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Compact continuous-wave subterahertz system for inspection applications
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We report the use of a compact continuous-wave sub-terahertz system for inspection applications,
using electronic generation and detection methods. A combination of a Gunn diode emitter, a
Schottky diode detector, and a polyethylene Fresnel lens provides line-scan images at 0.2 m/s with
a data acquisition rate of 512 points/s. Examples of the measurement of NASA's insulating panels
and applicability of the technology to other nondestructive testing applications are presented and
discussed. €005 American Institute of PhysidDOI: 10.1063/1.1856701

Many nonconducting, dry materials that are opaque tdocus of the parabolic mirror and the lens is 408 mm. Ac-
infrared and visible light exhibit low absorption in the tera- cordingly, the beam reaches another focus 408 mm from the
hertz frequency range. Such materials are also transparent lens, after being reflected by another aluminum mirror.
the microwave and radio frequencies, but the shorter wave- In reflection geometry, shown in Fig(d), the beam is
length of terahertz radiation allows for higher spatial resoluseflected normal to the surface of the substrate and returns
tions. The terahertdTHz) region of the electromagnetic back through the Fresnel lens. The beam then is incident
spectrum thus represents an important intersection betweetpon the beam splitter and is reflected towards the detector,
spatial resolution and penetration depth for many applicathe signal from which is read by a lock-in amplifier. The
tions. sample is moved on a pair translation stages, and an image is

The technique of using continuous-wave radiation in theProduced by scanning point by point, with a maximum speed
sub-THz band for nondestructive testing has been studied f&f 0.2 m/s. The system may also be configured in a trans-
several decadées? but only recently has semiconductor tech- mission geometry, where the mirror and beam splitter are
nology advanced to the point where a practical system, botfemoved and the detector is placed behind the sample, as
compact and simple to operate, is possible. Recent systeng§own in Fig. 1b). The spot size at the focus is approxi-
have been designed for cw imaging in the THz region, usingnately 4 mm in the configuration presented.
radiation generated by a variety of methods, such as The signal-to-noise rati¢calculated as the mean signal
photomixing™* or quantum-cascade lasérand are capable divided by its standard deviatipiis between 900 and 9000,
of impressi\/e resu|t§,7 but genera”y are of h|gh cost and with the lock-in amplifier time constant set to 3 ms and
complexity. Other recent optoelectronic systems have beeh00 ms, respectively. In the case of reflection geometry with
deve|oped that are more Compact and lower in %85'[_ the silicon beam Splitter, the ratio is reduced by a factor of

In this letter, we present a compact cw THz imagingt€n.
system using entirely electronic generation and detection A 0.2 THz wave source has a wavelength of 1.5 mm. A
with a minimal number of components. Such a system caf€cessary condition to significantly increase the spatial reso-
easily be made portable, thus opening a much wider range dftion would be to use a shorter wavelength, as required by
possible applications. This system has been used to detei¢te Rayleigh criterion for far-field imaging. The difficulty
defects in space shuttle insulating panéieth foam and associated with this is that in current Gunn diode technology,

tile). It has been tested in many other general imaging appli-

cations, such as target screening. More noninvasive and non- @) polyethylene
destructive inspection applications in the agro-food and beany Ny lens
manufacturing industries are expected. parabolic mirror  splitter

Figures 1a) and Xb) schematically illustrate two imag- ‘, | —
ing geometries. The cw 0.2 THz imaging system utilizes a I
frequency-doubled Gunn diode oscillator with an output °h°PPef<§> sarpls[T ]
power of 12 mW(made by Radiometer Physjcas a source, detector \th:\
and a Schottky diodéPacific Millimeter Products, model Gunn diode assembly 4i°de  translation stages
GD) as the detector. After being emitted by the Gunn diode,
the beam is focused by a parabolic mirror to a 4 mm spot )
where it is modulated by an optical chopper at 1.2 kHz. The Rop e @
modulated beam then passes through a silicon beam splitter, parabolic mirror [ = dgecor
and is focused by a 5-mm-thick polyethylene Fresnel%éfs F ) R
with a focal length of 204 mm. The distance between the ’ cj;)er | T

dAlso at: Department of Physics, Capital Normal University, Beijing % Gunn diode assembly ~ ransiation stages
100037, China; electronic mail: zhangxc@rpi.edu

BAlso at: Department of Physics, National Cheng Kung University, TainanFIG. 1. Schematic diagram of the imaging systentanreflection, andb)
701, Taiwan. transmission geometry, respectively.
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FIG. 2. (a) Photograph of the tile samplé) Defect map of the sample. The
defects are labeled as follows: U: Debond; TF/B: Varyingly poor bond; R:
Back-filled tile; D: 0.025 pocket(c) 0.2 THz image of the sample.

output power is a _rapidly decreasing fum_:tion Qf TrequenCYFlG. 3. (a) Photograph of the foam sampid) Defect map of the sample.
above 100 GHz, with about 10% conversion efficiency dur-Each void defect is marked with an “X1c) cw 0.2 THz image of the

ing frequency doubling. This relationship may change withsample in reflection geometry using a silicon beam splitter.

future devices, howevér. Additional difficulties associated

with decreasing the wavelength are the availability of . . . .
Schottky diode detectors further into the THz region of theb,e artifacts .Of thg manufacturing process, a'dd|t|onal Inten-
spectrum, and that the absorption or scattering coefficients gfonal or unintentional defects, strong density fluctuations
the sample will likely increase with frequency, in the case ofVithin the sample, but may also be the result of a standing
foam insulationt* Other detectors in this range that would be Wave due to the fact that the radiation is coherent.

more sensitive, such as the photo-acoustic Golay cell, have a . 1"€ measured defects locations match well with the po-
much slower response than the diode detectors and so scaiiion on the map: the backfilled tile and 0.025 in. pocket

ning speed decreases significantly if they are employed at tHefects, which extend through three dimensions, are visible
same step size. in the image. There is some contrast in the expected area of

The first application of this imaging system presented inthe variable poor bond defect, which may or may not be
this letter is the detection of defects in a molded ceramic tilaused by the defect itself, and the pure debonds show no
composed of compressed silica fibers. The material exhibitééadily visible effect. _ .
low absorption at 0.2 THz and thus can be inspected by the The space shuttle insulating foam, sprayed-on foam in-
system described herein. The sample, provided by NASAulation(SOF), shown in Fig. 8a), is another good subject
Marshall Flight Center, contains numerous built-in defectsfor THz techniques because it has a low absorption coeffi-
designed to test the performance of potential nondestructivéient and index of refraction in this region of the electromag-
testing mechanisms. The panel contains 12 plates. A photo fetic spectrunt®**The samples measured are sprayed layer-
a 60 cmx 60 cm panel, a partial pre-build defect map, andby-layer onto an aluminum substrate. As in the tile sample,
an image of the panel are shown in Fig. 2. The image, Figthere are various intentional defects inside to test the sys-
2(c), has a step size of 1 mm and the lock-in time constantems’ abilities to find them. This sample has only void de-
was set to 10 ms. fects, which appear in the cw image as dark circles with light

A defect with vertical extent, such as a pocket or void,interiors, corresponding to scattering and interference at the
will be more visible than a flat defect such as a debond, sincedge of the feature and enhanced transmission due to the lack
in the former there will be volumetric features to scatter andof material in the interior. Figure(B) is a defect map with
absorb the radiation, while a debond will only affect thethe positions of 29 defects.
beam via the qualities of the reflection. The 0.2 THz wave image of this sample is shown in Fig.

There are other features shown in the block that do no8(c). Of the defects shown on the measurement, all but two

correspond to features marked in the defect map. They maare visible in the images. One of the missing defect is located
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detectors would be more suitable for real-time imaging ap-
plications.

In conclusion, we presented a compact and inexpensive
method for non-destructive testing utilizing a Gunn diode
source, a Schottky diode detector, and a Fresnel lens. The
system is limited to relatively simple structures, as it lacks
depth and phase information, yielding only two-dimensional
images of transmitted energy. In general, such a system pro-
vides useful information in an application where the subject
meets the following requirements: there must be no conduc-
tive material in front of the desired area of inspection; the
features to be identified must be larger than the scale of the
wavelength and have some extent in the dimension parallel
to the incoming beam; and the features to be identified
should be distinguishable when superimposed over one an-
other.
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