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Abstract—Terahertz pulsed imaging (TPI) was evaluated for
nondestructively characterizing the 3-D internal structures of
pharmaceutical tablets. The structural information of a pharma-
ceutical tablet, such as coating thickness and interface uniformity,
was obtained directly from the analysis of the time-domain tera-
hertz waveform. The chemical map of a sample was obtained by
using frequency-domain terahertz spectra, together with spectral
matching techniques such as cosine correlation mapping. The axial
spatial resolution achieved was 30 pm, limited by the confinement
of terahertz pulses in time (pulse width); and the lateral spatial
resolution was determined to be 150 zm at 90 cm~! (2.7 THz),
limited by the confinement of terahertz pulses in space (focus size,
which is diffraction limited and thus frequency dependent). In
addition, the buried structure within a tablet was mapped using
the TPI, and its chemical composition was successfully identified
through spectral-time analysis of the recorded terahertz waveform.
We also present a rigorous electromagnetic theory for simulating
the terahertz propagation in a multilayered sample, to facilitate
terahertz data analysis and interpretation. In conclusion, the TPI
is a powerful tool for assaying the tablet coating layer thickness
and interface uniformity, and for identifying polymorphs.

Index Terms—Chemical mapping, multilayer coatings, phar-
maceutical tablet, structural mapping, terahertz pulsed imaging
(TPI).

1. INTRODUCTION

N THE pharmaceutical sector, there is an increasing trend
I toward the development of solid dosage forms with more
sophisticated coatings or inner structures. These functional in-
ternal structures provide essential mechanisms for controlling
the release kinetics of the active pharmaceutical ingredient (API)
and/or for anticounterfeit purpose [1], [2]. For example, coat-
ings perform a wide variety of functions, and pharmaceutical
tablet coatings are actually now one of the preferred routes to
control the release of active drug ingredients in the body. If the
coating is nonuniform or has defects, then the desired dose de-
livery and bioavailability can be compromised. Therefore, there
is a critical need of new techniques for mapping and characteriz-
ing these internal structures nondestructively. Various imaging
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methods have been proposed to assay the product performance
through evaluating the physical and chemical uniformity inside
a tablet, and some yield impressive results [3]-[6]. Infrared (IR)
and/or Fourier transform IR (FTIR)-Raman imaging provides
information on the uniformity of active ingredients in a sample
(which is near or at the surface). A full 3-D chemical map would,
however, require slicing through the tablet many times, and this
is destructive, time consuming, and may cause changes to the
tablet under study. On the other hand, X-ray computed tomog-
raphy provides full 3-D maps of density uniformity of a tablet,
but it has little or no chemical specificity to differentiate, for
example, the active ingredient from excipients of a tablet. There
is also a safety concern about using ionizing X-ray radiations.
The terahertz region of the electromagnetic spectrum
(40 GHz—4 THz, 1.33-133 cm ') has a unique combination of
properties in that terahertz waves can propagate through most
pharmaceutical materials; many excipients and active ingredi-
ents show characteristic spectral features in the terahertz re-
gion; and the radiation is nonionizing and is safe to use [7], [8].
We have previously demonstrated that terahertz pulsed imaging
(TPI) can be used for nondestructive analysis of coated tablets
[9]-[12]. In this paper, we demonstrate further that the buried
structure within a pharmaceutical tablet can be mapped nonde-
structively using the TPI technique. Furthermore, the chemical
identity of the buried structure can also be revealed by using its
spectral signatures. We will provide experimental results on the
axial and lateral spatial resolution of the TPI maps and discuss
application of terahertz imaging for 3-D chemical mapping.

II. EXPERIMENTAL METHOD

In all measurements, we used a TPI imaga 2000 system
(TeraView Ltd, U.K.). This has been purposely developed for
the fully automated scan of typical pharmaceutical solid dosage
forms. In brief, terahertz radiation is generated by pumping a
biased photoconductive antenna with an ultrashort laser pulse
from a Ti:Sapphire laser (Fig. 1). The emitted terahertz pulse is
collected, collimated, and then focused onto a sample under test.
The reflected and backscattered terahertz pulse is then collected
and focused onto an unbiased photoconductive antenna for the
laser-gated terahertz detection [13], [14]. This coherent field de-
tection scheme not only yields terahertz spectra with excellent
SNR and high dynamic range, but also allows both the absorp-
tion coefficient and refractive index to be determined without
the need to apply the Kramers—Kronig dispersion relationship.
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Fig. 1. Schematic diagram of a TPI system. A six-axis robot system was used
to handle the sample. SL: Silicon lens system; BS: Beam splitter; M1 and M2:
Metallic mirrors.

Fig. 2. Surface model of an M&M tablet obtained using a laser gauge scan.

In addition, both the terahertz emitter and detector were directly
attached to a specially designed silicon lens system, thus avoid-
ing the requirement of nitrogen purging [water vapor absorption
was minimized owing to the shorter distance (8 mm) between
the terahertz lens and the sample].

Most pharmaceutical tablets have curved surface; therefore, a
laser gauge employing a visible laser beam with a wavelength of
670 nm was used to precisely model the surface shape/curvature
of the tablet under investigation. The generated surface model
was subsequently used for TPI measurement, thus ensuring that
during TPI measurement, the sample is always at the terahertz
focus position with the sample surface always perpendicular to
the terahertz probe (a six-axis robot system was introduced to
handle the sample). Fig. 2 shows an example of such a model
obtained from an M&M chocolate, where solid circles represent
terahertz measurement points.

For all measurements reported here, the TPI imaga 2000 sys-
tem was operating at a rapid scan mode, i.e., at 30 complete
waveforms/s. At each pixel, the terahertz radiation reflected
from a sample was recorded as a function of time over a scan
range of 2 mm for coating analysis, and 5 mm for chemical
mapping. A 5-mm scan range allows mapping deeper buried
structures inside a tablet, and it also provides a better spec-
tral resolution of 1 cm™! (0.03 THz) in the spectral range 5—
100 cm~! (0.15-3 THz). A full terahertz scan will eventually
cover the entire surface of the tablet, thus producing a 3-D TPI
data for each sample scanned. Usually, a metallic mirror is used
as areference, and the recorded reference and sample waveforms
are then used for the reconstruction of a 3-D terahertz map.
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1-D model for simulating terahertz propagation in a multilayered

III. DATA ANALYSIS
A. Terahertz Propagation in a Multilayered Medium

In order to analyze and interpret terahertz data, we describe
in this section a rigorous electromagnetic theory for studying
the terahertz propagation in a multilayered medium. The time-
domain terahertz incident pulse was first Fourier transformed to
frequency domain. The transmission and reflection coefficients
were then calculated at each frequency using a 1-D model [15],
together with a Lorentz model to simulate the complex dielectric
function for each layer of the sample. The calculated reflection
coefficients were finally Fourier transformed back to time do-
main to obtain the reflected terahertz waveform. Fig. 3 shows the
1-D model, where the sample is uniform in the transverse and
has L-layers in depth direction. For simplicity, we assume that
the incident terahertz radiation is p-polarized (the s-polarized
case can be analyzed in a similar manner). Thus, the magnetic
field of the terahertz radiation only has a z-component, which
can be expressed as [15]

HO (2,y) = Aiexp(j(Box — Biy))  (i=1,2,...,L) (1)
where
By = \/mko sin ¢
Bi = 57;(v)k§ - ﬁg (i=1,2,...,L) 2)

with k( being the wavevector in vacuum, 6 the incident angle,
and ¢; (v) the complex dielectric function of the material in the
1th layer of the sample. The z-component of the electric field
can be obtained from Maxwell’s equation

1 0 {Hz(l)(xyy)}
Jjwei (v) dy '

E (z,y) = 3)

According to the continuity of H ® (z,y) and Eff)(x, y) at
theboundaryy = D; (i = 1,2,..., L), we can get the following
iterative formula:

Ai = [Aig1 (1 + 7i) exp(—jBis1D;
+ Bi1(1 —7) exp(jBir1D;
B; =[Ai1(1 — 1) exp(—jBir1D;
+ Bit1(1+ 1) exp(jfit1D;

—

| exp(jBiD;)/2

~

| exp(—jBiDi)/2 (4)
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where 7; = ;5,11 /€;+10;. Given arbitrarily A, = 1, By, =0,
A; and B; were obtained by iterating the aforementioned equa-
tions. The reflection coefficient was then calculated as B; /A;
and the transmission as Ay, /A;.

In the numerical calculation, we used a Lorentz model [16]
with M-oscillators to express the complex dielectric function of
the material in the ith layer of the sample

_ a(v)c
gi(v) = ni(v) o
. N 2
m=1 (1/1(7;)) —v? —qu%)
. . . . N2
+[nf? =i (e + e+ o] )
where vﬁf), I‘gf >, and S,(f) are the center frequency, the width,

and the strength of the mth oscillator (m = 1,2, ... M) for the
ith layer (: =1, 2, ..., L). The second item in the bracket is
an empirical expression for the extinction coefficient (caused by
the scattering, for example). As an example, Fig. 4 shows the
simulated extinction coefficient and refractive index of a phar-
maceutical active ingredient, which has two spectral features
at 31 and 52cm ™! (0.93 and 1.56 THz). Note that the Lorentz
oscillator will introduce spectral features in both the refractive
index spectrum and the extinction coefficient spectrum. With
(2), (4), and (5), one can simulate terahertz waveform (reflec-
tion and transmission) from a sample with any number of coating
layers. In order to facilitate discussion, we provide the analyti-
cal expression of a terahertz waveform reflected from a sample
with a single coating layer, under normal incident condition

_Bl(v):’l” v
_Al(’l))_ 1( )

(1= ri (][ + 71 (v)]rs (v) exp(=520: (v) D)

R(v)

T T i (0)ra(v) exp(—72B: (1) D)
(6)
where D is the coating thickness, and
" (v) = 1-n(v) _ Ve () - Vel
1+7n(v)  e(v)+ e (v)
ro(v) = 1-7(v) _ Ves(v) — Vea(v) o
L+ 7))  /es(0) +/e2(v)

In order to understand the physical meaning of (6), we use
the Taylor expansion to rewrite (6) [for readability, we omit (v)
in the expression]

R=ri+(1- r%)rg {exp(—j202 D) — ri19 exp(—j45: D)
+ rfr% exp(—j652D) — - - -} (8)

It is clear now that the first item (1) is the terahertz reflec-
tion from the sample surface while the second item represents
terahertz multiple reflections within the coating layers, with the
items in the bracket corresponding to the “fundamental” reflec-
tion (the first item in the bracket) and “parasitic” reflections (the
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Fig. 4. Simulated extinction coefficient and refractive index using a Lorentz

model. In the simulation, the center frequency values of the two oscillators
are 31 and 52 cm ™! (0.93 and 1.56 THz), respectively; the width of both the
oscillators is 5 cm™! (0.15 THz); the strengths of the two oscillators are 80 and
40, respectively; and Cy = Co = C3 = 0.2,and Cy = 0.
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Fig. 5. Typical terahertz waveform measured for a coated tablet. Arrows indi-
cate how the peak intensity, layer thickness, and interface index were determined.

following items in the bracket). Note that the terahertz waveform
can be obtained by Fourier transforming (8), and the multiple
reflections will be separated in time domain owing to their phase
difference (exp(—;2052D)).

B. Terahertz Waveform and Coating Analysis

Terahertz pulses incident on a tablet surface penetrate through
different coating layers. At each interface or abrupt change in re-
fractive index, a portion of the terahertz pulse is reflected back to
the detector. To illustrate the principle of coating analysis, Fig. 5
shows an example terahertz time-domain waveform recorded at
the center of a coated tablet (single-point measurement). The
maximum (at 0.0 mm) is due to reflection of the terahertz pulse at
the tablet surface (air/coating interface). The minimum (at 0.11
mm) arises from terahertz reflection from the coating/core inter-
face. Three parameters can be obtained: 1) Peak Amplitude: The
amplitude of the main peak, which is an indicator of the refrac-
tive index of the tablet surface; 2) Coating Thickness: Peak po-
sition difference between the surface reflection and the interface
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Fig. 6. Terahertz waveform calculated for a coated tablet. The refractive index
values are 1.68 and 1.5 for coating and core, respectively. The coating thickness
is 66 pm. Note that the strength of the “parasitic” reflection (at 0.22 mm) is
much smaller than that of the “fundamental” reflection (at 0.11 mm).

reflection, divided by the refractive index value of tablet coating
(note that the terahertz path length is twice that of the layer
thickness); 3) Interface Index: Peak height ratio of the interface
reflection and the surface reflection (in percentage), which gives
a measure of the strength of reflection from the buried surface
and indicates the change in physical or chemical composition at
the interface.

In order to determine the absolute layer thickness, one needs
to know precisely the value of the refractive index of each layer.
This can be accomplished by establishing a terahertz spectrum
library of all pharmaceutical ingredients and excipients of inter-
est. Alternatively, the refractive index values can be calculated
using (8). For example, the refractive index of the first coat-
ing layer (ng) can be estimated from the following equation:
Ry = (n2 —1)/(n2 + 1), where Ry is the surface reflection
peak. The refractive index of the inner layer (n3) can also be
estimated in a similar manner using the following equation:
Ry = 4ny/(na 4+ 1)*(n3 — n2)/(n3 + na), where ny has been
predetermined and we assume that the terahertz absorption of
the thin coating layer can be neglected. For the terahertz wave-
form shown in Fig. 5, the refractive index values of the coating
and core were estimated to be 1.68 and 1.5, respectively, and the
layer thickness was determined to be 66 pm. With the knowl-
edge of the coating layer thickness and the refractive indices
of the coating and core, the terahertz waveform can be cal-
culated using the electromagnetic theory discussed in Section
III-A. Fig. 6 shows such a calculated terahertz waveform (coat-
ing thickness 66 pm, refractive index values are 1.68 and 1.5
for coating and core, respectively). As evident from Figs. 5 and
6, the calculated peak height and peak position agree well with
the measured one.

In addition, there are multiple backreflections within the coat-
ing (as indicated by an arrow in Fig. 6). However, despite the
over 10% change in the refractive index value between the coat-
ing and the core, the strength of the first “parasitic” reflection
(at 0.22 mm) is less than two hundredths of that of the “funda-
mental” reflection (at 0.11 mm). Therefore, for most pharma-
ceutical samples, the contribution of multiple backreflections is
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Fig.7. Absorption spectrum calculated from the TPI measurement before (top
curve) and after (lower curve) phase compensation. A constant phase shift of
Ax = 7 was used in the calculation.

not significant. Nevertheless, “parasitic” reflection may become
important for products with lamination problems (presence of
air gap between coating and core), where the change in refrac-
tive index at the interface is large. On the other hand, a large
“fundamental” reflection itself usually indicates the failure of
the pharmaceutical product under investigation.

C. Terahertz Spectra and Chemical Mapping

In TPI measurement, the electric field of terahertz radiation
was recorded as a function of time. Terahertz spectral informa-
tion was obtained by Fourier transforming time-domain tera-
hertz waveform into frequency domain. The absorption coeffi-
cient spectrum, a(v), and the refractive index spectrum, n(v),
were then calculated as follows:

a2 1A

®)

where R(v) = E;(v)/Ex (v) is the frequency-dependent re-
flection coefficient, and Es (v) and E); (v) are the Fourier trans-
forms of the terahertz waveform reflected/measured for a sam-
ple and a reference mirror, respectively. It is worthwhile to note
that in real measurement, the sample and the reference may
not be in the exact same position. Consequently, the true re-
flectance will take the form as: R'(v) = R(v)e/*(*)22% Here
Az is the position difference between the reference and sample
measurements. Clearly, this will introduce an additional imagi-
nary component in the equation and, thus, give problems when
calculating the absorption coefficient. One approach to extract
the absorption coefficient of the sample is to introduce an ad-
ditional phase shift (e~7*(*)227) into the reflection coefficient.
This compensates the phase shift caused by the imperfection of
the measurement, such as the rough surface of the sample. As the
first approximation, we currently used a constant Az value (at
each pixel) to compensate for all frequency components. Fig. 7
shows, as an example, the extracted extinction coefficient from
the measured terahertz waveform before and after the phase shift
compensation. We note that the terahertz beam size is frequency
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dependent; thus, the terahertz component at different frequen-
cies may experience different surface roughness. Nevertheless,
using a constant Az value still provides satisfactory results for
most samples studied.

Once the absorption and refractive index spectra are deter-
mined, various spectral matching techniques can be used to
generate chemical maps. We used the cosine correlation map-
ping (CCM) for chemical mapping [17]. For this purpose, we
define a pixel vector as p (terahertz spectrum measured for the
sample under investigation) and a target vector as ¢ (terahertz
spectrum measured for the reference sample). The number of
hyperspectral channels is n (the number of the data points of the
spectral data). The similarity of the pixel and the target vector
can be represented as

(10)

cos(f) = Z tip;
i=1

where 6 is the angle between the pixel vector and the target
vector, and the value of cos(f) is between 0 and 1. The smaller
angle means more similarity between the pixel and the target
spectra. Note that both the absorption spectrum and the refrac-
tive index spectrum can be used for calculating the chemical
map, and a combined use of both the absorption feature and the
refractive index feature is a better way for chemical identifica-
tion/mapping.

In the pharmaceutical industry, the extracted chemical maps
are usually displayed as an RGB map. For example, the value
of cos(f) obtained for chemical A is used to assign red color
[r, 0, 0] of the RGB map, where r is an integral and has a value of
255 x cos(#). The green color [0, g, 0] and blue color [0, 0, b]
are assigned in a similar manner. One of the advantages of the
RGB map is that it can display three chemicals in a single map,
thus allowing better visualization of chemical distributions of a
sample.

D. Terahertz Spectrogram and 3-D Chemical Mapping

In the previous two sections, we discussed coating analy-
sis using the time-domain terahertz waveform, and chemical
mapping using the frequency-domain terahertz spectrum. The
absorption features in the terahertz frequency range are mostly
caused by intermolecular interaction. Therefore, the amorphous
material has no sharp absorption features while the crystalline
material does. The spectral absorption features in the frequency
domain will lead to oscillating features in the time domain. Con-
sequently, the measured time-domain terahertz signal will be a
coupling mixture of both the structural and chemical features.
Fig. 8 shows the simulated terahertz waveforms reflected from a
three-layered sample (coating layer, drug layer, and core). When
the drug is amorphous, the reflected terahertz waveform [curve
(a)] is “clean” and only has two interface reflection features
(coating/drug interface at 0.3 mm, and drug/core interface at
0.5 mm). However, for the crystalline drug, the terahertz signal
[curve (b)] has much more complicated waveform shape includ-
ing oscillation-like features caused by resonance absorption (in
the simulation, we used the refractive index and extinction co-
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Fig. 8. Simulated terahertz waveform reflected from a layered sample. (a)
The API is amorphous and has no sharp spectral feature. (b) The API is crys-
talline and has sharp absorption signature. MCC: Microcrystalline cellulose,
which is a common excipient; API: Active pharmaceutical ingredient, which is
theophylline, in this specific case.
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Fig. 9. Terahertz spectrogram calculated on the terahertz waveform, shown in
Fig. 8, using the windowed Fourier transform (At = 0.2.)

efficient spectra data, shown in Fig. 4 for the crystalline drug).

One method to separate the structural and chemical informa-
tion is to calculate the spectrogram of the terahertz waveform
using the windowed Fourier transform [18]

Ronr) = [ T EI (1) expl—(t — )7 /(A1)

oo
x exp(j2muvt) dt// ERR%(t) exp(j2nvt)dt

(11

where EXH% and E}M” are the terahertz signals measured for
a sample and a reference, respectively. Fig. 9 shows the cal-
culated spectrogram map of the terahertz waveform shown in
curve (b) of Fig. 8. The x-axis is frequency (in cm™!) and the
y-axis is depth (in mm). With the prior knowledge of the absorp-
tion features of the theophylline (31 and 52 cm™!, or 0.93 and
1.56 THz), we can conclude that there is presence of drug at
0.2—0.5 mm. In this calculation, we used a Gaussian window of
width 0.2 mm, although other types of window functions can
also be used. Note that a Gaussian window with a larger width
will provide better spectral resolution but compromise the depth
resolution. More research into advanced spectral-time analysis
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Fig. 10. (a)—(c) Coating thickness maps of three-layered structures of an

M&M chocolate. (d) and (e) The TPI map and the photograph of a cross-section,
respectively. Solid arrows are guides to the eye.

techniques is needed in order to realize the full potential of the
3-D chemical mapping capability of the TPI.

IV. RESULTS AND DISCUSSION
A. Coating Thickness Map

Terahertz 3-D maps comprising approximately 4000 point
measurements were recorded for an M&M chocolate. Each point
measurement gives a terahertz waveform of 512 data points.
The recorded TPI cube was analyzed to generate TPI maps,
such as the coating thickness map for each observed layer, as
shown in Fig. 10(a)—(c). These coating thickness maps show the
uniformity of the coating layer over the tablet and can be used to
identify inhomogeneities or defects in individual tablet coating
of pharmaceutical products. Fig. 10(d) shows the TPI cross-
section map. For comparison, the photograph of a cut M&M is
shown in Fig. 10(e). We can clearly see three distinct layered
structures, i.e., the green outer layer, the white intermediate
layer, and the grey inner layer, and the chocolate core. The mean
and standard deviation of the layer thickness were determined
tobe 183 4+ 11 pum, 87 £ 10 um, and 338 4 72 pum for the green
outer layer, the white intermediate layer, and the grey inner layer,
respectively. The refractive indices estimated were 1.8, 1.85, and
1.7 for the green outer layer, the white intermediate layer, and the
grey inner layer, respectively. Note that the standard deviation
value here is determined by the layer thickness variation of the
sample itself, not by the TPI measurement.

In this paper, we mainly use the time-domain terahertz wave-
form for determining layer thickness. This method is fast, ro-
bust, and intuitive (peaks in terahertz waveform correspond to
the terahertz reflections from the surface/interfaces). We noted
that material properties including layer thickness can also be
extracted by analyzing the frequency-domain terahertz spec-
trum [19]-[21], and we will explore this further in future.

B. 3-D Structural Mapping

In a TPI measurement, the terahertz waveform for each pixel
was recorded as a function of optical time delay. This provides

Layer Thickness
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Interface Index

e
-
(d)

Fig. 11. (a) z- and z-cross-section view of the 3-D TPI data set. (b) Layer
thickness map. (c) Interface index map of the PE/API interface. (d) Schematic
diagram of the sample under investigation. PE and API are polyethylene and
active pharmaceutical ingredient (though, it is lactose, in this particular case),
respectively.

(©)

a 3-D data set, where two axes describe vertical and horizontal
spatial dimensions, and the third axis represents the time-delay
(depth) dimension. Therefore, the TPI is a true 3-D imaging tool
and the structure map of a sample can be fully reconstructed by
analyzing the measured TPI data set. To illustrate the 3-D struc-
tural mapping capability, a pellet sample comprising a piece of
lactose embedded in polyethylene (PE) was measured. Fig. 11(a)
shows a 3-D view of the reconstructed PE pellet sample, where
the buried lactose in the pellet is revealed. The reconstructed 3-D
structural maps are in good agreement with those obtained us-
ing the X-ray computed topography (CT) technique [22]. Both
the X-ray CT and the TPI are nondestructive and provide 3-D
structural information (density and/or refractive index varia-
tion) of tablets. However, the TPI directly measures the electric
field of terahertz radiation as a function of time, which is the
square-root of the terahertz radiation intensity, thus providing
intrinsic higher sensitivity in detecting small refractive index
changes inside a sample. Furthermore, the TPI also provides
additional chemical information (terahertz spectral signatures)
of pharmaceutical tablets, and this will be discussed in the next
section.

In addition, the quality of the curved interface between PE
and lactose, which cannot be analyzed using the X-ray CT, was
assayed as the interface index map using the TPI, as shown in
Fig. 11(c). As mentioned earlier, the interface index map is a
measure of the strength of reflection from the buried surface and,
thus, gives an indication of the change in physical and/or chem-
ical properties at the interface. In this particular case, the red
color (stronger terahertz reflection) indicates areas with loose
joint (presence of air bubbles in the compacted PE), that is, cap-
ping occurring at the interface. Therefore, the interface index
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Fig. 12.  Typical terahertz waveform measured for a coated tablet. The ripple-
like oscillations immediately after the first negative peak are caused by resonant
terahertz absorptions. The inset shows the Fourier transform amplitude of the
terahertz waveform in a window of 0.1-1.5 mm.

map is a better indicator in identifying structural defects such as
the delamination, capping, or cracking inside a pharmaceutical
matrix.

C. Structural and Spectral Features

In the previous two sections, we demonstrated that the TP is a
powerful tool for characterizing the inner structures of the phar-
maceutical samples. On the other hand, many pharmaceutical
ingredients and excipients have resonance absorption features
in the terahertz frequency range. The fingerprint features in the
frequency domain will lead to oscillations in the time-domain
terahertz signal, thus interfering in the coating analysis. Fig. 12
shows a terahertz waveform measured for a coated tablet. The
first positive peak (peak amplitude is about 0.335) is terahertz
reflection from the sample surface, while the first negative peak
at 48 pym (peak amplitude is about 0.053) is the reflection peak
from the coating/core interface. Using (7) and (8), the refractive
index of the coating and core were estimated to be approximately
2.0 and 1.77, respectively. In addition, there are ripple-like os-
cillations immediately after the negative peak. These features
could be either spectral features or structural features (various
coating layers or the same coating layer with various densi-
ties). One method to distinguish the structural feature from the
spectral feature is to calculate windowed Fourier transform (as
shown in the inset of Fig. 12). The Fourier transform of the
terahertz waveform in the window of 0.1-1.5 mm shows two
distinct features at 18 and 46 cm™* (0.54 and 1.38 THz). From
the previous analysis, we can identify the sample as a 3-lactose
sample covered with a 46-pm thick coating layer.

D. Chemical Mapping for ldentifying Polymorphs

One of the most predominate features of the terahertz tech-
nique is its capability for polymorphic discrimination. In the ter-
ahertz frequency range, the absorption features come from the
intermolecular interactions, rather than intramolecular interac-
tions. Therefore, the terahertz spectral analysis provides a direct
method for characterizing polymorphs of chemicals [23], [24].
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Fig. 13. (a) Typical terahertz spectra. (b) and (c) Chemical maps of «-

monohydrate and 3-anhydrate lactose, respectively. (d) The RGB map of the
sample. The inset of (a) shows the schematic diagram of the imaged sample.

Here, we use the a-monohydrate and (-anhydrate lactose to
illustrate the chemical mapping capability of the TPI. Fig. 13(b)
and (c) shows the chemical map reconstructed using the ter-
ahertz spectrum of the a-monohydrate and (-anhydrate lac-
tose, with Fig. 13(d) showing the RGB map of the sample.
Fig. 13(a) shows the typical terahertz spectrum obtained at the
a-lactose and (-lactose regions, respectively. It is clear that the
a-monohydrate and 3-anhydrate lactose can be easily mapped
and identified using the TPIL. This chemical specificity of the
TPI technology is very useful for characterizing the pharma-
ceutical products. For example, most pharmaceutical tablets are
formed by compressing powder mixtures of the API and the
excipients. The API might undergo polymorph transition dur-
ing compression process or storage, and, currently, there is no
technique capable of detecting these changes nondestructively.
As demonstrated here, the TPI technology has the full potential
to detect/map such transitions nondestructively.

E. 3-D Chemical Mapping

As demonstrated earlier, the TPI has the necessary chemi-
cal specificity and the penetration capability desired for 3-D
chemical mapping. Recently, with the significant technologi-
cal advances in terahertz source and detector, chemical map-
ping either at sample surface or through a sample has been
reported [25]-[27]. However, the 3-D chemical mapping, one
of the most desirable and promising applications of the TPI,
is still missing from scientific literature. One of the key issues
behind the deceptive simplicity of the terahertz 3-D chemical
mapping principle is the spatial-temporal—spectral coupling of
terahertz radiations. As shown in Fig. 8, the simulated tera-
hertz waveform reflected from a layered sample is actually a
coupling mixture of the structural contribution (layer interfaces
at 0.3 and 0.5 mm) and the chemical contribution [oscillating
features of curve (b) are caused by resonant absorption of crys-
talline API]. The high-frequency oscillation, which is the key
for chemical mapping, has a very small amplitude (~0.1% of
the input terahertz radiation strength). Worse still, most pharma-
ceutical tablets are formed by compressing a complex mixture
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Fig. 14. 3-D chemical mapping capable of not only mapping the internal
structures of a sample, but also identifying their chemical identities. (a) Ter-
ahertz waveform contains both the structural information (reflection peaks at
interfaces) and the spectral information (oscillations in time domain correspond
to spectral signature in frequency domain). (b) The RGB map showing the
chemical distribution of the API inside the sample. (c) Schematic diagram of
the sample under investigation. PE and API are polyethylene and active phar-
maceutical ingredient (though, it is lactose, in this particular case).

of chemical powder; thus, they could have many particles (den-
sity/chemical variations) leading to strong scattering. This will
not only attenuate the already very weak oscillating features but
also complicate the data analysis due to the additional features
in the terahertz signal introduced by the reflection/scattering
events. Therefore, a full 3-D chemical mapping functionality
requires advanced technology capable of detecting, separating,
and recording the extremely weak signatures from the reflected
and scattered terahertz pulses. Nevertheless, under favorable
conditions, the 3-D chemical maps can be obtained using the
TPI. Fig. 14 shows such an example where the API inside a
compressed pellet is successfully mapped and, subsequently,
identifies using its spectral signatures. The windowed Fourier
transform, discussed in Section III-D, was used to calculate
the terahertz spectrogram, which was then used to generate the
terahertz map.

F. Lateral and Depth Resolution

Spatial resolution is one of the key performance parameters of
an imaging system. As discussed earlier, the TPI provides 3-D
structural maps of a sample and, therefore, the spatial resolution
should include both the lateral spatial resolution and the axial
(depth direction) spatial resolution. Here, we used traceably cal-
ibrated samples purchased from the NIST (Gaithersburg, USA)
to evaluate the depth resolution; while a star-pattern sample
(nickel on gallium arsenide wafer) fabricated at the Cavendish
Laboratory (Cambridge, U.K.) was used to characterize the lat-
eral spatial resolution. As shown in Fig. 15, the measured layer
thickness values agree well with the layer thickness specified
by the NIST (A refractive index of 1.57 was obtained from the
terahertz transmission spectroscopy measurement and was, sub-
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Fig. 15. Measured terahertz waveform for the stand-alone standard NIST
samples with a calibrated layer thickness of (a) 26 pm, (b) 32 um, (c)
36 pm, and (d) 51 pm. A refractive index of 1.57 was determined from terahertz
transmission measurements and was subsequently used for calculating the layer
thickness. The layer thickness determined from the TPI measurement agree well
with the numbers provided by the NIST.

Fig. 16. (a) Photograph of a calibration sample. (b)—(d) TPI maps at a
wavenumber of 30, 60, and 90 cm~! (0.9, 1.8, and 2.7 THz), respectively.
The sample used is a nickel pattern on a GaAs wafer and the blue circles in
the TPI maps correspond to a periodical spacing of 400, 300, 250, 200, and
150 pm, respectively.

sequently, used for calculating the layer thickness here.). The
limit of detection of the layer thickness was determined to be
approximately 30 pm, a fraction of the shortest wavelength of
the terahertz pulse. Fig. 16 shows the TPI maps of the star-
pattern sample at various terahertz frequencies. As expected,
the lateral spatial resolution is frequency dependent and a spa-
tial resolution of 150 yzm can be achieved at 90 cm ™~ (frequency
2.7 THz, wavelength 111 um). Note that the lateral resolution
is finally determined by the confinement of terahertz pulses in
space, and, therefore, will be frequency dependent, and be ul-
timately diffraction limited by the wavelength (no better than
the half of the wavelength). The axial spatial resolution is deter-
mined by the confinement of the terahertz pulse in time (pulse
width) and, thus, could be smaller than the shortest wavelength
of a terahertz pulse. As demonstrated here, the axial spatial res-
olution is approximately five times better than the lateral spatial
resolution. We note that the axial resolution can be further im-
proved by using an interferometric imaging approach, where
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the layer thickness down to 10 um can be resolved [28]. On the
other hand, the 3-D structural information can also be obtained
using the terahertz computed tomography [29], but the spatial
resolution will be Rayleigh limited.

V. CONCLUSION

In this paper, we have demonstrated the capability of the TPI
for nondestructive evaluation of the 3-D structures of pharma-
ceutical solid dosage forms. Critical quality issues of pharma-
ceutical products, such as coating uniformity and integrity, and
tablet uniformity in the 3-D and polymorphs, were obtained us-
ing the TPI. Furthermore, we demonstrated that the TPI has the
necessary penetration depth and chemical specifiticity to afford
3-D chemical mapping, but technological advancements on the
data processing will be required to fully utilize the technology.
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