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Conical versus Gaussian terahertz emission from two-color laser-induced air plasma filaments

Two-color laser-induced air plasma filaments is a very conve-5 nient mean to generate intense ultrashort terahertz (THz) pulses 6 [1][2][3][4]. This THz emission has been described by different mod-7 els such as two-dimensional (2D) transverse photocurrent [5], 8 four-wave mixing [6], or a combination of the two as well. In 9 short, within the plasma filament induced by a focused femtosec-10 ond millijoule optical pulse at a fundamental frequency ω and 11 its second harmonic 2ω, electrons are accelerated in a step-like 12 response with a frequency content much higher than the one 13 subtended by the envelope of the femtosecond two-color electric 14 laser field [7]. 15 The method presents obvious advantages such as relative 16 simplicity, self-repairing gas media and possibility of high exci-17 tation laser intensity. These benefits enable unique applications [3], 2012 [8,11] and 2014 [12]. A general consensus 32 among the models is that higher frequencies are distributed in 33 lower aperture angle cones [8,11,12]. In 2018, Ushakov et al.
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studied the THz beam profile as a function of the pump laser 35 focusing conditions. They found that only low numerical aper-36 tures (> 10 mm long filaments, NA < 0.02) support conical 37 emission [13]. This is contrary to the measurements in ref. [3],

38
where a focusing lens with a 50 mm focal length showed a con- 
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  for broadband THz time-domain linear spectroscopy. Non-linear 19 spectroscopy requires tight focusing and, consequently, a full 20 spatial characterization of THz radiation emitted from the air 21 filament is necessary. In 2006, using a scanning aperture and an 22 electro-optic coherent detection, Zhong et al. first reported a THz 23 beam profile with an interference structure caused by the phase 24 walk-off between the THz and the optical radiation propagating 25 inside the filament [3]. This off-axis phase-matched so-called 26 "conical" THz emission has also been observed using incoherent 27 detections [8-10]. To account for this conical THz emission and 28 considering the relative phase change between the two-color 29 pulses along the plasma filament and the electron screening due 30 to plasma density, various theoretical models have been pro-31 posed in 2006
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 1 Fig. 1. Incoherent 1D THz detection with a Golay cell. L1: plano-convex lens with focal length f . CF: ceramic filter, SF: silicon filter, AP: aperture, GC: Golay cell. HOA: half-opening angle. Two configurations were relevant: alumina first CF(A) or first CF(B).
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 23 Fig. 2. Coherent 2D electro-optic sampling setup. CH: optical chopper for dynamic subtraction, L1: plano-convex lens with focal length f . CF: ceramic filter, SF: silicon filter, BS: beamsplitter, AN: analyzer, L2: objective lens f = 50 mm. Two configurations were relevant: alumina first (CF(A)) or silicon first (CF(B)).

Fig. 4 .

 4 Fig. 4. 2DEOS evolution of THz amplitude as a function of frequency and HOA, in the case of silicon first CF(B) (left) and alumina first CF(A) (right). Yellow color indicates higher THz amplitude. Insets: 2D spatial distributions of the THz electric field at 0.37 THz and 1.05 THz.
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 5 Fig. 5. Evolution of the 2D THz electric field as a function of time delays τ between the THz pulse and the additional oblique infrared laser pulse. Blue, white and red is for negative, zero and positive THz electric field, respectively. White ring angular diameter is 4.7°. The experimental configuration corresponds to alumina filter first CF(A).
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 6 Fig. 6. (a) Alumina first. Evolution of the half angle of the Gaussian-like THz beam as a function of the numerical aperture NA. (b) Silicon first. Evolution of the half angle of the conical THz beam as a function of the numerical aperture NA. Insets: pictures of plasma filaments and filament lengths, image sizes are 10 × 10 mm 2 .
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Finally, we investigated the dependence of the far-field THz the frequency decreases or if NA increases [8,11,12]. This is 267 consistent with the observation that if NA increases (tighter laser