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Fig. 1.  Annotated photograph of the laser system used to perform measurements in Sandia National 

Laboratories’ hypersonic wind tunnel (top) and simplified diagram of the same instrument used to perform 

measurements in a low-pressure cryostat (bottom).  SHBC – second harmonic bandwidth compressor.  VBG 

– volume Bragg grating.   

 

The fs pump/Stokes pulse and the two probe pulses were directed to the hypersonic wind tunnel test section and 

overlapped in a planar configuration with the fs pump in the center and the early and late probes on either side as 

shown in the diagram in Fig. 1.  This arrangement is a two-channel version of a two-beam fs-ps rotational CARS 

technique reported earlier for gas thermometry [21].  The measurement volume length was found to be 2.5 mm long 

in the direction of beam propagation, and approximately 50 μm in the transverse directions.  The final turning mirror 

and focusing lens were mounted on a translation stage to scan the CARS measurement volume to different regions in 

the wind tunnel test section.  The wind tunnel was run at Mach 8 with pure nitrogen and stagnation conditions of 

approximately po = 5.3 MPa and To = 595 K.  Assuming isentropic expansion to Mach 8, the free-stream conditions 

in the test section are estimated to be p1 = 540 Pa and T1 = 45 K.  Immediately after a conical shock from a seven-

degree sharp cone model, the conditions are estimated to be p2 = 1.2 kPa and T2 = 55 K.  These cryogenic temperatures 

are a unique measurement environment for fs CARS measurements.   

The low-pressure cryostat was used as a surrogate environment for technique development and refinement.  A 

photograph of the cryostat is shown in Fig. 2.  The cryostat pressure was set using a vacuum pump and a needle valve 

with a supply of N2; the cryostat pressure was monitored using a convection gauge.  The temperature of the cryostat 

was set using a flow of liquid N2
 to cool the gases in the device, and the internal gas temperature was monitored using 

a thermocouple placed near the CARS measurement volume.   
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Fig. 2.  Photograph of the low-pressure cryostat used in this work to simulate the temperature and pressure 

found in the hypersonic wind tunnel.  

 

 

III. Results and Analysis 

Sample fs CARS spectra recorded in the hypersonic wind tunnel at Ma = 8 are shown in Fig. 2 along with best-fit 

theoretical spectra.  High CARS signal levels were observed for measurements performed in the freestream and after 

the oblique shock (not shown here).   

 

 

 

Fig. 3.  Sample fs CARS spectra recorded in the free stream of a Ma = 8 hypersonic wind tunnel run along 

with best-fit theoretical spectra. 

 

One of the main challenges encountered was the balance between using enough pump/Stokes laser energy to 

achieve usable signal levels, but avoiding intrusive perturbations to the flow.  For many of the measurements 

performed to date, the laser energies used proved to be too high which led to unrealistic best-fit temperatures as shown 

in the plot on the right-hand side of Fig. 2 where the best-fit temperature of 180 K is not realistic for this cold-flow 

facility.  These results led to a study in the low-pressure cryostat on the effect of pump pulse energy on fs CARS 

thermometry at conditions relevant to a cold flow hypersonic facility.   

CARS spectra were recorded in the cryostat with a measured gas temperature and pressure of 104 K and 5 Torr,  

respectively.  CARS spectra were recorded with pump energies of 51–390 μJ and are shown in Fig. 4.  The CARS 

spectra were normalized based on the amplitude of the spectral peak near a Raman shift of 74 cm-1.  For pump energies 
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above about 100 μJ, the pump beam was observed to significantly perturb the gases, leading to a CARS spectrum with 

higher intensities at larger Raman shifts than the unperturbed measurements.  Based on these results, it was determined 

that a maximum pump energy of 100 μJ should be used in the current experimental setup for measurements in the 

hypersonic wind tunnel.   

 

 

. 

 
 

Fig. 4.  Sample fs CARS spectra recorded in the cryostat with pure N2 at T = 104 K, p = 5 Torr, with various 

pump pulse energies.   

 

The use of the SHBC to produce a ps-duration, spectrally narrow probe pulses allowed measurements to be 

performed at the laser repetition rate of 1 kHz [22,23].  As discussed above, the output of the SHBC was split to form 

the early and late probe pulses using a polarizing beam splitter.  The 400-nm SHBC beam had some significant energy 

in the spectral wings.  Some of this probe light was transmitted through the analyzer polarizer and an angle-tunable 

short-pass filter, and recorded simultaneously with the CARS signal.  This was problematic for measurements in the 

hypersonic wind tunnel at conditions with low signal levels such as low pump energies and large probe delays.  In 

some cases, the wings of the probe spectrum obscured the CARS signal.  To overcome this, a volume Bragg grating 

was installed near the exit of the SHBC, and the diffracted light from the grating was used as the probe beam.  An 

annotated photograph of this setup is shown in Fig. 5.  The volume Bragg grating diffracted a portion of the incident 

beam from the SHBC.  Other CARS instruments have been built with various methods of filtering the output of an 

SHBC [24–26]. 
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Fig. 5.  Annotated photograph showing the arrangement of the volume Bragg grating near the exit of the 

SHBC to remove spectral wings from the 400-nm probe pulse.  

 

The use of the volume Bragg grating removed the spectral wings from the 400-nm probe beam.  Probe spectra 

recorded with and without the volume Bragg grating are shown in Fig. 6.  In addition to removing the spectral wings, 

the volume Bragg grating also narrowed the probe beam spectral width, as shown by the full-width half-maximum 

(FWHM) values listed in Fig. 6, which enhanced the spectral resolution of the CARS instrument.  

 

 

 

Fig. 6.  Probe pulse spectra recorded with (solid lines) and without (dashed lines) the volume Bragg grating.  

The upper blue lines labeled ‘E’ are the early probe pulse, and the lower red lines labeled ‘L’ are the late 

probe pulse. The measured full width at half-maximum (FWHM) values are shown in the figure. 

 

The CARS signals generated from the interaction of the early and late probe pulses were spatially separate.  A 

polarization scheme was used to isolate the CARS signals from the intense probe radiation [21], and both CARS 

signals were directed into a single spectrometer.  The two CARS signals were stacked vertically at the entrance to the 

spectrometer and a single camera (Newton EMCCD, Andor), was used to record both signals at the laser repetition 

rate of 1 kHz.  To achieve this, the camera was run in crop-mode, with the active area reduced to 350 pixels wide by 

80 pixels tall; 40 pixels were binned vertically for each CARS signal.  The vertical shift speed of the camera read out 
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was 4.88 μs, and the pixel readout rate was 3 Mhz.  The electron multiplying gain function of the camera was not 

used.   

Using a pump energy of 84 μJ, and the volume-Bragg-grating filtered probe pulse, CARS spectra were recorded 

in the cryostat and fit for temperature and pressure.  Single-laser-shot CARS spectra recorded in the cryostat at T = 

104 K, p = 5 Torr, with early and late probe delays of 5 and 5000 ps, respectively, are shown along with best-fit 

theoretical spectra in Fig. 7.  Histograms of best-fit temperatures and pressures from 100 such single-shot CARS 

spectra are shown in Fig. 8. 

 

 

 

Fig. 7.  Single-laser-shot shot CARS spectra recorded in the cryostat at T = 104 K, and p = 5 Torr are shown 

along with best-fit theoretical spectra, the residual of the fit, and fitting parameters including the measured 

temperature and pressure. 

 

 

Fig. 8.  Histograms of best-fit temperature and pressure from 100 single-laser-shot shot CARS spectra 

recorded in the cryostat at T = 104 K, and p = 5 Torr. 
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The average best-fit temperature for these cryostat conditions was 83.3 K which is significantly lower than the 

thermocouple-based measurement of 104 K.  We suspect that this discrepancy is at least partially a result of heat 

conduction to the thermocouple from the cryostat housing where the thermocouple was mounted.  The cryostat wall 

temperature was close to ambient temperature.  The CARS measurement was performed in close proximity to a liquid-

nitrogen-cooled surface, and it is not surprising that the gas temperature would be very similar to that of the liquid 

nitrogen.  The average best-fit pressure was 7.0 Torr which is significantly higher than the convection-gauge 

measurement of 5 Torr.  This discrepancy could be the result of inaccuracies in the Raman J-dependent linewidths at 

these temperatures.  These discrepancies are the subject of continued research.   

IV. Conclusion 

A fs CARS instrument for temperature and pressure measurements in Sandia National Laboratories’ hypersonic 

wind tunnel is being developed and the current measurement capability has been presented.  A broadband fs laser 

pulse excited many rotational Raman transitions in the gas flow, and the Roman coherence is probed by an early and 

a late probe pulse.  It was found that excessive amounts of pump energy lead to flow perturbations and spuriously 

elevated CARS temperature data recorded in the hypersonic wind tunnel. Limits on the amount of pump energy were 

determined using a low-pressure cryostat to simulate wind tunnel conditions.  The use of a second-harmonic bandwidth 

compressor was demonstrated for two-channel CARS spectra acquisition at 1 kHz using a single detection system.  A 

volume Bragg grating was used to spectrally filter the SHBC pulse to remove spectral wings and narrow the ps probe 

pulse.  Simultaneous temperature and pressure measurements were performed in a cryostat at conditions similar to 

those found in the hypersonic wind tunnel.  
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