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ABSTRACT

We report the use of a terahertz pulsed imaging technique for three-dimensiona chemica mapping. Terahertz
radiation reflected from a sample was measured pixel-by-pixel in time domain using a terahertz pulsed imaging system
developed at TeraView Ltd, UK. Therecorded terahertz waveforms were then transformed into frequency domain using
time-partitioned Fourier transform. Structural maps of samples were obtained by analyzing the terahertz time-domain
data whilst chemical maps were obtained from terahertz spectral data sets. For a sample comprising chemical A at the
surface of a polyethylene pellet and chemical B buried inside the pellet, we have separated the component spatial
patterns of the two chemicals using their spectral fingerprints. The reconstructed three-dimensional chemica maps not
only locate the chemicalsin the object, but also identify each chemical. We also demonstrate the capabilities of terahertz
pulsed imaging for non-destructive analysis of coating thickness and quality, and for detecting and identifying explosive
materials such as RDX.
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1. INTRODUCTION

Chemical mapping is an exciting new analytical advance that provides comprehensive information characterising
complex heterogeneous samples. The basis of chemical mapping isthe acquisition of a three-dimensiona data set where
two axes describe vertica and horizontal spatia dimensions, and the third axis represents the spectral frequency
dimension. In the near- and mid-infrared frequency range, Fourier-transform infrared and Raman spectroscopy have
been successfully developed for chemical mapping [1-3]. However, many materials such as pharmaceutical tablet
coatings are opague to infrared light. Therefore conventional infrared technique is mostly suitable for mapping out the
surface didributions of chemicals, and thus is a two-dimensional chemical mapping technique. The chemical
distribution in the depth direction cannot be accessed because infrared light cannot penetrate into the sample.

Terahertz pulsed imaging (TPl) is a newly-developed technique which utilizes the terahertz region of the
electromagnetic spectrum (10 — 330 cm™, or 300 GHz — 10 THZ). In this frequency range many chemicals show
characteristic spectra fingerprints and many packaging and coating materials are semi-transparent [4]. In addition, TPl
directly measures the transent eectric field, not smply the intensity of the terahertz radiation. This coherent detection
scheme not only yields the terahertz signal with excellent signal-to-noise ratio and high dynamic range, but also alows
both absorption coefficients and refractive indices to be obtained without the need to apply the Kramers-Kronig
dispersion relationship [5-11].

In a TPl measurement, the terahertz waveform for each pixel was recorded as a function of optical time delay. This
provides a three-dimensonal (3D) data set where two axes describe vertical and horizontal spatial dimensions, and the
third axis represents the time delay (depth) dimension. Applying a Fourier transform to the time-domain TPI data yields
terahertz spectral data for each pixel. This gives in total a four-dimensiona data set including vertical and horizontal
gpatial dimensions, the time (depth) dimension, and the spectral frequency dimension. The terahertz waveforms, which
contain vita information about the refractive indices of the layered structures, have been previousy used for non-
destructive analysis of tablet coating thickness [12] and for the clinical imaging of basal-cell skin carcinoma ex vivo and
invivo [13]. Terahertz spectral data have also been analyzed for chemical mapping of heterogeneous mixtures and for
detecting and identifying explosive [14]. In this paper, we show that combining analysis of both time-domain and
frequency domain TPI data gives a true 3D chemica mapping of a sample.
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In the following sections we first briefly discuss the TPl technique (Section 2). In Section 3 we will concentrate on
time-domain TPl data analysis, while in Section 4 we mainly discuss the spectral analysis. Example 3D chemica
mapping images are presented in Section 4.

2. MATERIALSAND METHOD

High-density polyethylene (PE) powder was obtained from Chesham Chemicals, UK (particle size < 80 pm).
Samples of a-Lactose monohydrate and tartaric acid powders were purchased from Sigma-Aldrich, UK, and milled to
fine powders (particle size <100 um) before use. Circular pellets were formed by compressing powder samples under 2-
tons usng ahydraulic press (Specac, UK).

In al measurements, we used a TPI™ scan system (TeraView Ltd, UK) operating in rapid scan mode [12]. In this
study, the terahertz radiation reflected from a sample was measured in time domain over an optical delay range of about
5 mm, providing a spectral resolution of 1 cm™ over the spectra range 5-80 cm™’. Terahertz images were obtained by
raster scanning the terahertz beam at 100 pum steps across the sample, which was mounted at the terahertz focus point.
We show in the following sections that the time-domain terahertz images obtained contain all necessary information for
mapping out the spatial distributions of the chemical componentsin asample.

3. TIME-DOMAIN TPl DATA FOR COATING ANALYSIS

Coatings perform a wide variety of functions and pharmaceutical tablet coatings are actualy now one of the
preferred routes to control the release of active drug ingredientsin the body. If the coating is non-uniform or has defects
then the desired dose delivery and bioavailability can be compromised. Previous work [12] has demonstrated that TPl is
a powerful tool for non-destructive determination of tablet coating thickness. Here we report further experimental results
demonstrating that TPI is also a powerful tool for non-destructive inspection of subsurface structures and for assaying the
interface quality of layered structures.

3.1 Non-destr uctive detection of buried structures

Figure 1(a) shows an example time-domain terahertz image recorded with TPI™ scan. The sample is a PE pellet

containing a buried piece of weighing paper (Schleicher & Schuell™, 40-50 um thick). The weighing paper is located 1.8
mm beneath the PE pellet surface and is therefore not visible. However, the paper is clearly seen in both the B-scan
terahertz image and the waveform signal shown in Figures 1(c) and (d) respectively. Thisis because the terahertz pulse
is reflected at both the air/PE interface (depth = 0 mm) and the PE/paper interface (depth = 1.8 mm) owing to the
changes of refractive index. For each TPl measurement a 3D data set is obtained where two axes describe vertical and
horizontal spatial dimensions, and the third axis represents the depth dimension. Therefore TPl isatrue 3D imaging tool
and the 3D structure map of a sample can be fully reconstructed by analysing the TPl data set. Figure 1(€) shows a 3D
view of the reconstructed PE pellet sample where the piece of paper buried in the pellet is revealed. The exact location
of the paper inside the pellet was determined by the TPl measurement. The lateral resolution of the technique is limited
by diffraction of the terahertz focus to about 150 um a 3 THz, whereas the depth resolution is mainly limited by the
terahertz pul se duration to approx. 30 pm.

3.2 Coating layer thicknessand quality

TPI measurements have also been analyzed to extract both coating layer thickness and interface quality of a sample.
The sample is a piece of 120 pum thick plastic sheet embedded in a PE pellet, as shown in the inset of Figure 2. Figure
2(a) shows the B-scan image of the sample. With the knowledge of the refractive index (pre-determined from terahertz
trangmission measurement), the thickness of the plastic sheet was determined to be 119 um, which is very close to the
120 pum as measured by a calibrator. In addition, the layer thickness of the plastic sheet is found to be fairly uniform,
with a standard deviation of about 3 um. However, the quality factor, defined as the amplitude ratio of the first and the
second reflection peak of the terahertz waveform, varies a lot across the PE/plastic interface. This suggests that the
physical contact between the plastic sheet and the PE material is not uniform. Note that the quality factor was mainly
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Figure 1. (@ Schematic diagram of the sample, (b) terahertz image constructed using the peak intensity of the
measured THz signal, (c) B-scan image (cross section aong x-direction) showing the depth information, (d) 3D
view reconstructed from the TPI data, (€) example terahertz waveform showing the pulse reflections from both the
surface and subsurface.

300
Layer Thickness (urn)
119+3.2 pm

it
. T 200
= 20 =
£ =
[ 10 | =
= g 100
[
z 100 ©
=]
= (©)

0
100 110 120 130
Layer Thickness (um)

depth {mm
P [: ) Cluality Factar
250

2000 50+9
150

&N o
. = 100
20 a0 (e)
10
0

] 20 40 60 80
Quality Factar

Count of pixels

(d)

Figure 2. (a) B-scan terahertz image of the sample, (b) the distribution, (c) layer thickness histogram determined
from TPI measurement, (d) distribution of the interface quality and (€) interface quality histogram extracted from
the TPl measurement. Inset a bottom left shows a schemeatic diagram of the sample.
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determined by the change of the refractive index at the interface. Therefore, the TPl measurements provide useful
information on coating layer thickness, integrity, and uniformity and the layer interface quality. Further TPl
measurements on pharmaceutical tablets suggest that the quality factor and the layer thickness provide vital information
on the dissolution and drug breaches at the layer interface.

3.3 Principal Component Analysisfor data compression

As mentioned in the previous sections, the TPl measurement involves the acquisition of a3D TPl data set. The data
size of a terahertz image comprising 200x200 pixels will be 160 Mbyte because each pixel consists of a terahertz
waveform with 512 points and each floating point number requires 8 bits. For some practica applications the data size
could be much larger. Therefore it is of genera importance to study different ways for manipulating and storing these
large TPI data sets. Here we show that principal components anaysis (PCA) is a powerful tool for reducing the TPI data
size without losing any valuable information in the terahertz data.

PCA isaclassical technique to reduce the dimensionality of a data set by transforming to a new set of variables (the
principal components) that summarize the features of the data [15]. For tempora terahertz waveforms recorded for a
tablet with layered structures, the main terahertz reflection peak from the tablet surface appears in the waveform of all
pixels, and further terahertz reflection peaks may also appear in the waveforms of most other pixels. These are common
features for a TPl data set recorded on a tablet sample. This suggests that PCA should be a very efficient tool for
analysing TPl data. We developed a PCA agorithm to analyze TPl data [14] and found that the TPl data can be
compressed dramatically whilgt retaining most essential information on layer thickness and interface quality. As an
example, Figure 3 shows the results of comparison of the layer thickness results obtained by anayzing the original TPl
data and the compressed data. The TPl data size has been dramaticaly reduced by a factor greater than 16 from 160
Mbyte to less than 10 Mbyte without losing any essential information on coating layer thickness. In fact, the signal-to-
noise ratios of the terahertz waveforms after compression are improved over the original data. Thisis because the noise
appears randomly at different depths for different pixels and therefore is not selected by the PCA algorithm which only
summarizes the common features of terahertz waveforms at all pixels.
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Figure 3. Results of compressing TPl data using PCA to reduce the data size from 160 Mbyte to less than 10
Mbyte whereas all useful information was retained. Digtribution of layer thickness extracted from origina TPI
data (a) and from compressed TPI data set (b). Terahertz waveforms at asingle pixel for origina data (c) and after
PCA compression (d). Note that the noise was automatically removed by the PCA data compression process
whilst the peak positions/amplitudes are unchanged.
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4. SPECTRAL ANALYSISFOR 3D CHEMICAL MAPPING

One of the most predominant features of TPI is its capability for spectroscopic discrimination. In previous sections,
we have shown how time-domain TPl data may be used for tablet coating analysis. By Fourier transforming the time-
domain TPI data into frequency-domain, one can obtain an additional TPl data set in the spectral frequency dimension.
These spectral terahertz images contain comprehensive information on both spatial and chemica digribution of the
sample. We will show in this section how these spectral TPI data can be used for detecting and identifying explosives
and for mapping the 3D chemical digtribution of a sample.

4.1 Detection and identification of explosive

Many materials of security interest such as explosives and illicit drugs have characteristic spectral features in the
terahertz range [4]. Figure 4 shows the absorption spectra of lactose and 1,3,5-trinitro-1,3,5-triazacycl ohexane (RDX)
extracted from a TPI reflection measurement. In the spectral range 5 cm™ to 70 cm™ lactose has two major absorption
features, centred at 18 cm™ and 46 cm™ whilst RDX has a major absorption feature at 26 cm™. , These spectral
fingerprints enable us to map out the distribution of individual chemicals, in this case lactose and RDX, in asample. The
sample used here comprised a pure lactose pellet and a piece of RDX, both mounted at the terahertz focus. Figure 4(a)
shows the time-domain terahertz image generated from the peak amplitudes of the measured waveforms. Contrast
between the lactose and RDX signals suggests that lactose and RDX have different refractive index values. However,
from the time-domain terahertz image alone specific areas cannot be identified as lactose or explosive. Figures 4(b) and
4(c) show chemical mapping terahertz images obtained using component spatial pattern analysis based on the spectra
fingerprints of lactose and RDX [14, 16]. The lactose pellet and piece of RDX explosive are clearly detected, located,
and identified. This provides avery promising alternative way for detecting and identifying explosives and illicit drugs.
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Figure 4. Left: First derivative of absorption spectra of RDX and lactose. Right: (a) terahertz time-domain image of
peak amplitudes and (b) the false-col our terahertz chemical mapping image showing the spatial distribution of RDX.
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4.2 3D chemical mapping

In the previous sections we demonstrated that the terahertz data obtained using TPl contains rich information
describing the structure and composition of a sample. The change of refractive index at interfaces of a sample with
layered structures produces multiple reflection peaks in the terahertz waveforms, and these permit non-destructive
analysis of the coating layer (e.g. coating thickness and quality) and for detecting and locating subsurface objects. On
the other hand, the characteristic spectra absorption features of different chemicas can aso be extracted from TPI data,
and this has been used for detecting and identifying substances including RDX explosive. In this section, we
demonstrate that by analyzing both time-domain and frequency-domain TPl data a true 3D chemical map of a sample,
i.e. astructural and compositional 3D view of the sample, can be obtained.

peak intensity

=
A ] =
T
-5 ] 5
(b) (C) w-direction (mm)

Figure 5. (a) Schematic diagram of a 13 mm diameter PE pellet sample formed by embedding three pre-fabricated
5 mm diameter pellets into compressed PE powder. . Areas A and C are pure lactose while Area B is pure tartaric
acid. (b) Schematic representation of the depth profile of the sample. Note that pellet Cis buried 1 mm beneath
the surface of the PE pellet. (c) Time-domain terahertz image constructed using the peak amplitude of the terahertz
waveform.
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Figure 6. Typical terahertz waveforms obtained from TPl measurement of (a) area A, (b) area B, and (c) area C of
the sample pellet. The results of spectra content analysis of the corresponding terahertz waveforms using time-
partitioned Fourier transform are shown in (d)—(f), revealing the chemical signatures of lactose and tartaric acid.
Note that the regions enclosed by dotted lines indicate the occurrence of lactose (absorption feature at 18 cm™) and
tartaric acid (absorption feature at 38 cm?).
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The sample used here comprises three pellets, two of pure lactose and one of pure tartaric acid, imbedded in a PE
pellet, as shown in Figures 5(a) and (b). The sample was prepared as follows. Pure lactose and tartaric acid powders
were compressed under 2-tons using a hydraulic press (Specac, UK) to form two lactose pellets and one tartaric acid
pellet, al of 5 mm diameter. These pre-fabricated pellets were then used together with high-density PE powder to form a
larger PE pellet of diameter 13 mm, with one lactose pellet and one tartaric acid pellet at the surface and the other lactose
pellet 1 mm below the surface as shown in Figure 5(b). The PE powder acts as a pellet binder and is spectroscopically
inert. Figure 5 (c) shows an example time-domain terahertz image which is constructed using the peak amplitudes of the
terahertz waveform. Lactose and tartaric acid have higher refractive index values than PE and reflect terahertz more
strongly at the air/sample interface. As aresult, areas containing lactose and tartaric acid appear much brighter than PE
aress.

Figures 6(a)—c) show typical terahertz waveforms obtained for the three different areas A, B, and C corresponding
to lactose, tartaric acid and buried lactose, respectively. Ripple-like oscillations appear immediately after the main
terahertz pulse and these oscillations are caused by resonance absorption of the sample. Note that the terahertz pulsein
Figure 6(c) is delayed by approx. 1 mm compared to the terahertz pulses shown in Figures 6(a) and 6(b). This time-
delay provides additional depth information about the sample. For the purpose of 3D chemical mapping, time-
partitioned Fourier transform [17] of the terahertz waveform in Figures 6 (a)—(c) were calculated, giving a spectral
content map for each terahertz waveform (pixel) as shown in Figures 6 (€) and 6(f). The chemical signatures of lactose
at 18 cm™ and tartaric acid at 37 cm™ were clearly revealed, together with their depth distribution. With the knowledge
of the spectral map and the additional depth information provided in terahertz waveform, one can construct a full 3D
structural and compositional chemical map of the sample, as shown in Figures 7 (a)—€). This 3D chemical mapping not
only specifies where the object is, but also tells what kind of chemical it is.

We note that ultrasonic techniques have been used for non-destructive detection of subsurface structures but these
lack the specificity required for chemical mapping. On the other hand, infrared spectroscopy provides spectral features
for chemical mapping but it cannot penetrate into most pharmaceutical materials nor most common packaging and
clothing materials. Therefore infrared is typically limited to surface chemical mapping rather than 3D chemical
mapping. The TPl technique, as demonstrated here, has a unique combination of properties in that terahertz waves
propagate through many barrier materials and many chemicals of interest show characteristic spectra features in the
terahertz region. These unique features of TPl makeit an ideal tool for 3D chemica mapping.
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Figure 7 Three-dimensional view of the PE pellet sample reconstructed by analysing both temporal time-domain
and spectral TPl data sets, (a) top view with A, B and C referring to lactose area, tartaric acid area and buried
lactose area. (b) 45 degree side view, (c) 90 degree side view, (d) 135 degree side view, (€) bottom view.
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Conclusions

In this article we have demonstrated the capability of TPI for non-destructive mapping of the structural and
compositional properties of samples. The applications demonstrated include: (1) inspecting subsurface structure, (2)
quantifying tablet coating thickness and analyzing interface quality, (3) detecting and identifying explosives through
spectral analysis, and (4) 3D chemica mapping of the spatial distribution of individual chemicals in a multi-chemical
sample. The technique is unprecedented in that it is non-destructive, non-invasive, and completely safe. Furthermore,
terahertz waves propagate through many pharmaceutical coating materials and barrier materials such as clothing and
packaging, and many chemicals show characteristic spectral features in the terahertz range. These unique features make
TPI an ideal tool for 3D chemical mapping.
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