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Abstract

:

We report calibration and performance tests of a terahertz fast-sweep optoelectronic frequency-domain spectrometer designed for industrial applications, aimed at quantifying its performance specifications and demonstrating its suitability for envisaged usage. The frequency scale is calibrated using atmospheric water vapour lines and a silicon wafer etalon; the amplitude linearity is verified using a set of silicon plates. Instrument performance is tested by measuring transmission properties of a variety of representative samples and comparing with a time-domain spectrometer and a frequency-domain spectrometer.
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1. Introduction


Knowledge of complex permittivity of materials at terahertz (THz) frequencies is required for a variety of applications, including material identification [1,2], observation of phase state or morphology [3,4], detection of impurities or degradation [5,6], determination of electronic properties [7,8], non-destructive testing [9,10,11,12,13,14], and optical design for high-speed communications [15].



Currently, there are two main instrumental platforms capable of providing accurate broadband measurements of refractive indices and absorption coefficients of materials at THz frequencies. These are time-domain spectroscopy (TDS) and photonic-based frequency-domain spectroscopy (FDS). To date, the vast majority of THz measurements have been performed using THz TDS. Hundreds of papers have been published describing the technique and analysing its various aspects, including numerous excellent reviews [16,17,18]. TDS is inherently broadband in that it uses single-cycle THz pulses containing the complete source spectrum. The data are acquired in the time domain, i.e., it follows the time evolution of the THz pulse. Spectral data are derived from the time-domain data by applying Fourier transform, which yields both amplitude and phase information. In contrast, FDS is continuous-wave and frequency-tunable; i.e., the signal is narrow-band, and spectral data are acquired by tuning the signal frequency over the band of interest [19]. The THz signal is generated by photomixing, as the difference-frequency of two infra-red lasers whose wavelengths are offset by the requisite amount.



The main advantage of FDS is high frequency resolution, better than 50  M  Hz  as compared to >1  G  Hz  for TDS. Related to that is the ability to select the range of frequencies measured, or to measure at a single constant frequency. However, current FDS systems are temperature-tuned, and therefore their frequency scanning rate is relatively slow [20,21]: a full-range high-resolution scan can take up to 1.25–1.5 h.



In this paper, we report operation of a novel pre-production optoelectronic FDS system capable of fast scanning similar to TDS. The system, named “T-Sweeper”, is designed for industrial applications requiring rapid, robust measurements. We report extensive tests of this system, including frequency and amplitude calibration, and examples of material measurements. We also compare its performance with that of TDS and FDS. To our knowledge, this is the first such detailed comparison of the performance of the three different types of THz spectrometer.




2. Operation and Specifications of the Optoelectronic FDS System


2.1. Operation


The design and operation of the optoelectronic FDS system have been previously reported by Liebermeister et al. [21,22]. As all FDS systems, it uses two fibre-coupled, continuous-wave semiconductor lasers emitting in the c-band (1530–1565 nm) whose frequencies are offset by the desired difference in the THz range. Frequency scanning is achieved by applying a periodic frequency sweep to one of these lasers, while the emission frequency of the second laser stays fixed. The laser outputs are spatially overlapped in a 3 dB coupler, which generates an optical beat note. This beat note is amplified by an erbium-doped fibre amplifier (EDFA) before being converted into THz radiation via photomixing in a waveguide-integrated PIN photodiode emitter. The same beat signal is also used to drive coherent detection in a photoconductive receiver. Both emitter and receiver are based on commercially available, fibre-coupled modules from TOPTICA Photonics AG.



The innovative advance of this system (Figure 1a, which enables it to achieve fast sweep rates and yields unambiguous phase data, is the method employed to obtain the phase. It utilises an optoelectronic adaptation of the FMCW (frequency-modulated continuous-wave) technique [21], which results in passive phase modulation. The tunable cw-laser is frequency swept at more than 500  T  Hz /  s  − 1   . In combination with a path length imbalance of 20 cm between the emitter and the receiver arm (indicated by shaded arrows in Figure 1b, an intermediate frequency of 500  k  Hz  is generated in the photomixing receiver, which can be directly used for coherent detection with a software-based lock-in amplifier. This quadrature lock-in detection allows one to detect amplitude and phase as a function of frequency. As a consequence, the optoelectronic FMCW systems require neither optomechanical nor electro-optic phase modulation. The frequency resolution of it is 1  G  Hz , determined by the cycle time of the sweep laser, which in this case is equal to 2   μ s   [21].



As shown in Figure 1b, the THz beam path was a standard configuration of two F/2 parabolic mirrors.




2.2. Other THZ Spectrometers for Comparison Measurements


The performance of the T-Sweeper was tested by comparing it with two commercially available THz spectrometer instruments: a TDS and FDS, which had been previously calibrated and validated.



The TDS was a TeraFlash pro from TOPTICA Photonics, employing 1550  n  m  fibre laser technology and InGaAs photoconductive switches as the emitter and receiver. The THz beam path was the standard configuration of four F/2 parabolic mirrors; an example of this system’s performance can be observed in [23]. The THz beam path was contained in an enclosure purged with dry air to eliminate absorption by the atmospheric water vapour. The frequency resolution was set to 5  G  Hz ; and 1000 time-domain averages were used for all measurements. With these settings, the maximum dynamic range was 93 dB, and the cut-off frequency was   5.6    T  Hz .



The FDS was TeraScan from TOPTICA Photonics similarly employing 1550  n  m  fibre laser technology and InGaAs photoconductive emitter and receiver. The performance comparison with the optoelectronic FMCW system was further aided by using the same emitter and receiver devices and the same THz beam path in both instruments. The frequency range of the TeraScan is comprised of two bands: 0.1–  1.33    T  Hz  and 1.33–  2.18    T  Hz . The frequency step size was set to 50  M  Hz , and the integration time was 3  m  s . For the measurements with the FDS systems, the terahertz beam path was contained in an enclosure purged with dry air to eliminate absorption by atmospheric water vapour.



Both TeraFlash pro and TeraScan have been previously calibrated and tested using the same procedures as described below for the T-Sweeper.




2.3. Specifications


In THz spectroscopy, two of the most important instrument specifications are the operational range of frequencies and the frequency-dependent dynamic range (DR). The two parameters are related, because the operational frequency range is defined as the region where DR > 2.



Dynamic range is defined as the ratio or maximum measurable signal (  S  m a x   ) and the noise floor (NF):   DR =  S  m a x   / NF  [24]. Dynamic range is important because it represents the range of signal amplitude values that can be measured by the system. As a consequence, it limits the maximum material loss that can be accurately quantified [25]. For TDS and FDS systems, DR is frequency-dependent, because it is proportional to   S  m a x   . DR can be increased by averaging, since it is inversely proportional to NF. For random (Gaussian) noise, averaging lowers the noise floor by a factor of   N  1 / 2   , where N is the number of traces [26]. Due to the spectral profile of the instrument, reducing the noise floor extends the frequency range.



Figure 2 presents the DR of the optoelectronic FMCW system using from 1 to 100,000 averages in steps of a factor of 10. The spectral profile is roughly exponential, as expected in this type of system, falling by 27 dB per terahertz. However, there are some deviations from pure exponential behaviour, which are attributed to emitter and/or receiver geometry. In particular, the sharp dip at   0.88    T  Hz  is a system artifact whose origin is being investigated. Notably, the DR saturates above 20,000 averages due to slow variations and drifts in the environment. In the configuration used in this work, the spectral range is 0.1– 2  T  Hz  for a single shot and 0.1–3  T  Hz  for 10,000 averages, requiring 24  m  s  and 235  s  (around 4  min ) scanning time, respectively.



Table 1 summarises the essential measurement parameters of the individual devices. These are the results of the selected settings used for the following measurements in Section 3 and Section 4.





3. Calibration of the Optoelectronic FDS-System


3.1. Frequency Calibration


Frequency is one of the highest-precision quantities measurable by human endeavour. Frequency standards are ultimately traceable to the International Atomic Time Standard based on atomic clocks, providing precision down to   10  − 16    [27,28]. Accurate frequency determination is obviously important for spectroscopic measurements.



Due to the broadband frequency range of the optoelectronic FDS-System, a frequency calibration standard must have multiple narrow spectral features. A common approach is to employ gas absorption lines, whose frequencies are known with high precision [29]. Atmospheric water vapour provides a convenient set of absorption lines in the 0.5–4  T  Hz  range that is widely used for frequency calibration of THz spectrometers. Figure 3a depicts the transmission spectrum through the ambient atmosphere showing water vapour absorption lines, measured by the three devices. Figure 3b plots the deviations of the measured lines from the frequencies listed by HITRAN [29], with results obtained by TeraFlash and TeraScan for comparison. For all three instruments, the deviations are randomly distributed and lie within the uncertainty of their frequency resolution, confirming the accuracy of their frequency scales. It is observed that T-Sweeper demonstrates the smallest deviations from the HITRAN data, due to its high frequency resolution ( 1  G  Hz ) and low noise. TeraFlash has the largest deviations due to its lowest frequency resolution ( 5  G  Hz ).



Water vapour lines have the drawback of being unevenly distributed with varying line strengths, sparse below 1  T  Hz , and with no suitable lines below   0.5    T  Hz . An alternative approach to frequency calibration is to employ a Fabry-Perot etalon [30,31]. An etalon has the advantage of an evenly spaced comb of equal-amplitude peaks across the whole spectral range of etalon transparency window, allowing systematic errors or drifts in frequency to be easily detected. However, the frequency resolution of an etalon is limited by its finesse, and commonly available etalons are low finesse, providing peaks that are 10–20  G  Hz  FWHM (full width at half-maximum). Moreover, an etalon must be calibrated with a frequency standard, for example by using gas absorption lines.



A high-resistivity silicon wafer can serve as a low-finesse etalon [30]. High-resistivity Si has negligible THz absorption and a near-constant refractive index of 3.42 in the range of measurement, and is compact and convenient to use. The free spectral range (FSR) of an etalon is the frequency spacing between successive etalon maxima (or minima). FSR is given by   FSR = c / n d  , where n is the refractive index of the etalon material and d is its thickness. A Si wafer can thus be chosen to provide the desired FSR.



The transmission spectrum of a Si wafer has been measured and the maxima identified. These occur at frequencies of    f p  = 2 p  ·  FSR  , where p is the peak order. The FSR of the etalon can therefore be determined by plotting   f p   versus p and applying a linear fit, as shown in Figure 4a. The FSR values obtained were   42.580 ± 0.008    G  Hz  for T-Sweeper,   42.780 ± 0.022    G  Hz  for TeraFlash, and   42.540 ± 0.016    G  Hz  for TeraScan. The values are in agreement within the measurement uncertainty. In order to reveal systematic errors or drifts in the frequency scale, Figure 4b plots the frequency residuals for each instrument, calculated as   0.5  f p  −    p  ·  FSR  . In the case of T-Sweeper and TeraScan, the residuals are randomly distributed around zero, confirming the absence of systematic frequency errors. The standard deviation of the residuals of the T-Sweeper is smaller than those of TeraScan by a factor of 2.3. In the case of TeraFlash, the residuals follow a saw-tooth pattern arising from coarser frequency resolution; however, they are also evenly distributed around zero.




3.2. Linearity Calibration


Amplitude linearity calibration refers to testing that the measured signal amplitude is linear with the incident signal. This is necessary because many types of instrumental effects can result in non-linear amplitude measurements. Two types of amplitude non-linearity are most frequently observed: (i) amplitude saturation at high signal levels; and (ii) amplitude tail at low signal levels when approaching the noise floor. Amplitude linearity can be tested by employing a series of attenuators of known power, or combinations of attenuators [32,33]. In order to test broadband systems, such as TDS and FDS, attenuators must have frequency-independent attenuation that is accurately known.



Amplitude calibration was performed using a set of high-resistivity Si plates [32]. The normal-incidence amplitude transmission through a Si plate is 0.7; and a stack of N plates will have multiplicative transmission of   0 .  7 N    . Thus, a stack of Si plates can provide a variable, controlled, and known attenuation, such as that required for linearity testing. However, it should be noted that Si plates must be tested to verify their refractive index and transparency.



The T-Sweeper had its linearity tested using this method. Figure 5a plots the transmitted amplitude as a function of the number of Si plates placed in the beam path, on a semi-log scale. If the amplitude response is linear, the amplitude would be expected to decrease linearly; the black dashed lines demonstrate the expected slope of 0.7. Figure 5b shows the fitted slopes over the entire spectrum.



It is observed that at all frequencies between 0.1–  2.2    T  Hz  the slopes are close to the expected value of 0.7, with variations within the measurement uncertainty, and the mean value of 0.695 ± 0.021. This linearity calibration method therefore reveals the operational frequency range of the instrument (using the present settings). At higher frequencies, the slopes deviate from linearity when the number of plates exceeds 7, revealing the operational dynamic range limits at these frequencies. Above   2.2    T  Hz  the signal is dominated by noise, especially for a high number of silicon plates.





4. Material Measurement Comparison


4.1. Parameter Extraction


For all three instruments—T-Sweeper, TDS and FDS—the frequency-dependent (f) refractive index (  n ( f )  ) and absorption coefficient (  α ( f )  ) of material under test can be calculated from the frequency-dependent field amplitude (  E ( f )  ) and phase (  Φ ( f )  ) by using the equations [16,17,18]:


  n  ( f )  =     Φ s   ( f )  −  Φ  r e f    ( f )   c   2 π f d    



(1)






  α  ( f )  = −  2 d   ·  ln     ( n + 1 )  2   4 n      E s   ( f )     E  r e f    ( f )      



(2)




where c is the speed of light, d is the sample thickness, and the subscripts s and ref refer to the sample and reference data, respectively. In addition, the maximum measurable absorption is an important parameter in the interpretation for certain samples. The parameter is determined by the dynamic range of the device and represents absorption such that the transmitted amplitude is reduced to the level of the noise floor [23].


   α  m a x   =  2 d   ·  ln  D R  ·    4 n    ( n + 1 )  2     



(3)







In the case of TDS, the field amplitude (  E ( f )  ) and phase (  Φ ( f )  ) are obtained from the time-domain data by applying Fourier transform. The frequency resolution corresponds to the length of the time-domain scan length.



In the case of the T-Sweeper, the manufacturer’s software (Fraunhofer Heinrich Hertz Institute, Berlin, Germany) outputs the amplitude and phase spectrum. The phase spectrum is wrapped by   − π   to   + π  ; it is unwrapped using the function of the NumPy library for the python programming language. When interpreting the results of the unwrapping, it should be noted that phase unwrapping can produce errors, especially in combination with noise [18], which must be corrected. The signal data obtained from T-Sweeper is used to calculate the complex transmission function. The magnitude of this corresponds to the transmission in Equation (2) and the argument to the phase difference in Equation (1) [34]. Complex values are used because experience shows that the calculated values, especially the phase, are more accurate using this approach. The measured data of the T-Sweeper and the TeraScan were filtered with a forward and backward digital filter of the Butterworth type. The lowpass Butterworth filter had an order of 5 and a cut-off of 0.1 times the Nyquist frequency.




4.2. Resonant Mesh Filters


Resonant mesh filters offer good test materials because they have well-defined spectral features. Such filters typically consist of a thin wafer or film of THz-transparent polymer with deposited or embedded metal pattern of crosses on a square grid. The grid size (g), the size of the crosses (a), and widths of the lines (b) determine the central frequency of the filter and its bandwidth [35]. The filters used in this work were manufactured by Novalia Ltd by printing a 40  n  m  thick aluminium structure on a 23  μ  m  thick polyester (PET) substrate. Figure 6 shows the transmission of three of these filters, which were measured with all three instruments.



Overall, the measured transmission spectra for each filter agree well among the devices. There is close agreement in the profile of the loss notch. The slight variations in the notch minima are due to the sensitivity of the filter transmission to their position in the THz beam. For example, a minimum of 0.2359 ± 0.0031 was measured in Filter 3 with TeraScan, compared to a 0.1668 ± 0.0045 with the T-Sweeper. This may be attributed to the fact that the dimensions of the mesh are similar to the wavelength. At higher frequencies, transmission measured by T-Sweeper is slightly above those measured by TeraFlash pro and TeraScan, which may be due to higher noise.




4.3. Lactose Monohydrate


Lactose monohydrate is frequently used in tests of THz spectroscopy due to its characteristic absorption spectrum containing several strong features [36]. The measured sample was a   1.09    m  m  thick pellet. Figure 7 shows the absorption coefficient and refractive index of lactose in the frequency range 0.1–  2.5    T  Hz  for all three devices.



Also plotted (dashed lines) in Figure 7a are the values of maximum measurable absorption for the DR of each instrument [25], showing the limits of measurement. The strong resonance at   1.36    T  Hz  can only be fully captured by TeraFlash, as the other two devices have insufficient dynamic range. Figure 7b shows good agreement in the measured refractive index, except around   0.6    T  Hz  where TeraScan data deviated significantly. The peak in Figure 7c has been examined more closely with the T-Sweeper   0.533    T  Hz , TeraFlash   0.53    T  Hz  and TeraScan   0.534    T  Hz . Figure 7c shows that the spectrum measured by TeraFlash is very similar to that of the T-Sweeper. In contrast to the other two devices, slightly lower absorption is measured by TeraScan, but overall, good agreement is observed among three instruments, in particular between T-Sweeper and TeraFlash.




4.4. Ultra-High Molecular Weight Polyethylene (UHMWPE)


Polyethylene has low THz absorption and is widely used in THz applications. All grades of polyethylene have a prominent absorption peak at around   2.2    T  Hz  that is due to a lattice vibration of the PE molecule [37]. Figure 8 shows the absorption coefficient and refractive index of UHMWPE (d =   10.1    m  m ) obtained with the three devices.



Figure 8a shows that the frequency range of TeraScan is insufficient to record the entire absorption peak, with only the low-frequency part being detected. The peak maximum was measured at   2.185   T  Hz  by TeraFlash and   2.198    T  Hz  by T-Sweeper. The peak profile measured by the T-Sweeper is skewed at the peak maximum, explaining the difference in the measured peak frequencies. The skewed profile is caused by the noise and the filtering of the signal. Considering the FWHM of the peak, as determined using the Python library SciPy, these are   0.134    T  Hz  for the TeraFlash pro and   0.139    T  Hz  for the T-Sweeper. Figure 8b shows good agreement in the measurements of the refractive index, except at frequencies below   0.5    T  Hz  where the TeraScan deviates significantly. Overall, the measured values of UHMWPE are in good agreement for all three instruments.





5. Conclusions


In this paper, a novel pre-production THz spectrometer was tested and calibrated. The T-Sweeper is a fast-scanning frequency-domain spectrometer designed for industrial applications. It was calibrated, tested and compared with commercially available TDS and FDS instruments, a TeraFlash pro (TDS) and a TeraScan (FDS).



To specify the operation of the T-Sweeper, its operational range of frequencies and the frequency dependent dynamic range have been measured and shown to be 0.1–3  T  Hz  and 94 dB, respectively, when using 10,000 measurement averages. Frequency calibration was performed using atmospheric water vapour and a silicon wafer etalon, confirming that the T-Sweeper has a linear frequency axis with no offsets or drift. Amplitude linearity was tested using a set of silicon plates, confirming that the amplitude axis of the T-Sweeper is linear up to the limits of its dynamic range.



In addition, spectroscopy measurements were carried out comparing the performance of the T-Sweeper with TeraFlash and TeraScan, using several types of material samples (resonant mesh filters, lactose monohydrate and UHMWPE). The T-Sweeper performance was observed to be repeatable and in good agreement with other devices, within its range of operation and within measurement uncertainty.



T-Sweeper was confirmed as an accurate, reliable instrument, with good repeatability, suitable for industrial use case scenarios.
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Figure 1. T-Sweeper. (a) Photograph of the instrument. (b) Schematic drawing of instrument operation, components, and the optical and THz beam paths. Extracted from [22]. Tx—transmitter; Rx—receiver; DAQ—data acquisition. 
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Figure 2. (a) Spectral power and dynamic range using 1 to 100,000 averages. (b) The dynamic range at the peak and at four selected frequencies as a function of number of averages, showing the 10 per decade slope (dashed lines) and saturation above 20,000 averages. 
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Figure 3. (a) Absorption spectrum of atmospheric water vapour measured by T-Sweeper, TDS and FDS. The grey vertical lines correspond to the values from HITRAN. (b) Deviations of the measured lines from the line data listed by HITRAN [29]. 
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Figure 4. (a) Frequency of the peak maxima plotted versus peak order, with the linear fit for all three devices. For clarity, values of the TeraScan and TeraFlash pro have been offset. The slopes of linear regression are shown in the bottom right inset. Since this is the distance between the successive minima and maxima, this must be doubled for the calculation of FSR (cf. above). (b) Frequency residuals of extreme values, measured with T-Sweeper, TeraFlash and TeraScan. The dashed lines represent half the frequency resolution. 
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Figure 5. (a) Measured transmitted amplitude as a function of the number of Si plates, for different frequencies. Dashed lines show the expected slope. (b) The fitted slopes for all frequencies up to   2.7    T  Hz . For clarity, only every 20th datapoint is shown. 
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Figure 6. Measured transmission spectra of three resonant mesh filters, using all three instruments. The filter notch frequency is around   0.99    T  Hz  for Filter 1,   0.73    T  Hz  for Filter 2, and   1.22    T  Hz  for Filter 3. Insets show microscope images of each filter, showing the differences in mesh dimensions. 
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Figure 7. Absorption coefficient (a) and refractive index (b) of a lactose pellet measured with all three devices. The absorption graph also includes the maximum measurable absorption (cf. Equation (3)); the intersection of   α  m a x    with the measured absorption curve shows the limits of measurement for each instrument. (c) Expanded absorption feature at   0.53    T  Hz . 
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Figure 8. Absorption coefficient (a) and refractive index (b) of UHMWPE measured by TeraFlash, T-Sweeper, and the TeraScan. The narrow range of values measured reveals the noise in the extracted parameters. 
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Table 1. Summary of the parameters for the three used devices with the respective settings.
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	Parameters
	T-Sweeper (FDS)
	TeraFlash pro (TDS)
	TeraScan (FDS)





	Measuring Time (min)
	≈4
	≈2.5
	≈80



	Frequency Range (THz)
	0.1–3
	0.1–5.6
	0.1–2.18



	Frequency Resolution (GHz)
	1
	5
	0.05



	  DR max   (dB)
	91
	93
	83
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