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Abstract

:

Femtosecond laser filament-generated plasma can generate electromagnetic pulses (EMPs). These pulses may reduce the instrument’s precision, and, hence, influence the accuracy of the experimental results. They may even cause widespread disruption by disabling of the electronic control systems or distribution networks of power plants. This study investigated the characteristics of EMPs generated from the interaction of filament-generated plasmas with a solid target in air. In this study, ultrafast laser filamentation was used to produce plasma, which was focused on a 3 mm-thick aluminum (Al) alloy target for interaction, and the spatial distribution and main contributors of the EMPs were systematically and extensively studied. The results showed that the EMPs generated from ultrafast laser filament interaction with the Al alloy target had the following characteristics: the EMP energy generated from laser filament interaction with solid targets is tens of times higher than that generated only from the femtosecond laser filament; the maximum EMP signals appeared at a 20°–80°detection angle. The relationship between the energy of EMPs and the width and energy of the laser pulses is presented and discussed. These findings are beneficial for gaining insight into the EMP generation mechanism, spatial distribution, and transmission, and for providing more information for the design of EMPs’ shielding.
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1. Introduction


Ultrashort and ultra-intense laser irradiation on solid targets leads to emission of energetic particles, which are also accompanied by broadband electromagnetic pulse radiation [1,2,3,4,5,6]. The mechanisms that drive these EMPs can differ depending on the interaction conditions, and the EMPs can be emitted at different intensities and frequencies. If strong enough, the EMPs might damage electronics outside and inside the vacuum target chamber and even interfere with power and signal lines, which may further cause perturbation and/or disruption of supply lines and signal communications [7,8]. In these cases, EMPs are generated during the interaction of a powerful laser with a target. The main concern regarding EMPs is their emission when hot electrons cool down over several picoseconds, corresponding to which the frequency range of EMPs decreases from THz to GHz; the EMPs in the GHz range are usually considered the most destructive for electronic circuits [1]. With the invention of chirped pulse amplification (CPA) in lasers [9], the intensity of sub-picosecond (sub-ps) laser systems has progressed significantly. The EMPs in the GHz range generated by sub-ps laser-solid target interactions are stronger than those generated by nanosecond (ns) laser-solid target interaction. Moreover, it was verified that the GHz EMP source is generated due to the current from the bolster structure to the target. Furthermore, charge separation and target polarization under powerful laser pulse radiation cause the target to be charged by rapid charge accumulation [10]. Therefore, EMPs can be mitigated by controlling the geometrical and electrical characteristics of the target [11,12]. To gain a better understanding of the characteristics and mitigation methods of EMP, substantial efforts have been made in large laser facilities. To date, experimental observations of radio-frequency and microwave radiation from laser-plasma interactions are usually associated with nanosecond to femtosecond pulses directly irradiating solid targets [2,5,13,14,15].



EMPs usually arise from two mechanisms associated with terawatt- to petawatt-level laser-matter interactions: ionization, via propagation in air, and plasma generation, which is associated with laser-excited solid materials. With the rapid development of femtosecond lasers, the mechanism and characteristics of low-frequency and relatively low-energy EMP produced by femtosecond laser filaments in air have gained attention from researchers [16,17,18,19,20,21]. When an ultrashort laser pulse above a critical power of several GW is focused onto a spot of tens of micrometers radius, the intensity of the core reaching 1013–1014 W/cm2 [22] is sufficient to ionize the molecules or atoms of the atmosphere [23], forming a plasma [24]. Then, owing to the Kerr effect, a dynamic balance is built between laser beam self-focus and plasma defocus. Finally, the femtosecond laser in the air forms a long-distance plasma channel, namely a femtosecond laser filament. Currently, femtosecond laser filament technology is widely used in astronomy, meteorology, information, medical treatment, industry, and other fields, including artificial rainfall and snow, laser lightning induction, and air waveguide [25,26,27,28]. An extension of laser-filament-driven sources of low-frequency radiation below the THz borderline would help avoid strong atmospheric absorption bands that limit long-distance transmission and remote-sensing applications of THz radiation, and would help integrate cutting-edge tools of ultrafast optics and microwave photonics.



Research on EMPs mitigation has been mainly focused on high-energy area EMPs in vacuum. For low-energy area EMPs, which are generated from femtosecond laser air filament-generated plasmas, the focus is more on the mechanism of EMP generation and other laser filament-generated applications [16,17,18,19,20]. However, to date, no systematic research has been conducted to measure EMPs during the process of hundreds of millijoules, femtosecond laser filaments, and solid targets. Understanding the filament-solid interaction is important for EMPs because their intensity strongly depends on the filament-target coupling. Typically, in the short laser pulse domain, for a given pulse duration, the maximum amplitude of the EMP scales linearly with laser pulse energy [1,29]. However, this trend may not be true for filament-solid interactions, because higher laser energies lead to the formation of multiple filaments. To date, the process of scaling of magnitude from picosecond to femtosecond pulse durations remains unclear. A thorough investigation of EMPs generated from laser filament-solid target interaction and their consequences has yet to be conducted. Hence, it is important to extend the study of the characteristics of EMPs generated by femtosecond laser air filamentation to that of the characteristics of EMPs generated by femtosecond laser filament-solid interaction, which would provide a unique opportunity to pursue systematic measurements for the comprehension of ultrashort laser-generated EMPs and their effects.



To gain more insight into the EMP generation mechanism, this study was performed in the 100 terawatt (TW) laser facility at the Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences [30]. We investigated the characteristics of the EMPs generated from the plasma associated with the laser filaments-excited aluminum (Al) alloy target in air, and confirmed that at the same laser parameters, they are significantly stronger than the EMPs generated from the laser filamentation propagating in air. Additionally, the spatial distribution of the EMPs generated by the interaction between the laser filament and Al alloy target, and the effects of laser pulse duration and laser energy on the EMPs, were also investigated. The results of this study confirmed that the interference effect of the EMPs on electronics, resulting from the interaction of femtosecond air filamentation with solid targets, cannot be ignored; moreover, we discuss the main factors that mitigate the possible malfunction of electronics due to EMPs generated from femtosecond laser–air filament interaction with solid targets.




2. Experiment


As mentioned earlier, this study was conducted in the TW laser facility at the Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences. The Ti: sapphire laser had a center wavelength of 800 nm and an adjustable pulse width of 30–300 fs. A schematic of the experimental setup is shown in Figure 1. After a beam splitter, the main laser was focused by an f = 500 mm convex lens, and the laser-induced filaments in air then interacted with a 3 mm thick aluminum alloy target (10 cm × 10 cm × 3 mm) at the middle of the filaments. The resulting EMPs were captured by a biconical antenna (BicoLOG® 20300, operating frequency 20 MHz–3 GHz) in the far field, and monitored by an oscilloscope (1 GHz bandwidth, Tektronix MDO3104 Mixed Domain Oscilloscope, 5 GS/s). RF signatures were acquired in a time-resolved manner by triggering a high-speed digital oscilloscope with a trigger pulse from the laser. The detection distance in the experiment was defined from the laser filaments-target interaction point to the center of the biconical antenna, and the detection angle of the biconical antenna covered 120°–100°, at which the laser propagation axis was set at  θ  = 0°, and counterclockwise was considered as the positive direction.




3. Experimental Results and Discussion


3.1. Distribution of the EMPs in the Time and Frequency Domains


The time-domain signals of EMPs generated from the laser filaments in air and the laser filaments followed by solid targets were measured (as shown in Figure 2a) using the biconical antenna and 1 GHz oscilloscope. Both these measurements were performed under the same following conditions: laser energy E = 850 mJ, laser pulse width t = 30 fs, detection distance d = 50 cm, and detection angle θ = 0°. Figure 2b shows the Fourier transform of the corresponding time-domain signals in Figure 2a. It can be seen that: (1) under the experimental parameters, the amplitude of EMPs generated from the laser filament, followed by a 3 mm-thick alloy target, was approximately 5 times larger than the peak of the EMPs generated from the laser filament only; (2) the EMPs generated from the laser filament in air were weak and mainly located at 0.19 GHz, whereas those generated from the laser filament–Al alloy target interaction were not only boosted nearby 0.19 GHz, but also had several distinct frequency ranges centered at 0.31 GHz and 0.45 GHz; (3) the amplitude of EMPs from laser filamentation–Al target interaction was approximately 6 times stronger than that of EMPs from laser filamentation in the air. The results showed that the EMPs generated from the laser filaments interacting with the aluminum alloy target were significantly stronger than those generated from the laser filaments only; hence, it is necessary to focus on the EMP generation mechanism from the interactions between femtosecond laser filament and solid targets. It should be noted that this experiment was limited by the oscilloscope bandwidth. In future experiments, we will use an oscilloscope with a higher acquisition frequency to detect EMP signals above 1 GHz. In our experiments, the spectral and waveform amplitude measurements were averaged from 10 laser shots at each condition. In addition, we also calculated the statistical fluctuation of the EMP intensity, the statistical fluctuations of spectral amplitude from shot to shot were about 19.4% with laser energy of 850 mJ, detection distance of 50 cm, and frequency at 0.2 GHz.




3.2. Spatial Distribution of EMPs


To investigate the spatial distribution characteristics of the EMPs generated from the plasma associated with the laser filament-excited aluminum alloy target in air, we studied the EMP characteristics, which are discussed in the following two sections: the distribution of EMPs with different detection distances and that of EMPs with different detection angles.



3.2.1. Distribution of EMPs with Different Detection Distances


For a laser energy of 170 mJ, laser pulse width of 30 fs and θ = 0°, the EMPs were measured at different distances, ranging from 15 cm to 40 cm, as shown in Figure 3. At different detection distances (15–40 cm), the frequency domain results showed that the main frequency domain of EMP signals appeared at approximately 0.19 GHz. For the EMP at this frequency, the detection distance was relatively small when compared with its wavelength.



The power of EMPs ( ∝  ∑V2 ∗ t, where the detected voltage V is proportional to the amplitude of the microwave electric field, and, therefore, the microwave power is proportional to the square of V) are shown in the inset of Figure 3; which did not show the expected decreasing trend with increasing detection distance. We analyzed the reason for this and concluded that the detection distance of the antenna in the experiment did not meet the far-field conditions [31].




3.2.2. Distribution of EMPs on Different Angles


The angular distributions of the EMPs were measured at different angles ranging from −120° to 110°, as shown in Figure 4a, and ranging from −120° to 0°, as shown in Figure 4b. The other experimental parameters were as follows: in Figure 4a, E = 100 mJ, t = 30 fs, and d = 20 cm; in contrast, in Figure 4b, the E = 300 mJ, t = 30 fs, and d = 30 cm. Figure 4a shows that the main portion of the power of the EMPs occurred near θ = 70°, which is approximately more than twice as high as at θ = 0° and nearly twice as high as at θ = 90°. In contrast, in Figure 4b, the E was increased from 100 mJ to 300 mJ, and the angular distribution of EMP power ranging from −120° to 0° was measured. As a result, we observed the following: the EMP power increased significantly, from 6 × 10−5 (a.u.) to 3 × 10−3 (a.u.), the EMP energy was more widely distributed with respect to the detection angle, covering −80° to −20°, the strongest signal appeared at θ = −30°, which was approximately twice as high as that at θ = 0° and −90°. In addition, we also measured a strong EMP signal in the backward of the target (near −120°). The corresponding frequency domain signals are shown in Figure 4c. Moreover, the main frequency domain was at 0.19 GHz, and there was also a significant EMP signal near 0.45 GHz.





3.3. Effect of Different Laser Pulse Widths on EMPs


As explained in Section 3.1, femtosecond laser filament interaction with solid targets produced intense EMPs. Furthermore, we examined the effect of different laser pulse widths on the generation of EMPs, while keeping other experimental conditions unchanged (E = 485 mJ, θ = 0°, and d = 65 cm). We adjusted the laser pulse width to 30, 156, 195, 231, and 300 fs, respectively, and the experimental results showed that the power of the EMPs weakly decreased with increasing laser pulse width, following an approximately linear trend, as shown in Figure 5a. This can be interpreted as follows: the main EMP generation mechanism is believed to be the laser-induced ponderomotive force electromagnetic potential driving the free electrons away from the laser focus in the radial and axial directions [18], and the intensity of the EMPs is mainly determined by the balance between the production rate of the induced stripped free electrons and the annihilation rate of such free electrons. At the same energy, a shorter laser pulse will lead to a higher production rate of free electrons, while the annihilation rate of such electrons in the same experimental setup and experimental space remains constant; as a result, the EMPs will decrease as the laser pulse width is increased at the same energy. In this experiment, the frequencies of EMPs generated at different laser pulse widths were mainly concentrated at approximately 0.19 GHz, and there were also significant EMPs generated at approximately 0.28 GHz, in the 0.3–0.4 GHz frequency band, and at approximately 0.48 GHz (Figure 5b); and the EMP spectrum did not change significantly with the femtosecond laser pulse width. The main reason for the latter is that the main factors affecting the EMPs produced by the interaction between femtosecond laser filament and the target are hot electron emission and electron reflux.




3.4. Dependence of the Power of EMPs on the Laser Pulse Energy


In this study, the effect of the EMPs amplitudes versus different laser energies of 240, 300, 600, and 850 mJ were measured while keeping the other experimental parameters constant: t = 30 fs, θ = 0°, and d = 40 cm (Figure 6). From 240 mJ to 850 mJ, the amplitude of EMPs increased with the laser pulse energy at a given pulse width (Figure 6a). In other words, a significant increase in the amplitude of EMPs occurred in the laser energy interval of 240–600 mJ, while the growth trend of this amplitude slowed down in the laser energy interval of 600–850 mJ. This was mainly because under the experimental conditions of t = 30 fs, θ = 0°, and d = 30 cm, the EMPs generated by the interaction between femtosecond laser filament 3 mm-thick aluminum target gradually saturated around the laser energy of 600 mJ, and the increase in laser energy was no longer a decisive factor for EMP enhancement. The corresponding spectrum is shown in Figure 6b, which shows that the frequency domain near 0.19 GHz was still the most dominant contribution. In addition, a significant EMP signal also appeared near 0.31 GHz, and a more significant EMP signal appeared near 0.45 GHz for the low laser energy.



The power of the EMPs produced by interaction between the femtosecond laser filamentation and a 3 mm-thick aluminum target was tens of times stronger than the EMP produced by the femtosecond laser interacting with air under the same laser parameters, using the EMP laser-guided filamentation energy conversion efficiency mode [18]:


   η  p o w e r   =    P  E M P      P L    ~    π 2   8     (     a L   λ 0    c  τ L     )   2   (    2  N p   r p  c  τ L  +  r p 2     R 2     )   








where,    a L    is the laser strength parameter,    λ 0    is the laser wavelength, and    τ L    is laser pulse duration. In our experiment, the laser wavelength was    λ 0  = 0.8    μ m   , the laser strength parameter was    a L  =   q  |   E L   |    m c  ω 0    ~ 5.7 ×   10   − 3    , the number of plasma wavelengths behind the pulse was (   N p  ) ~ 1  , the plasma filament spot size was (   r p  ) ~ 100   μm, the laser focus spot was    ( R )  ~ 200   μm, and the laser pulse duration was    τ L  = 30    fs   . It could be estimated that the EMP energy efficiency of laser filament formation in this experiment could reach    η  E M P _ a i r   = 7.5 ×   10   − 8    , and it was thus estimated that the EMP energy efficiency generated by the laser filamentation and the action of the 3 mm-thick aluminum target could reach    η  E M  P  a i r + A l       ~   10   − 6    . Furthermore, the EMP intensity was proportional to the laser pulse intensity and energy, which was consistent with the results of other studies on short laser pulses [10] and those on high power ps lasers [11].



For interaction between femtosecond laser filament and a metal target, the EMP generated by the plasma channel, owing to the femtosecond laser air filamentation effect, was only a tiny fraction of the overall EMP. A vast majority of the EMP came from the contribution of hot electron excitation and electron reflux generated by the interaction of the femtosecond laser air filamentation with the metal target. The hot electrons radiated part of the energy in the form of bremsstrahlung radiation, covering a wide range of spectra. In our experiments, we observed the following: (1) by using femtosecond laser air filamentation and a 3 mm-thick planar aluminum target, a broad spectrum EMP of 0.1–1.0 GHz could be produced, and the main characteristic spectrum appeared at approximately 0.19 GHz, for the femtosecond laser pulse. This was because the target discharge time had the order of 100 ps; moreover, the effect of the laser pulse width on the frequency domain of the EMP was not obvious; (2) using the EMP frequency calculation formula [1]: fs = c/(4 × (ls + ds/2)) for grounding the conductive plate, where c is the speed of light, the length of the grounding line (ls) = 30 cm, and the length of the square side of the aluminum target (ds) = 10 cm, the experimentally generated EMP frequency could be estimated to be 0.214 GHz, which matched the experimentally obtained EMP frequency, which was mainly concentrated at 0.19 GHz.





4. Conclusions


This study was focused on the characteristics of EMPs generated from the plasma associated with the laser filament-excited aluminum alloy target in air. We measured the time and frequency domain characteristics of the EMP. It was found that its main characteristic frequency was at 0.19 GHz, and a theoretical explanation for this observation was provided. The intensity of EMPs generated from the plasma associated with the ultrashort laser filament-excited aluminum alloy target in air was tens of times higher than that generated from the plasma associated only with ultrashort laser filaments. Besides, the angular distribution and the effect of detection distance were also measured. The measured power of EMPs did not show the expected decreasing trend with increasing detection distance (15–40 cm), and the EMP signals were mainly emitted toward the 70° direction. In addition, the effects of laser pulse duration and laser energy on EMPs were also investigated. As the laser pulse duration increased, the intensity of EMPs was found to decrease following a weak linear trend. Moreover, the intensity of EMPs was observed to be positively correlated with the laser energy, with the rate of increase slowing down at approximately 600 mJ. Obviously, more experiments regarding the influence of laser parameters and the type of target material on the temporal characteristics of EMPs are required to fully understand the EMP emission mechanism, especially for EMPs that are generated from the plasma associated with ultrashort laser filament-excited solid material.
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Figure 1. Schematic diagram of the femtosecond laser filament interacting with a solid target. 
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Figure 2. (a) Time domain EMP signals measured using the oscilloscope. (b) Frequency domain signals, obtained through numerical fast Fourier transform of the time-domain signal. The orange and blue curves correspond to the signals generated from the interaction between laser filament and the 3 mm-thick alloy target and from only the laser filament, respectively. The other experimental parameters were the same: laser energy = 850 mJ, laser pulse width = 30 fs, detection distance = 50 cm, and detection angle = 0°. The spectral and waveform amplitude measurements were averaged from 10 laser shots. 
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Figure 3. Typical frequency oscillogram of EMP at six values of the distance, where E = 170 mJ, t = 30 fs, d = 15~40 cm, θ = 0° (the inset shows the measured values of the EMP intensity at different detection distance). 
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Figure 4. (a) Measured angular distributions of EMPs in the detection plane (E = 100 mJ, t = 30 fs, d = 20 cm, and θ ranging from −120° to 110°). (b) Measured angular distributions of EMPs in the detection plane (E = 300 mJ, t = 30 fs, d = 30 cm, and θ ranging from −120° to 0°). (c) Frequency-domain signals for different angles (E = 300 mJ, the t = 30 fs, and d = 30 cm). 
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Figure 5. (a) The total power of EMPs as a function of t. (b) Fourier spectra of the EMP signals for various values of t. The corresponding experimental parameters are: E = 485 mJ, θ = 0°, d = 65 cm, and the different values of t are 39, 156, 195, 231, 300 fs. 
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Figure 6. (a) The amplitude of EMPs as a function of laser energy. (b) Comparison of EMP spectra for four laser energies. The corresponding parameters are: t = 30 fs, d = 40 cm, θ = 0°, and different values of E are 240, 300, 600, 850 mJ. 
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