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Abstract 
The Space Shuttle Columbia disaster that occurred on February 1, 2003 has aroused interest in the development 
of new methods for non-destructive testing of insulation and thermal protection coatings of spacecrafts and fuel 
tanks. Methods of ultrasonic diagnostics, which are widely applied for non-destructive testing of different 
constructions, are ineffective for polyurethane's foam insulation or silicate fiber tiles due to their high porosity, 
which leads to high levels of acoustic attenuation. Microwave diagnostics could be a good alternative to 
ultrasonic testing because electromagnetic waves have low attenuation in such media. A new method for using 
the holographic subsurface radar to reveal internal defects of foam materials was proposed, and experiments on 
models of thermal insulation coatings were performed. The experimental results were displayed in the form of 
radar images on which defects in the heat insulation were shown to provide a good contrast and effective 
detection. 
 
Keywords: Microwave testing, holographic subsurface radar, cryogenic fuel tanks thermal insulation, 
polyurethane foam, launch vehicle 
 
1. Introduction 
 
The Space Shuttle Columbia disaster occurred on February 1, 2003, killing all seven crew 
members, Fig. 1, 2. This and other incidents which fortunately did not lead to such 
catastrophic consequences have aroused interest in the development of new methods for non-
destructive testing of insulation and thermal protection coatings of spacecraft [1-3]. 
 

  

Figure 1. Space Shuttle Columbia take-off 
on 16th January 2003 

Figure 2. Result of Columbia disaster on February 1, 2003. 
Remains of the spaceship collected on the ground 

were laid out in a hangar 
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NASA investigators had supposed that the one of primary cause of the Columbia disaster was 
voids in the thermal protection coating of the shuttle’s external fuel tank [4], Fig. 3. The 
external tank contains liquid oxygen and hydrogen propellants stored at minus 183 and minus 
253 degrees Celsius respectively. To prevent icing of tank surface that could fragment and 
damage the shuttle, the tanks are covered with polyurethane insulating foam [5]. The 
thickness of the foam can be within the range of 2 through 8 cm. If the super-cold external 
tank is not sufficiently insulated from the ambient warm air, atmospheric water vapor 
condenses inside foam voids. During the launch of Columbia’s 28th mission, the water 
condensed inside voids rapidly vaporized (boiled) as result of lowering pressure with 
increasing altitude following launch. As a result of this explosive boiling, a piece of foam 
insulation broke off from the external tank and struck the left wing, damaging heat protective 
leading edge panel. When Columbia reentered the atmosphere after the mission, this damage 
allowed hot gases to penetrate and destroy the wing structure, causing the spacecraft to break 
up. Most previous shuttle launches had seen similar, if more minor, damage of foam 
shedding, but the risks were deemed acceptable [6], Fig. 4. 
 

  
Figure 3. Voids in thermal protection coating 

of shuttle external tank [4] 
Figure 4. A torn off piece of the insulating foam falls along 

the surface of the external fuel tank [6] 
 
It is well-known that the tiled thermal protection coating of return vehicles like the Space 
Shuttle is exposed to high mechanical, and especially thermal, influence on reentry. In fact, 
after first flight of Columbia (April 12, 1981) 16 tiles were lost and 148 tiles were 
damaged [7]. Similar problems with more serious after-effects arose after the first and only 
flight of Soviet shuttle Buran on November 15, 1988) [2]. Post-flight inspection showed both 
partial destruction, and complete loss of thermal shielding tiles. Such damage could lead to a 
repeat of the Columbia disaster, Fig. 5. However the Buran flight was experimental and was 
performed without crew. 
Shedding of thermal insulation is connected with impurities and/or insufficient quality control 
in the bonding of foam or tiles to a space vehicle surface. Methods of ultrasonic diagnostics, 
which are widely applied for non-destructive testing of different constructions [8], are 
insufficiently effective at diagnostics of foam insulation and silica fibre tiles due to their high 
porosity, which leads to high levels of diagnostic acoustic signal attenuation. Specific 
properties of different forms of polyurethane are described in [9]. 
Microwave diagnostics using holographic subsurface radars [10, 11] could be a good 
alternative to ultrasonic testing. The basic advantage of microwave diagnostics in comparison 
with ultrasonic diagnostics is the fundamental difference in physical properties effecting the 
propagation of electromagnetic versus acoustic waves in heterogeneous media. 
Electromagnetic waves reflect from heterogeneities only when their dielectric contrast is 
sufficient. Thus, electromagnetic waves propagate practically without loss in porous materials 
such as spacecraft foam insulation. 



 
Figure 5. Destruction of three the tiles placed directly behind 21st section 

of the wing leading edge of spacecraft Buran [2] 
 

2. Holographic Subsurface Radars of RASCAN Type 
 
Traditionally, the type of subsurface radar used in common practice is impulse radar. In 
general, these repeatedly transmit one period of a sine wave signal or impulse, and record the 
time domain signal which contains reflected impulses. Almost all subsurface radars now in 
commercial production are of this type. The main advantages of impulse radar are the high 
effective penetration depth into the surveyed medium due to the application of time-varying 
gain which amplifies the weaker later/deeper reflected arrivals, and the ability to make direct 
determination of reflector depths by measurement of the reflected signal time-of-flight [12]. 
While the RASCAN holographic radar system is based on classical principles of radar 
technology, it is completely different from traditional impulse radars. Continuous signal is 
emitted into the subsurface, and is reflected by heterogeneities with dielectric constant 
different from the surrounding medium. The reflected signal is received by the radar antenna, 
then amplified, processed, and displayed on a computer screen in real-time [13]. 
Holographic subsurface radars get their name from the process of recording the interference 
pattern on the surface of the medium between the reference wave and the object wave 
reflected from subsurface targets. It is worth noting that for a long time there was widespread 
opinion that due to strong attenuation in typical media, and the inapplicability of time-varying 
gain to continues-wave radar returns, this type of radar was unlikely to find any significant 
application in practice [14, 15]. However, the recent development of holographic subsurface 
radar of RASCAN type, their commercial production, and sufficiently wide practical 
applications have shown that for examination of low electrical conductivity media at shallow 
depths, this type of device has many advantages including real-time imaging plan-view, and 
high lateral resolution. Design details of various modifications of RASCAN radars and their 
areas of application are described in [13, 16]. 
The principles of recording microwave holograms using RASCAN radar are easily explained 
by analogy with optics. Consider a plane monochromatic wave with a constant phase called 
the reference wave falling on a point object and being scattered. As a result of the summation 
of the incident or reference and scattered waves on a flat screen located at some distance 
behind the object, an interference pattern is formed, Fig. 6a. If the screen is normal to the 
propagation direction of the reference wave, the interference pattern forms a Fresnel pattern 



of concentric rings. In optics, after development of the pattern recorded on the flat screen, it 
can be illuminated by a reference wave, and a virtual image of the object is formed – seeming 
to float behind the screen, Fig. 6b. A similar phenomenon occurs when a microwave 
hologram of a point target in a uniform medium is recorded by the RASCAN subsurface 
holographic radar [13, 17]. 
 

 
Figure 6. Recording of simplest optical hologram (a) and its reconstruction (b) 

In some sense, holograms recorded by RASCAN radar are analogous to the optical 
holograms. The latter technology was proposed and accomplished by D. Gabor in 1948 [18]. 
Comparison of these two methods, their similarity and distinctions are described in [19]. 
As it was mentioned above, RASCAN has a distinct advantage in lateral resolution over 
impulse radars because of the specific design of the radar antenna which combines transmitter 
and receiver antennae into one lightweight/compact apparatus with small footprint. Another 
extremely important advantage of holographic radar technology is the possibility to image 
without reverberation heterogeneous inclusions in dielectric materials that lie above, and even 
directly on, a metal surface. Such composite materials cannot currently be inspected 
nondestructively with traditional time-domain or impulse radar technology. The reverberation 
of pulses between the impulse radar antenna and metal substrate obscures the actual location 
and shape of heterogeneities, defects, and other inclusions in the dielectric medium. In this 
case, the primary reflection of interest is obscured by multiple reflections (often called ghosts 
or phantoms) of the transmitted impulse signal [20]. Therefore, the unique ability of 
holographic radar to image objects on metal surfaces could be very important for 
nondestructive testing as in case of the inspection of heat protection systems of space 
vehicles. 
In the experiments reported here, a RASCAN-5/15000 radar specially developed for testing of 
polyurethane foam (operating frequencies in range of 13.8–14.6 GHz) was used, Fig. 7. With 
increase of operating frequency the plan-view resolution and sensitivity to small 
heterogeneities is improved. At the same time, increased frequency often means increased 
attenuation and loss of effective testing penetration. However, in the case of spacecraft 
insulation materials, attenuation/absorption of the signal is low and practically does not affect 
the results of measurements [1]. 



 

 
Figure 7. Holographic subsurface radar RASCAN-5/15000 

 
 
2. Hologram Registering and Reconstruction 

 
The geometry of sounding with a single transceiver is illustrated by Fig. 8, where vector r 
points to the position of the transceiver and vector r0 gives the position of a hidden point 
source in the lower half-space z>0. If the point source emitted a spherical wave, the 
distribution of the phase in the plane of sounding would be given by exp(ik|r-r0|) with its 
complex conjugate presenting a converging spherical wave at point r0. With the transceiver 
being the illuminating source the distribution of phase in the interface plane XOY is given by 
exp(i2k|r-r0|). The complex conjugate of this distribution gives a converging spherical wave at 
point r0 with wave number k’=2k. 
With this result in mind, the reconstruction of a microwave hologram may follow the 
reconstruction principle for optical holograms with the following modification: the complex 
conjugate of the registered complex amplitude distribution should be propagated back to the 
medium with the wave number doubled. The following equations formalize the method [21]: 
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Equation (1) gives the plane wave decomposition of the complex conjugate to hologram 
E(x, y, 0) registered at interface z = 0. Variables x and y are coordinates in a rectangular 
reference frame connected to the surface. Values kx and ky are spatial frequencies with their 
physical sense of wave vector projections referenced to the coordinate axes. Propagation back 
to the focusing plane at z is expressed by Equation (2) with the explained doubling of the 
wave number. This equation is the result of solving the Helmholz equation for complex 



amplitudes. Equation (3), being the inverse Fourier transform and the result of hologram 
reconstruction, gives the distribution of sources at depth z parallel to the sounding surface.  

 
Figure 8. Subsurface sounding geometry 

The Equations (1–3) were obtained for a homogeneous media characterized by wave 
number k. The reconstruction procedure defined by these equations allows efficient 
computation using the Fast Fourier Transform (FFT). One of the tested focusing techniques 
during development of the data processing software consisted of providing the user with the 
ability to select focusing depth interactively with immediate observation of results. Obtaining 
the optimum radar image involves interactive selection of proper depth at which the radar 
image is sharp and small-scale object features are visible. For focusing holograms it was 
found useful to apply a high pass filter to the spectrum given by Equation (2). The spatial 
frequencies given by (kx, ky) belonging to an area near zero do not provide information on a 
localized hidden object but rather present a constant or slowly changing reflection from the 
concealing interface with the changing reflection attributed to possible curvature of this 
surface. 
 
3. Sample of Thermal Protection Coating 
 
The sample of thermal insulation with artificial flaws was made by glueing polyurethane foam 
of 40 mm thickness on an aluminium sheet of 5 mm thickness. Design of the sample and 
positions of the flaws are shown in Fig. 9. 
The dimensions of the sample are 500 by 400 mm. The sample was made in two stages. On 
the first stage, the central circle, 270 mm in diameter, was sprayed. On the second stage, the 
rest of the sample was filled. There are three round cuts on the bottom surface of the foam. At 
the cuts points, prime coating and glue are missing (usual total thickness=200 microns).  
Instead, the prime coating and glue were placed on the inner surface of the cuts. This sample 
imitates the defects of gluing on the border between foam and metal. 
 
4. Experimental Results 

 
As it was mentioned above, the highest available frequency version of holographic subsurface 
radars of RASCAN type was used in the experiments on diagnostics of fuel tank thermal 
insulation. Choice of frequency band was determined by the low absorption factor of 
polyurethane foam for electromagnetic waves. The dielectric permittivity of this material is 
almost 1 (the same as for a vacuum). According to measurements by others [1], the complex 
permittivity of the foam sprayed on the external fuel tanks of the Space Shuttle is 
ε = (1.05-j0.003). 



 
 

Figure 9. Sketch of the sample 
 
It is necessary to note that using frequencies around 15 GHz for diagnostics of other common 
structural materials, for example materials using in building, is hardly possible because of 
high attenuation of electromagnetic waves, i.e. generally a sharp increase of the absorption 
factor for frequencies above 10 GHz. Therefore for diagnostics of building materials, it is 
appropriate to use frequencies in the range of 1.5 to 7 GHz to obtain good results [13]. In the 
experiments with thermal protection coating, manual scanning of the 400 by 300 mm foam 
sample surface was performed, Fig. 10. 



 
Figure 10. Scanning of thermal protection coating sample 

The complex microwave holographic interference pattern (real and imaginary components), 
as well as the digital reconstruction in accordance with algorithm for a signal frequency of 
14.6 GHz are shown in Fig. 11. One can readily see the three flaws, and the sample border 
created by the two-stage construction of the test sample. 
In the experiment absolutely dry the polyurethane foam covering was used. It is possible to 
propose another application of the technology under consideration. Microwave propagation is 
very sensitive to humidity because of high dielectric constant of water that is about 80. This 
property was used in searching of water filtration in buildings [13]. Accordingly microwave 
radar could be useful for the waterproof diagnostics of heat protection covering of reusable 
space vehicles in process of before and after flight inspection. 
 
5. Conclusions 
 
Diagnosis of thermal insulation and heat protection coatings glued onto a metal surface is a 
very specialized task since the metal surface fully reflects the electromagnetic waves. For 
impulse radars, such targets are characterized by multiple reflections of signal between radar 
antenna and metal substrate. This obscures the desired target in the registered images. 
Although holographic radar is free from this shortcoming, the presence of a continuous and 
constant metal substrate reflector should be considered while interpreting the results. The 
experiments showed that the proposed diagnostic method for thermal insulation using 
holographic subsurface radars allows detection of internal defects within the coating. 
However, in the microwave images, the detected defects are subtle due to the low permittivity 
contrast between the defects and surrounding polyurethane. It is possible that the sensitivity of 
the radar could be enhanced by increasing the operating frequency up to 24–25 GHz. This 
possibility is suggested by experiments with a lower frequency Rascan-5/7000 radar 
(frequencies in range of 6.4–6.8 GHz), which did not detect the defects in the sample used for 
these experiments. This suggests that increasing the radar operating frequency should enhance 
both spatial resolution and sensitivity, probably with little loss of penetration due to negligible 
loss in the insulating materials. 



(a) 

 

(b) 

 

(c) 

 

Figure 11. Result of the experiments: real part of the hologram (a),  
imaginary part of the hologram (b), reconstructed image (c) 
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