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Filaments 2022: Fast and slow dynamics and the challenges they present in understanding filamentation

We will present our most recent work on UV filamentation as we aim at better understanding the underlying dynamics. We have extended our work to the dynamics of a gas (air) in the vicinity of a filament.

Introduction

Time constants involved in the physics of filaments range over 24 orders of magnitude. The shortest end of the scale is the femtosecond to picosecond range, where some complex transients are still being debated. In the long range (microseconds) are guiding effects that are a challenge to experimentalists, for requiring the development of sources combining TW peak powers and tens of kHz repetition rate. The greatest mystery is extreme long time range spanning 3 decades, where the mirage of tens of km long filaments has been teasing us.

The short range

It has been hoped that the complex dynamics of light matter interaction taking place in filaments would lead to a "laser in the sky". Numerous pump-probe studies have shed some light on the dynamics of the roto-vibrational spectrum emitted by nitrogen in the wake of filaments [START_REF] Arissian | Transient gain from N+2 in light filaments[END_REF][START_REF] Britton | Short and long term gain dynamics in N+2 air lasing[END_REF]. Pump-probe experiments are not sufficient to give a direct measurement of the response time of the interaction. Some early work on filament movies [START_REF] Velten | Video of light filamentation in air[END_REF] taken with a Streak camera suggested that there might be a delay between the excitation of the nitrogen molecules and the 391 nm and 428 nm emission. Preliminary attempts to time resolve the onset of emission were reported at COFIL 2018. The time resolution of these measurements has been improved though careful implementation of decorrelation technique. We will discuss the experimentally established delay between excitation and emission, and suggest possible mechanisms.

The long range

The electrons and ions created in the wake of a filament recombine, generating heat. On a thermodynamic time scale, the recombination amounts to a "delta-function" heat pulse creating a shock wave. Filaments created shock waves are best studied by shadowgraphy. Shadography studies are made on 800 nm and 266 nm filaments, as well as on the shock wave associated with libs on a heavy metal (figure 1) [START_REF] Rastegari | Investigation of UV filaments and their applications[END_REF]. These studies reveal a low-density region behind a supersonic shock wave, which turns itself into an acoustic wave. It appears that the lifetime of the low-density region is in the 100 micro seconds range, suggesting the possibility of a permanent waveguide with a filamenting source of 10 to 50 kHz repletion rate. We report on the development of such a source based on Ti:sapphire. The pump laser was assembled out of parts from five 10-50 kHz Lee lasers discarded by the Air Force Research Laboratory. The biggest challenge is to handle the thermal lensing created by the 80 -100 W average power pump beam. We chose to avoid the use of cryogenics, instead we cool the amplifier crystal with Peltier coolers, and dissipate the heat with a chilled mixture of water and methanol. To handle the 20 cm thermal lens in the amplifier crystal, we built a regenerative amplifier cavity based on the principle of the Couderc-Barthelemy cavity [START_REF] Couderc | Self-optimized resonator for optical pumping of solid-state lasers[END_REF]. FIG. 1. Shadowgraphs of the UV filament vs time focused with a 1 m lens. The low-density tube and shock-waves are demonstrated by white arrows and dashed lines, respectively [START_REF] Rastegari | Investigation of UV filaments and their applications[END_REF].

The gas dynamics model

There are very few studies on the gas dynamics in the presence of an intense light filament. It is clear that close to the filament, one has a process that is far from thermodynamics equilibrium due to the high temperatures and excessive heat generated in the vicinity of the filament. We are currently pursuing a detailed numerical study that follows a classical work by Plooster [START_REF] Plooster | Shock waves from line sources. Numerical solutions and experimental measurements[END_REF] on shock waves from line sources and that of Campanella et.al [START_REF] Campanella | Shock Waves in Laser-Induced Plasmas[END_REF] on shock waves in laser induced plasmas. Beyond the required numerically intensive study, we are able to propose a simple first principles explanation of the observed behavior (speed) of the generated shocks. The first shocks obey a radial separation from the filament R(t) α t 1/2 which is derived from a self-similar solution of the gas dynamics in cylindrical geometry. A transition seen as a jump in location to the formation of an acoustic shock we believe is due to diffusion propagating at constant velocity that should be obtained from a Rankine-Hugoniot jump condition.
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