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ABSTRACT

A new safeguards system under development employs
radiometers in the 100-300 GHz spectral band to detect
contraband, including shielding materials (used to
attenuate the gamma ray emissions from nuclear materials),
weapons, or explosives covertly concealed on persoanel.
Clothing is highly transparent at these frequencies anAd
imaging techniqua2s can detect contraband by its emissivity
and reflectivity differences relative to humar tissues.
Experimental data are presented and sample images are used
as a basis to discuss system advantages and limitations.

*This work was supported by Sandia Laboratocries
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SECTION I

Introduction

During the past decade, the need for new, versatile,
personnel inspection techriques has 2. isen. Traditional
systems employing magnetometers and x-ray imagers are now
ccmmon in mass transportation centers, but because metal
detectors are easily defeated and because x-ray imaging of
personnel is prohibited by radiological health considerations,
alternative or complementary approaches need to be develcped
In this work, a new inspection technigue is investigated which
utilizes radiometric imaging in the so-called far infrared
(FIR), or near-millimeter-wave {(NMMW), spectral region 2xtend-
ing roughly from 300-3300 um.l‘é This spectral region is
i{deally suited for merconnel inspection because the attenuation
of clothing is small and because the radiatior does not prasaac
a health hazard. Although the same description can apply to
the microwave spectrum (3-mm to l-cm wavelength), both tLhe
resolution for a reasonable size imaging system collection
aperture and contrast between the concealed object and human
tissues is degraded.6 The FIR can provide resolution on the
order of 1 cm using modest Aantenna apertures of 10-100 cm.
Human tissue can be charactericed as a nearly ideal blackoody,
thus providing a uniform b:-kdrop against which radiometric
imaging and detection can be ~ccomplished. The FIR method
provides a method of material (anomoly) detection not neces-
sarily “ncluding identification. The new detection technijue
creates a visual display using a cathode ray tube driven by ti-
ocutput of a sensitive radiometer operating in the NMMW portion
of the spectrum. An optical scanning system generates a two
dimensional search matrix 1 m“. or approximately 104 reso-
lution elements. It is possible to distinguish between variour
abiects at the same absolute temperature by measuring their
apparent temperature (or emissivity) with a radiometer.

Because human tissue is characterized by an emissivity
close to unity ac FIR/NMMW frequencies of 100 GHz (3 mm) and
higher, a radiometer at these wavelengths will measure body
temperatures that are roughly 10-15°C above room ambient.
Concealed metallic objects will reveal themselves as regions of
moderate~-to-low emissivity against the uniform high emissivity
background of human body tissue. These concealed objects will
also shadow the radiated signal from human tissue and reflect
some ambjent background into the radiometer.



At the present time, radiometric detection against a human
tissue background has been investijated for metallic objects,
special nuclear shielding materials, and some explosives.
Careful measurement of attenuation for clothing and other
common concealment materials indicates only a small loss at far
infrared wavelengths. Metallic objects 2 cm® in area were
easily detected against a human backdrop with several layers of
intervening clothing. The detection of nuclear shielding
matertals is more difficult and stronjyly depends on the
manufacturing details of the material and the placeme:.t and
contact on the subject. Explosives are very difficule to
detect; however, only a small effort has been dedicated to this
subject.

This paper descriles the details of ar FIR radiometric
1naging inspection technique, Images will be used as a basis

for discussing present performarce and ultimate system
porential.

SPCTION II

Radiometry Fundamentals

All objects at temperatures above absolute zero radiate
energy in the form of electromagnetic waves and absorb and
reflect energy that is incident upon them., A perfect absorber
is called a blackbody which is a perfect radiator and has an
2mission spectrum completely governed by the absolute physical
temperature T. The brightness of the radiation is given by
Planck's radiation law as follows:

3
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where

B = brightness (watts m~2 g-1 54-2)

h = Planck's constant (6.63 x 1073? joule-sec)

fErequency (Hz)



c = velocity of light (3 «x 108 msec'l)

k = Boltzmann's constant (1.38 x 10-23 joule® k™1

T temperature (9K)

If Eq. (1) is integrated over all frequencies, the familiar
Stefan~Boltzmann relation is obtained

= emissivity

= constant (1.80 xz 1078 watcts m‘ZK‘Z}

In Fig. 1, several brightness curves are plotted as a
function of frequency and temperature using Eq. (1). The
spectrz. region of interest in this work includes frequencies of
100-300 GHz. 1In this region hwu«< XT 50 that the exponential
factor in Eq. (1) is given to a good approximation by kT/h .
Thus

2cKT 3)

whare * is the wavelength in meters, and the apparent
brightness is a function of the absolute temperature T and
emissivity €, Two objects at the same temperature but with
different emissivities, or two identical objects at different
temperatures, will radiate different amounts of energy. By
using very sensitive detectors of this incoherent thermal
emission it is possible to discriminate between objects zt
different apparent temperature {(cT). The apparent temper-iture
difference arises from emissivity or real absolute tempevature
differences. State-of-the-art detectors in the NMMW pcition of
the spectrum {100-300 GHz) can differentiate apparent tempera-
ture differences of a fraction of 19 for a2 l-sec integration
time.
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In radiometric systems, detection can be accomplished with
the use of either coherent (heterodyne) or incoherent {video)
techniques. The incoherent approach at NMMW frequencies
cequires liquid-helium-cooled detectors with little performance
advantage relative to heterodyne detection. 1In the coherent
approach as used in this program, the radiometer incocporates a
room-temperature Schottky barrier diode mixer. The intermediate
frequency (IF) is amplified by a low-noise, gallium arsenide,
field-effect transistor (GaAs FET) amplifier. For a heterodyne
system the minimum detectable temperature difference is given
by:

where B is the IF bandwidth, t is the postdetection integration
time, and Tsys is the equivalent noise temperatutre of the
receiver,

The range of minimum detectable temperature, as a functinn
Of IF bandwidth and receiver eguivalent noise temperature, is
illustrated in Fig. 2. Low noise IF amplifiers are now avail-
ahle with frequencies up to 10 GHz, and 3000°K is a reasonable
system noise temperature for receivers of 100 to 300 GHz, Temp-
erature differentials of a fraction of a degree should therelore
be readily detectable.

Passive detection systems are the most desirable because
the signal is derived totally from the self-emitted radiation.
However, the inspecticn of large areas () m<) at reasonable
framr rates (i.2., a few seconds) may reqguire illumination for
inc: :ased contrast. This can be accomplished using iicoherent
sources such as mercury arc lamps with effective brightness
temperatures of a few thousand degrees in the NMMW portion of
the spectrum, The UV, visible, and near-infrared emissions are
filtered out so that the subject is totally unaware of the
illvmination and, because the flux is much less than the normal
level received from the sun, the radiation hazard is
negligible.



SECTION ITII

Transmission Characteristics of Clothing and
Other Common Concealment Materials

The key idea in utilizing FIR/NMMW detection and imaging .=
that many materials, especially clothing, become transparent in
this spectral region. Visual images and infrared thermal
images (thermograms) will only indicate features of the ouater
layers of clothing or other concealment materials,

To assess the ntility of FIR/NMMW imagery, it was [irst
necessary to, investigate the transmission characteristics ol
matevials. ™ Absorpticn coefficients are available in the
literature for many materials. The intent was not to repeat
these carerul measuremenis, which are generallv performed on
pure materials, but rather to indicate the gross transmission
teatures of common matecials which include contribations of
reflection and scattering.

The transmission data are summarized in Frg. 3. As the
wavelength increases beyond 1000 .m {1 mm), the transmission »f
even dense materials, like leather and wood, is sufficiently
1ign to permit inspection through tnese materials. The data
sliculd be used as trend indicators and not for absolute
numbers. The opt um region for minimum loss and maximum
resoluticn occurs between the wavelenjths of 1 and 3 mm, ard
actual system operating wavelength will be dictated by thecse
conditions, the status of components, and the achievable
sensitivity of deteciors and radiometers.

SECTION IV

Experimental Radiometiic Imaging/Detection System

The NMMW, passive imaging system, Figure 4, consists of
four major subsystems; an optical-type scanning system, a
radiometer for signal detection, electronics for scanning
system control and signal processing, and a visual display and
recording system.

The scanning system has a fixed elliptical primary mirror
witn focii at 1 and 3 meters. Thermal energy emitted by a body
at the focus in the object plane is reflected by the wvertical
scan mirror, the horizontal scan mirror, the elliptical primary
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mirror, and finally, into radiometer horn anterna at the image~
plane focus. The scanning mirrors, therefore, sweep the 3-meter
focus over the object plane while the l-meter focus remains
tixed at the radiometer.

A block diagram of the radiometer is shown in Fioure 5.
The thermal radiation emitted by a target is focused, .hrough
the chopper, into the radiometer horn. The radiometer is a
Dicke receiver;? i.e., the chopper alternately blocks the
signal from the target and reflects a reference signal Erom an
ambient 1load i1nto a horn antenna. The signal is squarewave-
modul ated at the chopper freguency, heterodyned in the mixer,
amplified in the IF amplifier, and square-law detected Ly the
diode detector. The amplitude-modulated video signal is then
amplified and synchronously detected in the correlator. The
resultant DC signal is integrated, amplified, and sent to the
data collectinon system for proper display formatting. The 3-mm
radiometer and imaging system has a double sideband system
noise temperature of approximately 1700°K and a minimum
detectable input temperature ('T) of approximately 0.1°K for
l-sec inter-ation.

SECTION V

Experimental Results

The 3-mm radiometer was used to obtain single-line, hori-
zontal scan data prior to implementation of the full scanning
operation. Figure 6 shows a scan of a 2-cm~-wide leal target
(nuclear material snielding) against a human body with the view
both unobstructed and through a 2.4-mm-thick leather jacket
material., Also included is a similar scan using incoherent
illumination from a mercury lamp. The detected signal is
enhanced and now appears hotter than the ambient background.
The results indicate that metallic objects will appear several
degrees coecler in a passive detection scheme and will be
detected through normal layers of clothing. As observed
previously, metallic objects refiect the rocm ambient thermal
radiation and this is compared to radiometric skin temperature.
The smission temperature from the skin suzface at 3 mm is
approximately 2)5°K, and preliminary measurements at 1.4 mm
indicate an emission temperature of approximately 307°K.

These values vary by 2-3°K on a given subject, probably as a
function of skin thickness, skin moisture, body fat layers, and
other body characteristics. Typically, the emission tamperature
of the human body ranges from 7-10°C ahove ambient in the
laboratory environment,



Typical passive radiometric signatures for a variety of
composite shielding materials apoear in Figure 7, The
d. fferential radiation, T, is plotted versus real physical
temperature because the latter value can vary depending on the
location of the contraband sample on a human. For certain
samples and physical temperatures, the differential radiance
can be zero and thus the sample is radiometrically indistin-
guishable Erom the background. This ambiguity is unlikel, and,
in any event, can be resolved using active inspection or by
comparing radiometric signatures at two wavelengths, e.g., 3
and 1.4 mm. These studies are now in progress.

Preliminary siynature data for three ava:lable explosive
samples (C4, detasheet, and TNT) indicate that these bare
materials are difficult to detect using only passive radiometry
at the 3-mm wavelength. However, explosives appear very
amenable to detection using active/passive, dual wavelength
radiometry, or FIR/NMMW spectral-line detection,

.maging has also been accomplished using the system illus-
trated in Figure 5. The first image is designed to test spatiai
resolution as shown in F jure 8. The target is a variety of
m2tallic geometric shapes, with the dimensions indicated,
mounted in front of a 779K cold surface. The 3-mm image
clearly indicates the presence of the smallest object (1 cmz),
although squares and circles appear the same. This is accept-
able because our present goal is to detect, not necessarily
identify, contraband. The data presented were recorded
photographically from the display monitor without the use of
image processing.

The second image (Figure 9) is the 3-mm wavelength repro-
duction of a handgun. The shape is readily discernible. The
presence of a heavy layer of cloth over the object does not
degrade the image as shown in Figure 9d4.

Both of the previous figures illustrate the potential of
the imaging techniques; however, the target geometry is
idealized by the presence of the 77°K background. Because
the metal objects mask the 779K background and reflect the
room ambient background, AT = 230°K, If an active imaging
system were developed, the anticipated signal level would be
comparable to 200°K. However, for passive detection, the AT
is an order of magnitude lower and, thus is less conclusive at
this point.

Figure 10 demonstrates the present prototype passive system
operation for a real human subject with a concealed weapon,
The weapon is detectable, but not easily identifiable, and only



relatively large objects would be seen. It will be necessary
to improve the performance of the radiometer (a factor of 10 is
within present capability) and to use illumination to insure
large signals (AT = 200°K) for the detection of small (2 to

4 cm4) ohjects.

SECTION VI

vonclusions

It has been demonstrated that radiometric detection of
metallic objects is feasible in the 100-220 GHz band. Data
obta:ned with a prototype, passive radiometric imaging system
operating at 100 GHz indica%es that target signatures (5-10°K
T and 2 cm“ resolution) are adequate co detect contraband
covertly carried by personnel - especially SNM and weapons,
Clothing and other common nonmetallic materials of concealment
present only a small transmission loss.

The detection of composite nuclear shielding materials is
more difficult than solid materials and presents a complex set
of problems that is strongly dependent on the manufacturing
details of the material and the placement and contact on the
subject; however, a sensitive, high-resolution scanaing systeu
should detect the object. A preliminary evaluatvion of
explosives (C4, TNT, detasheet) at 3-mm wavelength indicates
low contrast relative to human tissue background,

Radiometric improvements and illumination schemes will he
imp.emented to increase the signal-to-noise ratio and/or
ins»nection rate. The results to date are encouraging and work
is proceeding to improve performance and address real detection
scenarios,
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Transmission of representative concealment materials
in the FIR-NMMW spectral region. Losses include the
effects of absorption, reflection, and scattering.
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FIGURE 6

——-- AMBIENT

- —- HUMAN BOOY (AT = 3°C above ambienil

~— 2cm WIDE LEAD TARGET
fa) UNOBSTRUCTED VIEW

(b} VIEWED THROUGH LEATHER

{c} REFLECTING INCOHERENT
ILLUMINATIGN

S B I I
0 10 20
TEMPERATURE {°K) ABOVE AMBIENT

3-mm radiometric scan of 2-cm wide
lead target against a human body.



*sTeTI93RW burpleTys o3T1sodwos jo aaxnjeasdwsay
Teorsiyd snsias a1njeradwsl IdURTPERI UM-f

{a) LEAD SHOT IN NEOPRENE
(Top Surface)

(bl LEAD SHOT IN RTV
- (Both Surfaces!

/_/,,/—— {c) LEAD SHOT IN PLASTER OF PARIS
{Top Surfacel

{al LEAD SHOT N NEOPRENE
{Bottom Surface)

{c] LEAD SHOT IN PLASTER OF PARIS
{Bottom Surfacel

+10;-

+
©on
i

RELATIVE TO HUMAN BODY
T

(Bath Surfaces!

RADIANCE TEMPERATURE, AT IN °K,

1
S
-

H | J
310 315 320 325
PHYSICAL TEMPERATURE, °K

jo=]
(=1
=1
(e
[—3
[Za]

L JYnoId



Imarges in the visible and at the 3-mm wavelcngth
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-, 2-, and 3-cn rictal objects.

Photograph of objects in front of liquid-
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3-mm image.
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Images in the visible and at the 3-mm vavclength
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