

  photonics-10-00316




photonics-10-00316







Photonics 2023, 10(3), 316; doi:10.3390/photonics10030316




Article



THz Pulse Generation and Detection in a Single Crystal Layout



Moses Eshovo Ojo *, Frederic Fauquet, Patrick Mounaix[image: Orcid] and Damien Bigourd[image: Orcid]





Laboratoire IMS, Université de Bordeaux, UMR CNRS 5218, 33400 Talence, France









*



Correspondence: moses-eshovo.ojo@u-bordeaux.fr







Received: 19 January 2023 / Revised: 20 February 2023 / Accepted: 8 March 2023 / Published: 15 March 2023



Abstract

:

The THz pulse of a few picosecond durations have been generated and detected via optical rectification and electro-optic effect within the same ZnTe crystal. An unbalanced single-shot detection scheme was performed to characterize the signal. As a result, a multicycle signal was obtained, in which two-photon absorption and other associated nonlinear effects were reportedly negligible. The experimental set-up is compact, economical, easy to build and has the added simplicity of facilitating an independent analysis of the horizontal or vertical polarization arm of the THz-modulated chirped probe beam. This work finds a useful application in integrated THz devices, narrow-band THz phonon spectroscopy and spectroscopic investigation of fast-occurring processes.
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1. Introduction


The science of THz pulse technology is a growing field of interest in fundamental research, security surveillance, pharmaceutical industries, the biomedical sector, telecommunications, spectroscopy and imaging applications [1,2,3]. THz technology has gained wide attention in the study of various materials. In particular, its research and spectroscopic application stems from the signature response of electrons, spins, phonons and the rotational modes of molecules in the THz spectral range [4,5,6]. THz pulses have been generated in various forms regarding their polarization states, vorticity, spectral bandwidth and signal amplitude, in which the characteristics of the generated pulses determine their suitability for certain specific applications [7,8]. These characteristics can be modified based on the emitter sources. Among the table-top sources, nonlinear crystals can generate intense THz pulse amplitude in either time-resolved (pump-probe) or time-domain spectroscopy. ZnTe crystal is commonly used owing to its favorable phase-matching condition and its transparency in the optical and THz region [9,10]. These crystals, which are cut in either the (100), (111) or (110) plane, generate THz pulses with varying efficiency via optical rectification (OR) upon normal incidence with femtosecond laser sources [11,12]. OR can be explained in terms of Difference Frequency Generation (DFG), in which the spectral components within the bandwidth of the laser pulses interact to generate low-frequency signals within the THz region. Often, two crystals are needed in a typical experimental set-up for THz source and detection. Here, the THz pulse radiated by one crystal is detected at the other crystal by either a collinear or non-collinear interaction with a weak beam. Due to the usage of a weak laser pulse in the detection arm, there are usually no other observed processes other than the linear electro-optic (EO) effect. However, in the case where the generation occurs alongside the detection in the crystal, in what we shall refer to as single crystal configuration, the EO effect may coexist with other nonlinear processes such as two-photon absorption (TPA) and free carrier absorption (FCA), which competes with the generated THz pulse [13,14]. In order to have a close look into these nonlinear effects, Caumes et al., in their heterodyne Kerr experimental set-up, have observed the optical Kerr effect and Kerr-like effect in certain zinc blend structures that modify the form of the detected THz pulse [15].



The Kerr-like effects are cascaded nonlinear signals induced by the generated THz pulse. A few years later, other researchers adopted the single crystal configuration as a tool to study and evaluate these additional nonlinear effects in the ZnTe crystals. He et al. confirmed the observation of Caumes et al. in the (111) ZnTe in which the measured nonlinear refractive index, was dominated by Kerr and Kerr-like effects, whereas only the Kerr effect was more significant in the (110) ZnTe [16]. Furthermore, the effect of the Kerr signal, which usually appears at the onset of the THz waveform because the optical group velocity is lower than the THz phase velocity, was minimized by creating a temporal shift [17,18]. In a bid to distinguish the presence of either effect, Xiaoshu et al. included a phase-sensitive time-resolved z-scan in their experiment. Furthermore, by moving the crystal along a defined direction, they evaluated the contribution of each effect [19].



A single crystal configuration is a great tool not only to study the response of ZnTe but also for application purposes in integrated THz devices. Chen et al. demonstrated the possibility of this configuration being applied in tomography. They used a ZnTe to transmit a pulsed signal detected in the same crystal upon being reflected [8,20]. Thus, it appears there will be a need to minimize the nonlinearities in the single crystal configuration in order to boost their applications. Temporally stretched, chirped laser pulses are less powerful than their Fourier-transform-limited pulse duration. However, their higher pulse energy can be used to reach the same power, thus leading to an increase in the THz yield due to the many photons present. Previously, efficient THz yields have been reported using a pre-chirped pump pulse in air-plasma THz-based sources [21]. Erschens et al. extended this concept to nonlinear crystal-based sources [22,23,24]. In our manuscript, we will introduce the idea of adding a chirp to the pump pulse in the single crystal configuration. Usually, chirped pump laser sources are capable of generating tunable and narrow-band THz frequencies [25,26,27], which have been used to selectively excite phonons in certain mediums by some research groups [28,29].



One of the bases that form the framework of this research is the methodology commonly adopted for detecting THz pulses. Identical crystals are both used for the generation and detection scheme. Since appreciable success has been realized with the use of EO detection in this regard, it likely would have influenced the emergence of photonic THz compact devices. The EO detection route, which can be carried out by either the sampling or single-shot technique, has consequences on the form of the retrieved THz signal. In certain THz spectroscopy measurements involving fast and transient processes, the single-shot detection scheme is unarguably necessary. In particular, Murakami et al. and Zhao-Hui et al. have illustrated the performance of the single-shot measurement in time-resolved THz spectroscopy [30,31]. However, this technique has the drawback of reproducing a potentially deformed signal. There has been some progress in the single-shot geometries to address this challenge [32], with an exception in the single crystal configuration, in which there has been no result until now, to the best of our knowledge. This research investigates the feasibility of a coupled and reliable system for THz generation and detection through a study based on the single crystal configuration involving a single-shot EO detection scheme in a ZnTe crystal.



To begin with, this work is a recall of the THz pulse generation theory ensuing from the chirped pump propagation in the crystal, apace with a contributory linear effect. It is followed by highlighting the consequence of the detection scheme on the form of the retrieved THz pulse. Afterward, the functions of the optical elements in the experimental scheme are indicated, with an explanatory note on the retrieval algorithm of the THz pulse. Subsequently, by discussing the observed results based on the theoretical predictions, a conclusion is drawn to spotlight the relevance of the work.




2. Principle and Theory


The generation of the THz pulse is initiated by irradiating a ZnTe crystal with an infra-red laser beam. Consider a pre-chirped pump pulse propagating along the z-direction of the crystal, with group velocity    v g   , whose Fourier-transform-limited pulse duration and second-order dispersion term are denoted by T and    φ 2   , respectively. As in the following, the crystal is relatively thin (600 µm), and the optical pulse is long (3.6 ps); the dispersion due to the crystal is ignored. By neglecting pump depletion and absorption within the crystal, we can write the form of the pre-chirped pump pulse centered at    ω 0    and propagating along the z-direction as


  E  (  t , z  )  =    E 0   2   1   γ   1 4      exp  (       (  t −  z   v g     )   2    β · γ    )  · exp  (  i ( a    (  t −  z   v g     )   2  + ε )  )  · exp ( i  (   ω 0  t −  k 0  z )  )   



(1)






  β =  T 2  ,    γ  = 1 +    φ 2 2     β 2    ,    a  =    φ 2     β 2  γ   ,   ϵ = − arctan  (     φ 2    2  T 2     )   








where    k 0    is the wave vector and    E 0    is the amplitude of the pulse. The pre-chirped pulse induces a total polarization in the crystal in which the nonlinear polarization term    P  NL     is the most relevant for optical rectification. In this case, any two frequency components    E j  ,      E   k    within the spectral bandwidth of the incident pulse interact to generate low-frequency pulses in the THz region by the DFG process [33,34].


   P i   ( ω )  =  ε 0    ∫   − ∞   + ∞     ∑   j , k = 1  3   χ  ijk    ( 2 )     E j   (   ω 0   )   E k   (   ω 0  − ω  )       d ω   0     



(2)




where    χ  ijk    ( 2 )      is the frequency-dependent second-order susceptibility of the crystal. The evolution of the generated THz pulse at normal incidence is modeled by the nonlinear Maxwell equation, in which the conductivity of the crystal has been neglected [35],


   (     ∂ 2    ∂  z 2    +  ω 2    ε  ( ω )     c 2       )   E  THz    (  ω , z  )  = −   4 π    c 2         ω   2       P    NL    (  ω , z  )   



(3)







Assuming the absence of THz field at the beginning of the crystal and neglecting the Fabry–Pérot effect, we set the boundary condition as    E  THz    (  ω ,   0  )  = 0 ,     ∂  E  THz    (  ω ,   0  )    ∂ z     = 0, so that the analytical solution to Equation (3) upon substituting Equation (1) into the second term of Equation (2) is,


   E  THz    (  ω , z  )  =    χ  ijk    ( 2 )       π   2    4 (  n  THz  2  −  n g 2  )      T   e     {    −  ω 2   4  β · γ  }     E 0 2   [       1 2   {  1 +    n g     n  THz      }   e     i ω n    THz   z / c         +  1 2   {  1 −    n g     n  THz      }   e  −    i ω n    THz   z / c   −  e     i ω n   g  z / c        ]   



(4)




where    χ  ijk    ( 2 )      is assumed to be constant i.e., frequency independent since the THz frequency is well below the optical phonon resonance in our set-up. Three terms exist in Equation (4) corresponding to the carrier waves of the THz and pump pulses. The coefficient of the second term has a lower amplitude compared to the other terms. This second term propagating in the opposite direction to the first and last term contributes significantly to the waveform of the THz pulse if T is in the order of picosecond. The interaction between these terms adds up to the THz efficiency when chirped pump pulses irradiate the nonlinear crystal. In other words, the differences in the value of the group refractive index    n g    (ng = 3.2 at 800 nm) and the frequency dependent-   n  THz     (nTHz~3.2 at 1 THz) experienced by the optical pulse and generated THz respectively leads to an insignificant temporal walk-off, thus making the generation process efficient. The plot in Figure 1 illustrates the effect of backward propagating the THz pulse term in the profile of the THz field. By considering an incident 2 ps long laser pulse, the simulated THz with the backward term (black line) and without the backward term (dashed green line) shows a significant contribution, such that the effect of this term cannot be neglected as in the case of shorter incident pulses.



The round trip time of the THz pulse within the crystal is shorter than the THz pulse duration, implying that the effect of multiple reflections cannot be neglected. By considering the bouncing of the THz pulse between the opposite faces of the crystal, a transfer function for the Fabry–Pérot effect is defined as per [35],


   T  FP   =  1  1 −  r 2   e    2   in   thz   ω  c  L        



(5)




where   r =  (   n  thz   − 1  )  /  (   n  thz   + 1  )  ,   corresponds to the amplitude of the reflected THz pulse, and  L  represents the effective length of the crystal for THz generation. For a given THz spectrum, the spectral modulation appears with a lower spacing for a thicker crystal. As the THz pulse bounces off from the crystal–air interface with successively decreasing amplitude, it encounters the chirped probe in the last part of the crystal length. The THz pulse generated in the first part of the crystal length and modified by the Fabry–Pérot effect becomes coalesced onto the chirped probe.



Using a chirped pulse to probe the THz pulse, the different portions are overlaid onto different sections in the chirped probe. It makes achieving a single-shot measurement for a fixed position of the chirped probe’s delay stage possible. This form of encoding the THz pulse onto the chirped pulse is different from the conventional EOS in that the THz pulse is not sampled by the probe pulse. Due to the orientation of the chirped probe with respect to the principal axis of the crystal, the impact of the overlapping THz pulse can result in either a rotation in the chirped probe polarization, a temporally varying phase shift or a combination of these two phenomena [36]. In the case relevant to the design of our set-up, the chirped probe polarization is rotated, and this change is converted by a polarizer into an amplitude modulation   f  ( t )    as per;


  f  ( t )  =  E  cp    [  1 +   kE   THz    ]   



(6)




where the modulation parameter due to the EO effect is given by   k ≪ 1 ,   and    E  cp     is the chirped probe electric field with a   10    nm    FWHM spectral bandwidth and a duration of 5.2 ps. The recovery stage for this EO single-shot encoded THz pulse is achieved using the standard THz spectral interferometry technique. Denoting   g  ( ω )    as the spectral response of the optical spectrometer, the retrieved THz field,    E  THZ   retrieved     is represented from the convolution between the optical spectrum and   g  ( ω )    as in [37],


   E THZ retrieved   ( ω )  ∝     [ g ∗    | F |   2   ]   ( ω )  −  [ g ∗    |   E  cp    ( ω )   |   2   ] ( ω )   [ g ∗    |   E  cp    ( ω )   |   2  ] ( ω )    



(7)




where   F  ( ω )    is the Fourier transform of Equation (6),   g  ( ω )  =      e    −    [   (  ω −  ω 1   )  / Δ ω  ]   4    .      ω   1    and   Δ ω   are the frequency of the signal recorded on one pixel and the resolution of the spectrometer. Given that   Δ ω   is effectively low, the retrieved THz pulse will not be affected by the spectrometer resolution. Our detection scheme excluded the inclusion of a read-out pulse to probe the THz-modulated chirped pulse, as in the case of other works [38,39]. The read-out pulse, which improves the temporal resolution of the THz pulse, is often needed where a large temporal window degrades the temporal resolution [40]. Since we have utilized a chirped probe with a short temporal window, we expect that the temporal resolution is not adversely affected. The temporal resolution    τ  res    , derived by comparing the form of the generated and detected THz signal in the case where    T c  ~  T  THz     [37] is,


   τ  res   =    T  THz   T      



(8)







In the next section, we used Equations (4) and (6) to simulate the THz pulse with a crystal length of 350 µm for the detection. In fact, the length used for the emission or the detection section does not significantly modify the shape of the THz pulse but mostly the amplitude.




3. Experimentation Section


The laser source for the experiment is a Ti-sapphire laser beam centered at a wavelength of   796   ± 2    nm   , with a repetition rate of 1 kHz and ~0.6 mJ of energy. The distance between the compressor’s gratings at the output of the chirped pulse amplifier was adjusted to generate 3.6 ps long pulses as measured by a Frequency Resolved Optical Gating (FROG) device [41]. A beam splitter is placed in the path of the output pulse to separate the pulse into a pump and probe beam (Figure 2). The probe beam was additionally chirped by repeated passage through an assembly of dispersion blocks made up of SF6 material. A total of twenty-four (24) passes are realized in the 52 mm long blocks, and the probe pulse is broadened to 5.2 ps due to the material dispersion. The experimental set-up illustrated in Figure 1 consists of the pre-chirped 3.6 ps pump beam focused on the 0.6 mm thick <110> ZnTe crystal with few tens of μJ. Due to the inherent complexity of simultaneously optimizing the crystal angle for efficient emission and detection in the single layout configuration, there is an unarguable tradeoff between these two phenomena. In this regard, an optimum angle of 26° (relative to the (001) axis) has been proposed and explored [8]. In this experiment, the crystal angle was adjusted to maximize the detected THz signal. The 5.2 ps horizontally polarized chirped probe overlaps temporally and spatially with the vertically polarized pre-chirped pump beam on the crystal at a crossing angle of ~12°. The two beams were focused independently in the crystal. The diameter of the pump and probe beam at the crystal position was 570    μ m    and 125    μ m  ,   respectively. It is straightforward to see that the beam size of the THz pulse given by    r  THz   =  r p  /  2    is larger than the probe size, where    r p    denotes the pump size. Thus, we have assumed that the THz pulse has a constant intensity profile around the probe; as such,    E  THz     is spatially independent in our simulation. The polarization of the beam is horizontal, while the pump one is rotated vertically.



In this single crystal configuration, the THz pulse is generated in the first part of the crystal by the incident pre-chirped pump beam; then, it induces a phase change on the incoming chirped probe beam. The overlap length between the THz pulse and the probe depends on the crossing angle and crossing point. This probe THz beam is collimated and subsequently circularly polarized by a quarter wave plate (QWP). The vertical and horizontal polarized components exit the polarizer with a slight deviation from each other. The HWP located between the QWP and polarizer switches between the beam paths of polarization components, such that the same optical spectrometer, sensitive to the P polarization, detects the different polarization. The choice of the optical spectrometer is such that its spectral resolution is effectively high in order to effectually resolve the frequency components of the measured signal. The recovery of the THz waveform occurs in two steps. (1) First, the probe spectrum is recorded in the absence of the pre-chirped pump pulse. (2) Then, the probe spectrum is measured with the THz (i.e., in the presence of the chirped pump pulse). (3) Finally, the ratio of the difference between these signals to the chirped pulse spectrum is calculated. This ratio is proportional to the electric field of the THz pulse since it has been established that the EO retrieved THz in Equation (7) is identical to the measured electric waveform of the THz spectrum in Equation (4). Prior to performing the THz field retrieval, the chirped probe is characterized once at the beginning of the experiment by a FROG device. This is important to determine the spectral phase   ϕ  ( ω )    of the probe, from which the frequency-time calibration is obtained. Since each temporal slice of the THz field is projected onto different frequency components in the chirped probe, the THz field can be reconstructed from the direct mapping of frequency to time. Our set-up is cost-effective and less bulky. Though it provides the avenue to independently analyze the signals of the different polarization, only the data of the s-polarization is presented in the following section.




4. Results and Discussion


There are two possibilities to calibrate the time-frequency distribution to retrieve the duration of the THz signal, either by the FROG measurement of the chirped probe or its delay scan technique. The latter is a simple technique and involves translating the delay stage in order to observe a shift in the position of the corrugated pattern seen on top of the chirped probe due to the presence of the THz signal. However, the high order terms of the spectral term cannot be effectively estimated, leading to a loss of accuracy. Instead, we adopted the former to calibrate the THz signal.



This involved characterizing the chirped probe using a FROG technique to determine its spectral phase. The information about its spectral phase is then used to associate each frequency component to a time scale. During the THz-chirped probe interaction, we know that the THz signal overlaps on the chirped probe, so by mapping out the frequency region on which the THz signal lies, we construct the corresponding time scale for the THz signal. We have shown in Figure 3 the retrieved spectrogram of the chirped probe pulse measured by the FROG device. We performed a 3rd order polynomial curve fit (red line) for the spectral phase of the chirped probe (blue circles), as shown in Figure 3b. The group delay expression    T g  ,   is then constructed from the coefficients of the fitted spectral phase. As such, a quadratic fit was obtained in which there is an observed linearity behavior within the spectral bandwidth of the chirped probe. We observed that it was possible to retrieve the THz signal by analyzing only one of the two polarization beams from the polarizer. Hence, an unbalanced detection was utilized to reconstruct the spectrally encoded THz signal. The optical spectrometer records the chirped probe signal in two sequences. The first measurement is taken in the absence of the pre-chirped pump to give rise to the unmodulated probe signal. This unmodulated probe which serves as the reference signal, is subtracted from the measurement taken afterward in the presence of the pre-chirped pump. The result of this subtraction is proportional to the product of the THz signal and the reference beam. To extract only the THz signal shown in Figure 4b we normalized accordingly. In a way to verify the reproducibility of the spectrometer signals, several shots were recorded, and a resemblance was observed among the shots from which the average signals of these shots are, as shown in Figure 4a. In the presence of the pre-chirped pump, the intensity of the chirped probe spectrum increased due to the overlapping THz signal.



In the data analysis, only the polarization (s) of both the modulated and unmodulated probes were analyzed and presented. The measured THz pulse has an FWHM duration of 6.5 ps and exhibits few cycles of oscillations. The corresponding spectrum is centered at 100 GHz with a width of 100 GHz. The narrow bandwidth is due to the long pulse duration of the pump. This THz pulse is generated with a significant contribution of the backward THz component. There is a conspicuous impact of the Fabry–Pérot effect due to the reflection of the THz pulse at the boundary of the crystal. Though the duration of the chirped pulse is not long enough to reveal the entire oscillation length of the Fabry–Pérot effect, the calculated magnitude of the maximum reflected pulse is around 25 percent which is in agreement with our experimental plot. We also evaluated the signal-to-noise ratio from the measurement of 100 shots. It is evaluated between 5 and 20%. This value is mostly due to laser fluctuation.



It is most likely that an increase in the intensity of the pump pulse will increase the THz signal strength and heighten the effect of TPA on the chirped probe, which in turn will decrease the amplitude of the measured THz pulse. However, this was contrary to our observation in that the THz signal increased in magnitude (see Figure 5). As such, there is a reported negligible TPA effect that co-exists with the retrieved signal. Since the effect of TPA is negligible on the chirped probe, the huge number of photons in the pre-chirped pump freely participates in the DFG process, thus facilitating the optical THz conversion efficiency. In this work, the Kerr signal could not be isolated, contrary to the case of other works, where a temporally short pump pulse was used for pumping and in which the Kerr signal was situated around the overlap position between the probe and pump pulse, and lags the generated THz signal, making it possible to identify and isolate the Kerr signal to a certain extent [15,17]. We remark that since the presence of THz Kerr-like effect induced by the generated THz signal is less dominant in (110) ZnTe crystal as observed by He et al. [16], coupled with the fact that our experiment and theory are in good agreement with no significant deviation that warrants the skepticism about the presence of other effects, we believe that such cascaded nonlinear effects and Kerr effect are minimally present. Compared to the experimental data, the simulated THz signal indicates some deviations at the edges, most prominently at the right side edge because the faster oscillations in the THz waveform occur at that region. The corresponding narrow bandwidth THz spectral in Figure 4c has a peak frequency of around 0.1 THz and a cut-off at 0.2 THz. The high-frequency features in the spectrum correspond to the oscillatory part of the THz time-domain signal. The simulation and experimental data are in close agreement with only minor differences because the chirped probe is not long enough to properly retrieve the edges of the THz signal.



The relationship between the pre-chirped pump intensity and THz power is shown in Figure 5. The fit (blue line) is a quadratic plot that follows the experimental data (red circles). We note that due to certain technical difficulties that arose in the laser source, only a few data points could be accurately illustrated. As earlier indicated, and in addition to the claim of the presence of the THz signal, this plot provides a conclusive note about excluding nonlinear effects in our set-up.




5. Conclusions


We have investigated the response of ZnTe crystal in the presence of a pre-chirped pump pulse. Our results indicate the feasibility of generating and detecting a few picosecond THz pulses in the same crystal. The THz pulse was characterized via the single-shot EO scheme with an accompanied high resolution. The experimental data conformed well to the predictions of optical rectification theory and the Fabry–Pérot effect with a negligible contribution of nonlinear effects such as TPA, Kerr, and Kerr-like effects. Furthermore, the polarization components of the THz-probe modulated beam were independently recovered, thanks to the simplicity and flexibility of the set-up. Usually, the set-up for THz sources and detection, which is huge and complex, does not facilitate their affordability and mobility for outdoor applications. So, there is often a need for an integrated system combining generation and detection in a miniature device. The quest for such compact THz spectroscopy systems has previously been realized using THz-integrated systems. The results of our findings further support the possibility of realizing photonic THz-integrated systems [42] with the use of ZnTe crystals.



The measured THz spectrum, which possessed a characteristic narrow bandwidth, finds useful application in condensed matter physics where the lattice vibration modes of certain solids are located within narrow frequencies; as such, broadband THz spectrums are not often suitable for their studies. With the use of narrow THz spectra, the dynamics of the phonon lattice vibration can be effectively investigated and consequently tailored to manipulate the electronic, structural and magnetic properties of the materials. With a tunable narrow-band THz spectrum, the excitation of selective phonon modes has previously been achieved [29]. Although we have generated a narrow-band THz spectrum at low frequency without focusing on the tunability of their spectrum, their frequencies can be tuned by adjusting the pump chirp rate via the separation distance between the gratings in the laser source. The choice between the selection of the bandwidth and chirp rate of the chirped probe used in this detection scheme was a compromise between the temporal window and the resolution of our measurement.



With the feature of a single-shot detection scheme, short-lived or instantaneous atomic and molecular processes have been captured in the past. In addition, molecular dynamics occurring on a fast time scale, such as laser-induced material damage, chemical reactions, and shock wave-induced structural phase transformations [31], have been monitored previously. Therefore, we propose that certain modifications in the pump’s path of our set-up can be introduced in order to convert it to a time-resolved spectroscopy set-up.







Author Contributions


Conceptualization, D.B. and M.E.O.; methodology, D.B. and M.E.O.; software, F.F. and M.E.O.; validation, P.M. and D.B.; formal analysis, D.B. and M.E.O.; investigation, M.E.O.; resources, P.M.; data curation, F.F. and M.E.O.; writing—original draft preparation, M.E.O.; writing—review and editing, P.M. and D.B.; visualization, M.E.O.; supervision, P.M. and D.B.; project administration, D.B. and M.E.O.; funding acquisition, P.M. and M.E.O. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Petroleum Technology Development Trust Fund (PTDF, Nigeria), PhD overseas scholarship scheme.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Cassar, Q.; Caravera, S.; MacGrogan, G.; Bücher, T.; Pfeiffer, U.; Zimmer, T.; Guillet, J.-P.; Mounaix, P. Terahertz refractive index-based morphological dilation for breast carcinoma delineation. Sci. Rep. 2021, 11, 6457. [Google Scholar] [CrossRef]

	



Guillet, J.-P.; Recur, B.; Frederique, L.; Bousquet, B.; Canioni, L.; Manek-Hönninger, I.; Desbarats, P.; Mounaix, P. Review of terahertz tomography techiques. J. Infrared Millim. Terahertz Waves 2014, 35, 382–411. [Google Scholar] [CrossRef]

	



Tonouchi, M. Cutting-edge terahertz technology. Nat. Photonics 2007, 1, 97–105. [Google Scholar] [CrossRef]

	



Lee, Y.S. Terahertz Spectroscopy of Condensed Matter. In Principles of Terahertz Science and Technology; Springer: Boston, MA, USA, 2009; pp. 295–326. [Google Scholar] [CrossRef]

	



Jewariya, M.; Nagai, M.; Tanaka, K. Ladder Climbing on the Anharmonic Intermolecular Potential in an Amino Acid Microcrystal via an Intense Monocycle Terahertz Pulse. Am. Phys. Soc. 2010, 105, 203003. [Google Scholar] [CrossRef] [PubMed]

	



Peter, S.; Martina, B.; Stefano, B.; János, H.; Mikhail, K.; Alexey, Y.N.; Georgii, S.; Zoltán, T.; Vitali, Z.; Vitaliy, G. Matter manipulation with extreme terahertz light: Progress in the enabling THz technology. Phys. Rep. 2019, 836–837, 1–74. [Google Scholar] [CrossRef]

	



Mounaix, P.; Sarger, L.; Caumes, J.P.; Freysz, E. Characterization of non-linear Potassium crystals in the Terahertz frequency domain. Opt. Commun. 2004, 242, 631–639. [Google Scholar] [CrossRef]

	



Niessen, K.A.; Xu, M.; Markelz, A.G. Terahertz optical measurements of correlated motions with possible allosteric function. Biophys. Rev. 2015, 7, 201–216. [Google Scholar] [CrossRef] [PubMed]

	



Ajay, N.; Aniruddha, S.W.; Tony, F.H. A wideband coherent terahertz spectroscopy system using optical rectification and electro-optic sampling. Appl. Phys. Lett. 1996, 69, 2321–2323. [Google Scholar] [CrossRef]

	



Fülöp, J.A.; Tzortzakis, S.; Kampfrath, T. Laser-Driven Strong-Field Terahertz Sources. Adv. Opt. Mater. 2020, 8, 1900681. [Google Scholar] [CrossRef]

	



Chen, Q.; Tani, M.; Jiang, Z.P.; Zhang, X.C. Electro-optic transceivers for terahertz-wave applications. J. Opt. Soc. Am. B 2001, 18, 823–831. [Google Scholar] [CrossRef]

	



Rice, A.; Jin, Y.; Ma, X.F.; Zhang, X.C.; Bliss, D.; Larkin, J.; Alexander, M. Terahertz optical rectification from <110> zinc-blende crystals. Appl. Phys. Lett. 1994, 64, 1324–1326. [Google Scholar] [CrossRef]

	



Ku, S.A.; Tu, C.M.; Chu, W.C.; Luo, C.W.; Wu, K.H.; Yabushita, A.; Chi, C.C.; Kobayashi, T. Saturation of the free carrier absorption in ZnTe crystals. Opt. Express 2013, 21, 13930–13937. [Google Scholar] [CrossRef] [PubMed]

	



Vidal, S.; Degert, J.; Tondusson, M.; Oberlé, J.; Freysz, E. Impact of dispersion, free carriers, and two-photon absorption on the generation of intense terahertz pulses in ZnTe crystals. Appl. Phys. Lett. 2011, 98, 191103. [Google Scholar] [CrossRef]

	



Caumes, J.P.; Videau, L.; Rouyer, C.; Freysz, E. Kerr-like nonlinearity induced via terahertz generation and the electro-optical effect in zinc blende crystals. Phys. Rev. Lett. 2002, 89, 047401. [Google Scholar] [CrossRef]

	



He, W.Q.; Gu, C.M.; Shen, W.Z. Direct evidence of Kerr-like nonlinearity by femtosecond Z-scan technique. Opt. Express 2006, 14, 5476–5483. [Google Scholar] [CrossRef]

	



Dong, L.; Guohong, M. Pump-wavelength dependence of terahertz radiation via optical rectification in (110)-oriented ZnTe crystal. J. Appl. Phys. 2008, 103, 123101. [Google Scholar] [CrossRef]

	



Zhen, T.; Changlei, W.; Qirong, X.; Jianqiang, G.; Yanfeng, L.; Mingxia, H.; Lu, C.; Qingyue, W. Quantitative analysis of Kerr nonlinearity and Kerr-like nonlinearity induced via terahertz generation in ZnTe. Appl. Phys. Lett. 2008, 92, 041106. [Google Scholar] [CrossRef]

	



Xiaoshu, C.; Shan, H.; Zhen, S.; Fu, L.Z.; Xu, K.Y.; Gang, W.; Reng, W.; Ning, D. Influence of nonlinear effects in ZnTe on generation and detection of terahertz waves. J. Appl. Phys. 2009, 105, 023106. [Google Scholar] [CrossRef]

	



Chen, Q.; Zhiping, J.; Tani, M.; Zhang, X.-C. Electrooptic terahertz transceiver. Electron. Lett. 2000, 36, 1298–1299. [Google Scholar] [CrossRef]

	



Tie-Jun, W.; Yanping, C.; Claude, M.; Francis, T.; Marc, C.; Jacques, D.; See, L.C. High energy terahertz emission from two-color laser-induced filamentation in air with pump pulse duration control. Appl. Phys. Lett. 2009, 95, 131108. [Google Scholar] [CrossRef]

	



Erschens, D.N.; Turchinovich, D.; Jepsen, P.U. Optimized Optical Rectification and Electro-optic Sampling in ZnTe Crystals with Chirped Femtosecond Laser Pulses. J. Infrared Millim. Terahz Waves 2011, 32, 1371–1381. [Google Scholar] [CrossRef]

	



Vidal, S.; Degert, J.; Tondusson, M.; Freysz, E.; Oberlé, J. Optimized terahertz generation via optical rectification in ZnTe crystals. J. Opt. Soc. Am. B 2014, 31, 149–153. [Google Scholar] [CrossRef]

	



József, A.F.; László, P.; Matthias, C.H.; János, H. Towards generation of mJ-level ultrashort THz pulses by optical rectification. Opt. Express 2011, 19, 15090–15097. [Google Scholar]

	



Weling, A.S.; Auston, D.H. Novel sources and detectors for coherent tunable narrow-band terahertz radiation in free space. J. Opt. Soc. Am. B 1996, 13, 2783–2791. [Google Scholar] [CrossRef]

	



Krause, J.; Wagner, M.; Winner, S.; Helm, M.; Stehr, D. Tunable narrowband THz pulse generation in scalable large area photoconductive antennas. Opt. Express 2011, 19, 19114–19121. [Google Scholar] [CrossRef] [PubMed]

	



Silaev, A.A.; Romanov, A.A.; Vvedenskii, N.V. Generation of tunable mid- and far-infrared pulses during gas ionization by a chirped two-color laser field. Opt. Lett. 2020, 45, 4527–4530. [Google Scholar] [CrossRef]

	



Chefonov, O.V.; Ovchinnikov, A.V.; Hauri, C.P.; Agranat, M.B. Broadband and narrowband laser-based terahertz source and its application for resonant and non-resonant excitation of antiferromagnetic modes in NiO. Opt. Express 2019, 27, 27273–27281. [Google Scholar] [CrossRef]

	



Vicario, C.; Trisorio, A.; Allenspach, S.; Rüegg, C.; Giorgianni, F. Narrow-band and tunable intense terahertz pulses for mode-selective coherent phonon excitation. Appl. Phys. Lett. 2020, 117, 101101. [Google Scholar] [CrossRef]

	



Murakami, H. Terahertz Waveform Measurements Using a Chirped Optical Pulse and Terahertz Spectroscopy of Reverse Micellar Solution: Towards Time-resolved Terahertz Spectroscopy of Protein in Water. In Terahertz Spectroscopy—A Cutting Edge Technology; Intech Open: London, UK, 2017. [Google Scholar] [CrossRef]

	



Zhai, Z.H.; Zhong, S.C.; Li, J.; Zhu, L.G.; Meng, K.; Li, J.; Liu, Q.; Peng, Q.X.; Li, Z.R.; Zhao, J.H. Time-resolved single-shot terahertz time-domain spectroscopy for ultrafast irreversible processes. Rev. Sci. Instrum. 2016, 87, 095101. [Google Scholar] [CrossRef]

	



Stephanie, M.T.; Benjamin, K.O.; Christopher, A.W.; Keith, A.N. Invited Article: Single-shot THz detection techniques optimized for multidimensional THz spectroscopy. Rev. Sci. Instrum. 2015, 86, 051301. [Google Scholar] [CrossRef]

	



Koustuban, R.; Wenqian, R.H.; Sergio, C.; Emilio, A.N.; Damian, N.S.; Erich, P.I.; Franz, X.K. Theory of terahertz generation by optical rectification using tilted-pulse-fronts. Opt. Express 2015, 23, 5253–5276. [Google Scholar]

	



Klaus, R. Table-top sources of ultrashort THz pulses. Rep. Prog. Phys. 2007, 70, 1597. [Google Scholar]

	



Faure, J.; Van, T.J.; Kaind, R.A.; Leemans, W.P. Modelling Laser-Based Table-Top THz Sources: Optical Rectification, Propagation and Electro-Optic Sampling. Opt. Quantum Electron. 2004, 36, 681–697. [Google Scholar] [CrossRef]

	



Matlis, N.H.; Plateau, G.R.; Tilborg, J.V.; Leemans, W.P. Single-shot spatiotemporal measurements of ultrashort THz waveforms using temporal electric-field cross correlation. J. Opt. Soc. Am. B 2011, 28, 23–27. [Google Scholar] [CrossRef]

	



Jiang, Z.; Zhang, X.C. Measurement of spatio-temporal terahertz field distribution by using chirped pulse technology. IEEE J. Quantum Electron. 2000, 36, 1214–1222. [Google Scholar] [CrossRef]

	



Jiang, Z.; Zhang, X.C. Electro-optic measurement of THz field pulses with a chirped optical beam. Appl. Phys. Lett. 1998, 72, 1945–1947. [Google Scholar] [CrossRef]

	



Yellampalle, B.; Kim, K.Y.; Rodriguez, G.; Glownia, J.H.; Taylor, A.J. Algorithm for high-resolution single-shot THz measurement using in-line spectral interferometry with chirped pulses. Appl. Phys. Lett. 2005, 87, 211109. [Google Scholar] [CrossRef]

	



Kim, K.Y.; Yellampalle, B.; Rodriguez, G.; Averitt, R.D.; Taylor, A.J.; Glownia, J.H. Single-shot, interferometric, high-resolution, terahertz field diagnostic. Appl. Phys. Lett. 2006, 88, 041123. [Google Scholar] [CrossRef]

	



Trebino, R.; DeLong, K.W.; Fittinghoff, D.N.; Sweetser, J.N.; Krumbugel, M.A.; Richman, B.A.; Kane, D.J. Measuring ultrashort laser pulses in the time-frequency domain using frequency-resolved optical gating. Rev. Sci. Instrum. 1997, 68, 3277. [Google Scholar] [CrossRef]

	



Dekorsy, T.; Auer, H.; Waschke, C.; Bakker, H.J.; Roskos, H.G.; Kurz, H.; Wagner, V.; Grosse, P. Emission of Submillimeter Electromagnetic Waves by Coherent Phonons. Phys. Rev. Lett. 1995, 74, 738–741. [Google Scholar] [CrossRef] [PubMed]








[image: Photonics 10 00316 g001 550] 





Figure 1. Simulated effect of the contributory terms in a THz signal. There is usually a backward THz signal (labeled 1, 2 and 3) generated alongside their forward propagating THz signal, whose contribution depends on the pulse duration of the pumping laser source. Subpicosecond laser sources such as 150 fs (blue) and 300 fs (red) generate an insignificant backward THz signal term. However, for a picosecond laser pulse, this backward term has remarkable effects on the forward propagating THz signal (black line) compared to the forward term (dashed green line). 
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Figure 2. Single layout configuration for generating and detecting THz pulse, in which the pre-chirped pump and chirped probe beam cross the ZnTe crystal at an angle of 12°. The pump being spatially broader, overlaps with the probe by appropriately adjusting the translational delay stage. The beam path of these pulses and the THz-modulated probe beam are indicated in red and brown, respectively. For the sake of simplicity, the FROG characterization unit is not included. Mirrors:    M 1  −  M 7   , Lens:    L 1  −  L 4   . Half Wave Plate—HWP, Quarter Wave Plate—QWP. 
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Figure 3. FROG trace of the 800 nm chirped probe pulse, spectral phase fit   ϕ  ( ω )   , spectrum and group delay derivation    T g   . (a) the spectrogram of the retrieved FROG trace has well-defined regions. (b) The data from the retrieved FROG trace phase (blue circles) is used to create the third-order polynomial phase fit (red line). The bandwidth of the chirped probe spectrum (black line) is wide enough to accommodate THz signal. (c) The frequency-to-time calibration is extracted from the first-order derivative of the phase fit in which the cubic term in    T g   , is ignored. 
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Figure 4. (a) Signal of the modulated and unmodulated chirped probe spectra recorded by the spectrometer in the presence and absence of the pump beam, respectively. The consistency in the spectra profile was confirmed by recording one hundred shots of each spectrum. The presence of the THz on top of the chirped probe tends to skew up the tip of the chirped probe. (b) The duration of the retrieved THz pulse is about 6.5 ps FWHM. The form of its shape is impacted by certain contributions. At the tail end of the field, there exists an amplitude difference between the experimental data (red circles) and simulation (blue line) due to Fabry–Pérot that gave rise to faster oscillations (c) The corresponding low-frequency narrow bandwidth spectrum is centered at 0.1 THz. The inset corresponds to the spectrum plotted in the log scale. 
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Figure 5. Influence of the pump pulse intensity on the THz signal power. The power law of the THz signal is a quadratic polynomial in terms of the pump intensity. Though the experimental data points (red circles) are few due to certain constraints, they seemingly follow the theoretical prediction (blue line). 
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