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Abstract

:

In this study, we demonstrate that drugs in plastic packaging can be identified without being opened using attenuated total reflection terahertz time domain spectroscopy. In this system, the terahertz wave undergoes total internal reflection at the interface between prism and sample, producing an evanescent wave at the interface. The penetration depth of the evanescent waves is larger than the thickness of typical plastic packaging in the sub-terahertz frequency region; therefore, it becomes possible to detect the sample without opening the package. Here, we show that some saccharides samples such as lactose in plastic packaging can be identified using its spectral fingerprint by placing the packaged lactose on the prism. This method has the potential to be used in the non-destructive testing and analysis of a wide variety of samples, such as medicine sachets, to reduce medication dispensing errors in pharmacies.
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1. Introduction


Terahertz waves lie in between the microwave and infrared regions in the electromagnetic spectrum. These waves have enormous potential in various applications such as biomedicine, information, and communication technology, homeland security, pharmaceutical science and many more [1]. Besides these applications, terahertz waves are also being explored in non-destructive testing and analysis applications because of their unique characteristics, such as high sensitivity to water and the ability to penetrate through a wide variety of nonmetallic materials such as plastics, papers, fabrics, ceramics, and various construction materials [2]. One of the well-known applications of THz waves is the non-destructive sensing and imaging of illicit drugs and explosives based upon their spectral fingerprints [3,4,5].



The vast majority of terahertz wave measurements have been conducted using terahertz time domain spectroscopy (THz-TDS). It is a method used to determine the frequency dependent optical constants such as refractive index and absorption coefficients of material by probing with a subpicosecond pulse of the THz wave [6]. THz-TDS in transmission mode involves the recording of time-domain pulses of the THz electric field transmitted through the sample under investigation and a reference signal in the absence of the sample. These signals are transformed to the frequency domain using a fast Fourier transformation to compute their intensity and phase spectra. Finally, these spectra, along with the thickness of the sample, are used to determine frequency dependent THz properties such as the refractive index and the absorption coefficient of the sample [7,8]. The transmission mode THz-TDS system has been used in various non-destructive testing and evaluation applications. For example, THz waves have been used to detect foreign bodies in various food products, such as chocolate and milk powder [9,10]. Similarly, various construction materials, such as wood and concrete, have also been investigated using transmission mode THz-TDS [11,12]. However, it is often difficult to measure highly absorbing and thick samples in transmission mode THz-TDS as the intensity of the transmitted THz signal decreases exponentially, as given by the Beer-Lambert Law I = I0 exp(-αd) where I and I0 are the transmitted and incident intensity of the THz wave, d is the sample thickness and α is the absorption coefficient of the sample [13]. Therefore, such samples can be measured by reducing the thickness in such a way that the transmitted signal can be measured with a sufficiently high signal to noise ratio [14,15]. The other option would be to use the reflection mode terahertz measurement system, where the reflected signal from the sample is compared with the reflected signal from the metallic mirror (Reflectance ≈ 100%) to compute the optical constants. In this process, the relative position of the sample surface with respect to that of the reference mirror strongly affects the relative phase measured; therefore, it is difficult to obtain the accurate optical properties of the sample [16]. In order to overcome such problems, attenuated total reflection terahertz time domain spectroscopy (ATR THz-TDS) can be used. In this method, a sample under investigation is placed on a prism where the THz wave undergoes total internal reflection and the evanescent wave generated at the interface between the prism and sample enables the obtainment of the THz properties of the sample [17,18,19]. There are several advantages of the ATR THz-TDS system over other THz TDS systems, such as its ability to measure thick and highly absorbing sample [20,21]. Moreover, samples in solid and powdered form can also be measured without a special need for sample preparation. Therefore, the ATR THz-TDS system has a large potential in sensing and imaging applications [22,23].



Despite such advantages of the ATR THz-TDS system, non-destructive testing applications of THz waves are limited to transmission and reflection mode measurement systems. In this article, we present a method to identify a sample packaged in a plastic bag without opening it, using ATR THz-TDS. In the sub-terahertz frequency range, the penetration depth of the evanescent wave is in the range of a few tens of micrometers, which is much larger than the thickness of a typical plastic package. This allows us to obtain the absorption features of the sample without the need of opening the plastic packaging. Here, we used lactose as a test sample, which is known to have absorption peaks in the terahertz frequency region. We identified the lactose sample in a plastic package based upon its spectral fingerprint at 0.53 THz with attenuated total reflection THz-TDS [24]. Since medication dispensing errors are one of the most serious issues in pharmacy [25,26], this method can be used in the non-destructive identification of the medicine in the package.




2. Materials and Methods


2.1. Experiment


Figure 1 shows the terahertz time domain spectroscopy used in our experiment. A femtosecond laser (IMRA Inc., Boston, MA, USA, λ = 780 nm, pulse width < 100 fs, average power = 20 mW, repetition rate = 50 MHz) beam is divided into two equal halves using a beam splitter. The first half of the beam is used to pump the photoconductive antenna for the THz wave emission, whereas the second half is used to excite another photoconductive antenna for the THz wave detection. The emitted THz wave is collimated by an off-axis parabolic mirror and focused on the Silicon prism as shown in Figure 1b. The THz wave is total internally reflected at the interface between the air and sample, which is then guided to the other photoconductive antenna by a pair of off-axis parabolic mirrors. The optical delay stage is used to scan the time domain profile of the THz pulse. This system covers a frequency range of 100 GHz to 3 THz and the maximum dynamic range of the system is about 65 dB at around 200 GHz. This system has a frequency resolution of 24 GHz.



In ATR THz-TDS, it is important to note that the refractive index of a prism should be larger than the sample under measurement. We used a high resistivity, low terahertz absorption loss Silicon (Si) prism with a refractive index of 3.41 [27]. When the THz wave undergoes the total internal reflection at the boundary between Si prism surface and air, the total internal reflection creates an evanescent wave that penetrates the sample placed in contact with the prism. The depth of the penetration of evanescent wave is defined as the distance into the sample from the prism-sample interface where the power of the wave is decayed to 1/e of its original value. Mathematically, the depth of the penetration of the evanescent electric field is written using the following equation [28].


   d p  =  λ  2 π    (   n 1    2    sin  2   θ i  −  n 2    2   )       



(1)




where λ is the wavelength of the THz wave, n1 is the refractive index of Silicon prism, n2 is the refractive index of the sample, and θi is the angle of incidence of the incoming THz wave. From Equation (1), it is clear that the depth of penetration mainly depends upon the frequency of the THz wave and the refractive index of the sample, assuming the incident angle (θi) and the refractive index of Silicon (n1) are constant. Therefore, we investigated the penetration depth at a different frequency and refractive index of the sample. Figure 2 shows the dependency of the penetration depth on the sample refractive index (n2) and frequency. This shows that the depth of penetration increases with the decrease in frequency. Similarly, it also increases with the increase in the refractive index of the sample, as long as the condition n1 > n2 remains satisfied. This indicates that the THz properties of the sample can be measured even though the sample is packaged in a plastic bag, provided that the bag thickness is less than the penetration depth of the evanescent wave.




2.2. Sample Preparation


In this study, we used α-lactose monohydrate (Manufacturer: Wako Pure Chemical Industries, purity > 99%) as a test sample since it has absorption features at 0.53 THz, 1.19 THz, and 1.39 THz [24,29]. The particle size of the sample is less than 100 µm. Polyethylene plastic bags are widely used to pack a wide variety of materials such as foods, medicines, dairy products, and so on. The thickness of the polyethylene bags used to pack such materials is in the range of several micrometers. It has a low refractive index and absorption coefficient [30]. In this case, the lactose powder was packaged in a polyethylene plastic bag with a thickness of 10 µm ± 3 µm, as shown in Figure 3a. The size of the package was approximately 22 mm × 20 mm. The sample was placed on a Silicon prism, as shown in Figure 3b, to obtain its spectroscopic information.





3. Results


In our experiment, we first measured the attenuated total reflection, refractive index, and absorption coefficient of a lactose powder. Figure 4a shows the time domain THz pulse with and without placing the sample on a Silicon prism. We repeated the measurement five times and averaged them to increase the signal to noise ratio. Each measurement took approximately 30 s. The THz pulse measured with a sample on a prism is known as the sample pulse ESam(t), whereas the other pulse is known as the reference pulse ERef(t). These time domain pulses were transformed to intensity spectra using Fourier transformation, which are written as ESam(ω) = |ESam(ω)|exp{iφSam(ω)} and ERef(ω) = |ERef(ω)|exp{iφRef(ω)}; here, φSam(ω) and φRef(ω) are phase spectra of the sample and reference signals, respectively. Figure 4b shows the intensity spectra of the sample and reference signals, respectively.



The ratio of the sample signal to the reference signal is written as


     E  S a m    ( ω )     E  R e f    ( ω )    = R exp  (  − i Δ φ  )                     



(2)







Here, Δφ(ω) = φSam(ω) − φRef(ω) is the phase difference and R is the amplitude reflectance written as


  R  ( ω )  =    |   E  S a m    ( ω )   |     |   E  R e f    ( ω )   |     



(3)







Next, the complex refractive index    n ˜  = n + i k   is computed as follows [31,32,33]:


    n ˜  2   ( ω )  =     sin  2   θ i  ·  (  1 −   1 − 4 ·    (  sin  φ  s a m   · cos  φ  s a m    )   2     )    2 ·    (  sin  φ  s a m   · cos  φ  s a m    )   2     n 1    2   



(4)




where,


  sin  φ  s a m   · cos  φ  s a m   =   q   sin  2   θ i    cos  2   θ i  + sin  θ i  cos  θ i  sin  φ  r e f   cos  φ  r e f     sin  θ i  cos  θ i  + q sin  φ  r e f   cos  φ  r e f      



(5)




and


  q =   1 − R  ( ω )  exp  (  − i Δ φ  )    1 + R  ( ω )  exp  (  − i Δ φ  )     



(6)







Finally, the absorption coefficient (α) is calculated as follows:


  α  ( ω )  =   2 ω k  ( ω )   c   



(7)







Figure 4c,d shows the refractive index and absorption coefficient of the lactose sample. The unique absorption features of lactose at 0.53 THz and 1.39 THz are clearly visible. These absorption peaks are consistent with the previously reported values [20,21].



In the next step, we measured the refractive index and absorption coefficient of the lactose sample, which was packaged in a polyethylene bag as shown in Figure 3a. The sample was placed on the Si prism as shown in Figure 3b. The sample was pressed to avoid the air gap between the prism and the sample. The refractive index and absorption coefficient of the sample were computed using Equation (4) and are shown in Figure 5a,b, respectively.



Despite the fact that lactose has clear absorption peaks, as seen in Figure 4d, only the first absorption peak at 0.53 THz was identified when the sample was packaged in the polyethylene bag. At sub-THz frequencies, the penetration depth of the evanescent wave was in the range of few tens of micrometer, making it possible to identify the absorption peak at 0.53 THz. However, the penetration depth of evanescent wave decreased with the increase in frequency, as seen in Figure 2. Therefore, the absorption features of the lactose sample at high frequency cannot be measured reliably. The overall results indicate that the packaged samples with spectral fingerprints in a sub-terahertz frequency range can be identified using attenuated total reflection terahertz time domain spectroscopy [34]. However, terahertz properties of other packaging materials, such as papers and fabrics, need to be investigated to further expand the application of this system.




4. Conclusions


Non-destructive testing is one of the potential applications of terahertz waves. Several reports have been published showing that drugs and explosives in various covering materials, such as cardboard and fabrics, can be identified based upon their spectral fingerprint using transmission mode terahertz spectroscopy. However, samples with high terahertz absorption cannot be measured using such a system. Here, we demonstrated that the terahertz time domain attenuated total reflection spectroscopy can be used to non-destructively identify the samples packaged in a thin polyethylene bag based upon their spectral fingerprints. In the sub-terahertz frequency region, the penetration depth of the evanescent wave is larger than the thickness of typical plastic bag, allowing us to obtain the absorption features of the sample. We believe that this technique can be used to identify samples such as medicine sachets to prevent medication errors in pharmacies.
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Figure 1. (a) Schematic diagram of the THz time domain spectrometer. The dotted line shows the position of the Silicon prism in the spectrometer. (b) Schematic diagram of a Silicon prism. 
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Figure 2. The penetration depth dependency on the frequency of THz wave and the refractive index of the sample. Here, a Silicon prism (n = 3.41) is used as a medium for total internal reflection. 
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Figure 3. (a) Lactose sample packaged in a plastic bag (b) Sample placed on the Silicon prism. 
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Figure 4. (a) The THz time domain reference and sample pulses, (b) their respective intensity spectra, (c) refractive index, (d) absorption coefficient of lactose sample. 
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Figure 5. (a) The refractive index and (b) the absorption coefficient of the packaged sample. The absorption peak at 0.53 THz is clearly visible, as shown by the arrowhead. Since the penetration depth of the evanescent wave is smaller than the thickness of the plastic bag at high frequencies, the absorption features of the lactose sample at high frequency cannot be measured reliably. Therefore, the absorption coefficient is shown up to 0.8 THz. 
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