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Abstract 
The paper describes phenomena observed as a result of laser pencil beam interactions with abrupt 

interfaces including aerodynamic shocks. Based on these phenomena, a novel flow visualization 
technique based on a laser scanning pencil beam is introduced. The technique reveals properties of light 
interaction with interfaces including aerodynamic shocks that are not seen using conventional 
visualization. Various configurations of scanning beam devices including those with no moving parts as 
well as results of “proof-of-concept” tests are included.  

Introduction 
Effects of propagation of light through gases with variations in their density have been known and 

used in ground wind tunnels and other aerodynamic test facilities. The variations, known as density 
inhomogeneities, have been routinely detected and visualized by interferometers, Schlieren systems, and 
shadowgraphs (refs. 1 to 4). 

Flow visualization techniques such as interferometric, Schlieren, and shadowgraphy usually involve a 
laser and a collimating lens that forms a nearly plane wave. The wave is sent through a transparent section 
of the test facility normal to the direction of the air flow. After passing through the transparent section of 
the facility, the plane wave is displayed on a screen or a charged-coupled device (CCD) array. If the air 
flow is homogeneous and the air density is constant everywhere inside the test section, the display is 
uniformly illuminated. If the flow contains density variations, the illumination of the display is not 
uniform any more but rather has dark and bright regions. The contrast of the resultant pattern depends on 
the strength of the density variations or the density gradient as well as the visualization technique used. 

The traditional flow visualization techniques, despite their wide use, have significant shortcomings. 
First of all, the techniques are based on filling most of the window of the test section and require high 
power light sources and large optical components. Thus, they cannot be used in air- or space-borne 
systems without significant weight and real estate penalties. On the other hand, small and lightweight low 
power light sources in the conventional configuration do not generate a signal with a sufficient signal-to-
noise ratio at the detector to achieve an adequate resolution. Secondly, the fact that the entire test section 
has to be illuminated masks the second order phenomena associated with the wave propagation through 
and interaction with inhomogeneities.  

The shortcomings of conventional flow visualization techniques have motivated interests in 
development of alternative methods and further studies of processes associated with propagation of 
optical fields through inhomogeneities.  
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Wave Propagation of Optical Beams Through Inhomogeneities 
Inhomogeneity is a property of matter that changes in space, time, or both. We limit our discussion to 

inhomogeneities that occur in space and are time invariant. We will also limit the discussion to media that 
are transparent or semitransparent to electromagnetic radiation, specifically visible light. 

Phenomena of light propagation through inhomogenous media have been described by the 
electromagnetic field theory expressed by the Maxwell equations and diffraction and scattering theories 
known from physics and optic (refs. 5 to 8). In view of these theories, any inhomogeneous medium has 
interfaces that separate regions with uniform refractive index. As light encounters the interfaces it 
experiences diffraction, scattering and other effects. The strength of the effects depends on a number of 
factors including the type of interface.  

The interfaces could be abrupt, continuous, or mixed. Abrupt interfaces exhibit a jump in the 
refractive index. Surfaces of glass components in conventional optical systems represent such interfaces. 
In continuous interfaces the index of refraction changes gradually, or in a distributed fashion. The 
qualifying factor for this type of interface is that the observer never sees the homogeneous parts of the 
medium and, from the measurements, the medium is perceived to be continuously inhomogeneous. 
Representative examples of gradual or distributed interfaces are water in the ocean and the Earth 
atmosphere. Water in the ocean has a higher temperature at the surface than at the bottom and, as a result, 
a refractive index gradient. Variations in salinity also affect the refractive index of water. The Earth 
atmosphere has air density that varies with the altitude. Media with mixed interfaces have distinct areas 
where, for all practical purposes, they could be treated as homogeneous. The mixed interfaces, than, are 
characterized by width or thickness of inhomogeneous layers between homogeneous areas.  

Each time an electromagnetic field encounters an obstacle it experiences scattering and diffraction. 
Very often diffraction is considered to be a case of scattering. The scattering pattern depends on three 
factors, the scatterer (its geometry, material, and surface quality), the incident electromagnetic field 
(wavelength, bandwidth, polarization, and geometry) and the location of the observer (screen, camera, 
etc.) It is outside of the scope of this paper to discuss in detail scattering and diffraction phenomena. 
Those interested in these topics may find relevant information elsewhere (refs. 9 and 10). 

Interaction of Optical Beams With Sharp Interfaces 

To study optical beams interaction with abrupt interfaces we used dielectric fibers and cylinders and 
placed them in the path of optical beams. Our experimental setup was a combination of two setups with 
different illuminating optical beams. Figures 1 and 2 show schematical arrangements of the setups with 
the first setup using a relatively large diameter (about 5 mm) collimated optical beam and the second one 
employing a HeNe laser that emits a Gaussian beam with about 0.5 mm diameter at the laser exit aperture.  

In the setup shown in figure 1 a large diameter incident beam is generated by light emitted from the 
tip of a single mode fiber placed in the focal plane of a collimating lens. A remotely located laser serves 
as an initial light source. 

The beam emitted from the laser shown in figure 2 has a Gaussian profile meaning that its diameter 
increases with the distance. Also, for the purpose of collimating a narrow Gaussian beam, a laser beam 
collimator (shown in a broken line) is incorporated in the path after a beam splitter. The arrangement 
permits propagation of both narrow Gaussian laser beams, an expanding Gaussian laser beam and a 
collimated one, without changes in the rest of the setup.  

Both setups shown in figures 1 and 2 are combined in one. In the combined setup both beams, a 
narrow Gaussian laser beam and the large diameter collimated one, have a common path from the beam 
splitter to the screen. Such an arrangement permits a compatibility of setups and consistency in 
measurements.  

The optical beams strike fibers and cylinders normally to their respective long axis. In all cases the 
dielectric fibers and cylinders act as scatters and the observed scattering patterns are observed and 
recorded.  
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Figure 1.  Experimental setup 
employing a large diameter 
collimated optical beam.
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Figure 2. Experimental setup 
using a narrow Gaussian laser 
beam.
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Figure 2. Experimental setup 
using a narrow Gaussian laser 
beam.  
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Figure 3. Photograph of one of configurations of the combined 
experimental setup. 

 
Figure 3 shows a photograph of one of configurations of the combined experimental setup with an 

optical fiber as a diffractive element. During the experiment the beams are used independently where each 
of the beams travels its own path. Moreover, when one of the beams is used, the other one is blocked. A 
scattering element, a fiber or a cylinder, is placed in the common path for both beams and the scattered 
light is observed on the screen. The common path between the optical fiber and the screen is about 
485 mm long. The fiber holder, designed to accommodate optical fibers of different diameters, is placed 
on a translation stage (not identified in the figure). The laser beam collimator is used only with the 
Gaussian beam from the laser. 

We used, as scatterers, glass fibers with outer diameters 125 and 240 μm. First, we put optical fibers 
in the configuration setup as in figure 1 and recorded images of patterns generated on the screen. The 
results along with an image of unobstructed beam are shown in figure 4. The images in figure 4 were 
obtained by replacing the screen in figure 1 with a beam viewing camera which provided a direct 
recording of patterns of scattered light. A characteristic dip in the middle of images obtained with fibers 
suggests the presence of a typical shadowgraph visualization phenomenon.  
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Figure 4. Patterns obtained by a large diameter 
collimated optical beam striking 125 and 
240 μm diameter optical fibers. 

 
When the diameter of the incident beam gets smaller the patterns become significantly different. 

Figures 5 and 6 depict patterns generated as a result of narrow laser beams interaction with fibers and 
observed on the screen. The patterns are obtained by placing the fibers in the setup as shown in figure 2 at 
the distance approximately 890 mm from the exiting aperture of the laser. Figure 5 shows scattering 
patterns generated by a 1.5 mm diameter collimated Gaussian beam on 125 and 240 μm diameter optical 
fibers as well as an image of the unobstructed beam. Figure 6 shows intensity distributions for cases 
similar to those presented in figure 5 with the incident beam being a noncollimated Gaussian. In the plane 
where the optical fibers are located that laser beam has a diameter of approximately 2.7 mm. 

It is obvious from figures 4, 5, and 6 that interaction of a small diameter laser pencil beam with thin 
obstacles is accompanied by formation of patterns different from conventional shadowgraphs. Figures 5 
and 6 show an increase in the dimension of the scattered pattern compared with the dimension of the 
unobstructed beam and formation of multiple spots. The increase is visibly larger in the case of a smaller 
diameter collimated beam. The patterns in figure 6 are close to those theoretically predicted by others 
(ref. 11). 

The setup shown in figure 2 was also used to investigate scattering of narrow laser beams from 
cylindrical surfaces. In this experiment the fiber was replaced by a 0.5 in. diameter plastic cylinder with 
polished cylindrical surface. The incident laser beam was sent at a grazing angle to the surface of the 
cylinder normal to its main axis as shown in figure 7. The image of the unobstructed beam is given on the 
same figure to the right.  
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Figure 7. Schematics of a laser pencil beam striking a cylindrical 
surface and the observed pattern. Image of an unobstructed 
beam is given for comparison to the right.
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narrow collimated Gaussian beam on 
125 and 240 μm diameter optical fiber. 

Figure 6. Diffraction of a non-collimated 
Gaussian beam on 125 and 240 μm diameter 
optical fibers. 
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Laser Pencil Beam Propagation Through Airflow With Aerodynamic Shocks 

Aerodynamic shocks belong to mixed type of interfaces and the shock thickness is one of the shock 
parameters defined as a distance over which the change in air density and the corresponding change in the 
refractive index occur. Among various models used to determine the value of refractive index across a 
shock as a function of position x one of the most frequently used is (refs. 12 and 13) 
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where, Δn is the jump in the refractive index across the shock, Δn = nhigh–nlow, 
nhigh and nlow are maximum and minimum values of the refractive index respectively across the shock, 
L is the shock thickness. 

 

Experimental measurements of shock front thickness in various gasses have shown that their values are 
small enough to consider the shocks to be abrupt interfaces (refs. 12 to 14). 

As was previously mentioned, every time light interacts with an abrupt inhomogeneity, it diffracts, 
scatters, and forms interference patterns. Effects associated with propagation of both, large diameter and 
laser pencil beams, through aerodynamic shocks are similar to those described in the previous section. 
The difference however lies is the fact that in case of aerodynamic shocks the change in refractive indexes 
is very small and could be of the order of 10–3 depending on pressures on both sides of the shock. The 
large beam propagation case results in conventional shadowgraph images of shocks. However, closer 
analysis reveals other effects, such as, for instance, light interference on bow shocks. Furthermore, 
splitting of a pencil beam by a bow shock has also been observed and reported. The phenomena of light 
interference on a bow shock and splitting of a pencil laser beam by a shock are shown in figures 8 and 9, 
respectively (refs. 15 and 16).  

Experiments with laser beams passing through shocks have also been conducted in aerodynamic tunnels 
and the result have shown that after passing through a shock the diameter of a laser pencil beam 
significantly increases (ref. 17). Figure 10 adopted from reference 17 exhibits three curves out of which the 
one drawn by a solid line represents the diameter of the beam after passing through a shock. The other two 
drawn by dotted lines represent cases when the laser beam is either upstream or downstream of the shock.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.  Interference of a 
laser beam on a bow shock 
for different free-stream 
total pressure P0 and a 
fixed Mach number 
(adopted from Ref. 16 ).

P0 = 237KPa

P0 = 134KPa

Figure 9. Splitting of a laser 
pencil beam by a bow shock 
(adopted from Ref. 16 ).

Figure 10. Images of a laser pencil 
beam upstream, downstream, and on 
the shock as seen by a CCD array 
(adopted from Ref. 17).

Figure 8.  Interference of a 
laser beam on a bow shock 
for different free-stream 
total pressure P0 and a 
fixed Mach number 
(adopted from Ref. 16 ).
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Figure 9. Splitting of a laser 
pencil beam by a bow shock 
(adopted from Ref. 16 ).

Figure 10. Images of a laser pencil 
beam upstream, downstream, and on 
the shock as seen by a CCD array 
(adopted from Ref. 17).
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Figure 11. Computational results of a Gaussian beam 
propagation (as in Fig. 7) through cylindrical 
interface with a shock-like profile of refractive index.

Figure 11. Computational results of a Gaussian beam 
propagation (as in Fig. 7) through cylindrical 
interface with a shock-like profile of refractive index.

Figure 11. Computational results of a Gaussian beam 
propagation (as in Fig. 7) through cylindrical 
interface with a shock-like profile of refractive index.  

 

Modeling and computational analysis of a Gaussian beam propagation through inhomogeneities with 
shock like profiles have also been conducted using the Finite-Difference Time-Domain (FDTD) method 
(ref. 18) as a computational tool. The FDTD method has been described in the literature elsewhere 
(refs. 19 to 22). The analysis also reveals splitting of a Gaussian beam and formation of interference 
fringes. In the model the relative position of the abrupt interface and the incident Gaussian laser beam are 
similar to those shown in figure 7. Results of computations with nlow = 1.0 and Δn = 0.01 are shown in 
figure 11.  

As is seen from figures 9 and 11 there is a similarity in patterns observed experimentally and 
achieved computationally. 

Flow Visualization Using Laser Pencil Beams 
The capability of abrupt and nearly abrupt interfaces to split and distort narrow laser pencil beam has 

been utilized in a scanning beam flow visualization concept. The concept has several advantages over 
conventional flow visualization techniques. First of all, in a conventional shadowgraph the light from a 
light source is delivered to the area where flow inhomogeneities are formed and is spread forming a large 
diameter collimated beam that fills the entire area of interest. Because the technique requires high power 
lasers and large optical components it cannot be used in on-board systems without significant weight and 
real estate penalties. On the other hand, small and lightweight low power sources in the conventional 
configuration do not generate a signal with a sufficient signal-to-noise ratio at the detector to achieve an 
adequate resolution. Secondly, the fact that the entire test section has to be illuminated masks the second 
order phenomena associated with the wave propagation through inhomogeneities.  

To increase the signal to noise ratio of the detection systems without increase in the laser power we 
have introduced a novel flow visualization concept that involves a small diameter scanning pencil beam. 
In the process of passing through a test section the scanning beam generates a pattern that may be 
observed or recorded in a timely fashion. A laser used for this purpose has relatively low yet sufficient 
power to make the changes in the pattern detectable. 

In addition, the pencil beam scanning technique permits observation of light diffraction and scattering 
from inhomogeneities. We have observed and reported diffraction of a nearly plane wave from a bow 
shock, as well as splitting of the laser pencil beam and formation of secondary peaks. Observations of 
these phenomena have been enabled by the narrow pencil beam. Also, weak secondary phenomena, such 
as the scattering and diffraction, occur outside of the boundaries of the incident pencil beam and are easily 
visible against a dark background. 
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Scanning Mode Sensor 

One of the ways to scan optical beams is to employ electromechanical means in either a linear or 
angular fashion as demonstrated in figure 12. An electromechanical scanning system has either a 
translating or rotating mirror that moves the incoming laser beam across a test section where shocks are 
expected. In case of angular scanning a rotating mirror is incorporated and its axis of rotation is placed at 
the reflecting surface of the mirror. A lens is also added and positioned in such a way that its focal point 
lies on the rotational axis of the mirror. Thus, the incident laser beam, after reflection from the rotating 
mirror, translates through the test section perpendicularly to the direction of the air flow.  

A problem with electromechanical scanners is that they require electrical power to operate mirrors. A 
spectral scanner is free of these shortcomings. The spectral scanning concept is illustrated in figure 13.  

The main components in spectral scanners are a tunable light source and an optical dispersive element 
(ref. 23). Examples of dispersive elements are dispersive prisms and diffraction gratings. The tunable 
light source generates a narrow pencil beam of light whose optical frequency or wavelength changes in 
time in prescribed manner. A controller monitors the light emitted by the tunable light source and insures 
its timely emission at a prescribed sequence. After interaction with a stationary dispersive element the 
direction of the light beam changes depending on the optical frequency of the light. This space-frequency 
or space-wavelength scanning generates a “rainbow” with the difference that each “color” appears in its 
place at a given time.  
 

a) LINEAR SCANNING b) ANGULAR SCANNINGa) LINEAR SCANNING b) ANGULAR SCANNING

Figure 12.  Examples of electromechanical scanning: a) linear and b) angular.

a) LINEAR SCANNING b) ANGULAR SCANNINGa) LINEAR SCANNING b) ANGULAR SCANNING

Figure 12.  Examples of electromechanical scanning: a) linear and b) angular.  
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The pencil laser beam may contain several individual beams with different optical frequencies 
(wavelengths). Thus, the stationary dispersive element produces several “rainbows”. In the spectral 
scanner the optical dispersive element is positioned at the focal point of the collimating lens.  

Demonstration of Spectral Scanning 

The experimental arrangement used to demonstrate operation of a spectral scanner is depicted in 
figure 14 (ref. 24). A bow shock is generated by air impinging on a blunt body. A tunable laser, a 
diffraction grating, and a collimating lens are assembled as explained in the previous section such that 
beams exiting the lens remain parallel to each other and normal to the direction of the air flow.  

Results of the experiment are presented in figure 15. The top row displays pictures of laser beam 
profiles at two wavelengths without air sent through the system. The bottom row has the beam profiles at 
the same wavelengths with the beam missing the shock at one wavelength (left picture) and hitting the 
shock at the other wavelength (right picture). The wavelengths are shown above the corresponding 
pictures. A CCD array was used to obtain the pictures. The left column contains shadowgraph images of 
the setup without the air flow (top) and with a shock producing air flow (bottom). 

Applications to Aerospace 

One of main applications of the scanning beam flow visualization technique is in-flight detection and 
monitoring of shocks including normal shocks generated in a mixed compression supersonic inlet. 

The need for shock position sensors capable of meeting flight qualifying requirements has been 
recognized (refs. 25 and 26) and attempts have been made to develop such sensors (refs. 27 and 28). Early 
efforts were concentrated around using pressure taps along the inlet walls. The positions of the shocks 
were determined by tracking the pressure reading and locating the pressure jump associated with the 
shock. This basic technique evolved in several wall pressure-based configurations of normal shock 
position sensing systems. Despite apparent initial success, these wall pressure-based measuring 
techniques have serious drawbacks. The most important drawbacks are slow response due to pneumatic 
manifolds used and the effect of the boundary layer on the stability of pressure readings. These problems 
seriously restrict applicability of these techniques to normal shock detection and control during 
supersonic flight.  

Moreover, for a commercial aircraft, economic efficiency has to be achieved in order to make 
supersonic flight economically viable. As a result, the control system is required, in addition to avoiding 
an un-start, to provide the most economical operating regime for the engine (achieved by minimizing the 
fuel consumption).  

Optical flow analyzing methods do not have problems of the wall pressure-based measuring 
techniques and optical flow visualization is widely used in ground-based flow analyzing facilities. Among 
basic flow visualization techniques, interferometry, Schlieren, and shadowgraph, the shadowgraph is the 
most suitable for shock detection. It is because patterns generated by the technique represent the second 
order derivatives of the density distribution, and the shocks which are being created by very rapid changes 
in air densities are observed best by the shadowgraph.  

A scanning optical pencil beam of a shock sensor, because of its advantages, has a great potential of 
replacing conventional schadowgraph. 
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Figure 14. Scanning mode sensor demonstration setup. 
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Figure 15. Observations of a shock by a CCD array using a spectral scanning arrangement as in Fig. 14. 
Top Row: Laser beam profiles at two wavelengths without air sent through the system.                     
Bottom Row: Laser beam profiles at the same wavelengths with the beam missing the shock at one 
wavelength (left picture) and hitting the shock at the other wavelength (right picture).                                
The wavelengths are shown above the corresponding pictures.  Pictures to the left show images of the 
setup without the air flow (top) and with a shock producing air flow (bottom).
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Figure 15. Observations of a shock by a CCD array using a spectral scanning arrangement as in Fig. 14. 
Top Row: Laser beam profiles at two wavelengths without air sent through the system.                     
Bottom Row: Laser beam profiles at the same wavelengths with the beam missing the shock at one 
wavelength (left picture) and hitting the shock at the other wavelength (right picture).                                
The wavelengths are shown above the corresponding pictures.  Pictures to the left show images of the 
setup without the air flow (top) and with a shock producing air flow (bottom).  
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Conclusion 
We have introduced a novel flow visualization concept that involves a small diameter scanning beam. 

In the process of passing through a test section the scanning beam generates a pattern that is observed or 
recorded in a timely fashion. A laser used for this purpose has relatively low yet sufficient power to make 
the changes in the pattern detectable. 

In addition, the pencil beam scanning technique permits observation of light diffraction and scattering 
on inhomogeneities. We have observed and reported diffraction of a nearly plane wave on a bow shock, 
as well as splitting of the laser pencil beam and formation of secondary peaks. Observations of these 
phenomena have been enabled by the narrow pencil beam. Also, weak secondary phenomena, such as the 
scattering and diffraction, occur outside of the boundaries of the incident pencil beam and are well visible 
on a dark background. 
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