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Coherent time-domain spectroscopy (TDS) using terahertz radiation is valuable for fundamental science, security, and medical applications. This study investigates the performance of air-biased coherent detection terahertz spectroscopy (ABCD-THz) when an extended plasma filament is created in the air over long distances. We report on the latest results obtained within the follow-up of the ALTESSE project ["Air Laser-based TErahertz SpectroScopy of Explosives" -L. Bergé et al., EPL 126, 24001 (2019)] whose objective is to measure a set of spectral signatures characterizing suspicious materials over meter-long distances. As one of the most critical steps towards routinely applying this technique, we verified the feasibility of a remote THz time-domain spectroscopy by loosely focusing two-color ultrashort laser pulses at more than 3 meters from the laser source. The absorption spectra of amino acids and explosives analyzed in such a filamentation geometry are compared with those obtained using a standard ABCD scheme where the plasma is generated at much shorter distances of ∼ 30 cm.

Introduction. -Terahertz (THz) radiation located in-between microwave and infrared frequencies, belongs to the most exciting but less explored regions of the electromagnetic spectrum [1]. Non-metallic materials such as paper, plastics, clothes, wood, and ceramics are transparent to THz waves. On the other hand, THz radiation with meV photon energies is non-ionizing but strongly absorbed by water. Apart from the latter, many complex molecules have salient absorption features associated with vibrational and rotational transitions in this frequency range, providing unique fingerprints for spectral identification.

The remarkable potential for applications in this region of the electromagnetic spectrum has created a very active field of research since the 1990s, not only for spectroscopic purposes [2]. For instance, THz radiation makes it possible to envisage new non-invasive medical diagnostics [3], in particular for the detection of tumors [4,5], and can even be used to trigger DNA demethylation in blood cancers [6]. THz waves also constitute suitable tools for the manipulation of material properties [7] by exploiting the dynamics of phonons and charge carriers in semiconductors, spin dynamics, superconductivity, THz-induced ferroelectricity, etc. Recent studies specifically require high THz fields to explore water dynamics emanating from the network of hydrogen bonds [8] or to perform pump-probe atom tomography of metal nanotips [9] with athermal evaporation. Broadband (≤ 20 THz) fields exceeding the GV.m -1 level moreover allow to catalyze chemical reactions on the surface of materials by triggering a collective response of atoms, as experienced at SLAC (Stanford Linear Accelerator Center) [10], where the THz fields were generated from coherent transition radiation through a solid target [11]. Controlling electric fields with amplitudes equal to or greater than 10 GV.m -1 is expected to act on chemical bonds selectively [12].

Among the most efficient emitters in the THz range, one can recall synchrotrons [START_REF]Présentation de la ligne THz AILES du synchrotron SOLEIL[END_REF][START_REF] Tammaro | [END_REF] and free electron lasers [15] where the curved trajectory of magnetically-deflected electrons generates synchrotron radiation in frequencies ranging from microwaves to X-rays. Besides, optically-driven devices encompass photoconductive antennas [16,17] and quantum cascade lasers [18,19], which can nowadays transmit frequencies around 1 -5 THz with powers up to one watt [20]. An efficient conversion mechanism is optical rectification [START_REF] Boyd | Nonlinear Optics[END_REF] of a femtosecond laser pulse in an inorganic [START_REF] Hu | [END_REF][23][24] or organic [25][26][27][28] electro-optical electrooptic crystal possessing a quadratic susceptibility χ (2) [29]. By tilting the pump wavefront appropriately with respect to the laser propagation direction [30][31][32], such a mechanism can generate a planar THz wavefront with a conversion efficiency of up to 1%, energies close to one millijoule [33] and fields approaching the GV.m -1 level.

The previous techniques, however, supply THz spectra that are either narrowband or cover a limited spectral range below 5-6 THz. For optical rectification, for example, the spectral width is limited by phase-matching conditions and the fluence damage threshold of the crystal. Because the applications below require broad spectra, we focus on laser-induced filamentation in gases. Unlike nonlinear crystals and other solid materials, nonlinear interactions in gases have much fewer problems with damage thresholds as the gas either repairs or replenishes itself from a reservoir. As a result, gases can be driven at relatively high intensities and produce ultra-broadband THz spectra. In standard setups, a frequency-doubling crystal, such as barium borate (BBO), is used to generate a second harmonic (SH) beam from a fundamental beam (FH). Intense FH and SH pulses focused in the air to create a plasma are able to produce THz radiation from nonlinear processes dominantly driven by photocurrents [34,35]. This method supplies ultra-broadband spectra that span frequency ranges as wide as 0.1-200 THz [36]. Furthermore, for overall peak powers above the critical power for self-focusing ∼ 5 -10 GW [37], the regime of laser filamentation, reached through the interplay between Kerr self-focusing and plasma generation [37,38], makes it possible to generate THz pulses remotely in the atmosphere [39][40][41]. Extended THz-active channels of ionized air were demonstrated as 10-m long plasma regions at more than 50 meters from the laser exit by varying the focal distance of the pump pulse [41]. In general, plasma filaments can be triggered at longer distances exceeding several hundred meters [37], which offers a promising solution to generate THz radiation remotely, avoiding diffraction and absorption by water vapor. Last but not least, the energy contained in the THz pulse may be optimized by tuning the laser parameters, including the laser pump wavelength [42], pulse duration [43] and the number of harmonics in the pump pulse [44].

Characteristic frequencies of infrared-active molecular rotations and vibrations are detectable using the method known as THz time-domain spectroscopy (THz-TDS) [45,46]. This technique, which aims to collect the absorption lines of a sample, is based on the interaction between a THz pulse and a probe laser pulse, whose delay is adjusted to measure point by point the temporal profile of the transmitted THz field. The THz electric field ampli-tude can then be measured using an electro-optical crystal (e.g., ZnTe crystal [47,48]) or by employing photoconductive antennas, which, however, rather suit relatively long THz pulses with limited bandwidths < 5 THz. To exploit broader THz spectra for spectroscopy measurements, detection by air nonlinearities may be preferable. When employing sources based on femtosecond laser pulses, particularly two-color femtosecond filaments, the THz beam is recombined with the optical driver at a second focus forming the detection zone where an external electric field is applied. This technique is known as Air-Biased Coherent Detection (ABCD). The detection setup exploits air [49] excited by an intense delayed probe pulse with intensity I ω0 coupled with the transmitted THz field E THz and an external electric field E bias to generate a second laser harmonic component whose intensity obeys

I 2ω0 (τ ) ∝ χ (3) I ω0 (t -τ ) 2 E bias E THz (t) dt. (1)
Here, χ (3) is the cubic nonlinear susceptibility component of air allowing frequency mixing (THz Field-Induced Second Harmonic (TFISH) generation [49,50]), while τ is the delay of the probe pulse. Alternating the amplitude of the bias electric field E bias allows to measure the above second harmonic component and thus obtain the THz field in amplitude and phase [51]. Once the temporal shape of the THz pulse has been recorded, a Fourier transform yields its spectrum. Note that other plasma-based detection methods have been proposed for remote THz spectroscopy, such as the THz Radiation Enhanced Emission of Fluorescence (REEF) technique [52,53]. Mainly exploiting variations in the UV plasma fluorescence by interaction with THz pulses, this method, although suitable to measure THz fields at ∼ 10-m standoff distances, has, however, so far provided limited exploitable bandwidths (< 5 -7 THz) for efficient material characterization.

In this Letter, we provide a follow-up of the ALTESSE project [START_REF]ANR MATURATION[END_REF] (Air Laser-based TErahertz SpectroScopy of Explosives), dedicated to acquiring spectral signatures of explosives or hazardous materials at large distances through plasma-based terahertz spectroscopy. The primary scientific goal of this project extension -named ALTESSE 2 -is to test the feasibility of THz spectroscopy of powders, mainly explosives, using long twocolor (800 + 400 nm) plasma filaments as a THz source. The first part of this project [35] revealed the possibility of performing ABCD-based THz-TDS at distances from the laser source exceeding 10 m, but with the SH component and plasma produced just a few tens of cm before the sample. Here we demonstrate the possibility of measuring similar spectral signatures from up to 1 m long plasma filaments in air and performing reliable spectroscopy over meter-range distances ≥ 3 m. For experimental validation, the same samples have also been measured by a standard ABCD system, i.e., using much shorter plasmas created at 30 cm focusing distance from the laser exit under laboratory conditions. The measured transmission signals of various samples reproduce the principal absorption peaks revealed in [35] in the 10-THz broad range. Furthermore, we investigate the impact of the thickness and concentration of the analyzed materials on the transmitted signal. Despite variations inherent to the sample preparation and fluctuations in the optical setups, we provide evidence that the main spectral fingerprints remain detectable from samples with increased thickness and concentration rates.

Experimental setup. -Our THz-ABCD spectroscopy setup -called 3-m THz-ABCD in the following -is schematically shown in fig. 1. A regeneratively amplified Ti:Sapphire laser system (Spitfire Pro, Spectra-Physics, 1 kHz repetition rate) with 800 nm central wavelength delivers FH pulses with 35 fs (FWHM) pulse duration, 1 cm diameter, and 4.4 mJ pulse energy -hence the peak power of the pulses (approximately 125 GW) is definitely above the critical power for self-focusing [37] in air or pure nitrogen. The laser beam, linearly polarized, is separated into pump and probe arms by a beam splitter (T:90, R:10). A focusing telescope, composed of two (concave and convex) lenses with focal lengths of -100 and 300 mm, respectively, is used to generate a plasma filament. Before the onset of plasma generation (nonlinear focus), about 3 m behind the second lens (F = 300 mm), the beam path passes through a system of flat mirrors. The plasma filament position can be controlled by varying the inter-mirror distance. After the telescope, the FH pump pulse (800 nm) is vertically polarized by a half-wave plate (HWP). It then passes through a 100 µm thick type-I barium borate (BBO) crystal to produce the SH pulse (400 nm) with 22 -25% conversion efficiency. A dualwavelength half-wave plate (DHWP) ensures the SH polarization parallel to FH (800 nm). The two-color pulse is next focused into dry nitrogen, creating an approximately 150 mm long plasma filament. We note that up to 1 m long emissive plasmas can be produced using the alternative setup shown in fig. 5. The filamentary plasma generates luminescence in the blue region, between 300 and 450 nm (see bottom inset of fig. 1). The BBO crystal is placed 80 cm before the filament position to minimize the temporal walk-off between FH and SH [START_REF] Nguyen | [END_REF] without inducing any damage in the BBO crystal. THz emission from the laser-induced plasma, optimized by adapting the position and angle of the BBO crystal [34,56], is collimated and focused by a pair of parabolic mirrors P1 and P2 (4" and 2" focal length respectively). Mirror P1 is placed at 12 cm distance from the end of the filament, and the sample is located at the focal point of mirror P2. A high-resistivity silicon wafer is introduced between P1 and P2 to block the residual optical beam. The THz beam is collimated and refocused again by a pair of parabolic mirrors P3 and P4 (4" and 2" focal length, respectively). Mirrors P1 and P4 are drilled with a 3-mm diameter hole at their center.

To perform ABCD measurements, the FH probe pulse is guided through the hole of the parabolic mirror P4. The THz and probe pulses are focused between two electrodes of a high voltage (HV) module delivering a bias field with 6 kV/cm amplitude. The coupling between the optical probe beam, the THz beam, and the bias field creates a second harmonic component through the nonlinear Kerr response following eq. ( 1). Its intensity, proportional to the THz field, is finally selected by a bandpass filter and detected by an avalanche photodiode (APD). To avoid the absorption of THz waves by water in the surrounding air, a Plexiglas box is placed around the THz beam path and regularly purged with nitrogen. The standard ABCD system used as a reference to compare sample spectra acquired over short distances is detailed in [35,57]. This classical ABCD setup -called 30-cm THz-ABCD -focuses two-color pulses at 30 cm from the laser exit, creating much shorter (∼ 2.5 cm long) plasmas in the air. The samples were prepared as powders mixed with polyethylene (PE) compressed into pellets with ∼ 1 cm diameter and ∼ 1 mm thickness, mounted on a sample holder. The recorded THz temporal signals obtained with and without the samples were Fourier transformed to get their characteristic spectra. Most samples were prepared within the baseline mass ratio m sample /m PE = 1/9. The analyzed compounds were the explosives TATB (2,4,6triamino-1,3,5-trinitrobenzene), ANTA (3-Amino-5nitro-1,2,4-triazole), TNB (1,3,5-Trinitrobenzene), and the nucleobase thymine. We also performed spectroscopy of ni-troguanidine [NGu -(NH 2 ) 2 CNNO 2 ], a very insensitive but powerful explosive, for which we increased the mass ratios up to 1/2. Reversely, with the same material, we studied the influence of the sample thickness, which was increased up to 1.4 mm while keeping the concentration constant.

Results. -Figure 2 shows the THz waveforms (a) and their corresponding spectra (b) recorded by the 3-m THz-ABCD system as described above. Nitrogen 1 and 2 represent two consecutive reference measurements performed in a pure nitrogen atmosphere (without a sample) to quantify the stability and accuracy of our system. The spectra cover the frequency range up to ∼ 35 THz, where the noise floor is reached, and exhibit a dominant contribution around 5 THz. The variation between the two consecutive measurements stays within 10%, suggesting reasonable stability of the 3-m THz-ABCD setup. However, we report reduced stability compared with standard ABCD systems based on two-color air plasmas of a few cm lengths as used, e.g., in [35]. Several factors can explain this reduced stability. Local instability of the plasma filament due to the competition between Kerr self-focusing and plasma defocusing and fluctuations caused by the nitrogen purge system may lead to variations in the generated THz signal along the ∼ 15 cm plasma channel. Furthermore, it is difficult to collimate the entire THz beam. It is well known that the THz emission angle is usually confined below 10 • [58,59], making the spatial separation between the optical and THz beams challenging. Particularly in filamentation geometry, nonlinear pulse propagation over an extended optical path fosters supercontinuum generation and broadening of the THz spectrum towards the pump spectrum at clamping intensity [39]. Therefore, we expect broader THz spectra, especially beyond 15 THz, with the 3-m THz-ABCD setup, as confirmed, e.g., by the reference spectra of Figs. 4(c,d). Although carrying lower energy, THz frequencies with small conical emission < 1 • [59,60] are more sensitive to the hole of the parabolic mirror P1 (see fig. 1), which may cause fluctuations in the output THz profile. In addition, the pumpprobe experiments are less robust when the optical path is long. Likewise, the number of optical elements (mirrors) impacts the system stability because spatial and temporal synchronization becomes very sensitive to mechanical vibrations. Finally, the THz average power measured (at 25 Hz sampling frequency) after two silicon substratesone located at the entrance of the powermeter (Gentec THZ-B-DZ detector) -is decreased to 15 µW, which is relatively low compared to the 100 µW of the standard system and may foster less stable THz spectra at high frequencies.

We evaluated the performance of our 3-m THz-ABCD setup in analyzing the different molecular crystals listed in the previous section. This evaluation is limited to spectral signatures in the frequency range from 0.2 to 10 THz to minimize the impact of the stability issues at frequen- cies > 10 THz mentioned above. Besides, scattering from sample powders renders absorption spectra noisy at high frequencies > 15 THz [35]. Figure 3 

α(ω) = - 2 d ln 1 T (n) E sample (ω) E ref (ω) , (2) 
where d denotes the sample thickness. The transmission factor T (n) = 4n/(n + 1) 2 accounts for the Fresnel reflection loss at the pellet interfaces. We did not attempt an extraction of the refractive index n(ω) of the samples since the phase fluctuations of the detected signals were significant. Hence we assume a constant transmission factor across our spectral range. While it is well known that the refractive index n varies across the resonance bands observed here, the variation leads to only minor variations of T (n). Red curves refer to data collected from the filamentbased 3-m THz-ABCD setup. In contrast, the black curves show data measured from a two-color 2.5 cm long plasma formed with the 30-cm THz-ABCD system, similar to the laboratory setup used in [35]. We can observe in fig. 3(c) that the three main features at 1.94, 2.7, and 7 THz persist, despite the considerable differences in beam propagation (and plasma) geometry. These features correspond to the main absorption lines of ANTA reported in [35]. TATB [fig. 3 with the standard 30-cm THz-ABCD setup (see, e.g., [35]).

peaks at 2.23, 2.92, 6.27, and 8.51 THz, besides a smaller one at 9.62 THz. The same peaks were reported at 2.25, 2.95, 6.30, 8.50, and 9.60 THz in [START_REF] Yu | [END_REF] and are also visible in [35]. The absorption coefficients are consistent with previous publications in the frequency range < 10 THz and prove that our 3-m THz-ABCD spectrometer can capture the major spectral signatures of each sample. These measurements confirm the reliability of THz-ABCD spectroscopy employing extended two-color filaments to detect and identify various materials, whether energetic or not. Figure 4 details the transmitted electric fields [fig. 4(a)] and corresponding spectra [fig. 4(b)] of Nitroguanidine (NGu) in the baseline pellet preparation m NGu /m PE = 1/9 (m NGu = 80 mg) and 1 mm thickness, for the standard 30-cm ABCD-THz setup delivering a 2.5 cm short plasma and that employing a 15 cm long plasma formed at more than 3 m from the laser source. With the first setup we can identify the spectral absorption signatures at the transmission minima located at 1.34, 2.37, and 2.79 THz, which are very close to the absorption lines reported in [63]. With the second setup the latter two minima appear slightly shifted to 2.5 and 2.82 THz, respectively. We also studied the influence of the sample thickness between 0.51 and 1.35 mm for constant pellet diameter (1 cm) and concentration (NGu/PE = 1/9). Figure 4(c) shows that for the 30-cm setup, a decrease (increase) in the pellet thickness causes an increase (decrease) in the spectral amplitude of the main transmission peaks at 1.5 THz and 3.3 THz. Attenuation in the transmitted spectrum is accompanied by a reduction in the frequency bandwidth. A similar decrease is observed when increasing the concentration. Figure 4(d) presents similar data acquired with the 3-m setup. Here, we again observe a decrease in the transmitted spectral amplitude when the sample concentration is increased. The expected amplitude decrease for increasing sample thicknesses is, however, not always observed [compare, e.g., the NGu spectrum for the 1.35-mm thickness in fig. 4(d) with that of the 1-mm baseline sample in fig. 4(b)]. Moreover, none of the measurements presented in fig. 4 are compatible with the Beer-Lambert law. We attribute this finding to variability in the sample preparation, possibly inducing strong scattering effects, and to some instabilities in our 3-m ABCD setup. Nonetheless, the above data demonstrate that even though engaging only ∼ 15 µW THz average power, the system remains sensitive enough to detect major spectral signatures and notable variations in the NGu concentration and sample thickness.

Finally, we mention that the above setup can easily be extended to form longer filament ranges through the more straightforward setup sketched in fig. 5(b). This employs two parabolic mirrors providing a loosely focused propagation geometry for more energetic laser pulses. This setup successfully produced extended filamentation channels at the Institut de Recherche Franco-Allemand de Saint-Louis (ISL) with a more energetic laser source (12 mJ, 35 fs, 100 Hz repetition rate). The photo in fig. 5(a) shows a filament formed at 10 m of the optical table hosting the laser system. The 800 nm, 15-mm diameter, 10-12 mJ FH pulse passed through a 100-µm thick BBO crystal, creating the SH pulse with about 30% conversion efficiency. Both laser harmonics went through a calcite plate acting as time delay compensator (580-1000 fs). Careful delay adjustment guaranteed an overlap of FH and SH inside the plasma. The onset of the plasma channel occurred 10 m away from the laser exit, and the plasma fluorescence region covered 1 m along the optical path. Powermeter measurements (at 25 Hz sampling frequency) allowed us to measure up to ∼ 100 µW THz averaged power yields after two Si filters. An example of the THz beam profile measured with a THz camera and reflected by a parabolic mirror with 6mm diameter hole filtering the optical pulse is displayed in fig. 5(c). This mirror was placed 20 cm from the plasma channel. No spectroscopy measurements were, however, performed during the ISL campaign.

Conclusion. -In summary, we have presented a proof of concept about the possibility of performing THz-ABCD spectroscopy with a THz beam emitted by extended (> 10 cm) plasma filaments generated by two-color laser pumps at more than 3 m from the laser source. A comparative study between this setup and a standard 30cm THz-ABCD setup as used, e.g., in [35] demonstrates that extended filamentary plasmas can produce THz yields sufficient to capture the main characteristic absorption lines of different molecular materials. We also supplied variations in the THz spectral amplitude when the concentration or thickness of the sample varies. Although the stability of the present system from one measurement to another leaves room for improvement, our results remain very encouraging to perform THz-ABCD spectroscopy at remote distances.

Fig. 1 :

 1 Fig. 1: Experimental setup of the ABCD detection system used in transmission. A two-color filament is generated 3 m behind the second lens (F = 300 mm), where the SH pulse is produced by a type-I BBO crystal. FH and SH trigger photocurrents (air plasma) responsible for THz emission in front of the parabolic mirror P1. The sample position is located at the focal point of parabolic mirror P2. The THz pulse is detected by the ABCD method that mixes the probe pulse, the transmitted THz pulse, and the bias electric field at the focus of P4.

Fig. 2 :

 2 Fig. 2: (a) Measured THz waveforms in time domain obtained by ABCD spectroscopy from our 3-m THz-ABCD setup. (b) Amplitude spectra obtained by Fourier transform of (a). Nitrogen 1 and 2 correspond to two consecutive measurements performed in nitrogen with no sample.

  (a) displays recorded THz waveforms obtained with and without an exemplary sample, ANTA. The reference signal is a single-cycle pulse having a duration of about 200 fs. The delay between both signals originates from the optical index of the sample material. In fig. 3(b), the transmitted THz spectrum with the ANTA sample shows strong absorption lines by phonon resonances. Next, figs. 3(c)-(f) detail the absorption coefficients obtained for ANTA, TATB, thymine, and TNB for the baseline mass ratio m sample /m PE = 1/9. As in [35], we display the corresponding absorption coefficient

Fig. 3 :

 3 Fig. 3: (a) THz waveforms measured without (blue) or with sample (red curve) from the 3-m THz-ABCD system. (b) Amplitude spectra obtained by Fourier Transform. (c)-(f) Absorption coefficients obtained for samples of (c) ANTA, (d) TATB, (e) Thymine, and (f) TNB. Black curves show data acquired with the standard 30-cm THz-ABCD setup (see, e.g.,[35]).

Fig. 4 :

 4 Fig. 4: Transmitted (a) THz fields and (b) spectra for the baseline configuration of Nitroguanidine (NGu) (80 mg mass) with 1 mm thickness and concentration of NGu/PE = 1/9. (c) Spectral amplitudes of four other NGu samples with either different concentrations [NGu/PE = 1/3, 1/2] or different thicknesses [0.51 mm and 1.35 mm] from the 30-cm THz-ABCD system. (d) Same information for the 3-m THz-ABCD setup. Red curves show the spectral amplitude of the reference THz pulse measured in pure nitrogen without a sample.

Fig. 5 :

 5 Fig. 5: (a) Photo of two-color filament created at 10 meters focusing distance. (b) Setup. (c) Measured THz beam profile.
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