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ABSTRACT   

This paper presents results from simultaneous measurements of fluid density in a sonic underexpanded jet and the 
distortions of wavefronts transmitted through it. The density measurements were carried out using Rayleigh scattering, 
and the optical distortions were measured using a wavefront sensor based on instantaneous phase shifting interferometry. 
The measurements represent a preliminary step toward relating wavefront distortions to specific flow structures. The 
measured density field is used to compute the phase distortions using a wave propagation model based on a geometric-
optics approximation, and the computed phase map shows reasonable agreement with that provided by the wavefront 
sensor. 
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1. INTRODUCTION  
For the development of optical sensors on airborne platforms, it is important to account for the aero-optical effects along 
the optical path between target and sensor that cause distortion and tilt. The motivation behind this research is that the 
performance of laser-based and optically-guided systems is strongly affected by aero-optical effects. These effects limit 
the capability of systems in resolving images with high resolution as well as projecting high optical energy densities [1-
2].  Methods for aero-optics corrections include adaptive optics to compensate for distorted wavefronts, non-linear optics 
to produce self-correcting phase conjugate wavefronts, and flow control to either minimize the effect or change the flow 
into a manageable form. Flow control methods depend upon a capability to relate wavefront distortions to the specific 
flow structure which enable understanding and methods of dealing with it. Aero-optical studies of the effects of flow 
must measure the flow structure because knowledge of the wavefront information alone is not sufficient. Flow control 
can range from employing fairings, boundary layer suction, blowing, window placement, or even directing the pilot how 
to maneuver the aircraft. In that sense, every optical instrument on an aircraft must, in the end, deal with the aspect of 
flow control.  

When an optical wavefront passes through an aerodynamic flow, its phase and amplitude are modulated, resulting in 
distortion and loss of optical information and energy. Its phase is modulated by diffraction, and spatial and temporal 
variations in refractive index. Refractive effects cause 1) image shift, also known as boresight error, 2) wavefront 
distortion, also known as image blur, and 3) beam jitter, which is a kind of time varying boresight error. Linking 
distortions to the flow structure is critical for optimal implementation of flow control methods to understand and correct 
aero-optical effects.  

Existing literature focuses largely on determining the time-averaged near-field wavefront distortion in terms of phase 
difference or root mean square of the optical path difference (OPDrms) to estimate the far field optical degradation. There 
is a dearth of information about the aberration coherence length, also known as the spatial bandwidth, and the spatial and 
temporal frequencies associated with the time varying optical distortion [3-5]. Interrogation through direct optical 
methods with sensors such as the Malley probe [6] and wavefront sensors using phase shifting interferometry [7] enables 
the gathering of large amounts of wavefront information of a rapidly changing optical field. Gordeyev et al. [3] 
complemented Malley probe measurements with simultaneous measurements of the flow field using hot-wire 
measurements in their investigations of flow over a turret, and correlated optical aberrations with the large-scale 
structures in the flow field. Thurow et al. [8] performed flow visualizations in a high-speed jet flow at a MHz rate using 
a pulse burst laser simultaneously with wavefront measurements using a Shack Hartmann wavefront sensor to investigate  
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the effects of flow structures on the aero-optical characteristics. Dimotakis et al. [9] performed simultaneous imaging of 
optical distortions and the turbulent index of refraction field in compressible mixing layers, and concluded that the 
spatial wavefront-phase behavior is dominated by the large-scale coherent structures. In a recent study by Reid et al. 
[10], planar density fields were obtained using laser-induced fluorescence in a high-speed flow past a turret and the 
obtained measurements were used to compute the optical path difference. 

Depending on the beam diameter relative to the turbulence scales, the degradation results in adverse effects such as 
defocus, beam jitter, beam steering, etc. Thus, it is important to measure the density structures and their spatial extent, 
flow statistics, and density fluctuations since they are directly related to index of refraction fluctuations. In this study, 
simultaneous measurements of density using Rayleigh scattering (RS) and wavefronts using a wavefront sensor are 
carried out in ambient conditions in a high-speed jet flow, and these experiments should help in the understanding of the 
connection between the flow field and the associated optical degradation by correlating features of the flow with the 
distorted wavefronts. The knowledge obtained from this study should help towards the design of a flow control system to 
mitigate the aero-optical effects or to force the flow to a more predictable state that is amenable for corrections using an 
adaptive optics system. 

2. EXPERIMENTAL APPARATUS AND MEASUREMENT TECHNIQUE  
2.1 Rayleigh Scattering (RS) 

The experimental setup for the simultaneous acquisition of density using RS and wavefronts using a wavefront sensor, 
called a PhaseCam, is shown in Figure 1. The flow apparatus generates an underexpanded jet at Mach number of 1.4 
using nitrogen as the test gas. The jet nozzle used in this apparatus is a converging nozzle with an exit diameter of 9 mm 
in a co-flow with a diameter of 28.1 mm (see Figure 2). The measurement of planar density using Rayleigh scattering 
was performed in a previous study by George et al. [11] using the same jet flow apparatus and flow conditions. It should 
be noted that the use of the co-flow is to prevent ambient air entrainment and dust particles. 

 
Figure 1: Schematic of the setup used for simultaneous measurements with an RS system (green) and wavefront sensor 
(red), PhaseCam. The inset figure shows the overlap region between the laser sheet (for RS measurements) and wavefront 
sensor beam. 

 
Figure 2. Inner jet nozzle along with co-flow nozzle. 
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For the Rayleigh scattering experiments, the beam from an injection-seeded, frequency doubled, Nd:YAG laser with Q-
switched pulses of about 7-ns duration, wavelength of 532 nm, and an energy per pulse of 800 mJ, is passed through a 
half-wave plate (not shown) to optimize the direction of polarization for maximum Rayleigh signal. The beam is passed 
through a cylindrical lens to generate the sheet, and light scattered by nitrogen molecules in the jet flow is imaged onto 
an intensified charge coupled device (ICCD) camera. The camera used for the measurements is a model PI-MAX4 from 
Princeton Instruments, with an array size of 1024×256 with a quantum efficiency of about 12 percent at 532 nm, low 
readout noise, and large well capacity. A sequence of images is stored in random access memory on the camera during 
acquisition, then downloaded to a computer. The light scattered by the molecules is proportional to density, and the 
methodology of obtaining quantitative density using Rayleigh scattering is described in detail in George et al. [12].  

2.2 Wavefront Sensing 

To measure wavefront distortions, we use an instantaneous, spatially phase-shifting, dynamic interferometer (PhaseCam) 
that obtains, directly, the phase of the wavefront of interest by producing four, simultaneous, phase-shifted 
interferograms in a single camera frame. Three independent interferograms would be sufficient, but the fourth improves 
phase resolution by improving the signal to noise ratio. This interferometer is constructed using a pixelated phase-mask, 
made up of groups of four pixels, aligned to the detector array. The phase mask provides four different relative phases on 
two collinear and orthogonally polarized reference and test beams. Four phase-shifted interferograms are then produced 
by using each of the four pixels in each group to build up four independent image/interferograms. Typically, a base line, 
reference phase map is produced and is then subtracted from subsequent phase maps to compensate for aberrations or 
intensity variations in the system. The phase-difference between the two beams can be calculated using a conventional 
four bucket algorithm, or by spatial convolution. In the present setup, the light source is a continuous wave (CW) laser 
with a wavelength of 532 nm, and an acousto-optic modulator (AOM) to shutter the CW beam. The PhaseCam setup for 
wavefront measurements is shown schematically in Figure 3. A photograph of the setup used for the simultaneous 
measurements is shown in Figure 4. The overlap region denotes the common region between the PhaseCam 
measurement beam (red) and the planar laser sheet (green) used for Rayleigh scattering, and a magnified view of the 
overlap region is shown in Figure 5 (a). Separate laser sources, albeit of same wavelength, are used for the two 
simultaneous measurements. The position of the PhaseCam beam relative to the jet axis is shown in Figure 5 (b). Sets of 
20 interferograms are acquired, with each interferogram synchronous with a planar density image at an acquisition rate 
of 1 image/interferogram per second, and these interferograms are used to obtain the wavefront phase and phase 
difference. 
 

 
Figure 3: PhaseCam setup for wavefront measurements. 
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Figure 4: Set up for simultaneous measurements with RS system and wavefront sensor (PhaseCam) 

 
Figure 5. (a) Magnified view of the overlap region denoting the areas of simultaneous acquisitions, and (b) photograph of 
the PhaseCam beam near the nozzle exit plane. The edge of the planar laser sheet used for Rayleigh scattering is coincident 
with the jet centerline, which is marked by a rod in this image, and the laser sheet bisects the PhaseCam beam.  
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3. RESULTS AND DISCUSSION 
Figure 6 (a) presents an instantaneous streamwise image (along the jet axis) of the density field. The two vertical lines 
indicate the flow region where the PhaseCam wavefronts traverse. Figure 6 (b) shows the corresponding wavefront for 
the same density field. The optical path difference is measured in terms of waves, ΔΦ/360 with λ=532 nm and ΔΦ is the 
phase difference. The spatial variations in the density field correlate well with the wavefront measurements. Towards the 
left of Figure 6 (b), the wavefronts transit through the expansion cell and towards the right, they transit the compression 
cell and the density rise from the left to right is reflected in the phase changes as seen from the X slice of the image. 
Further, the slice also shows a sharp increase in the phase gradient at the location of the origin of the compression cell 
(shock diamond). Figure 7 (a) presents an averaged streamwise image of the density field and is based on 1200 images 
[11], and Figure 7 (b) represents the corresponding averaged 2-D wavefront computed from 20 instantaneous wavefronts 
provided by the wavefront sensor. The overall features of the averaged wavefront match well with those exhibited by the 
individual wavefronts. 

 
Figure 6: (a) Instantaneous planar density field, and (b) Corresponding instantaneous phase map shown in terms of waves. 

Density is measured in the plane of the laser sheet and the green line denotes the end-view of that plane.  
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Figure 7: (a) Averaged planar density field based on 1200 images, and (b) Averaged Optical wavefront in terms of waves. 
Here too, the green line denotes the end-view of the laser sheet which is used to obtain the planar density field. The 
similarity of the phase shift along the line to the measured density is evident. 

3.1 Computing the wave distortions from density measurements  

Computing the wave propagation from density measurements can be done in several ways. In the present case, we use a 
geometric optics approximation combined with phase screens placed along the optical path. We proceed by adding phase 
screens consisting of wavefront retardations of finite depth since the initial wave is approximately planar. Subsequently, 
we added Fresnel diffraction to this simulation by propagating the wavefront between each phase screen [13]. We 
generated the grid of density elements by taking a planar Rayleigh measurement, converting it to relative density 
estimates, and assuming an axisymmetric gas column so that we can simply rotate the planar density distribution around 
the central axis to model the 3-dimensional density distribution as axisymmetric. The density elements were then 
converted into phase retardations by using the linear relation between refractivity (n-1) and density ρ of the Gladstone-
Dale coefficient, k [14], which is  

 (n-1) = kρ. (1) 

Since the absolute refractive index variation is relatively small, we took the background refractivity for nitrogen at 
standard temperature and pressure and simply scaled it by the relative density. Each finite phase retardation of depth Δd 
is 2πnΔd/λ, from which we computed from the densities. The phase shift, ΔΦ, is then given by  

 ΔΦ=2π(1+(nSTP-1)ρ/ρSTP)Δd/λ. (2) 

For convenience, we made the phase screen spacing equal to the radial pixel spacing. The MATLAB code executed 
quickly for a 28×28 image (28×55 grid), and from our average density map we computed the unwrapped wavefront map, 
which is shown in false color in Figure 8. It is seen that the maximum computed phase shift, seen at the center of the 
diamond, is about 3.9 waves. 
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Figure 8. Computed wavefront shift in waves. 

Although these results can be compared qualitatively to the PhaseCam measurement shown in Figure 7, neither provides 
the whole story, and thus measurements of both density and wavefronts are needed.  We can see, as would be expected, 
the wavefront variations shown in the PhaseCam phase image compare well with those computed from the measured 
density field, around 3.0 waves at the maximum. This implies that using a wave propagation model is useful and 
complementary to direct wavefront measurements for estimating the effects of density field changes that may be induced 
by flow control  

4. CONCLUSIONS 
The optimization of flow control methods that employ aerodynamic fairings, boundary layer trips, gas injection, and 
boundary layer suction, etc., requires the understanding of phenomena within the flow itself and not just the effects on a 
wavefront that passed through it. Therefore, measurements of both flowfield and wavefronts are needed. The present 
experiments demonstrate the capability of simultaneous measurements of the density field using Rayleigh scattering and 
the wavefronts using a wavefront sensor. The results demonstrate a distinct spatial correlation between the density 
structures and aberrating structures, and the sharp rise in phase gradients due to the shock cells are clearly observed. 
While the density gradients are steep, the peak to valley is of the order of 3 waves, and hence should be amenable to 
calculation of optical properties using weak phase object models such as the wave propagation model used here. The 
results presented here are preliminary steps toward relating the flow structure to optical degradation. The simultaneous 
measurement and analysis of the density field and wavefronts in future work should enable improved testing, 
understanding, and development of aero-optical methods and models for the prediction and correction of wavefront 
distortions. 
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