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Detection and identification of illicit drugs using terahertz imaging
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We demonstrated an advanced terahertz imaging technique for detection and identification of illicit
drugs by introducing the component spatial pattern analysis. As an explanation, the characteristic
fingerprint spectra and refractive index of ketamine were first measured with terahertz time-domain
spectroscopy both in the air and nitrogen. The results obtained in the ambient air indicated that some
absorption peaks are not obvious or probably not dependable. It is necessary and important to
present a more practical technique for the detection. The spatial distributions of several illicit drugs
[3,4-methylenedioxymethamphetamine, methylenedioxyamphetamine, heroin, acetylcodeine,
morphine, and ketamine], widely consumed in the world, were obtained from terahertz images using
absorption spectra previously measured in the range from 0.2 to 2.6 THz in the ambient air. The
different kinds of pure illicit drugs hidden in mail envelopes were inspected and identified. It could
be an effective method in the field of safety inspection. © 2006 American Institute of Physics.

[DOI: 10.1063/1.2388041]

I. INTRODUCTION

Ilicit drugs have been smuggled easily because of the
absence of nondestructive inspection technique for illicit
drugs hidden in envelopes or luggage. At present, several
inspection techniques have been used such as x-ray scanning,
canine detection, trace detection, developing millimeter-
wave imaging, and infrared imaging. However, each of the
techniques has its limitation for the inspection of illicit
drugs. The ability of x-ray scanners is limited to identifying
the shape but not the type of the drugs. Trace detection and
canine detection can be used only if there are detectable
signs outside the envelope. Development is also underway in
the field of millimeter-wave imaging, but the identification of
the drug type is difficult because of the lack of fingerprint
spectra in this region. As for infrared imaging, in which fin-
gerprint do exist, has an inexact measurement because of the
high absorption and scattering. Therefore, an effective tech-
nique is necessary to make up the limitations of the enlisted
techniques for the inspection and identification of illicit
drugs, considering the facts of the emergence of new-style
illicit drugs and the increasing smuggling rampancy.

The terahertz spectral region (10*'-10*2 Hz), which oc-
cupies an extremely large portion between the infrared and
microwave bands, is a scientifically rich frequency band. Be-
cause of the low energy of 1 THz photon and the transpar-
ence of terahertz ray for paper, plastic bags, etc., and a non-
destructive inspection can be achieved. In the detection of
illicit drugs, we have studied the spectra features of several
illicit drugs in the terahertz wave band.? Experimental and
calculated results had demonstrated that terahertz time-
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domain spectroscopy (TDS) technique can be an effective
way to inspect illicit drugs. However, the inspection will not
be feasible if the inspected samples have not obviously ab-
sorption peaks. Therefore, it is necessary to present another
technique. Terahertz imaging is a promising nondestructive
technology based on its high transmission through selected
dielectric materials and its capability to provide spectral in-
formation. Although there have been a report on the terahertz
imaging of 3,4-methylenedioxymethamphetamine (MDMA)
and methamphetamine (MA) using terahertz parametric
oscillator,>™® there are few studies on the identification of a
series of illicit drugs.

The absorption and refractive index spectra of ketamine
measured with terahertz TDS were obtained. Results demon-
strated that the detection for illicit drugs with terahertz TDS
must depend on the fingerprint spectrum and dry surrounding
environment. By using the technique of terahertz imaging,
the spectra and images data of several different illicit drugs
were obtained in the ambient air. Results confirmed that the
detection and identification of illicit drugs hidden in mail
envelopes were feasible and credible. In the process of iden-
tification, what we need were only data of image and absorp-
tion spectral information of samples; no specific features of
samples spectra were required. Compared with other inspec-
tion techniques, not only the shape but also the type of illicit
drugs can be determined accurately by using the terahertz
imaging technique.

II. EXPERIMENT SETUP

The schematic experimental setup used for two-
dimensional terahertz scanning imaging is shown in Fig. 1,
which is similar to a typical terahertz TDS system. A mode-
locked Ti:sapphire laser beam with 100 fs pulse duration and
an 80 MHz repetition rate at a central wavelength of 810 nm
is used. The laser beam is separated into two, the pump light
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FIG. 1. Schematic diagram of the terahertz imaging system.

to illuminate terahertz emitter and the probe light to drive the
terahertz detector. Terahertz pulse is generated from the
semiconductor surface of (100) InAs crystal. After the emit-
ter, the first pair of parabolic mirrors in the path of terahertz
beam collimates and focuses the terahertz beam onto the
sample to be imaged, producing a nearly frequency-
independent focal spot size of 1.5 mm. The sample is
mounted on a translation stage that can be moved in the X
-Y plane perpendicular to the terahertz beam and be con-
trolled by computer during the data acquisition. The other
pair of parabolic mirrors collects and recollimates the trans-
mitted pulse and focuses it onto the (110) ZnTe crystal. The
output signal is fed to a lock-in amplifier. The time constant
of lock-in amplifier is 100 ms. After passing through an
analog-to-digital (A/D) conversion board the output signal of
the lock-in amplifier is recorded and stored in the computer
during the continuous motion of the sample. This system
measures the far-infrared spectrum between 0.1 and 2.6 THz
with a spectrum resolution better than 10 GHz. The dynamic
range is greater than 3000 and the signal-to-noise ratio
(SNR) at the peak value position is about 600. In the experi-
ment, the atmospheric moisture near the sample is less than
22% and the temperature is around 21 °C.

The object measured in the experiment contained two
groups. One group was consisted of four pure different illicit
drugs (MDMA, acetylcodeine, heroin, and morphine) to re-
alize the identification among drugs. The other group was
consisted of four samples in which contained two different
drugs and two simple chemical samples [ketamine, methyl-
enedioxyamphetamine (MDA), antipsychotic, and vitamin]
to realize the identification among drugs and other chemi-
cals. The drugs samples purified above 90%, provided by the
First Research Institute of the Ministry of Public Security of
China, were all typical illicit drugs abused in the world. In
preparing of the samples, the powder drugs were mixed with
polyethylene powder in different proportions and pressed
into disks of 13 mm in diameter with a force of 5 tons. Both
the surfaces of the disks were smooth and parallel and their
thicknesses were about 1 mm.

IIl. EXPERIMENT AND DATA PROCESSING

Since the vibration and rotation states of many organic
molecules and the low frequency vibration of crystal lattice
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FIG. 2. The time-domain spectra and the corresponding frequency-domain
spectra.

lie in terahertz wave band, their identification can be made
by terahertz characteristic absorption spectra fingerprint.
However, the detection will not be credible in the ambient
air. As an explanation, one of the samples, ketamine, was
measured with terahertz TDS both in the ambient air and
nitrogen. Figure 2 shows the time-domain spectra which
passing through nitrogen directly and the corresponding
frequency-domain spectra obtained by fast fourier transform
algorithm, in which terahertz pulse without passing through
any samples is set as the reference while that passing through
the drugs is set as the sample. It is clear that the terahertz
pulse is delayed due to the refractive index of the sample and
the amplitude is attenuated due to its absorption. Figure 3
shows the refractive index spectrum and the absorption spec-
trum obtained by the formula -log(l¢/l,), where I is the
terahertz intensity of the sample and I, is the terahertz inten-
sity of the reference. The curve (a) with star symbol and (b)
with square symbol correspond to the absorption spectrum
measured in the nitrogen and in the ambient air, respectively.
Figure 3(a) indicates that ketamine has a high absorbance at
the frequencies of 1.16, 1.35, 1.52, 1.94, and 2.38 THz. Ana-
lyzing every absorption peak, a visible change is shown be-
tween 1.1 and 2.4 THz in the refractive index spectrum,
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FIG. 3. (Color online) Refractive index (n) and absorption spectra («) of
pure ketamine both in (a) nitrogen and in the (b) ambient air.
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which means that the abnormal dispersion is always accom-
panied by a corresponding absorption peak. From Fig. 3(b),
it is clearly indicated that some absorption peaks are not
obvious or not credible because of the influence of water
vapor.

In order to explain the absorption spectrum better, theo-
retical calculation could be done using GAUSSIANO3
package.l The absorption peaks usually correspond to inter-
molecular modes or lattice vibrations for different crystal
structures. Therefore, the existence of fingerprint spectra of
illicit drugs in the terahertz band is the base for detection and
inspection of illicit drugs nondestructively by using terahertz
TDS. Due to the strong penetrability for cloths, paper bags,
and leathered or plastic luggage, terahertz TDS would be a
promising candidate for illicit drug detection and inspection.
However, the detection with terahertz TDS is accurate only if
the measurement is made in the nitrogen to eliminate the
influence of the water vapor in the air and increase the SNR.
While, terahertz imaging, a promising technology introduced
on the following can be expected to eliminate the limitation.
It will only depend on the shape of the absorption spectra
instead of the absorption peaks of detected samples.

In the process of the terahertz point-by-point scanning
imaging, the samples were placed on the focal point of the
second parabolic mirror and can be moved in the X-Y plane
perpendicular to the terahertz beam by using two crossed
motorized translation stages (the range of scanning was 25
X 25 mm?). At every x-y position, a complete terahertz time-
domain wave form was recorded by scanning the delay line.
The obtained time-domain data were converted to frequency
domain by Fourier transform. Thus a great deal of spatial and
spectral information about the samples was collected.

The absorption spectra of samples in the two groups
measured with terahertz TDS in the ambient air are shown in
Figs. 4(a) and 4(b). It is clear that the eight different samples
have different spectral curves, which result from their differ-
ent chemical structures. Just the difference between them
enabled us to realize the detection and identification.

To implement the identification of the samples, a com-
ponent spatial pattern analysis method was employed in the
data processing.6 The principle of the method is briefly de-
scribed as follows. The studied object consisted of M sub-
stances that have different spectral characteristics was im-
aged in the whole useful range from 0.2 to 2.6 THz.
Assuming that the imaging system is linear, the transmitted
intensity can be described as

(11=[SIP], @)

where [1] is a matrix of the observed sample image, [S] is a
matrix of the measured absorption spectra, and [P] is a ma-
trix of the spatial distribution of the samples. When this ma-
trix equation is solved by the use of the least-squares
method, matrix [P] can be described by

[P1= (SIS SITI], )

where T denotes the matrix transposition operate. Therefore,
if the matrices [S] and [I] were measured, the spatial distri-
bution of each sample or a specific component in a sample
can be obtained. As the incident terahertz waves were mainly
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FIG. 4. (Color online) (a) Absorption spectra of MDMA, acetylcodeine,
heroin, and morphine. (b) Absorption spectra of ketamine, MDA, antipsy-
chotic, and vitamin.

attenuated by absorption in the samples, the logarithm of the
ratio of the detected intensity of the sample divided by the
reference intensity of terahertz frequency spectrum was
taken for the elements of matrix [1] in the analysis.

In the data processing of identification, the absorbance
of each sample was extracted to form the matrix [S]. After
obtaining the matrix [I] from the observed image and [S]
from the absorption spectra, the spatial pattern [P] can be
calculated by substituting known [S] and [1] into Eg. (2). As
long as the absorption spectra and images of samples were
determined, the corresponding spatial patterns were extracted
from terahertz images. The terahertz images of the samples
and the spatial patterns of different samples in each group
extracted from this matrix were showed in Figs. 5 and 6,
respectively. Figure 5(a) represents the transmitted terahertz
image of the first sample group and each image in Fig. 5(b)
corresponds to each of the sample drugs in the group. It can
be clearly seen from the images that the four different drugs
had been identified and the corresponding spatial patterns
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were obtained. Meanwhile, as it was evident from Fig. 6,
which is the corresponding images of the second sample
group, the identification between drugs and other chemical
samples, vitamin and antipsychotic, were also realized.

IV. CONCLUSION

The above terahertz imaging technique by introducing
component pattern analysis has particular advantages in the
use of inspection and detection. Whenever a collective image
of an object, in which several separated pure chemicals or a
single mixture are included, and an absorption spectral infor-
mation of the each chemical in the object are measured, pat-
terns of each chemical as well as the components in the
mixture can be extracted from the terahertz image. Espe-
cially, a rough difference in the shape of terahertz absorption
curve is enough for the extraction. Therefore, this technique
is especially suitable for the detection and identification of

J. Appl. Phys. 100, 103104 (2006)

FIG. 5. (a) A scanning transmitted terahertz image gen-
erating a matrix [1]. (b)The extracted spatial patterns of
MDMA, heroin, acetylCodeine, and morphine. The four
different illicit drugs contained in an envelope are
clearly separated and corresponding spatial patterns
obtained.
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the samples, which have no characteristic absorption peaks
in the terahertz range. In addition, the measurement in the air
makes the identification more practical. These make up for
the insufficiency that fingerprint spectra and dry condition
needed in using the terahertz TDS for the detection and in-
spection. Along with the demonstration of the identification
ability of different samples, the measurements for accurate
concentrations of contents in mixtures or overlapped samples
are deserved to be explored and the detection of components
and even their percentages is possible.7

In conclusion, we have given the fingerprint spectra of
drugs and demonstrated the identification and separation of
illicit drugs using terahertz imaging technique. We deter-
mined the existence, the type, and the spatial distribution of
different illicit drugs. Results confirmed that the nondestruc-
tive detection of prevalent illegal drugs hidden in envelopes
were feasible. Much better results will be obtained with im-
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proved imaging system and a charge-coupled device (CCD)
electro-optic sampling system will enable us to shorten the
data acquisition time dramatically in comparison with the
scanning imaging. This is a significant development toward
real-world applications of terahertz imaging. This technique
provides a new promising approach to detect and identify the
illicit drugs, as well as to frisk risk packages, inspect the
quality of pharmaceuticals, determine component, etc.
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FIG. 6. (a) A scanning transmitted terahertz image gen-
erating a matrix [1]. (b) The extracted spatial patterns of
ketamine, MDA, vitamin, and antipsychotic. Two dif-
ferent illicit drugs and other chemicals contained in an
envelope are clearly separated and corresponding spa-
tial patterns obtained.
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