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The effect of enhanced Landau damping on the evolution of ion acoustic Peregrine soliton in multicomponent plasma with negative ions has been investigated. The experiment is performed in a multidipole double plasma device. To enhance the ion Landau damping, the temperature of the ions is increased by applying a continuous sinusoidal signal of frequency close to the ion plasma frequency ∼1 MHz to the separation grid. The spatial damping rate of the ion acoustic wave is measured by interferometry. The damping rate of ion acoustic wave increases with the increase in voltage of the applied signal. At a higher damping rate, the Peregrine soliton ceases to show its characteristics leaving behind a continuous envelope.
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INTRODUCTION
The Peregrine soliton is an isolated large-amplitude wave commonly known as rogue waves. These are extreme and rare wave events that usually appear on the ocean surfaces. It has two unique properties that distinguish the Peregrine soliton from ordinary solitons. Firstly, this large-amplitude wave is localized in both time and space axis; secondly, it has amplitude amplification of more than ∼3 times that of the background wave height. One generic mechanism considered responsible for the evolution of rogue waves is modulational instability. In this process, phase and amplitude modulation grow due to a delicate balance between nonlinearity and group velocity dispersion. Different solutions of nonlinear Schrodinger equation (NLSE) deal with such type of instability. In 1983, Peregrine derived a rational solution of NLSE in the context of water waves as a limit of a wide class of solutions to the NLSE [1]. This solution was later known as Peregrine soliton, which has been considered as a prototype of a rogue wave. Almost 3 decades later, the Peregrine soliton has been experimentally observed in various nonlinear mediums such as fiber optics, water, and plasma [2–4]. The NLSE, in its many forms, provides the solutions of extreme wave events (rogue waves, breathers, and envelope solitons) [5–7, 9]. Using the NLSE framework, the vigours properties of rogue waves have been theoretically studied in different plasma systems, such as electron-positron plasma [8], magnetized plasma [9], plasma with nonextensive electron velocity distribution [10], nonthermal plasma [11], and dusty plasma [12–16]. Recently, Tsai et al. [17] confirmed the presence of dust acoustic rogue waves in a self-excited laboratory dusty plasma medium. The existence of rogue waves has also been studied in a degenerate Thomas-Fermi plasma system [18]. The NLSE was derived for this purpose by considering cold inertial ions and Thomas-Fermi distributed electrons and positrons. Similar studies in electron-positron-ion plasma using a semirelativistic fluid model predicted the evolution of both bright and dark type envelope solitons [19, 20].
In multicomponent plasma with a critical concentration of negative ions, an initial amplitude-modulated ion wave packet undergoes self-modulation due to modulational instability and gives rise to the formation of bright and dark (hole) ion acoustic Peregrine soliton [4, 21]. The criteria for the generation of bright and hole Peregrine soliton out of an initial amplitude-modulated perturbation depend on the relative phase between the carrier and the envelope. The evolution of envelope-like solitons in such plasma is too described by the NLSE [22, 23]. The NLSE also supports the existence of higher-order and multiple Peregrine solitons [7, 24–26]. In our previous works, we have experimentally observed both second-order Peregrine soliton and multi-Peregrine soliton in multicomponent plasma containing negative ions [27, 28]. It was found that the characteristics of initial perturbations such as the amplitude (steepness) and modulation length (and depth) play a crucial role in the generation of both kinds of solitons.
Landau damping is a collisionless process because of which a longitudinal space charge wave (e.g., ion acoustic wave) in plasma decays exponentially with time. It occurs due to energy exchange between the waves and particles in plasma when their velocities are comparable. Eventually, Landau damping prevents the growth of instability and creates a region of stability in the parameter space. In laboratory discharge plasma with Maxwellian electrons, ion waves suffer Landau damping which become dominant when ion temperature is comparable to electron temperature ([image: image]). Various research works have been performed to study the solitary waves in plasmas containing additional components like multispecies ions, negative ions, and dust particles [29–34]. Landau damping modifies the nature of solitary waves in such plasmas, and it has been extensively studied both experimentally and theoretically [35–39]. The first experiment to detect the Landau damping of ion acoustic wave was performed in a highly ionized cesium and potassium plasma [40]. In a Q machine plasma experiment, Landau damping was found to prevent the formation of solitary waves by dominating over the steepening effect of nonlinearity [41]. However, the strength of Landau damping reduces in the presence of negatively charged dust particles in a Q machine plasma [42, 43]. In the double plasma (DP) device, experiments on shock and solitary waves under enhanced Landau damping have been performed [44, 45]. The study showed that the presence of lighter ions enhances the damping, which prevents the formation of solitons in a DP device [46].
The purpose of this paper is to report the experimental investigation of the Landau damping effect on Peregrine soliton in multicomponent plasma with a critical concentration of negative ions. The experimental setup and procedure to enhance the strength of Landau damping are discussed in Experimental Setup. The experimental measurement of Landau damping rate using interferometry and the observation of Peregrine soliton under enhanced damping are conferred in Results and Discussion. Finally, we present the concluding remarks in Conclusion.
EXPERIMENTAL SETUP
Production of Multicomponent Plasma
The experiment is carried out in a DP device of a length of 120 cm and a diameter of 30 cm with a surface plasma confinement facility [21, 27]. The device consists of two magnetic cages separated by a floating mesh grid in between. Argon plasma is produced in both chambers at an operating pressure of [image: image] Torr by the independent dc discharge process. The discharge voltages and currents are maintained at 60 V and 10–50 mA, respectively. The plasma parameters are measured with the help of an axially movable planar Langmuir probe. The measured electron temperature and density are in the range of 1–2 eV and 108–109 cm−3, respectively. Next, to produce the multicomponent plasma, SF6 gas is inserted into the chamber through a fine control needle valve at a partial pressure of [image: image] Torr and as a result, the [image: image] ions are produced mainly through a dissociative attachment process. For the present experiment, the multicomponent plasma is thus created, which contains electrons and [image: image] and [image: image] ions. The density of [image: image] ions is finely controlled to maintain the critical density ratio of negative to positive ion, i.e., [image: image], where [image: image] is the negative ion ([image: image]) density and [image: image] is the positive ion [image: image] density. The I–V characteristics curves are obtained for Ar and Ar + SF6 plasma separately, and the electron and ion saturation currents are measured from it. From these saturation currents, the critical density ratio is calculated by the formula [image: image], where [image: image] and [image: image] are the Langmuir probe saturation current with and without SF6, respectively. After attaining the desired conditions, a slowly amplitude-modulated sinusoidal wave packet is applied to the source anode as the initial perturbation to excite the Peregrine soliton. The mean free path of the ion-neutral collision is estimated to be in the order of meters; hence, the generated plasma can be considered as collisionless [47, 48].
Method to Enhance the Strength of Landau Damping
In a DP device, the electron to ion temperature ratio is usually high ([image: image]), and hence the propagating wave suffers negligible Landau damping. For this reason, the DP device is used for wave experiments in plasma from the early days [49, 50]. Two methods are widely used to enhance Landau damping in a DP device. The first one is to mix lighter mass ions to increase the number of resonant particles. In a pioneering experiment, the addition of a trace of light helium ions to a xenon plasma has led to Landau damping of ion acoustic wave [41]. In the presence of lighter helium ions, the wave phase velocity and temperature ratio changes only up to 10%, which induces the Landau damping, providing all other plasma parameters unaltered. This technique was applied to examine the enhanced Landau damping effect on shock propagation in a DP device [44]. The damping rate was found to be proportional to the wave number in the linear regime. The second method is to apply a radio frequency (rf) signal (frequency ∼ [image: image]) to the separation grid of a DP device to heat the ions [45]. The ions near the grid oscillate at this frequency and gain energy. Hence, by adjusting the amplitude of the rf signal, plasma ion temperature enhancement can be obtained. The experimental investigation of collisionless damping effect on the propagation of ion acoustic solitary waves has already been performed by using this method [45], where an rf signal of frequency 1.78 MHz with a peak to peak voltage (VHF) ranging from 0 to 400 mV was applied to the separation grid. This value of VHF is too small to affect the plasma parameters other than the ion temperature. In the present experiment, an rf signal of frequency fHF = 900 kHz is applied to the separation grid to heat the ions from a function generator. The desired Landau damping rate is obtained by varying the peak to peak voltage ([image: image]) in the range 0–100 mV. In Figure 1, the schematic of the experimental arrangement to control the Landau damping strength is presented.
[image: Figure 1]FIGURE 1 | Block diagram of the experimental arrangement to enhance the Landau damping as well as measure the dispersion relation of ion acoustic waves.
RESULTS AND DISCUSSION
Measurement of Landau Damping Rate of Ion Acoustic Wave
Experimentally, we first examine the linear dispersion relation of ion acoustic wave in the present argon plasma condition using interferometry. For this, continuous sinusoidal waves of frequency 100–800 kHz (100 kHz in step) with amplitude ≤200 mV are applied to the source anode from a function generator through a 1 μF capacitor. A reference signal from the function generator is applied to the balanced mixer’s right input through an attenuator. The plane Langmuir probe collects the signal continuously against the axial position with a motorized probe driving system. The probe is biased above the plasma potential in order to detect perturbations in electron saturation current. The signal is detected by the probe that is coupled to the left input of the mixer. The output of the mixer is fed to the Y axis of the X–Y recorder. The probe distance from the grid is calibrated using a separate voltage source with a potentiometer attached to the motor driving system and is connected to the X axis of the X–Y recorder. Figure 2 shows a typical linear dispersion relation for ion acoustic waves in a normal argon plasma. The solid line represents the theoretical dispersion relation, which is obtained by putting the experimental plasma parameters in Eq. 1. The theoretical relation (Eq. 1) is derived by considering the Maxwellian distribution having Te >> Ti [51].
[image: image]
[image: Figure 2]FIGURE 2 | Dispersion relation of ion acoustic wave. The solid line is the theoretical curve calculated from Eq. 1.
Here [image: image] is the frequency component, [image: image] is the real wavenumber, [image: image] and [image: image] are the ion and electron temperatures, respectively, and [image: image] is the ion mass. The Debye length, [image: image], and ion plasma frequency, ωpi = 892 kHz, are measured from the plasma parameters. In Figure 2, it is observed that the measured [image: image] relation fits well with the theoretical one. The phase velocity of the ion acoustic wave measured from the lower [image: image] region is [image: image].
Usually, the Landau damping rate is calculated from the real ([image: image]) and imaginary ([image: image]) parts of the wavenumber. As the wave varies in space as [image: image], the imaginary part of the wavenumber will produce spatial exponential damping. Here, the spatial damping rate ([image: image]) of the wave is calculated from the phase plots for a fixed value of VHF. The phase plots for VHF = 0 and 100 mV at applied frequency 500 kHz are shown in Figure 3. The fast reduction of amplitude at VHF = 100 mV signifies the increment in Landau damping rate. Generally, in basic plasma wave experiments, the effect of Landau damping is often observed as damping of an exciting wave during propagation. We observe the impact of damping through resonant particles traveling at wave phase velocity. The graphs of the measured damping rate ([image: image]) with normalized frequency are shown in Figure 4. The theoretical plot is obtained from the following relation [51]:
[image: image]
[image: Figure 3]FIGURE 3 | Typical interferometer pattern for a 500 kHz signal at VHF = 0 and 100 mV. The measured damping rates are also shown.
[image: Figure 4]FIGURE 4 | Normalized wavenumber [image: image] as a function of the spatial damping rate [image: image]. The solid curves are theoretically obtained from Eq. 2. The open and closed symbols are experimentally measured values at VHF = 0 and VHF = 100 mv, respectively.
The damping rate of the ion acoustic wave increases as the amplitude of the rf signal is increased. In Figure 4, the solid lines are calculated for VHF = 0 and VHF = 100 mV from Eq. 2, whereas the open and closed symbols are calculated values of [image: image] for VHF = 0 and VHF = 100 mV, respectively. The experimental points are found to coincide with the theory nicely.
Peregrine Soliton Under Enhanced Landau Damping
Initially, to excite the Peregrine soliton, an amplitude-modulated continuous sinusoidal wave of carrier frequency 380 kHz and modulation frequency 30 Hz is synthesized using a pair of function generators. The carrier frequency is typically selected at nearly half of the ion plasma frequency (fpi ∼ 892 kHz). The excitation amplitude of the carrier wave is varied from 2 to 9 V. Example of the evolution of Peregrine soliton at different initial amplitude is shown in Figure 5 at a fixed distance from the grid x = 9 cm. The initially applied signal is shown at the top. For carrier amplitude Vc = 5 V, the perturbation resembles the applied perturbation, which indicates linear wave propagation. The carrier amplitude is small, and the effective nonlinearity is just below the threshold, due to which the perturbation is linear. Gradually, with the increase in excitation amplitude, the wave packet suffers steepening due to nonlinearity. When the self-modulation of the wave packet reaches 100% at Vc = 8 V, the nonlinearity is entirely balanced by the group velocity dispersion, leading to the formation of Peregrine soliton. The amplitude amplification factor of the Peregrine soliton is found to be ∼3 (ratio of the peak amplitude of the wave packet to the background carrier wave amplitude). The group velocity of the perturbation is [image: image].
[image: Figure 5]FIGURE 5 | Typical examples experimentally observed Peregrine soliton at x = 9 cm from the grid. The top trace is the applied signal with carrier and modulation frequencies 380 and 30 kHz, respectively.
Next, a high-frequency rf signal is applied to the grid to enforce Landau damping on the evolution of Peregrine soliton while keeping the probe distance fixed at 9 cm (with Vc = 8 V). The frequency of the applied continuous signal is kept fixed at 900 kHz, which is in the range of ion plasma frequency. Modification of the Peregrine soliton due to the dissipative effect is shown in Figures 6A,B. At VHF = 0 mV, i.e., without the rf voltage, the Peregrine soliton is undisturbed. As VHF increases, the Peregrine soliton amplitude decreases, which signifies the enhancement of the strength of Landau damping. At VHF = 60 mV, the peak of the Peregrine soliton completely disappears. As indicated by the damping rate calculation, an increase in VHF provides strong Landau damping. As shown in Figures 6A,B, the amplitude of the Peregrine soliton decreases with an increase in VHF. Although the amplitude of the background carrier wave is increased at high VHF, which indicates the increase in ion temperature.
[image: Figure 6]FIGURE 6 | Observed oscilloscope trace at a fixed probe position 9 cm from the separation grid showing the transition of ion acoustic Peregrine soliton to an envelope with an increase in VHF. (A) For VHF = 0–40 mV. (B) For VHF = 50–80 mV.
A close observation of the evolution indicates that the solitary peak amplitude gradually decreases with the reduction of compression in the middle of the wave packet (due to which wave energy focuses on forming a soliton). An increase in ion temperature raises the number of resonant ions near the phase velocity of the wave, due to which Landau damping is enhanced, and the wave becomes less dispersive. As nonlinearity remains the same, now both dissipation (due to enhanced Landau damping) and dispersion compete to balance the nonlinearity.
Continuous Wavelet Transformation Analysis
The continuous wavelet transformation (CWT) analysis is performed for time-series data (presented in Figures 6A,B) and shown in Figures 7, 8. The time-series data are presented along with the CWT scalogram (3-dimensional surface plot of the absolute coefficient matrix) to clarify the temporal locations of the envelope. In Figure 7A, the CWT analysis of the Peregrine soliton for a temporal data length of 250 μs is shown (which corresponds to the top trace of Figure 6A). The CWT scalogram shows the broadening of the frequency spectrum at 75 µs, i.e., at the isolated peak location. For better resolution, CWT analysis is performed for a temporal length of 50–100 μs and shown in Figure 7B. A deep hole (dark blue) in front of the soliton peak is observed here. This hole represents the complete self-modulation of the initially applied wave packet due to modulational instability.
[image: Figure 7]FIGURE 7 | Typical CWT scalogram of fundamental Peregrine soliton without application of VHF. The probe position is at 9 cm. (A) Time series (top) and CWT scalogram (bottom) for Peregrine soliton for data length 0–250 µs. (B) Enlarged view of (A) for data length 50–100 µs.
[image: Figure 8]FIGURE 8 | Typical CWT scalogram of fundamental Peregrine soliton with the application of VHF = 80 mV. The probe position is at 9 cm. (A) Time series (top) and CWT scalogram for data length 0–250 µs (bottom). (B) Enlarged view of (A) for data length 50–100 µs.
The CWT scalogram, along with the time-series data of envelope with enhanced Landau damping (with VHF = 80 mV), is shown in Figures 8A,B. Here, the reduction in the broadening of the frequency spectrum is clearly observed. Also, in Figure 8B, it is noticed that the deep hole in front of the largest wave crest almost disappears. Figure 7B shows the focusing of energy on the narrow wave group in the middle of the wave packet, whereas in Figure 8B, a continuous wave envelope is noticed. This signifies that wave energy focusing due to modulational instability vanishes because of the strong Landau damping (at VHF = 80 mV).
CONCLUSION
The evolution of ion acoustic Peregrine soliton under dissipation is observed in multicomponent plasma with negative ions. The strength of the Landau damping is increased by heating of ions via rf signal (close to the ion plasma frequency) application to the separation grid. The spatial damping rate of the ion acoustic wave is measured from the interferometer phase plot. The experimentally measured damping rate shows good agreement with the theory. The results show the modification of the evolution characteristics of Peregrine soliton. With high rf amplitude (VHF ≥ 60 mV), the soliton peak disappears, leaving behind an envelope only. At high VHF, the damping rate increases due to the rise in the thermal velocity of ions and thereby increasing resonant ions numbers close to the phase velocity of the wave. Once the dissipative effect becomes more substantial, the delicate balance between nonlinearity and group velocity dispersion gets affected, and the soliton disappears. However, a theoretical model considering the enhanced Landau damping effect is yet to be established and will be considered as a future study.
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