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Laboratory experiments indicate that, with more powerful sources and

more sensitive detectors, terahertz techniques have great potential

for detection and identification of concealed explosives.
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ABSTRACT | Terahertz (THz) radiation, which occupies a

relatively unexplored portion of the electromagnetic spectrum

between the mid-infrared and microwave bands, offers inno-

vative sensing and imaging technologies that can provide

information unavailable through conventional methods such as

microwave and X-ray techniques. With the advancement of THz

technologies, THz sensing and imaging will impact a broad

range of interdisciplinary fields, including chemical and

biological detections and identifications. In particular, THz

radiation offers the opportunity for transformational advances

in defense and security. Recent work shows that THz technol-

ogies are promising for the standoff detection and identifica-

tion of explosive targets.

KEYWORDS | Submillimeter-wave generation; submillimeter-

wave imaging; submillimeter-wave measurements; submillimeter-

wave spectroscopy

I . INTRODUCTION

Terahertz (THz) waves, or submillimeter/far-infrared

waves, refer to electromagnetic radiation in the frequency

interval from 0.1 to 10 THz. They occupy a large portion of

the electromagnetic spectrum between the mid-infrared and

microwave bands (in different units: 1 THz $ 1 ps $
300 �m $ 33:3 cm�1 $ 4:1 meV $ 47:6 K). In compar-

ison with relatively well-developed technologies and wide-

spread applications in microwave, mid-infrared, and optical
bands, basic research, advanced technology developments,

and real-world applications in the THz band are still in

infancy. During the past decade, various THz technologies

have been undergoing rapid development and have enabled

us to apply THz sensing and imaging for chemical,

biological, biomedical and other interdisciplinary study. In

recent years, THz technologies have proven to be promising

methods for defense and security applications.
The spectral domain from 0.1 to 10 THz hosts low

frequency crystalline lattice vibrations (phonon modes),

hydrogen-bonding stretches, and other intermolecular

vibrations of molecules in many chemical and biological

materials, including explosives and related compounds

(ERCs), drugs and other biomolecules. Many polar gases

also have distinctive spectroscopic fingerprints in the THz

range. The transmitted and reflected THz spectra of these
materials contain THz absorption fingerprints character-

izing these THz vibrational modes and provide informa-

tion that is not available in other parts of the

electromagnetic spectrum. THz waves have low photon

energies (4 meV for 1 THz, 1 million times weaker than

X-ray photons) and will not cause harmful photoioniza-

tion in biological tissues [1], [2]. As a potential sensing

and imaging modality, THz radiation is considered a safe
method for the operators and targets. THz radiation can

penetrate through many commonly used nonpolar dielec-

tric materials, such as paper, cardboard, textile, plastic,

wood, leather, and ceramic with little attenuation.

Therefore, THz technologies can be used for nondestruc-

tive or noninvasive sensing and imaging of targets under
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covers or in containers in some cases. Owing to these
advantages, THz technologies have been considered

competitive methods for inspecting hidden explosives,

chemical/biological threats and defects for defense and

security applications in the real world.

Recently THz spectroscopy and imaging of ERCs

have been investigated intensively for possible defense

and security applications. In 2003, Kemp et al. [3]

reported measurements showing THz spectral features
in a number of common energetic explosives, such as

2,4,6-trinitrotoluene (TNT), hexahydro-1,3,5-trinitro-

1,3,5-triazine (RDX), tetramethylene tetranitramine

(HMX), pentaerythritol tetranitrate (PETN), and com-

mercial explosives like PE-4 and Semtex. Subsequently,

we reported THz spectra of 14 ERCs obtained by both

THz time-domain spectroscopy (THz-TDS) and Fourier-

transform far-infrared spectroscopy [4]. Yamamoto et al.
[5] and Huang et al. [6] reported the THz absorption of

RDX validating the results of Kemp et al. [3]. Most of

these THz absorption fingerprints below 3 THz are from

the lattice vibrational modes of solid-state explosive

materials. THz spectroscopy in a transmission mode was

used for explosives sensing in these investigations [3]–[6].

However, for practical applications, reflection measure-

ments are preferred since most bulky targets are
impossible to be measured in a transmission mode.

Furthermore, reflection spectroscopy, especially diffuse

reflection spectroscopy (superior to specular reflection

spectroscopy in inspecting irregular surfaces in real-world

scenarios), is more applicable for standoff detection than

transmission methods. Detection of RDX by THz specular

reflection spectroscopy has been demonstrated recently

by Shen et al. [7]. In our laboratory, we have investigated
the THz diffuse reflection spectra of explosives using

RDX as a model compound. Our results imply that THz

diffuse reflection spectroscopy has a great potential for

the detection and identification of explosives concealed in

packages or under clothing [8]. In addition, we have

successfully sensed RDX by THz specular reflection

spectroscopy at a standoff distance of 30 m [9].

In addition to sensing with THz spectroscopy, 2-D and
3-D THz spectroscopic imaging are also focused interests

of worldwide researchers. Detection of RDX by THz

specular reflection spectroscopic imaging has been

reported by Shen et al. [7]. In our lab, we used both

pulsed THz imaging and continuous-wave (CW) THz

imaging for the security scanning of packages, bags and

shoes. Kawase et al. used THz spectroscopic imaging for

drug detections in envelopes [10]. Compared with
commonly used inspection techniques such as X-ray

imaging, THz imaging offer advantages including spectro-

scopic information, nonionizing irradiation, and higher

image contrast for differentiating between various soft

materials. These advantages stem from the fact that THz

radiation is more sensitive to the nature of these materials

it passes through [10]. For instance, an air bulb or a defect

in the foam can be more easily identified with THz
radiation rather than X-ray in most cases.

In this paper, different THz generation and detection

technologies are reviewed briefly and the propagation of

THz waves in the atmosphere is described. Subsequently,

we report recent THz sensing and imaging results

achieved in our laboratory. Using both a THz-TDS system

and a Fourier transform far-infrared spectrometer, we

obtained a THz spectral database for ERCs in the range of
0.1–21 THz. Density functional theory is employed to

calculate structures and vibrational modes of several im-

portant ERCs. We demonstrate the detection and identi-

fication of explosive RDX by diffusely reflected THz

waves. Sensing RDX with THz specular reflection spec-

troscopy at a standoff distance of 30 m is also recorded.

Finally we review the pulsed THz imaging with THz-TDS

and describe the CW THz imaging of various targets, such
as bags and shoes. Our investigations, together with other

work from worldwide researchers, demonstrate that THz

spectroscopy and imaging will play significant roles in the

fields of defense and security.

II . GENERATION AND DETECTION
OF THz WAVES

THz waves, either broadband waves or narrow-linewidth

CW, can be generated and detected by various methods.

Each of them has different output power, efficiency,

bandwidth, dynamic range, signal-to-noise ratio (SNR),

and technological implementation.

A brief discussion of the different types of sources and

detectors will assist the considerations of applying THz

spectroscopy and imaging in defense and security fields.

A. Broadband THz Systems
The broadband thermal emitters, such as glowbars and

mercury lamps, and liquid-helium cooled bolometers are

conventionally used in Fourier transform far-infrared

spectroscopy systems. However, they are limited within

laboratory investigations due to low output powers and

liquid-helium cooling.
Free electron lasers are the most powerful sources of

THz radiation available, producing either CW or pulsed

beams of coherent THz waves with an efficiency poten-

tially close to unity [11]. However, their bulky size and

high cost prevent their use in nonlaboratory applications.

THz-TDS, or THz pulsed spectroscopy based on

ultrafast lasers has been developing since the 1990s. This

technology generates and detects picosecond THz pulses
by a coherent and time-gated method using near-infrared

femtosecond lasers. In THz-TDS, the amplitude and phase

of each spectral component of the THz pulse can be

determined, thereby allowing the complex dielectric

properties of materials to be characterized. The generated

THz power in THz-TDS is not high, with an average power

from nW [12] to 650 �W [13]. However, using time-gated
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lock-in detections, the achieved dynamic range of the
measured THz power spectrum can reach up to 80 dB.

Biased photoconductive antennas, which are made of semi-

insulating GaAs [14], [15] or low-temperature-grown GaAs

(LT-GaAs) [16], [17], are the early sources and detectors

used in THz-TDS. Unbiased bulk semiconductors and other

crystals, such as InAs, InSb [18], [19], ZnTe [20], InP, GaP,

GaAs [21], GaSe [22], [23], LiNbO3 [24], LiTaO3 [25], and

polymer films [26], [27] are also widely used as THz
emitters, based upon the mechanism of either the ultrafast

transport of charged carriers or the optical rectification. The

bandwidth of the radiated THz spectrum depends on the

laser bandwidth, the emitter and the detector. Using short

laser pulses with a pulse duration of � 10 fs along with

specific emitters and detectors, the achieved bandwidth can

reach up to 60–100 THz [25]–[30], by trading off SNR.

Usually a system with a narrower bandwidth has a higher
SNR. For instance, using LT-GaAs antennas as the emitter

and detector, a THz spectrum with a smooth spectral

distribution between 0.3 and 7.5 THz, and a dynamic range

of �60 dB (for THz power) was obtained [31], which is ideal

for THz spectroscopic sensing.

In THz-TDS, the coherent THz detectors include

photoconductive antennas [14], [15] and nonlinear crystals

based on electrooptic (EO) sampling [32], [33]. Broadband
THz waves are usually detected using EO sampling [25],

[26], [28], [29] and the bandwidth of detected THz spectra

depends on the thickness of the crystal [34]. Any one of the

mentioned emitters can combine either of the detection

methods to make up a THz-TDS system with specific

bandwidth, dynamic range, SNR, etc.

B. Narrowband Continuous-Wave THz Systems
CW systems with narrowband THz radiation can be

used for imaging and spectroscopy with high spectral

resolution. Electronic sources include frequency-multi-

plied Gunn diode oscillators and backward wave

oscillators (BWOs). Gunn diode oscillators can provide

power ranging from �200 mW near 0.1 THz to ��W

near 1.7 THz [35], [36]. The BWO’s power varies from

�100 mW at 0.1 THz to �1 mW at 1.25 THz [37],
[38]. Scanning THz spectrometers based on BWOs and

Golay cell detectors are commercially available, with a

spectral tuning range of 35 GHz–1.25 THz, resolutions

of 1–10 MHz and a dynamic range of 60 dB [37], [38].

Nonlinear optical sources include THz-wave parametric

oscillators (TPOs) and photocurrent-based photomixers.

TPOs provide ns THz pulses with the maximum THz peak

power of above 100 mW, and a range of 0.7–3.8 THz
[10], [39]. Photocurrent-based photomixers using biased

semiconductors with ultrafast carrier recombination time

have a tuning range from 0.1 to above 3 THz in a single

device, with power levels typically below 1 �W beyond

1 THz [40]–[43]. There are also three types of THz lasers

available for CW generation: gas lasers, quantum cascade

lasers (QCLs), and free-electron lasers (FELs). THz gas

lasers are not continuously tunable, but have been shown
to operate at over 2000 frequencies from 0.9 to 6.86 THz,

with power levels ranging from 1 to �180 mW [44]. The

QCL is a major step toward a compact and practical

electrically pumped THz emitter. It features high output

powers (above 100 mW) and a control of layer thickness

which allows the emission wavelength to be designed in

(the lowest frequency reaches �2.1 THz) [45]–[47]. How-

ever, it works at liquid-helium or liquid-nitrogen temper-
ature. FELs are very powerful pulsed or CW sources for

widely tunable and coherent radiation. But their large sizes

limit their applications.

CW detectors can be either narrowband or broadband.

Schottky diodes are fairly compact but lacking in frequency

agility, and their cost is very high beyond 1 THz [48], [49].

Broadband detectors include bolometers, Golay cells and

pyroelectric detectors. Liquid-helium cooled bolometers
are broadband and sensitive THz wave detectors with fast

response, but they are difficult to implement in real fields

because they use liquid-helium. Compact sources Golay

cells can detect a frequency range of 0.02–20 THz with a

high dynamic range of 50 dB. But they have a long

response time (a few tens of ms), and the maximum input

power is limited to a few tens of �W [50]. Pyroelectric

detectors cover a spectral range from 0.1 to beyond 20 THz
with �ms response time, and compact units are also

available [51]. In addition, heterodyne detection methods

can achieve very low detection limits, which are several

orders lower than that of the direct detection methods.

C. Compact THz Systems
For the purpose of applications outside of laboratory

settings, compact or portable THz systems with the similar
capabilities as robust systems are desirable. In our lab, both

compact broadband THz systems and portable CW narrow-

linewidth systems have been developed. The broadband

THz system is a portable THz-TDS setup powered by an

IMRA femtosecond fiber laser, with a size of

55 cm � 40 cm � 20 cm and a weight of �22 lb, as shown

in Fig. 1(a). It provides real-time spectroscopy measure-

ments at rates up to 4 Hz with a dynamic range (THz
amplitude) of �100 in the 0.1–2 THz range. The narrow-

linewidth CW systems shown in Fig. 1(b) are smaller

ð25 cm � 20 cm � 13 cmÞ, consisting of Gunn diodes

sources (100–800 GHz) and Schottky diodes or pyroelec-

tric detectors. The 0.2 and 0.4 THz systems weigh 9 lb and

6 lb respectively. They provide measurements with a

dynamic range of 25–40 dB and a line scan speed up to

0.6 m/s. Other portable narrow-linewidth and broadband
THz-wave parametric generators were also reported [52].

III . PROPAGATION OF THz WAVES
IN THE ATMOSPHERE

One of the major hurdles for THz free-space sensing and

imaging is the atmospheric attenuation dominated by
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water vapor absorption in the THz band. We conducted a

full experimental investigation on the propagation of THz

waves in air and found a number of THz transmission

windows, as shown in Fig. 2. The ranges between two

water vapor absorption peaks are THz transmission

windows. Nine major transmission windows throughout

the 0.1–3 THz range are indicated.

We also conducted measurements of the THz transmis-
sion in different humidity. Fig. 3 contains plots of the

transmitted THz power (integration over the corresponding

range) in the six transmission bands versus relative

humidity. The THz transmission decreases with the relative

humidity. The transmission below �1 THz is higher than

that beyond 1 THz. Fig. 4. illustrates the THz spectra after

different propagation distances in the atmosphere. The

transmission bands become narrower as the propagation
distance increases; however, reasonable bandwidths remain,

even when the propagation distance reaches 108 m. The

attenuation below �0.65 THz is from beam divergence due

to diffraction, not from the atmosphere. In addition, our

measurements using Fourier transform far-infrared spec-

trometer indicates that THz waves in the 10.7–21 THz range

also have low atmospheric attenuation. Any chemical or

biological agents with THz fingerprints in these transmis-

sion bands will be detectable with THz waves at long

standoff distances in the atmosphere.

IV. SENSING WITH THz SPECTROSCOPY

Spectroscopic technologies are essential for chemical and

biological sensing. THz technologies developed in the past
decade such as THz-TDS enable us to explore spectro-

scopic sensing in the THz range.

A. THz Spectra Database of ERCs
We measured the THz spectra of 15 ERCs with a

THz-TDS system and a Fourier transform infrared (FTIR)

spectrometer (Bruker IFS 66 V/S) in the 0.1–21 THz

Fig. 2. Atmospheric attenuation of THz waves in the range of

0.1–3 THz and nine major THz transmission bands. A: 0.1–0.55 THz;

B: 0.56–0.75 THz; C: 0.76–0.98 THz; D: 0.99–1.09 THz; E: 1.21–1.41 THz;

F: 1.42–1.59 THz; G: 1.92–2.04 THz; H: 2.05–2.15 THz; I: 2.47–2.62 THz.

The temperature of the measurements was 23 �C, and the relative

humidity was 26%.

Fig. 3. Transmitted THz power in the six transmission bands

versus relative humidity.

Fig. 1. (a) Compact broadband THz-TDS system, with a size of

55 cm �40 cm�20 cm and a weight of�22 lb. (b) CW narrow-linewidth

system, with a size of 25 cm � 20cm � 13 cm and a weight of G 10 lb.

The ruler is 1 foot long.
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(4–700 cm�1) range, in a vacuum or a nitrogen purged
environment. These samples include TNT, RDX, HMX,

PETN, tetryl (2,4,6-trinitrophenyl- n-methylnitramine),

2-amino-4,6-DNT (2- amino-4,6-dinitro- toluene), 4-

amino-2,6-DNT, 4-nitrotoluene, 1,3,5-TNB (1,3,5-trinitro-

benzene), 1,3-DNB (1,3-dinitro-benzene), 1,4-DNB,

2,4-DNT, 2,6-DNT, 3,5-dinitro aniline, and 2-nitro

diphenyl anine. Table 1 shows a summary of the ab-

sorption peak positions. Some of our data agree with the
literature results [3], [5], [53] and some others are new

observations. In Fig. 5, we compared the experimental

results with the calculated results obtained using

Gaussian 03 based on density functional theory. Most of

these absorption features in the 3–21 THz range are from

the normal vibrational modes of ERCs molecules according

to the calculations. The experimental results include

transmission spectra and diffuse reflectance spectra in the
1.5–21 THz range obtained with a FTIR spectrometer.

Good agreements were achieved among calculated results,

transmission, and diffuse reflection spectra. In the range of

0.1–3.0 THz, compared with FTIR spectrometer, THz-TDS

has advantages such as a higher SNR without using a

liquid-helium cooled bolometer detector. Therefore we

measured the absorption spectra of common ERCs in the

0.1–3 THz range using THz-TDS in a nitrogen environ-
ment, as shown in Fig. 6. Most of these low frequency

absorption fingerprints are from lattice vibrations or

phonon modes of crystalline ERCs. There are also several

ERCs that do not contain THz absorption features in the

range of 0.1–3 THz, such as tetryl, 1,3,5-TNB, 1,4-DNB

Table 1 THz Absorption Peaks (THz) of ERCs

Fig. 4. THz spectra at different propagation distances. The

temperature of measurements was 22 �C, and the relative humidity

was about 10%.
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according to our measurements. An additional example is

ammonium nitrate which was reported previously [54].

However, they have fingerprints in the range of 3–21 THz.

The detection of these ERCs requires special considera-

tions since THz waves in the higher frequencies have

lower penetration depths for many commonly used

materials and their atmospheric attenuation is also
different from those in the 0.1–3.0 THz range.

If a real-world scenario is considered, both atmospheric

attenuation and a scattering effect will have significant

effects on spectroscopic results. Therefore, THz sensing in

the transmission windows is necessary for the real-world

applications. ERCs have many distinguishable THz

fingerprints in the range of 10.7–21 THz where THz

waves also have low atmospheric attenuation. However,
THz waves in this range do not have high penetration

depths for many commonly used materials compared with

those of lower frequency ranges. Therefore standoff

detection in the range of 10.7–21 THz will be limited to

exposed explosives. ERCs have abundant THz fingerprints

in the 0.1–3 THz range where many commonly used

materials become much more transparent. Therefore

standoff detection of hidden explosives behind barriers

in 0.1–3 THz range is more promising. To better employ

these THz fingerprints of ERCs and mitigate atmospheric

attenuation, further investigations need to be conducted.

Sensing with narrow-linewidth CW THz waves is another

promising direction. An array of CW sources and detectors

covering a range wherein ERCs have THz fingerprints and
the atmosphere has low attenuation will be applicable for

standoff sensing.

B. Detection of RDX by Diffusely Reflected
THz Waves

Many groups have applied THz spectroscopy for

explosives detection in transmission mode [3]–[6]. How-

ever, for practical applications, reflection measurements
are preferred since most bulky targets are impossible to

measure in a transmission mode. In addition, reflection

spectroscopy, especially diffuse reflection spectroscopy is

more applicable for standoff detection. Detection of RDX

by THz spectroscopic imaging based on specular reflection

has been demonstrated by Shen et al. recently [7]. How-

ever, in a real-world scenario, the targets usually have

Fig. 5. Comparison of calculated results, transmission spectra, and diffuse reflectance spectra of: (a) TNT, (b) RDX, (c) HMX, and (d) 2, 4-DNT

measured with FTIR. The spectra have been vertically shifted for clarity [4].
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rough surfaces and the surfaces are not aligned normal to

the THz beam, therefore the direction of the specular

reflection is hard to determine. It is more feasible and
realistic to detect and identify explosives by diffusely

reflected THz waves. We applied THz-TDS to study diffuse

reflection spectroscopy of explosives using RDX as a model

compound [8]. Our investigation implies that THz diffuse

reflection spectroscopy has a potential for the standoff

detection and identification of explosives concealed in

packages or under clothing.

With THz-TDS the complex refractive index of a sample
can be obtained without using the Kramers–Kronig (K-K)

transform. In a reflection mode, since the phase of the THz

pulse depends on the position of the reflected surface, an

accurate phase measurement requires a reference reflector

exactly in the same position as the sample. The reference

reflector should have a very similar surface morphology as

the sample as well. In practical applications, this match is

hard to achieve. Hence for the samples that are not opti-
cally smooth for THz waves, the retrieval of phase inform-

ation from the time-domain signal is hard in reflection

measurements and this has also been proved using our data.

Considering this difficulty, we discarded phase information

obtained in diffuse reflection measurements.

The reflection spectrum of a RDX pellet was acquired

from a diffuse reflection measurement using a THz-TDS

system in combination with a diffuse reflectance accesso-
ry. A Teflon (almost transparent for THz waves) pellet and

was used as a reference. The measurements were con-

ducted in a chamber purged with nitrogen to avoid the

influence of water vapor absorption in ambient air. In the

experiments, one quarter of all the diffusely reflected THz

radiation (in � 1/8 of a spherical space) from the RDX

sample surface was collected by an off-axis ellipsoidal

mirror. The absorption spectrum (0.2–1.8 THz) obtained
by applying the Kramers-Kronig (K-K) transform to the

reflection spectrum agrees with that from a transmission

measurement, as shown in Fig. 7(a). Two common ma-

terials without THz absorption features, polyethylene and

flour, were also tested using the same system to compare

with RDX, as plotted in Fig. 7(b). There were some small

spectral variations in the absorption spectra of polyeth-

ylene and flour, as shown in Fig. 7(b). This finding differs
from the result obtained from the transmission measure-

ments of polyethylene and flour, which have no THz

absorption features. We attribute the discrepancy to dif-

ferences in the surface roughness of the samples (poly-

ethylene or flour) and reference (Teflon).

Fig. 6. (a) THz absorption spectra of RDX, TNT, HMX. and PETN obtained with THz-TDS. (b) THz absorption spectra of explosive

related compounds obtained using THz-TDS. The spectra have been vertically shifted for clarity.
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In order to demonstrate the abilities of THz spec-

troscopy for the detection of hidden explosives, we have

also investigated the THz diffuse reflection spectroscopy

of RDX under covering materials. The RDX samples were

covered with four different barrier materials, paper

(thickness: �0.05 mm, white), polyethylene (�0.1 mm,

black), leather (�0.3 mm, yellow), and polyester cloth
(�0.4 mm, green), which are all opaque for visible light.

The measurements were conducted in ambient atmo-

sphere (with a relative humidity of �20%) instead of

nitrogen. The absorption spectra obtained from the K-K

transform are shown in Fig. 8. In ambient atmosphere,

water vapor absorption affected the measurements, es-

pecially in the range above 1.0 THz. In addition, the

barrier materials also led to the distorted spectral band
shapes and shifts of absorption peaks. Due to water vapor

Fig. 8. (a) A comparison between the absorption spectra of RDX obtained from the diffuse reflection measurements when RDX

was bare and was covered with paper. (b) Absorption spectra of RDX obtained from the diffuse reflection measurements under

different covers. Upper curve: polyethylene sheet cover; middle curve: leather cover; bottom curve, polyester cloth cover.

The spectra have been vertically shifted for clarity [8].

Fig. 7. (a) The comparison between the absorption spectrum from the transmission measurement (upper curve) and that from the

diffuse reflection measurement (bottom curve).The transmission spectrum has been vertically shifted for clarity. (b) Absorption spectra of

RDX, polyethylene, and flour from the K-K transform of the reflection spectra. All the measurements were conducted in a nitrogen-purged

environment to avoid the effects of water vapor absorptions in ambient air [8].
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absorption and covering material effects, many of the
weak absorption features of RDX cannot be identified,

and there are even artifact features. However, the ab-

sorption peak at 0.82 THz is always observed behind all

barriers in the atmosphere. This investigation demon-

strates that the THz technique is a feasible tool for

detecting hidden RDX-related explosives, such as C-4

under clothing or inside packages in diffuse reflection

geometry.

C. Standoff Sensing RDX by Specularly
Reflected THz Waves

Standoff detection involves passive and active methods

for sensing chemical and biological materials when the

sensor is physically separated from the target. Although

many techniques and methodologies are available for

explosive screening when close proximity is possible,
standoff distance (several meters) sensing of explosives is

as a bottleneck [55], [56]. Many of the existing standoff

methods either are invasive to the suspect personnel (e.g.,

X-ray and Raman spectroscopy) or lack spectroscopic

features for explosive materials (e.g., thermal infrared

detection). THz-TDS is a potential modality, but suffers

from blind regions in the spectrum due to water vapor

absorption lines [57], [58]. To demonstrate the feasibility
of a pulsed THz standoff sensing system, RDX was chosen

in our investigations as it has a prominent absorption peak

at around 0.82 THz, between two water absorption lines

centered at 0.75 and 0.99 THz. To make a comparison,

polyethylene, a material which does not have any THz

absorption features, was also tested with the standoff

sensing system. A metal mirror was used as a reference.

The experimental setups were THz-TDS with differ-
ent THz propagation distances. The THz beam propagat-

ed in ambient air for a certain distance (2.5–30 m) and

was focused onto the sample with a small incident

angle (less than 10�) by a parabolic mirror. The specularly

reflected THz waves from the sample were then

collected by another parabolic mirror and collimated to

travel back to the THz detector for another certain dis-

tance (2.5–30 m).
The propagation distance of the probe beam in THz-

TDS was reduced by taking advantage of the high

repetition rate of the femtosecond laser. Since the

repetition rate of the laser is 80 MHz, the spatial delay

between two adjacent pulses is 3.75 m. So for a certain

propagation distance of 9 3.75 m, the subsequent pulses

will be used to detect the THz pulse. As an example, for

30 m, the 59th pulse ð30 � 2=3:75 � 1Þ after the pumping
pulse was used as probe pulse. A short propagation

distance of probe beam decreased its noise level.

Although the arrangement of the two parabolic mirrors

is not practical in real-world applications, it ensured

collection efficiency given the limited amount of explosive

sample material (a 1.5 mm-thick pellet with a diameter of

about 13 mm). This study provides a situation in which one

is able to demonstrate the concept of standoff sensing
explosives with THz-TDS. Generally, highly explosive

materials, such as RDX, PETN, and HMX, are stored in

relatively large amounts. In that case, the reflected THz

signal can be collected using more sophisticated large

aperture collectors, such as a Cassegrain telescope [59].

In our study, the reflected THz pulses from RDX and

polyethylene pellets were measured and their absorption

spectra were calculated using the relative reflectance and
phase change profiles that were readily accessible using

THz-TDS. The results are illustrated in Fig. 9. The ab-

sorption peak of RDX centered at 0.82 THz was identified

at a standoff distance up to 30 m. It is noteworthy that

artificial spikes appeared around water absorption lines

(at 0.56, 0.75, and 0.99 THz) which make the curves like

the index of refraction. These spikes resulted from the

variation of relative humidity and the water vapor
absorption saturation, which lead to very low SNR at

these frequencies thus the abnormal data points in

absorption.

We also estimated the standoff distance limit based on

the dynamic range of the phase change. For many organic

compounds, the extinction coefficient k is usually much

Fig. 9. The absorption spectra of RDX (black line) and polyethylene

(gray line) for different sensing distances in different relative humidity

(RH). The dash line indicates the absorption peak round 0.82 THz.

The spikes around 0.38, 0.44, 0.56, 0.75, and 0.99 THz are due to

the fluctuations of water vapor in the atmosphere [9].
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smaller than the refractive index n [60], therefore their

phase change and extinction coefficient (or absorption

coefficient) show similar behavior around resonant

frequencies. For instance, in the phase change profile of

RDX, there is also a strong peak around 0.82 THz, with a
peak value of approximately 0.5 radians. Hence the

background phase noise at 0.82 THz determines the

visibility of the standoff detection of RDX. Our

calculation showed that phase noise was mainly attrib-

uted to amplitude degradation of the signal, if the scan

rate was so fast that humidity, temperature, and ranging

drift were not considered. By assuming a Gaussian pro-

pagation model with an emission divergence angle of 0.03
radians, and a Bphase change dynamic range[ (peak phase

change over phase noise) of 20 at 0.82 THz at a close

distance (G 1 m), we predicted the standoff distance limit

for various sizes of RDX reflection area by plotting the

phase change dynamic range against the standoff dis-

tance. The result is illustrated in Fig. 10. It reveals that,

with 3 cm2 reflection area, the dynamic range of phase

change reaches 1, indicating 30 m is the standoff de-
tection limit under the above circumstances.

V. IMAGING WITH THz WAVES

A. Imaging With Pulsed THz Waves
The main advantages of imaging with pulsed THz

waves by THz-TDS include the broadband nature,

noninvasiveness, and coherent detection.

The earliest pulsed THz imaging experiment was done

by raster scanning the sample with a focused THz beam

[61]. In this method, the change in refractive index is

shown in the timing and phase of the pulse, whereas the

density variation modulates the pulse peak amplitude. By
analyzing the THz pulse in the frequency domain, one is

able to identify materials with characteristic features in the
THz spectrum. This raster scan configuration has been

widely adopted in applications such as biomedical

diagnosis [62], the imaging and sensing of drugs [63],

explosives and landmines [64], and nondestructive defect

identifications [65], [66].

Another remarkable imaging method is pulsed THz

tomography. THz tomography refers to the imaging

technology in which either reflected or transmitted
THz wave illumination reveals the cross section image

of the object. Raster scanning pulsed THz imaging in

reflection geometry can be considered tomography, as it

renders 3-D profiles of a layered structure by recording

pulses reflected from each interface [67]. For example,

in our lab we have applied this technique to inspect

space shuttle insulation foam, as the defected interface

area modulates the pulses in both time and frequency
domain. Pulsed THz computed tomography is the THz

region adaptation of X-ray tomography [68]. It is able to

reconstruct the reflective index and density image by

taking inverse radon transforms of both the phase and

amplitude of the transmitted THz pulse. Pulsed THz

binary lens tomography benefits from the frequency-

dependent focal length of Fresnel binary lenses, so that

the images at different depths are projected on a single
imaging plane by their correspondent frequencies that

satisfy the lens equation [69].

THz 2-D EO imaging is a big leap forward from the

traditional raster scan imaging [70]. In this technique, the

entire THz field modulates an expanded probe beam onto a

large EO sensor crystal. The modulated beam profile is

captured by a CCD camera. It greatly improves data

acquisition speed and makes real-time THz imaging
possible. Spectroscopic 2-D THz EO imaging has been

reported [71], however, field tests are facing hurdles due to

insufficient SNR.

Other pulsed THz imaging modalities include THz

impulse synthetic aperture radar imaging [72], THz

interferometric imaging [73], and THz reflection multi-

static imaging using Kirchhoff migration [74], etc. Many of

them benefit from technologies that are well-developed,
such as radar astronomy, microwave holography, and

ultrasound technology.

B. Imaging With CW THz Radiation
An area of increasing interest in the THz field in recent

years has been the generation and use of CW THz

radiation. Imaging with CW THz radiation actually

predates pulsed THz imaging [75], but activity in the field
has only been revived recently. CW THz imaging is

advantageous compared with pulsed THz imaging for

specific defense applications due to its higher single-

frequency dynamic range and the nature of possessing a

narrow spectral width. Whereas the energy of a pulse is

spread over a broad spectrum, causing a significant amount

to be lost due to water vapor absorption, a CW system

Fig. 10. Phase change dynamic range calculated against standoff

distance, with different sizes of RDX reflection areas.
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tuned to spectral windows between atmospheric absorp-
tion lines is easier to operate at longer standoff distances.

In addition, because no time-delay scan is required in a

CW system, the speed of a CW THz imaging system can be

increased relative to that of a pulsed system, in which time-

delay scanning is necessary.

Various methods of generating CW THz waves have

been utilized for imaging purposes, including frequency-

multiplied microwave sources [76], backward wave
oscillators [77], quantum cascade lasers [78], CO2-pumped

THz gas lasers, photomixing [79], and THz-wave param-

etric oscillators [10]. Spectral information can also be

retrieved with a CW THz imaging system which is

continuously tunable over a large bandwidth, such as

photomixing, and THz-wave parametric oscillators. How-

ever, for many applications, information regarding the

transmitted intensity is all that is required, and using
powerful single frequency CW radiation is advantageous

over broadband waves.

Imaging with a CW system requires a method for

associating the radiation received with its location in

space. There are two methods that are commonly used: a

raster scan of a focused beam, or the formation of an image

on a detector array. In the former, a single detector, such

as a Schottky diode, Golay cell, or pyroelectric detector is
used to detect the full power of the beam. This has the

advantage of a high dynamic range, but the disadvantage

that the image must be formed point by point using a

scanning system, which is time-consuming and not

applicable to moving targets. The development of a

sensitive THz detector array is still an active area.

Pyroelectric arrays are commercially available, but their

sensitivity in the THz range is poor and they are too small
to provide high-resolution images of large targets. Detector

arrays also have the disadvantage of being severely affected

by distortions and aberrations in the focusing system,

whereas for a raster scanning system, the beam can easily

be focused to a diffraction-limited spot.

We have tested CW THz imaging’s potential for two

applications areas: nondestructive testing and security

screening. The results shown utilize a raster-scanning
method for the formation of the image, frequency-

multiplied Gunn diode oscillators as the sources, and a

Golay cell as the detector. During the experiments, the

standing wave effect was avoided by constructing a des-

tructive interference in the other path of the 50/50 beam

splitter. In Fig. 11, a 0.2 THz scan of a briefcase con-

taining a variety of items is displayed. Most of the

nonconducting material of which the briefcase is com-
posed is transparent enough to THz radiation for an image

to be formed. The metallic items present block the

radiation completely and are recognizable only as

silhouettes. Such a scan takes approximately 8 min to

complete, which is obviously too long for real-world

applications, but the potential for the technology, given

improvements in imaging speed, is undoubted.

In Fig. 12, an image of a shoe scanned with CW THz

radiation is shown. The structure of the shoe is visible,

including that of the rubber sole. This may be of interest in

the field of airport security, as the nonionizing nature of

Fig. 11. (a) Optical image of a leather briefcase containing pens,

a magazine, and a large knife. (b) 0.2 THz image of the briefcase.

Fig. 12. (a) Optical image of a shoe. (b) 0.2 THz scan of the shoe,

revealing the structure.
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THz radiation could make it possible to perform scans of
such articles while their owners are still wearing them.

These results indicate that CW THz imaging is capable

of accessing useful information for security applications.

With expected improvements to imaging speed, CW

THz imaging may become a complementary technology

to X-ray scanning for security applications.

VI. CONCLUSION

The most recent developments in THz technology and

new explorations of THz spectroscopy and imaging

have advanced THz applications in the defense and

security fields. Critical to the successful implementa-

tion of these THz applications include well-developed

THz technologies, an establishment of more compre-

hensive THz spectral database for both ERCs and
commonly used materials, standoff detection and iden-

tification of ERCs in reflection modes using narrow-

band CW THz systems, and the optimized data

screening algorithm. There are still challenges and
obstacles to implement THz technologies for defense

and security in real-world applications. Powerful THz

sources and sensitive THz detection methods need fur-

ther development. Theoretical calculations of the THz

phonon modes remain as an unsolved problem. Atmos-

pheric attenuation and scattering effects greatly influ-

ence THz sensing results. However, THz science and

technology has already shown great potential. Together
with worldwide investigations, our THz sensing and

imaging results indicate THz technologies will play

more and more important roles in defense and security

applications. h
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J. Kröll, K. Unterrainer, M. Beck,
M. Giovannini, J. Faist, C. Kremser, and
P. Debbage, BImaging with a Terahertz
quantum cascade laser,[ Opt. Express, vol. 12,
pp. 1879–1884, 2004.

[79] K. Siebert, H. Quast, R. Leonhardt, T. Löffler,
M. Thomson, T. Bauer, and H. G. Roskos,
BContinuous-wave all-optoelectronic
terahertz imaging,[ Appl. Phys. Lett., vol. 80,
pp. 3003–3005, 2002.

Liu et al.: Terahertz Spectroscopy and Imaging for Defense and Security Applications

1526 Proceedings of the IEEE | Vol. 95, No. 8, August 2007



ABOUT T HE AUTHO RS

Hai-Bo Liu (Member, IEEE) was born in Guilin,

China, in 1975. He received the B.S. degree in

chemical physics from the East China University

of Science and Technology, Shanghai, China, in

1997, the M. S. degree in optics from the Fudan

University, Shanghai, China, in 2000, and the

Ph.D. degree from the Department of Physics at

Rensselaer Polytechnic Institute, Troy, NY, in

2006. His doctoral research involved terahertz

spectroscopy for chemical and biological sensing

applications.

After graduation, he joined InterScience Inc., Troy, as a Research

Scientist. His research interests include sensing explosives and related

compounds with both pulsed and continuous-wave terahertz technolo-

gies, and using terahertz spectroscopy to study biological cells,

pharmaceutical materials, proteins, and other biomolecules.

Dr. Liu has been a member of the Optical Society America since 2002.

During his study at Rensselaer Polytechnic Institute, he received the

Coherent Award in 2004, the Harry F. Meiners Fellowship in 2002, and

the Walter Eppenstein Award in 2002.

Hua Zhong received the B.S. degree in physics

from Peking University, Beijing, China in 2000 and

the M.S. and Ph.D. degrees in physics from

Rensselaer Polytechnic Institute, Troy, NY, in

2002 and 2006, respectively.

Her research interest is nondestructive evalu-

ation, and standoff distance sensing and imaging

with both pulsed and continuous-wave terahertz

radiation.

Nicholas Karpowicz received the B.S. degree in

physics and philosophy from the Rensselaer

Polytechnic Institute, Troy, NY, in 2003. He is

currently working toward the Ph.D. degree in the

Department of Physics, Rensselaer Polytechnic

Institute.

He is a National Science Foundation IGERT

Fellow in Terahertz Science and Technology at

Rensselaer Polytechnic Institute. He has partici-

pated in research mainly on imaging with pulsed

and continuous-wave THz radiation and on THz imaging in both near-

field and far-field regimes. is currently working on functional, far-field

imaging with THz pulses.

Yunqing Chen received the M.S. degree in phys-

ical chemistry from Northwestern University,

Xi’an, China, in 1990 and the Ph.D. degree in

physical chemistry in the Institute of Chemistry,

Chinese Academy of Sciences, Beijing, in 1999.

In 1999, he was a Postdoctoral Associate at

Wadsworth Center, New York State Department of

Health, Albany. In 2003, he jointed Rensselaer

Polytechnic Institute, Troy, NY, as a Research

Associate. His current involvement is mainly with

Terahertz spectroscopy.

Dr. Chen has been a member of the American Chemistry Society

since 2000.

Xi-Cheng Zhang (Fellow, IEEE) received the B.S. in

physics from Peking University, Beijing, China, in

1982 and the M.Sc. and Ph.D. degrees in physics

from Brown University, Providence, RI, in 1983 and

1986, respectively.

He was a Visiting Scientist at the Massachusetts

Institute of Technology in 1985. From 1985 to

1987, he worked in the Physical Technology

Division of the Amoco Research Center. From

1987 to 1991, he was in the Electrical Engineering

Department at Columbia University. He then joined the Rensselaer

Polytechnic Institute in Troy, NY, where he has been a faculty member

since 1992. He is currently the J. Erik Jonsson Professor of Science, a

Professor of Physics, Applied Physics and Astronomy, and a Professor of

Electrical, Computer, and Systems Engineering at Rensselaer Polytechnic

Institute. He is the founding director of the Center for Terahertz Research

at Rensselaer. He has authored and coauthored eight books and book

chapters and more than 250 refereed journal papers. He has participated

in over 300 colloquium, seminars, invited conference presentations, and

250 contributed conference talks since 1990.

Dr. Zhang is a fellow of the American Physics Society and the Optical

Society of America.

Liu et al. : Terahertz Spectroscopy and Imaging for Defense and Security Applications

Vol. 95, No. 8, August 2007 | Proceedings of the IEEE 1527


